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Abstract

Fiber Photometry to Assess the Activity Patterns of Supramammillary Nos1 Neurons During
Sleep, Wakefulness and Spontaneous Behavior in Mice
By Hyun Seong Seo

Recent research from our laboratory has shown that the caudal hypothalamus, specifically the
supramammillary nucleus (SuM), is a key and necessary node of the ascending arousal system,
and sleep-wake regulatory system. Prior research has shown that there are different cell types in
the SuM; glutamate-releasing neurons in the SuM can drive wakefulness, while neuronal cells
containing nitric oxide synthase (NOS) appear to be important for rapid eye movement (REM)-
related cortical activity, and the GABA/glutamate-containing population targets the
hippocampus, densely innervating the dentate gyrus and CA2. Thus, the SuM has at least three
populations of apparently functionally distinct neurons. While our prior work has been based on
manipulations of these cellular groups, we have not examined the spontaneous activity of these
neuronal groups during various states of arousal. To achieve this, we use the technique known as
fiber photometry, permitting the real-time assay of calcium fluxes, as a proxy for neural activity,
in genetically-targeted SuM neuronal groups. We will then correlate this activity with different
behaviors and sleep-wake state changes in order to understand sleep-wake related activity in the

different cellular populations within the SuM.
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Introduction

Background of Sleep

Sleep is a defining characteristic of mammals and various invertebrates. Humans typically spend
7 — 8 hours on average asleep per day, meaning a third of their lives are spent in this state
(Carskadon et al., 2005). There generally accepted to be three states of sleep-wake in rodents:
wakefulness, non—REM (non rapid eye movement) sleep, and rapid-eye movement (REM) sleep.
While non—REM sleep (or sometimes referred to as slow wave sleep in rodents) is separated
further into 3-4 stages in humans, depending on scoring criteria, it is overall characterized in
humans and rodents as a state with period of reduced activity and mentation with higher
amplitude lower frequency waves in an electroencephalogram (EEG) (Purves, 2001). On the
other hand, REM or paradoxical sleep is characterized in both humans and rodents by periodic
intervals of rapid eye movements with wake-like cortical activity (low voltage and high
frequency waves) and muscle atonia, or loss of tone in non-respiratory muscles (Siegal, 2005).
Sleep occurs in a cycle transitioning from each state throughout the night (Weitzman, 1972). In
humans, a typical 8 hours of sleep for a night would on average lead to five 90-minute sleep
cycles, each ending with a period of REM sleep, with time spent in REM progressively
increasing throughout the night (Purves, 2001). In rodents, sleep cycles of a specific duration are
not evident, but periods of non-REM tend to transition to REM before arousal. The overall
purpose of sleep is subject to debate, but it is clearly an essential restorative process for both
physical and emotional health, molecular synthesis and tissue-level repair; sleep deprivation,
conversely, in animal models have led to multi-organ damage and impaired cognition, attention
and memory consolidation (Periasmy et al., 2015). Furthermore, the purpose of REM sleep and

dreaming maintains an open question and is not fully understood. REM sleep is known for its



importance in brain development in young mammals and its significance in memory
consolidation as behavioral testing of inhibiting REM sleep has led to memory deficits
(Blumberg, 2010; Diekelmann, 2010). Furthermore, the prevalence of muscle twitches in REM
sleep has been linked to development of sensory motor system (Blumberg et al., 2013). Another
hypothesis claims that REM sleep is a method for the brain to wake up from prolonged periods
of unconsciousness as wake and REM sleep share similar brain activity and likely originate from
a similar brainstem arousal pathway (Klemm, 2011). In the process of further understanding this
question, research into the mechanisms and neuronal circuitry that allow for the transition

between sleep and wake states are being investigated, including in the present studies.

Background of the Ascending Arousal System

Transitions from sleep to wake correlate with the appearance of lower-amplitude high-frequency
EEG activity from the slow background activity of sleep (Moruzzi and Magoun, 1949). These
physiological changes found during arousal situations were mimicked in experiments with
anesthetized animals where the direct stimulation of a specific region in the brain stem could
replicate EEG waves found in arousal reactions (Moruzzi and Magoun, 1949; French and
Magoun, 1952). Furthermore, experiments of lesions and transections in the brainstem led to
comas in cats, further reinforcing its role in arousal (Lindsey et al., 1950). This region of the
brain stem was named the reticular formation due its nerve fibers surrounding the neurons,
forming a web-like appearance histologically (Parvizi and Damasio, 2001). Because of the early
physiological experiments with subcortical stimulation (Moruzzi and Magoun, 1949) and
reticular inputs into the forebrain (Parvizi and Damsio, 2001; Morison and Dempsey, 1942), the

reticular formation was considered the anatomical substrate of what was termed the “ascending



reticular activating system” (ARAS, Moruzzi and Magoun, 1949). Since the 1950s the term
reticular formation has been largely rejected given parcellation of these regions into discrete
nuclei (see for example Olzewski and Baxter, 1954), so more recent work typically refers to the
ascending arousal system (AAS). The AAS is considered a collection of nuclei that are
anatomically and physiologically unique and function through activating neurons in the various
nuclei of the formation. However, through later studies, the rostral pons was found to be the
origin of the ascending arousal system, as lesions at this level would cause coma in animals
(Batini et al., 1959, Parvizi and Damasio, 2001, Fischer et al., 2016).

The pathways of the ascending arousal system were initially found through the tracing
experiments of degenerating neurons from the lesions of the reticular formation (Nauta and
Kuypers, 1958, Fuller et al., 2011). Overall, there are two main pathways for the ascending
arousal system (dorsal arousal network); one innervates the thalamus and the other projects to the
lateral hypothalamus and the basal forebrain (ventral arousal network). The main area of
innervation to the thalamus are the pedunculopontine and laterodorsal tegmental nuclei (PPT —
LDT) (Hallanger and Wainer, 1988), which incorporate cholinergic neurons to project into the
different regions of the thalamus, including the intralaminar nuclei of the thalamus which has
diverse projections to the different regions of the cerebral cortex, the thalamic relay nuclei, and
the reticular nucleus of the thalamus (Groenewegen and Berendse, 1994; Steriade et al., 1993).
The neurons in the PPT — LDT have shown to vary in activity based on the different states of
sleep and wake. During wakefulness, the neurons are shown to fire at a higher rate and as the
individual transitions to sleep, neurons seem to be inhibited and only a few are active (Saper et
al., 2001). However, when REM sleep occurs, these neurons once again activate and fire rapidly

(Mansari et al., 1989). Despite this, large and even total lesions of the thalamus have been shown



to have minimal effect on the amount of non-REM/REM sleep and EEG/EMG
(Electromyogram) patterns (Fuller et al., 2011), but higher frequency cortical activity consistent
with cognition is markedly reduced (e.g. Anaclet et al., 2015).

The second route of the ascending arousal system bypasses the thalamus to modulate the
activity of the cortex through projections from the basal forebrain and lateral hypothalamus
(Saper, 1985; Saper et al., 2001). This particular pathway stems from the upper brainstem and
includes the pontine tegmentum, locus coeruleus (LC) containing norepinephrine, dorsal (DR)
and median raphe nuclei containing serotonin, tuberomammillary nucleus (TMN) containing
histamine, the ventral periaqgueductal grey matter containing dopamine, as well as in the
hypothalamus, particularly the caudal (as above) and lateral regions (including orexin neurons),
as well the basal forebrain containing acetylcholine, GABA and glutamate neurons (Saper, 1985,
1987; Saper et al., 2005; Pedersen et al., 2017; Saper et al., 2009; Anaclet et al., 2015). These
nuclei all contribute to the diffuse projections to the cerebral cortex and have different activity
patterns depending on the sleep -- wake state (Aston — Jones et al., 1991, McGinty and Harper
1976, Vanni-Mercier et al. 1984). The basal forebrain’s neuronal activity has been shown to be
maximal during wake and paradoxical sleep and experiments with chemogenetic manipulation
have shown that activation sustains wakefulness and inhibition increases sleep (Lee et al., 2005;
Anaclet et al., 2015). Furthermore, lesions in the lateral and caudal hypothalamus result in

somnolence, but not coma (Nauta, 1946).

The Hypothalamus in the Ascending Arousal System
The role for the hypothalamus in the control of wakefulness has been appreciated for

almost a century. In 1917, the Spanish influenza pandemic, passing through much of the world,



was associated with epidemic encephalitis lethargica, with patients experiencing a number of
syndrome including severe states of sleepiness (Vilensky 2011). This particular disease would
cause some patients to sleep for more than 20 hours, only awakening for daily necessities such as
food or water (Saper et al., 2005). This particular disease was associated with lesions at the junction
between the midbrain and the diencephalon in patients with hypersomnolenia or somnolence (VVon
Economo, 1917). This was further replicated in monkeys where hypothalamic lesions would
induce somnolence (Ranson, 1939). On the other hand, in a small minority of patients afflicted
with this disease had the opposite effect and were insomniac, unable to fall asleep even though
they were tired. These patients instead had lesions in the basal ganglia and the anterior aspect of
the hypothalamus. This state of insomnia was later replicated in subsequent studies where the pre-
optic area of the hypothalamus was lesioned (Nauta et al., 1946). Thus, this brought the reasoning
that the hypothalamus included both sleep-promoting and wake-promoting neurons in the anterior
and posterior hypothalamus, respectively. Recent studies have identified a caudal hypothalamic
nucleus, the supramammillary nucleus (SuM), as the long-sought node of the arousal system, as
well as the preoptic hypothalamus as promoting sleep (Sherrin et al., 1996).

The supramamillary nucleus has been known for its projections to the cerebral cortex
(Saper, 1985), the basal forebrain and the hippocampus (Amaral and Cowan, 1980). The SuM
has been shown to control the plasticity and theta activity for the hippocampus (Pan and
McNaughton, 2004). Prior research has indicated that there are several distinct cell populations
in the SuM which have different roles in modulating vigilance states. Glutamate-releasing
neurons of the SuM are shown to promote continual wakefulness when chemogenetically
activated and cause somnolence when inactivated (Pedersen et al., 2017). Lesions of the SuM

also affect REM-related theta activity in the EEG (Renouard et al., 2015), subsequently



attributed to a subpopulation of nitric oxide synthase and glutamate expressing neurons that can
promote wake and are necessary for normal amounts of theta activity in REM sleep (Pedersen et
al., 2017). More interestingly, a group of GABA/glutamate neurons which have minimal effect
on sleep and wake, are a major source of afferent inputs into the hippocampus of rats and
monkeys, especially the dentate gyrus (DG) which has been theorized to act as a “gate” of
filtering out excitatory signals, which is injured or dysfunctional in temporal lobe epilepsy, and
when activated can lead to the onset of seizures (Krook-Magnuson et al., 2015). This afferent
input from the SuM has also been implicated in spatial learning and memory. Recent research
has shown that both the SuM and DG neurons have been shown to have higher neuronal activity
during spatial memory retrieval tasks as observed through fiber photometry (Li et al., 2020).
However, the SuM, and particularly the subpopulation of Nos-containing neurons, has a more
defined role in a particular sleep state: rapid eye movement sleep. While these neurons have less
significant impact on the overall sleep and wake due to accounting for only around 20% of the
SuM Vglut2 neuronal population, their chemogenetic inactivation has a suppressive effect on the
theta rhythm that is prevalent in REM sleep. Thus, to further understand the role of Nos1 neurons
in the SuM in the different states of sleep and wake, as well as to better understand the neural
circuits underlying the REM state and EEG changes, we sought to observe the spontaneous
activity of this specific neuronal population without manipulations and in a more naturalistic
setting. While this information will be critical for better characterizing REM brain circuits, it
pertains to epilepsy given that REM is a state in which temporal lobe seizure are very rare and

few or no epileptiform discharges occur (Shouse et al., 2000).



Fiber photometry

Fiber Photometry is a recently created optical technique that incorporates genetically encoded
calcium indicators to track changes in intracellular calcium concentrations allowing for the ability
to connect neuronal activity to specific behaviors/states of animals (Gunaydin et al., 2014; Calipari
et al., 2016). Calcium is a second messenger and has an essential role in propagating action
potentials due to calcium influx, with rising somatic concentration during neural activity, as well
as triggering the release of neurotransmitters at the axon terminal (Sabatini et al., 2002). Thus, for
this technique, calcium activity is taken as a proxy for neural activity allowing for the deeper
understanding of the neural dynamics of a certain cell population. This technique is relatively
minimally invasive as a single optical fiber is placed in brain structures of interest and is able to
both deliver an excitation light and collect light emitted from the fluorophore sensor, GCaMP
(Akerboom et al., 2012). Using this technique, one could, for example, target the SuM and observe
real time neural activity of Nos1/Vglut2 neurons through the use of a Cre-conditional GCaMP
(Dana et al., 2019) in Nos1-Cre mice. This technique allows for the mouse to move freely and be
recorded for 24 hours or more and, unlike field potential recording, will give a read out of the
activity of a genetically-identified population of neurons. This allows for us to understand the
activity of a selected set of previously described neuronal subpopulations during distinct stages of
sleep and wake. Furthermore, with the addition of video, EEG, hippocampal field potential and
EMG (electromyogram) recordings, it would be possible to validate whether an animal is asleep
or awake during the recording interval, as well as correlations with changes in behavior and
hippocampal rhythms. Thus, one might obtain an understanding the activity dynamics of the
Nos1/Vglut2 cell population and how varying activity can indicate a certain sleep stage or

wakefulness.



Rationale and Hypothesis

Through chemogenetic techniques, the activations of certain neuronal cell types in the SuM have
been shown to have a role in arousal. However, these have only been manipulations that have
been performed on the SuM and neural activity has only been recorded electrophysiologically in
anesthetized rodents, thus not revealing the activity of known cell types and not permitting the
study of sleep-wake changes in freely behaving activity. Therefore, by using fiber photometry,
we can obtain real time recordings of sleep—wake changes and analyze the activity of this
specific neuronal cell type. Based principally on lesion and chemogenetic studies described

above, we hypothesize that NOS1 neurons will be active during wake but show the highest level

of activity during REM sleep.

Materials and Methods

Animals

Both male and female Nos1-Cre animals (20 — 40g, n = 7, 12 — 52 weeks) obtained from the
Jackson Laboratories (give catalog number) (and presently available in the Pedersen lab) housed
in 12-hour light/dark cycles with ad libitum access to food and water. These animals were single
housed following fiber optic and headset placement (Zhu et al., 2020). The experimental protocols
were approved by the Emory University IACUC which followed guidelines for the Care and Use

of Laboratory Animals from the National Institutes of Health.

Viral Constructs
To achieve cell specific GCaMP expression from Cre transgenic lines, AAV9-Syn-Flex-
JGCaMP7s-WPRE (Addgene) was used for this experimental study. This is an adeno-associated,

viral vector serotype 9 (AAV9) that is under the control of a neuronally-expressed human synapsin



| promoter (Syn) and flip excision (FLEX) switch (Schnutgen et al., 2003) that allows for genetic
Cre-recombinase to allow for the correct orientation to appear and transcription to occur.
GCaMP7s is a construct that has a circularly permutated green fluorescence protein and

calmodulin, a calcium binding protein (Dana et al., 2019).

Stereotaxic Surgery: Headset Placement and Fiber Placement

Mice were anesthetized with ketamine (100mg/kg) and xylazine (10 mg/kg) diluted in saline
through intraperitoneal injection (0.1 mL per 10 grams). Furthermore, they were also given
Meloxicam (5mg/kg) in saline up to 1 mL, administered through intrascapular subcutaneous
injection. After the mouse is fully anesthetized, depilatory cream was added to efficiently remove
fur from the surgical field. Then, Lidocaine (2% in saline) was subcutaneously delivered using a
0.5 ml syringe at the area of incision. The skin was sterilized with three rounds of 70% isopropanol
wipe and an iodine wipe. Three incisions were made and excess skin was removed by lateral
surgical scissors. The mouse is placed on a Cartesian stereotaxic frame (Cartesian Instruments now
Model 1900, Kopf, Tujunga, CA) and holes are drilled for the placement of the screw electrodes
for the headset (Frontal: ML.: -1.30, AP: 1.00, Ground: ML: 1.30, AP: 1.00, Reference: ML.: 0.00,
AP: -6.00, Parietal: ML: 2.80, AP: -1.50). Then, the animal is moved to the Neurostar Robot
Stereotaxic frame which is computer controlled and atlas integrated to allow for high accuracy
stereotaxic injections. A glass capillary pulled to ~30 um outer diameter was used for the injection
of 250 nL of the vector into the medial SuM (ML: 0.05, AP: -2.40 DV: -4.74). Following the
microinjection, the headplate described in a recent paper and modified with a cut-away for fiber
placement (Zhu et al., 2020) was implanted along with a fiber optic cannulae threaded through a

metal ferrule (400 um core, 0.48 NA). To avoid contact with the headset, the optical fiber and
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ferule is placed at a 30 degree angle. Mice were placed into individual recording barrels for 2
weeks after surgery, permitting sufficient GCaMP expression, before they were connected to a
preamplifier and commutator (see below) for habituation of 24 hours prior to 24 of recording of

video, EEG, hippocampal field potential, EMG and fiber photometry signals.

Headset Recordings

The headset was designed using OpenSCAD software and 3D printed through a resin printer
through the Pedersen lab. The headset was assembled to allow for the recording of EEG through
frontal-parietal cortical electrodes, and hippocampal microwire electrodes, and EMG through pads
which were inserted into the neck muscles. Modified from the standard headset, the version used
in these studies had no right hippocampal microwire depth as a cut-away was created to allow for
the placement of the fiber optic cannulae (Zhu et al., 2020). For recording, a pinnacle preamplifier
(8406-SE31M, 100x gain) and an assisted electric rotary joint (Doric Lenses) that transmits signals
for 12 channels were used to record synchronized video and EEG/EMG signals through a
Cambridge Electronic Design Power 1401 A-D converter. These signals were saved through
Spike2 (Version 9.04b, Cambridge Electronic Design, Cambridge, UK). Data was sampled at 2
kHz and recordings were automatically saved into 6 files with 4 hour blocks (total 24 hour

recording).

Fiber Photometry

Prior to each recording, the 400 um 0.48 N.A. optical fiber (Doric Lenses) was bleached from 8
— 12 hours to prevent autofluorescence from being recorded by the photodetector. The fiber
photometry system used was the Doric Fiber photometry system which uses a 465 nm and 405

nm LED lasers sinusoidally modulated at 208.616 Hz and 572.205 Hz respectively. This is
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coupled with a 400 um 0.48 N.A. optical fiber connected, through a fiber optic swivel joint, to
the 400 um 0.48 N.A. fiber cannulae implanted into the brain. The emission was collected
through the same optical fiber and passed through a 4 port fluorescence mini-cube (FMC4, Doric
Lenses) which allows for locked in detection of the isosbestic and functional excitation; then
detected onto a photodetector (Newport Visible Femtowatt Photoreceiver Module). Both the raw
data and the demodulated data was recorded in real-time through the Doric Neuroscience studio
program, in parallel to combined recording of this data with video and other physiological data
with Spike2, as above. This raw data was recorded with Spike2 to allow for precise
synchronization and validation of the demodulation of Doric Neuroscience Studio. Fiber
photometry signals were collected at a sampling frequency of 10 kHz on both the Doric and CED

based systems.

Processing and Immunohistochemistry

At the end of the recordings, these mice were anesthetized with pentobarbital (150 mg/kg) through
an intraperitoneal injection. Then, the mouse was then perfused with saline and 10% formalin
diluted with PBS (Phosphate Buffered Saline). The headsets were removed before the brains were
extracted and placed into 10% formalin for 6 — 8 hours for the post-fixing process. Then, the
extracted brain is placed into a 30% sucrose solution for at least 48 hours before sectioning. The
brains were blocked and sectioned at 50 pum. These sections were then mounted and coverslipped
with Fluromount — G. These slides were observed under a fluorescence microscope for anatomical

validation of injection site and fiber optic placement.
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Data/Statistical Analysis

The raw data from fiber photometry recorded through Spike2 (Cambridge Electronic Design) was
exported to Matlab R2020a (The Mathworks) where the data was low pass filtered with a 6™ order
butterworth smoothed through a custom made script (Code in appendix of thesis). Then, this
processed data was compared for accuracy to the demodulation done by Doric Neuroscience
studio. To accommodate for photobleaching, a second degree polynomial was used as a baseline.
After processing of each channel, the Sleep-wake scoring based on synchronized video and
EEG/EMG recordings done through Spike2 were used to correlate the calcium signals with
wakefulness/non-REM/REM states (Kadam et al., 2017, Gao et al., 2016, Costa-Miserachs et al.,
2003). Each state of consciousness/unconsciousness was given a number: 1 for Wake, 2 for
NREM, and 3 for REM. One number was assigned to each epoch which was 20 seconds long.
Then, the average mean of the waveform were calculated for each state of consciousness and
normalized based on the range of the signal amplitude. These means were used to run a 1-way
ANOVA to observe if there was statistical significant difference among the three groups and a

post hoc Tukey-Kramer test was run to compare the individual sleep states.

Results:

Demodulated data and raw data are highly correlated

First, we examined the raw trace and demodulated fiber photometry signal. Manually
demodulated raw signal (the smoothed (t = 1 s) root mean square power in a narrow band
centered on 208.616 Hz, for 405 nm laser, and 572.205 Hz, for 465 nm laser, by respective

corresponding channel) was examined next to the smoothed (t = 1 s) or 6™ order Butterworth
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filtered (5 hz) raw signal and Doric photometry console demodulated signal and found to be
highly similar (Pearson R = 0.99). This indicated that our signal has a very high signal to noise
ratio, likely due to the complete exclusion of incident light and effective wavelength filters in our
set-up, further reinforcing the correlation of neuronal activity to behavioral changes. Thus, with
filtering alone and without any further analytical steps, we were able to physically observe the
relationships between the calcium indicator, and inferred activity of the neuronal region being

recorded, and sleep-wake state.

Stable photometry and EEG/EMG signals were obtained in freely moving mice.

In this study, we were able to successfully utilize fiber photometry to obtain biological
signals in freely behaving mice and correlate this activity with behavioral states. We have found
that the different states of sleep and wake affect the calcium indicator fluorescence, a proxy of
neuronal activity, in the experimental mice. While we have not been able to validate fiber
placement and injection sites due to the COVID-related suspension of laboratory activity, we
found that in all mice, there were state-related changes in photometry signal that correlated with
traditionally scored sleep-wake using EEG/EMG and video. We found that during REM sleep,
these mice had higher levels of fluorescence or activity compared to the two other states of
consciousness. This was validated by calculating a normalized mean of the wave form during
intervals of REM sleep. All experimental animals had noticeably higher normalized mean values
for REM compared to the two other tests. Wake, which was initially hypothesized to have
moderately high levels of activity, has shown to have higher normalized mean values than NREM

in most, but not all, cases.
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A one-way ANOVA test (Matlab 2020b, ‘multcompare’), with TukeyKramer post-hoc
comparisons, revealed that there were statistically significant differences between the three states
in all the experimental animals (Figure 7 - 13) mostly as well as between individually compared
normalized mean values. Each experimental animal has shown that the normalized mean for REM
was significantly different from the other two sleep states (p<0.05). Comparing wake and NREM,
we found that in most cases when wake had a higher normalized mean value, there was a statistical
difference between the two groups (p<0.05). Furthermore, only one animal was shown to have
statistical difference when the NREM mean value was higher than wake. This may be due to an
off-target fiber placement that would lead to the recording of a different region, emphasizing the
importance of histological analysis.

The next immediate step pertinent to these results is to perform histological processing to
correctly identify the region of injection and fiber placement to indicate that these changes in
neuronal signal are in the SuM Nos1 population, versus another adjacent Nos1 group. Overall,
on target effects are likely given that this Nos1 group is large and has few large groups of Nos1
neurons nearby. In any case, if the anatomical placement was not accurate, this may imply there
are Nos1 neuronal populations near the fiber optic that have a function in promoting wakefulness

or REM.

Discussion:

We found a highly significant relationship between Nos1 neuronal activity and REM
sleep, as hypothesized based on the chemogenetic and lesion studies of our laboratory and the
Luppi group, respectively (Pedersen et al., 2017; Renouard et al., 2015). While not analyzed for

the thesis project, we also observed that cellular activity in Nos1 neurons began to increase
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before the onset of REM sleep, perhaps suggesting a role in state switching, or at least in being
driven early in the state switching process, which is thought to involve the sublaterodorsal

nucleus and periaqueductal region (Saper et al., 2010; Scammell, Arrigoni and Lipton, 2017).

In all areas of the brain that were recorded, REM sleep was associated with higher levels
of activity. However, due to the absence of histological information about the where the injection
and fiber were placed, conclusions are hard to reach as the experimental animals that have
conflicting results regarding wake versus NREM activity may be due to being off target and

recording from a different area.

Future Directions:

There are three major projects related to this work that will continue after my candidature.
Firstly, examining the circuits of REM sleep by examining Nos1-specific projections, particularly
to the lateral septal area. Based on data shown here, as well as neuroanatomical tracing, we
speculate that REM theta activity is controlled by a circuit including the projection of Nos1 SuM
neurons to the ventral subnucleus of the lateral septal area.

We will need to confirm that REM-related increases in activity are limited to Nos1 neurons.
We will test this by examining known non-Nos1 GABAergic neurons of the SuM (Pedersen et al.,
2017), as well as by examining all neurons of the region. Through the use of fiber photometry, the
next steps that would be initiated would be to identify the different neuronal activity of the other
distinct cell types that exist in the SuM. To target the VVgat neurons in the SuM, Vgat-Cre
transgenic mice will be injected with the same vector, AAV9-Syn-Flex- jJGCaMP7s-WPRE. On
the other hand, to understand the activity the VVglut2 neurons, wild type mice will be injected with

AAV9-Syn-jGCaMP7s-WPRE GCaMP7s vector in the medial SuM. This will record the bulk
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fluorescence of the SuM and then, we can further compare the activity of Vglut2 neurons by
observing the activity of the other two cell types. In addition, the VVgat/vglut2 neurons are known
to greatly innervate into the dentate gyrus which has theorized to act as a “gate” to overexcitation
of the hippocampus which could ultimately lead to seizures Thus, the VVgat neurons would be
recorded through fiber photometry from mice undergoing the intra-amygdala Kainic acid model
of seizures to further understand the role of these neurons.

Lastly, given the strong anti-seizure properties of REM sleep, presumably based on the
differing phase relationship of other theta firing principal neurons in the hippocampus (Mizuseki
and Buzsaki, 2013), we hypothesize that Nos1 neurons may actually suppress seizures arising in
the hippocampal network.

Given the projection of Nos1 neurons of the SuM to the lateral septal area, and given that
Renouard et al. (2015) showed decreased theta, but not REM sleep duration, we think these
neurons are the cellular basis for the long-appreciated role of the SuM in theta generation.
Relatedly, we also noted that there are fluctuation of SuUM Nos1 activity during wake and we
hypothesize that both in wake and REM, fluctuations in activity may correlate to changes in the
well-characterized change in peak theta frequency in the hippocampus (e.g. Vanderwolf, 1969) —

something that we will examine with the present data.

From what can be concluded, we can to a certain degree agree with our hypothesis that
nitric oxide neurons of the SuM are most potently activated during REM and moderately during

wake.

Technical Difficulties:

Due to the appearance of COVID-19 and the limited access to the laboratory, there were delays

in various aspects in this project. There were limited resources in not only processing the data
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but also analyzing the data. Furthermore, due to the social distancing, there was not enough time
to process the brains and section them for anatomical validation of the injection and fiber optic.
Thus, the results placed in the thesis needs to be further verified so the signals recorded come
from accurate targeting of the desired deep brain region (SuM). The animals with off target
injections and fiber placements are our control animals as we are able to compare the signals

recorded to those found in the anatomically valid animals.



Appendix
Custom MATLAB Script for Raw Signal Processing and Analysis
load('NPM 587 - Sleep Score with Demodulated Data.mat')

%CHANGE to relevant channels
Ch13=FP_EEG_EMG_REC_NPM587_ 200214 154710 000 _Ch13; %Sleep scores
Ch21=FP_EEG_EMG_REC_NPM587 200214 154710 000 _Ch21; %405 nm
Ch22=FP_EEG_EMG_REC_NPM587 200214 154710 000_Ch22; %465 nm

%save npm587 Ch13 Ch21 Ch22
%Iload npm587

%%

%CHANGE below to asign channels to control, photometry data, sleep score
%scores

c=Ch21.values; %Control

y=Ch22.values; %Data

t=Ch13.times; %sleep times

codes=Ch13.codes(:,1); %sleep codes

Fs=1/Ch21.interval %~3K sampling rate

%%

x=[1:length(y)]'/Fs;

%design low pass filter
Fc=5; %10 Hz and below

[b a]=butter(6,Fc/(Fs/2),'low"); %butterworth

disp('Smoothing’)
ySmooth=filtfilt(b,a,y);
cSmooth=filtfilt(b,a,c);

%%

%Regress control onto experimental and subtract - doesn't work well.
% n=length(x);

% coeff=regress(ySmooth,[zSmooth ones(n,1)]);

% yFit=coeff(1)*z+coeff(2);

%Fitting a polynomial works better
%coeff=polyfit(x,cSmooth,2); %fit to control

coeff=polyfit(x,ySmooth,2); % fit to experimental

yFit=polyval(coeff,x);

18
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%Convert to z-score

% err=ySmooth-cFit; %error

% stdErr=std(err); %compute standard devation
%

% z=(ySmooth-cFit)/stdErr;

yCorrected=ySmooth-yFit;

%normalize data from 0 to 1
yNormalized=yCorrected-min(yCorrected);
yNormalized=yNormalized/max(yNormalized);

%%

%Change 'ind' to show different data -
%MATLAB struggles to plot all data at
%once

%ind=1:length(x); % All data
ind=find(x<2000); %First 2000 s
%ind=find(x>2000 & x<4000); 2nd 2000 s

disp(‘Plotting’)

num=4;

figure

subplot(num,1,1)

hold on
plot(x(ind),y(ind),'q")
plot(x(ind),ySmooth(ind),'r)
plot(x(ind),yFit(ind), k")
ylim([-0.01 0.05])
leg=legend('Raw','Smooth’,'Baseline’);
set(leg,'Location’,'Southeast')
ylabel(‘Experimental’)

subplot(num,1,2)

hold on
plot(x(ind),c(ind),'q")
plot(x(ind),cSmooth(ind),r")
%plot(x(ind),cFit(ind),'k")
ylim([-0.01 0.05])
ylabel(‘Control’)
leg=legend('Raw’,'Smooth’);
set(leg,'Location’,'Southeast')



% subplot(num,1,3)

% hold on

% plot(x(ind),z(ind),'b")

% plot([x(ind(1)) x(ind(end))],[2 2],'k:")
% ylim([-3 5])

% %plot([0 x(end)],[2.5 2.5],'r--")

% ylabel('Z Score")

%plot baseline correct
subplot(num,1,3)
plot(x(ind),yNormalized(ind),'b")
ylabel('Normalized')

%plot sleep

subplot(num,1,4)

plot(t,codes,'k.-")

hold on

xlim([0 x(ind(end))])

ylim([0 4])

ylabel('Sleep Score")

xlabel("'Time (s)")

text(1300,3,'1=Awake, 2=Non-REM, 3=REM’)

set(gcf,'Color','w")

%%
%Compute mean nomralized data for each sleep score
fori=1:3
ind=find(codes==i);
tSmall=t(ind);
tSmall=tSmall(tSmall<max(x)); %trim off excess
xInd=round((tSmall+1)*Fs);

meanY (i)=mean(yNormalized(xInd));
numCode(i)=length(ind);
stdErr(i)=std(yNormalized(xInd))/sqrt(length(ind));

end

disp('Mean normalized’)

disp(meany)

disp('Std Err normalized")
disp(stdErr)
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%%

%Match data values to sleep scores
ind=find(t<max(x));

tSmall=t(ind);
codeSmall=codes(ind);
xInd=round((tSmall+1)*Fs);

ySmoothSmall=ySmooth(xInd);
yFitSmall=yFit(xInd);
yNormSmall=yNormalized(xInd);

figure

subplot(311)
plot(tSmall,ySmoothSmall,'r")
hold on
plot(tSmall,yFitSmall,'k")
leg=legend('Smooth','Baseline’);
set(leg,'Location’,'Northeast')
ylabel('Experimental’)
title('Entire dataset’)

subplot(312)
%plot(tSmall,zZSmall)
plot(tSmall,yNormSmall)
ylabel('Normalized')

subplot(313)
plot(tSmall,codeSmall,'k-")
ylim([0 4])

ylabel('Code’)
xlabel('Time (s))

%%

%ANOVA raw data

figure
[p,tbl,stats]=anoval(yNormSmall,codeSmall, off");
anovaTbl=tbl

cRaw=multcompare(stats);

ylabel('Code")

title('Normalized means')

xlim([0 1])
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disp('Group P-values:")
%cRaw(:,[1:2 6])
pl2=cRaw(1,6)
p23=cRaw(2,6)
pl3=cRaw(3,6)

22
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Figure 2: Headplate

a) Above view of the CAD model of the headplate b) Fully assembled headplate
ready for placement on mouse c) Placement of headplate onto mouse through
stereotaxic surgery
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Figure 3: Modified hypnogram and physiological data from 24 hour recording

a) 3600 second trace of Spike2 recording including a Fast Fourier Transform of the HpR (Hippocampus) is
shown in color representing power and frequency with a range of 0 to 100 Hz. Correlated EMG signal is shown
alongside two smoothed fiber photometry signals. 30 second tracing during REM sleep within the same 3600
second span.
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Figure 4: Comparison between processed raw data and demodulated data

Smoothed raw fiber photometry signal observed in ch5 is visibly similar to the
demodulated signal in Ch4 obtained through Doric neuroscience studio. The Pearson r
value was computed between the two signals (r = 0.99).
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Figure 6: Raw Signal Processing for 598

a) Processing of experimental raw signal through the use of smoothing and baseline correction. Control
signal was not baseline corrected due to its stability over time. Experimental signal is normalized. b) 4 hour
experimental recording that undergoes smoothing, baseline correction and normalization. (Bottom)
Hypnogram that indicates the 3 different states of sleep and wake during the four hour recording.
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a} Normalized Normalized b} Source 55 df M3 F Prob>F
NPM 603 Mean SEM | e
Groups 4.023681 3 1.34127 183.684 2.248689%9e-88
Error 5.22391 716 0.0073
1 (Wake) 0.4942 0.0077 e o
2 (NREM) 0.3667 0.0028
3 (REM) 0.6306 0.0311
C} Normalized means d}
' ‘ NPM 603 p-value
1 =2
p12 3.7683E-09
p13 3.7683E-09
2+ =]
3 p23 3.7683E-09
Q
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3 groups have means significantly different from Group 3

Figure 7: Data Analysis for NPM 603

a) Table of normalized mean and SEM values for the three different states. Wake mean value is greater
than that of NREM b) 1 way ANOVA test results indicated a statistically significant difference among the
three groups (F = 103.84, p<0.05). *4 was a doubt channel and is not significant for the analysis c) Graph of
Normalized mean and SEM values for the different states. d) Results from post hoc Tukey-Kramer test and
shows that individual sleep states are significantly different from each other (p<0.05).
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: - b) source ss ar us F Prob>F
a) NPM 598 No&nallzed NorénEa'ched ) Source 85 ar B T  Probf
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1 (Wake) 0.3466 0.01 T Lo o Jweee
2 (NREM) 0.3704 0.0038
3 (REM) 0.6077 0.0155
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Figure 8: Data Analysis for NPM 598

a) Table of normalized mean and SEM values for the three different states. In this case, NREM mean value
is greater than that of Wake. b) 1 way ANOVA test results indicated a statistically significant difference
among the three groups (F = 120.54, p<0.05). c) Graph of Normalized mean and SEM values for the
different states. d) Results from post hoc Tukey-Kramer test and shows that individual sleep states are
significantly different from each other (p<0.05).
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Normalized Normalized b) source S df us F Prob>F
a
) | nNPmss7 Vhines SEM | D) e W e
Groups  6.5753 2 3.28767 235.16 2.9651B8e-79
1 (Wake) 0.3766 0.0097 Error 10.0242 717 D.01398
Total  16.5996 719
2 (NREM) 0.3219 0.0073
3 (REM) 0.6411 0.0186
Normalized means
c) R ‘ d)
NPM 587 p-value
1 =
p12 9.6377E-10
p1 9.5606E-10
g 2
O P23 9.5606E-10
3t

0 01 02 03 04 05 06 07 08 09 1
2 groups have means significantly different from Group 3

Figure 9: Data Analysis for NPM 587

a) Table of normalized mean and SEM values for the three different states. In this case, Wake mean value
is greater than that of NREM. b) 1 way ANOVA test results indicated a statistically significant difference
among the three groups (F = 235.16, p<0.05). ¢) Graph of Normalized mean and SEM values for the
different states. d) Results from post hoc Tukey-Kramer test and shows that individual sleep states are
significantly different from each other (p<0.05).
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a) Normalized Normalized b) T ss daf us F Prob>F
NPM 588 Mean SEM
Groups 2.43418 2 1.21709 120.15 9.98358e-46
1 (Wake) 0.2594 0.0069 T s o
2 (NREM) 0.2527 0.0065
3 (REM) 0.5586 0.0305
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Figure 10: Data Analysis for NPM 588

a) Table of normalized mean and SEM values for the three different states. In this case, Wake mean value
is greater than that of NREM. b) 1 way ANOVA test results indicated a statistically significant difference
among the three groups (F = 120.15, p<0.05). c) Graph of Normalized mean and SEM values for the
different states. d) Results from post hoc Tukey-Kramer test and shows while REM significantly differed
from the other two states (p<0.05), NREM and wake were not significantly different. from each other.
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Figure 11: Data Analysis for NPM 597

a) Table of normalized mean and SEM values for the three different states. In this case, Wake mean value
is greater than that of NREM. b) 1 way ANOVA test results indicated a statistically significant difference
among the three groups (F = 96.1, p<0.01). c) Graph of Normalized mean and SEM values for the different
states. d) Results from post hoc Tukey-Kramer test that the individual sleep states were significantly
different from each other (p<0.05).
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a b T - 1 e
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Figure 12: Data Analysis for NPM 600

a) Table of normalized mean and SEM values for the three different states. In this case, NREM mean value
is greater than that of Wake. b) 1 way ANOVA test results indicated a statistically significant difference
among the three groups (F = 26.64, p<0.01). c) Graph of Normalized mean and SEM values for the different
states. d) Results from post hoc Tukey-Kramer test that the individual sleep states were significantly
different from each other (p<0.05).
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Figure 13: Data Analysis for NPM 602

a) Table of normalized mean and SEM values for the three different states. In this case, Wake mean value
is greater than that of NREM. b) 1 way ANOVA test results indicated a statistically significant difference
among the three groups (F = 232.69, p<0.01). ¢) Graph of Normalized mean and SEM values for the
different states. d) Results from post hoc Tukey-Kramer test that the individual sleep states were

significantly different from each other (p<0.05).
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