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Preamble and object of the thesis

The size of our pupils changes continuously in response to variations in ambient light levels to
regulate the amount of light that reaches the retina for optimizing vision. However, even when
exposed to isoluminant conditions, fluctuations in pupil size can be influenced by attention and
cognitive processes (Granholm et al. 2004; Kahneman et al. 1966; Nassar et al. 2012; Schmidt
et al. 1982). Pupillary dilation has been indeed documented for nonvisual factors such as fear
or empathy (Harrison et al. 2007; Korn et al. 2017; Leuchs et al. 2017), arousal (the level of
vigilance and alertness during wakefulness) and attention (whether one is focused on a task
or not) (Binda et al. 2014; Hoeks et al. 1993). More in general it is possible to affirm that
any stimulus able to activate the mind, or anything that increases the mind’s ‘processing load’
causes the pupil to dilate (Beatty 1982; Mathot 2018). Even the pupillary light reflex, i.e. the
constriction of the pupil in response to brightness and the dilation of the pupil in response to
darkness, has been shown to be influenced by factors related to the selection, processing, and
interpretation of visual input (Castaldi et al. 2021; Mathot et al. 2017; Mathot et al. 2015).
These findings demonstrate that pupillary constriction typically reflects the interpretation of
light within a visual scene, extending beyond the simple quantification of physical light energy
entering the eye (Binda et al. 2013b). Neurology first exploited the usefulness of monitoring
changes in pupil size as a way to identify specific pathological processes within the nervous
system. Recently, pupillometry, the science of measuring pupil size and its dynamic variations,
has raised attention for its capacity to unravel several intriguing phenomena and holds significant

promise for assessing directly and non-invasively the activity of the brain.

This doctoral thesis focuses on a comprehensive exploration of pupillometry, seeking to
elucidate its role as a pivotal tool in understanding diverse aspects of cognition, emotion, and
health. In particular, in my research I tried to explore the diverse aspects that make pupillometry

a compelling area of study:

e Objective Measure: Pupil responses are objective and quantifiable, reducing the potential
for subjective bias in research. This makes pupillometry a valuable tool for obtaining

reliable data in the study of brain activity.

e Non-Invasive and Real-Time: Pupillometry is non-invasive and allows for real-time mon-
itoring of brain activity. Unlike other methods, such as functional magnetic resonance
imaging (fMRI) or positron emission tomography (PET) scans, which require significant
equipment and can be uncomfortable for participants, pupillometry can be conducted with

relatively simple and portable equipment.

e Autonomic Nervous System Reflection: The pupil is mainly controlled by the autonomic

nervous system, which consists of the sympathetic and parasympathetic pathways. Changes
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in pupil size reflect the balance between these two pathways. The sympathetic system dilates
the pupils, while the parasympathetic system constricts them. This makes pupillometry a

direct indicator of the autonomic nervous system activity.

Neurotransmitter Activity: Pupillometry can provide insights into the activity of specific
neurotransmitter systems. For instance, the dilation of pupils is associated with the release
of norepinephrine in the brain. By measuring pupil responses, it is possible to indirectly

assess the activity of these neurotransmitter systems and their role in brain function.

Cognitive and Emotional Processes: Pupil size changes in response to cognitive and
emotional stimuli. For example, when people engage in mentally demanding tasks or
experience emotional arousal, their pupils tend to dilate. Conversely, during relaxation or
low cognitive load, the pupils tend to constrict. These responses are known to be related

to changes in neurotransmitter activity.

Clinical Applications and Disease Diagnosis: Pupillometry shows promising results as a
biomarker for various neurological and psychiatric disorders. Abnormal pupil responses
have been reported in conditions such as traumatic brain injury, Alzheimer’s disease,
Parkinson’s disease, and schizophrenia. These findings have the potential to aid in early
diagnosis and monitoring of disease progression, offering valuable insights for clinical and

preclinical studies.

I investigated these aspects in the first part of the thesis (Part I) as three different projects:

i

ii

iii

The first study focused on the creation of a cutting-edge deep learning tool, called MEYE.
MEYE is capable of real-time detection and quantification of alterations in pupil size
and applies to both humans and mice across different experimental conditions. Notably,
MEYE’s innovation lies in the seamless integration of artificial intelligence algorithms
into standard web browsers, affording non-technical operators the capacity to conduct

cost-effective pupillometry assessments in clinical and pre-clinical research settings.

Several findings highlight the potential of pupillometry as a biomarker for neurological
and psychiatric conditions, including arousal alterations in attention deficits (e.g. ADHD)
and autism spectrum disorder (ASD). Therefore, my research investigated pupillary
abnormalities in a mouse model of Cyclin-dependent kinase-like 5 (Cdkl5) deficiency
disorder (CDD), a severe neurodevelopmental condition, characterized by early-onset
seizures, intellectual disability, motor, and social impairment, providing insights into the
functional implications of CDKL5 protein deficiency on attention and arousal. Moreover,
the non-invasive nature of pupillometry and its applicability to non-collaborative and
preverbal subjects make it a valuable tool for longitudinally evaluating disease progression

and therapeutic efficacy in both preclinical and clinical investigations.

Finally, I explored the potential of pupillometry as a complementary method for the

assessment and quantification of conditioned fear responses and as a non-invasive approach
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to evaluate neural plasticity. In particular, I examined fear memories in mice lacking
the cartilage link protein 1 (Crtll) gene in the central nervous system, a condition that
results in attenuated perineuronal nets (PNNs) but unchanged overall levels of chondroitin
sulfate proteoglycans (CSPGs) in the adult brain. The study aimed to investigate whether
preventing the aggregation of CSPGs into PNNs is sufficient to induce fear memory suscep-
tible to erasure, while also evaluating the corresponding activation pattern. These results
also contributed to a comprehensive understanding of the employment of pupillometry in

studying neuronal and behavioral responses.

For the initial study, I contributed as a co-author (Mazziotti et al. 2021), while for the subsequent
two studies, I held a co-first-authorship position (Viglione, Sagona et al. 2022, Poli, Viglione et
al. 2023).

All these data have been published and the full articles are available at these links:
e MEYE: Web App for Translational and Real-Time Pupillometry.

e Behavioral Impulsivity is Associated with Pupillary Alterations and Hyperactivity in
CDKL5 Mutant Mice.

e Selective Disruption of Perineuronal Nets in Mice Lacking Crtll is Sufficient to Make Fear

Memories Susceptible to Erasure.

After establishing the critical importance of preserving the integrity of PNNs for memory
maintenance in the first part of this thesis, the second part (Part IT) delves into an exploration of
the potential molecular and epigenetic mechanisms underlying their dynamic regulation. Previous
work has demonstrated that during postnatal development, a specific family of microRNAs
(miRNAs), the miR-29 family, experiences a dramatic upregulation with aging (Napoli et al.
2020; Mazziotti et al. 2017a). The miR-29a-3p, specifically, was the microRNA with the largest
age-dependent upregulation. This upregulation has been linked with reduced plasticity in the
visual cortex. Notably, the targets of the miR-29a are enriched in categories associated with
the extracellular matrix, PNNs composition, and transcriptional regulation. In this study, 1
investigated the role of miR-29a in influencing the persistence of fear memories, with a specific

focus on its modulation of the epigenetic landscape.

This part of the thesis represents a novel project that is still ongoing.


https://www.eneuro.org/content/8/5/ENEURO.0122-21.2021
https://academic.oup.com/hmg/article/31/23/4107/6647919?login=false
https://academic.oup.com/hmg/article/31/23/4107/6647919?login=false
https://link.springer.com/article/10.1007/s12035-023-03314-x
https://link.springer.com/article/10.1007/s12035-023-03314-x

Introduction

0.1 Anatomy and neural correlates of the pupil

Light reaches the retina via the pupil, a central opening within the iris. The iris, the structure
that determines eye color, contains the muscles responsible for regulating pupil size. As a
dynamic structure, the pupil responds mainly to variation in light conditions by constricting
or dilating. In bright sunlight, the pupil constricts to reduce the amount of light entering the
eye (miosis), whereas when brightness decreases, it dilates to enable greater light admission
(mydriasis). This phenomenon is referred to as pupillary light reflex (PLR). However, the pupil
also reacts to near fixation (known as the pupillary near response) and dilates in response to
heightened cognitive activity (Mathot 2018). The diameter of the human pupil varies between

2-8 mm, while in mice pupil diameter varies between 0.4-2 mm.

The diameter of the pupil is controlled by two sets of muscles, the iris sphincter muscle
constricts the pupil while the iris dilator muscle promotes pupil dilation. The iris sphincter
muscle and the iris dilator muscle are controlled by two interconnected pathways of the autonomic
nervous system: the parasympathetic constriction pathway and the sympathetic dilation pathway
(Figure 0.1A). In the PLR, these circuits operate in response to changes in light levels. Specifically,
pupil constriction primarily occurs due to parasympathetic activation, while in response to
darkness, dilation is mainly driven by sympathetic activation. Light signals are transmitted by
a class of photosensitive retinal ganglion neurons directly to the pretectal olivary nucleus in the
brainstem (Hattar et al. 2002), which controls pupil size primarily via its projections to the
Edinger—Westphal nucleus (EWN) (Steiger et al. 1979). In the EWN, cholinergic preganglionic
motoneurons project to the ciliary ganglion of the third cranial nerve from which the ciliary nerve
controls the iris sphincter muscle (Ruskell 1990; Strassman et al. 1987). Activation of projecting
neurons in the EWN nucleus drives contraction of the iris sphincter muscle and constriction
of the pupil while inhibition of EWN neurons relaxes the iris sphincter muscle, permitting
dilation. The pupil dilation pathway is a subcortical pathway that starts at the hypothalamus
and the locus coeruleus (LC). The dilator pathway comprises sympathetic innervation of the
pupil, originating from neurons located in the intermediolateral cell column of the cervical and
thoracic spinal cord (Strack et al. 1990). This input leads to the activation of the superior

cervical ganglion, which subsequently provides direct innervation to the dilator muscle.

Notably, the pupil’s function extends beyond its role as a mere regulator of light; it also
undergoes changes associated with emotional states like fear or empathy (Leuchs et al. 2017;
Harrison et al. 2007; Korn et al. 2017), mental states such as attention levels and arousal (Hoeks
et al. 1993; Binda et al. 2014), and unexpected environmental stimuli (Figure 0.1B). These
alterations in pupil size are believed to be influenced, at least in part, by neuromodulators

like norepinephrine (NE), acetylcholine, dopamine, and serotonin (5-HT). Rather than driving
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neuronal activity directly, these neurotransmitters act as modulators, regulating the ongoing

neural processes. Consequently, fluctuations in pupil size that coincide with environmental

factors or behavioral states are often considered indicative of neuromodulator levels within the

brain.
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Figure 0.1: Sources of pupil size modulation. (A) The pupil constriction and dilation pathways.

The iris of the eye contains two muscles that control its size: the sphincter muscle and the
dilator muscle. The size of the iris is regulated by two interconnected neural pathways: the
parasympathetic constriction pathway and the sympathetic dilation pathway. The parasym-
pathetic constriction pathway originates in the EWN, which via cholinergic preganglionic
motoneurons, sends its axons to synapse on the sphincter muscle. This pathway causes
sphincter muscle contraction, leading to constriction of the pupil. The Superior Colliculus also
controls pupil constriction through both a direct and indirect pathway: Certain SC neurons
project directly to the EWN, while a second indirect pathway involves SC projections to
the mesencephalic cuneiform nucleus, which influences parasympathetic tone via projections
to the EWN. The sympathetic dilation pathway originates in the SCG and sends axons to
synapse on the dilator muscle. This pathway causes the dilator muscle relaxation, leading
to pupil dilation. The LC plays a key role in regulating the sympathetic nervous system,
including the sympathetic dilation pathway that controls pupil size. The LC is responsible
for releasing the neurotransmitter NE, which acts on the dilator muscle and regulates pupil
size. Activation of the LC leads to the dilation of the pupil, and inhibition of the LC leads to
constriction of the pupil. Additionally, studies have shown that the LC-NE system regulates
the pupillary light reflex, which is the automatic response of the pupil to changes in light
intensity. (B) Exogenous factors influencing pupil size. PON, pretectal olivary nucleus; RGN,
retinal ganglion neurons; HYP, hypothalamus; L.C, locus coeruleus; SC, superior colliculus;
MCN, mesencephalic cuneiform nucleus; EWN, Edinger-Westphal nucleus; CG, ciliary gan-
glion; IML, intermediolateral cell column of the spinal cord; SCG, superior cervical ganglion;
NE, norepinephrine; ACh, acetylcholine; Figure adapted from Viglione et al. 2023

0.1.1 Noradrenergic control of pupil size

The LC is a small nucleus located in the dorsal tegmentum with a high level of complexity

in terms of its molecular, cellular, and regional targets. As all neurons in the LC contain

NE, the LC serves as the foremost source of NE in the forebrain, projecting widely to both

cortical and subcortical regions (Szabadi 2013; Benarroch 2018). The widespread distribution

of noradrenergic fibers in the neocortex indicates that the projections from the LC exert a

broad influence on this area (Morrison et al. 1979). This extensive LC modulation of the cortex

underlies the role of the LC in controlling brain state, such as arousal (Carter et al. 2010;
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Susan J Sara et al. 2012), locomotion (Polack et al. 2013), exploration (Gompf et al. 2010), and
attention (Bouret et al. 2004).

The LC controls pupil dilation by directing projects to the IML region, facilitating excitatory
sympathetic activation through ol adrenergic receptors (Szabadi 2018; M. S. Smith et al. 1999).
Additionally, the LC can exert indirect sympathetic influence by reciprocal connections with
the hypothalamus, which, in turn, projects to the IML (Szabadi 2018; Nunn et al. 2011) (Fig.
1A). It has also been proposed that LC could act directly on neurons in the EWN, with NE
(Breen et al. 1983) binding the inhibitory a2-adrenergic receptors (M C Koss 1986). However,
the existence of a direct pathway is still controversial (Nieuwenhuis et al. 2011).

There is extensive evidence of functional relationships between LC activity and pupil dilation
which can occur in the absence of the PLR. In humans, fMRI studies combined with pupillometry
measures have shown that LC activity increases together with pupil size during behavioral tasks
and in resting (Gee et al. 2017). In another fMRI study involving humans performing an oddball
task, changes in pupil size were observed to covary with the blood-oxygen-level-dependent
(BOLD) signal localized in the LC (Murphy et al. 2014). Moreover, the electrical stimulation of
LC in anesthetized and awake animals evokes pupil dilation (Joshi et al. 2016; Reimer et al. 2016;
Privitera et al. 2020) (Figure 0.2B). These data support the idea of a direct coupling between the
LC and pupil diameter. A recent study has investigated the accuracy by which pupil size can be
used to index LC activity in mice (Megemont et al. 2022). The authors recorded spiking activity
from LC neurons optogenetically tagged and pupil diameter in head-fixed mice trained to perform
a tactile detection task. Although pupil diameter was found to have a positive and monotonic
relationship with LC spiking activity, they found that identical optical LC stimulations evoked
variable pupil responses on each trial (Megemont et al. 2022). This variability in the LC-pupil
coupling may be linked to the involvement of other brain areas or neuromodulatory systems in
controlling pupil fluctuations (Joshi et al. 2016; Reimer et al. 2016) (Figure 0.2A-B). For example,
sustained activity in cholinergic axons is observed during longer-lasting pupil dilations, such
as those occurring during locomotion (Reimer et al. 2016) (Figure 0.2B-C). In addition, phasic
stimulation of the dorsal raphe serotonergic nuclei can also regulate pupil size and reactivity to
sensory stimulation (Cazettes et al. 2021). Other studies suggest that pupil fluctuations can be
influenced by hormonal changes (Leknes et al. 2013; Prehn et al. 2013). Several medications
and drugs of abuse [such as selective serotonin reuptake inhibitors (SSRI) and Opioids] may
affect pupillary size and spontaneous fluctuations (J. A. J. Schmitt et al. 2002; Dhingra et al.
2019). These factors must be taken into account when interpreting results, in particular in
non-drug-free clinical populations. Task-related variables can also influence pupillary variability.
Pupil dilation can occur in response to unexpected stimuli (orienting response), expectation
violation, and cognitive processes (Kahneman et al. 1966; Qiyuan et al. 1985; Alnaes et al. 2014;
Gee et al. 2014; C.-A. Wang et al. 2014) (Figure 0.1C). Transient pupil dilations are typically
linked to phasic LC firing (Aston-Jones et al. 1994), but some factors, such as stimulus salience,
are associated with shifts of attention and likely also related to superior colliculus activation
(C.-A. Wang et al. 2012). Additionally, other cortical regions like the anterior cingulate cortex
and the orbitofrontal cortex are involved in pupil dynamics (Hayden et al. 2011; Padoa-Schioppa

et al. 2017). However, LC activation reliably anticipates changes in pupil diameter with an early
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latency compared with other regions showing a similar relationship with pupil size (Joshi et al.
2016). The interconnectivity between these regions and the LC suggests that fluctuations in

pupil size could be a result of the LC regulation of neural activity across those areas of the brain.

0.1.2 Other sources of neuromodulatory control

Cholinergic neurons in the basal forebrain, much like NE neurons, exhibit activity during various
physiological events, including pupil dilation, transitions between sleep and wakefulness, moments
of whisking in rodents, and following mildly aversive stimuli like an air puff (Larsen et al. 2018).
Similarly, the activity of cholinergic neurons, measured using calcium indicators expressed in
cortical cholinergic axons, increases during pupil dilation and decreases during constriction
(Nelson et al. 2016; Reimer et al. 2016). Several lines of research have also paved the way for
investigating dopamine’s involvement in regulating pupil size. Studies conducted across non-
human animal models, patient cohorts, and adult neuroimaging investigations have collectively
established connections between reward-related striatal dopamine activity and the alteration
observed in pupil diameter (Eckstein et al. 2017; Tummeltshammer et al. 2019; Muhammed
et al. 2016; Sg et al. 2015). In addition, pupil abnormalities have been frequently documented
in people affected by Parkinson’s disease (Micieli et al. 1991; You et al. 2021). Nevertheless,
the exact nature of dopamine’s influence on pupil responses remains to be clarified. These
modulations may occur through interactions with the LC. The LC and dopaminergic midbrain
structures exhibit dense reciprocal connections and receive a shared top-down projection from
the prefrontal cortex (Susan J. Sara 2009). Moreover, both systems play distinct yet significant
roles in reward learning and motivational behavior (Varazzani et al. 2015). A recent study has
demonstrated an association between 5-HT and pupil dilation during goal-directed behaviors.
In this study, Cazettes et al. (Cazettes et al. 2021) trained head-fixed mice to forage for water
from two sources. Mice could decide to drink from one of two resource sites. In particular, mice
were trained to remain still during licking and to run on a treadmill to switch from one site
to another. Reward delivery at a given site was probabilistic. They observed transient pupil
dilations during various conditions, including stillness, locomotion, and licking. Interestingly,
optogenetic stimulation of 5-HT neurons in the dorsal raphe nucleus resulted in reliable pupil
dilations, particularly when temporally aligned with lick periods. Their model revealed that pupil
size changes were associated with stimulation, regardless of arousal or global indicators of brain
state. To investigate further, the researchers examined the impact of reward uncertainty on pupil
size changes induced by 5-HT stimulation. They manipulated reward uncertainty in a foraging
task, finding that 5-HT stimulation caused larger transient pupil dilations in low-uncertainty
conditions compared to high-uncertainty conditions. This suggested that the effect of 5-HT on
pupil size acts as a prediction-error signal, and is modulated by uncertainty. While locomotion
also influenced pupil size, it was not dependent on 5-HT stimulation. Fluctuations in pupil size,
along with locomotion, have conventionally been used to assess arousal levels. However, recent
evidence suggests that these pupil fluctuations carry additional information related to cognitive
factors beyond mere arousal (Jepma et al. 2011; Nieuwenhuis 2011; Filipowicz et al. 2020). These
cognitive aspects, such as expectation violation and prediction error, are associated with neural

computations in regions like the prefrontal and cingulate cortex (Matsumoto et al. 2007; Tervo
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et al. 2014). Some of these brain regions are connected with neuromodulatory centers like LC
and dorsal raphe nucleus (Arnsten et al. 1984), allowing them to influence pupil size. However,
further research is needed to decode these fluctuations and reliably distinguish between the

various factors influencing pupil size.

A DIRECT LC MODULATION OF THE PUPIL
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Figure 0.2: LC-pupil relationship. (A) The acute electric stimulation of the LC can evoke pupillary
dilations in mice. (B) Noradrenergic versus cholinergic control of pupil size. The left panel
shows ACh (orange) and NE (violet) dynamics during the dilation (values < 0) and constriction
(values > 0) phases in the absence of locomotion. The right panel illustrates NE and ACh
activity during locomotion onset and offset. NE activity levels were higher and had a shorter
latency than ACh activity preceding the peak of dilation. These findings suggest that both
neuromodulatory systems regulate pupil size changes during quiet wakefulness, with NE
playing a more prominent role in rapid and transient pupil responses. During locomotion,
phasic noradrenergic axonal activity (violet) is closely linked to rapid pupil dilations, while
sustained cholinergic axonal activity (orange) is associated with longer-lasting dilations (left).
(C) Coherence of NE and ACh in pupillary oscillations: NE levels display coherence with
pupillary fluctuations across a wide frequency range. In contrast, ACh exhibits coherence
primarily at lower frequencies, indicating distinct roles of the two neuromodulatory systems in
the initiation and maintenance at different time scales. L.C, locus coeruleus; ACh, acetylcholine;
NE, norepinephrine. Figure adapted from Viglione et al. 2023
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0.2 Exploring the relationship between pupil size and cortical

plasticity

Since pupil dilations coincide with changes in neuromodulatory signaling, pupillometry appears
to be a promising technique for estimating the degree of residual plasticity. In a recent study
conducted on humans, Binda et al. 2017 demonstrated that monocular deprivation affects
spontaneous slow pupil oscillation at rest (Binda et al. 2017), called hippus (J. P. Diamond
2001). The authors measured pupillary oscillations before and after monocular deprivation
and found an increased hippus amplitude after visual deprivation. Moreover, participants with
more pronounced pupillary fluctuations also showed stronger ocular dominance changes in
binocular rivalry dynamics, an index of ocular dominance plasticity in humans (Steinwurzel
et al. 2020). In a binocular rivalry experiment, incompatible images are presented to each eye
simultaneously, but instead of perceiving a combination of the two images, people typically
experience slow and irregular perceptual alternations of the two stimuli. They also hypothesized
that the relationship between pupillary hippus and plasticity lies within the neural circuits that
regulate the balance between inhibition and excitation in the cortex, where NE plays a key
role. Moreover, hippus amplitude is thought to depend on the interplay between noradrenergic
and cholinergic transmission (Michael C. Koss et al. 1984), with pupil dilations correlating
with activity in the LC (Joshi et al. 2016). The LC-NE system, indeed, has been extensively
studied in the cortical plasticity framework (Kasamatsu et al. 1976; Bear et al. 1983; Marzo
et al. 2009; Shepard et al. 2015), starting from the discovery that NE plays a pivotal role in the
developmental plasticity of the visual cortex (Kasamatsu et al. 1976; Kasamatsu et al. 1979;
Kasamatsu et al. 1981). As a promising index of cortical plasticity, pupil size has been used to
study switches between alternative percepts. Existing results reveal transient pupil dilations
accompanying perceptual switches (Einhauser et al. 2008; Hollander et al. 2018). In a recent
study, Brascamp et al. demonstrated that perceptual changes were marked by a complex pupil
response that could be decomposed into two components: a dilation linked to task execution and
plausibly indicative of an arousal-linked NE surge and an overlapping constriction linked to the
perceptual transient and plausibly a marker of altered visual cortical representation (Brascamp
et al. 2021). Constriction, but not dilation, amplitude systematically depended on the time
interval between perceptual changes, possibly providing an overt index of neural adaptation
(Brascamp et al. 2021). The findings indicate that the size of the pupil reflects the activity of
interacting but dissociable neural mechanisms during perceptual multistability and suggest that

the release of arousal-related neuromodulators may affect behavior but not perception.

In the mouse, the oscillations of pupil constriction and dilation provide an efficient means
of monitoring the cortex’s reaction to sensory stimuli (Reimer et al. 2014; C. R. Lee et al.
2016). Specifically, the dilation of the pupil is associated with desynchronized activity within
neural populations and heightened sensitivity to visual/somatosensory stimulation. Both these
responses are correlated with activity alteration in various categories of inhibitory interneurons
(Reimer et al. 2014). Moreover, they are also linked to signaling within the NE and ACh
systems(Reimer et al. 2016). Jordan et al. 2023, recently have demonstrated that the LC-NE

system in mice is involved in prediction errors and that LC activity promotes learning by
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contributing to sensorimotor cortical plasticity. The study also found a significant correlation
between LC axon activation in different somatosensory cortical regions and changes in pupil size
(Jordan et al. 2023). Overall, these findings open up for further investigation into the use of

pupil fluctuations as a proxy for cortical plasticity.

0.3 Pupillometry to measure fear conditioned responses

Due to its sensitivity to arousal, the pupil responds with dilation to salient or threatening stimuli.
For this reason, pupil dilations have gained interest as a measure of conditioned fear responses.
Fear conditioning is one of the most used experimental procedures to study the neurophysiology
of aversive learning across different species (S. Maren 2001). During fear conditioning, an initially
neutral stimulus is repeatedly paired with an aversive unconditioned stimulus (US), such as a
mild electric stimulation. After learning the neutral stimulus becomes a conditioned stimulus
(CS+) which can predict the aversive event and can elicit fear responses. In humans, several
studies have demonstrated a pronounced pupil dilation in responses to the CS+ compared
to CS- (a neutral stimulus never paired with the US) (Reinhard et al. 2002; Reinhard et al.
2006; Visser et al. 2015; Visser et al. 2013). In most pupillometry-based fear conditioning
investigations, changes in pupil diameter are typically assessed over the entire stimulus duration
(Visser et al. 2013; Visser et al. 2016; Visser et al. 2015; Reinhard et al. 2002; Reinhard et al.
2006; Hopkins et al. 2015), while in others the average pupil diameter is calculated during the
stimulus presentations (Voogd et al. 2016). Another approach is to test pupillary reflexes during
CS presentations. Numerous studies have demonstrated that pupillary constriction in response
to light stimuli is less marked during states of perceived threat (Bitsios et al. 2004; Hourdaki
et al. 2005). Other physiological measures, such as the fear-potentiated startle reflex (Alfons O
Hamm et al. 1991; Weike et al. 2007) and skin conductance response (SCR) (Pineles et al. 2009;
Luck et al. 2016), show differences between CS+ and CS-, and are usually used as readouts of
fear learning. The SCR is considered valence-unspecific, while the startle reflex is influenced
by emotional valence. Awareness of CS-US contingencies seems crucial for SCR (Sevenster
et al. 2014; Weike et al. 2007), while the startle response can occur without conscious awareness
(A O Hamm et al. 1996). Thus, different physiological measures may represent different aspects
of fear learning. Compared to SCR and startle responses, pupil responses are influenced by
several cognitive-affective processes. Indeed, pupillometry measures can show distinct temporal
patterns during fear learning (Jentsch et al. 2020; Yamada et al. 2022; Leuchs et al. 2019),
which allow one to discern different influences given by the above processes. Moreover, pupil
responses may directly provide information about the influence of the LC-NE on learning and
memory. Recently, It has been proposed that NE dynamically modulates fear conditioning and
extinction, thereby either enhancing or impairing aversive learning processes depending on the
level of behavioral arousal. Specifically, an intriguing review (Giustino et al. 2018) suggests
that during high-stress conditions, the LC enhances cued fear learning by intensifying amygdala
function while simultaneously attenuating prefrontal function. Conversely, under conditions of
low arousal, the LC promotes medial prefrontal cortex function, facilitating the inhibition of the

amygdala and promoting the extinction of cued fear. Additionally, the LC-NE system shows
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significance in the acquisition, consolidation, and extinction of contextual fear memories, via
the dense expression of adrenoceptors in the hippocampus, and the regulatory role of NE in
long-term potentiation (LTP) in this region. The pupil’s ability to mirror arousal levels plays a
crucial role in evaluating the significance of arousal in fear memory and extinction, with clinical

implications for post-traumatic stress disorder studies (Giustino et al. 2018).

In mice, conventional behavioral responses like freezing remain the preferred readout for
investigating fear conditioning (S. Maren 2001). However, pupillometry for studying fear learning
in rodents merits further exploration. For example, in head-fixed animals, the direct measurement
of the classical definition of freezing is usually challenging. Some researchers have bypassed
this limitation by testing animals in a classical fear conditioning apparatus before head-fixing
them for subsequent cue presentations under neural imaging setups (Ross et al. 2018; Wood
et al. 2022). However, this approach carries the risk of measuring a neural activation pattern
that is disconnected from the corresponding behavioral response. To directly measure fear
conditioning responses during head fixation, other studies have employed lick suppression. In
these experiments, water-restricted mice are trained to lick a spout to obtain water. The
reduction in licking behavior during the CS+ serves as a measure of conditioning response
(Ahmed et al. 2020; Lovett-Barron et al. 2014; Rajasethupathy et al. 2015; Kaifosh et al. 2013).
Also this approach presents problems, it is an indirect measure of fear, necessitates training
and introduces confounding factors like water restriction. In contrast, pupil dilation serves as a
direct and temporally precise quantifier of fear responses. Its application is non-invasive and
does not interfere with concurrent measurements. Furthermore, pupil dilation offers valuable

insights into the cognitive states associated with fear responses.

0.4 Pupil alterations in neurodevelopmental disorders

The dysregulation of the LC-NE system has been linked to the development of various brain
disorders. Decreased noradrenergic activity, for instance, has been observed in individuals with
depression and is commonly treated with selective noradrenergic reuptake inhibitors (Brunello
et al. 2002). Conversely, an increase in noradrenergic activity has been observed in patients
with anxiety (Vismara et al. 2020). The LC-NE system also plays a role in the pathogenesis
of other brain disorders such as post-traumatic stress disorder, schizophrenia, substance use
disorders, and neurodegenerative disorders like Alzheimer’s disease (Weinshenker et al. 2006;
Fitzgerald 2014; David et al. 2022). Pupillary alterations have been reported for all these
pathologies, and pupillometry has shown promise in the early detection and tracking of various
brain disorders, in early development and adult subjects (Iadanza et al. 2020; Blaser et al. 2014;
Frost et al. 2017; Chougule et al. 2019; Winston et al. 2020; El Ahmadieh et al. 2021). In the

realm of neurodevelopmental disorders, in particular, pupillometry has emerged as a promising
biomarker. Pupillometry is non-invasive, can be performed on non-collaborative and preverbal
subjects (like infants), promoting early diagnosis, and can be easily combined with other clinical
measurements. Brain development and maturation require incredible plasticity. Such plasticity
is particularly pronounced during critical periods, specific temporal windows during which the

neural circuitry is highly sensitive to both internal and external modulations (Wiesel et al. 1963;
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Barkat et al. 2011). The importance of NE in regulating neural development (Lovell 1982;
Gustafson et al. 1987) is supported by studies that have shown noradrenergic fibers developing
before the emergence of cortical neurons in the cerebral and cerebellar cortices (Lauder et al.
1974; Sievers et al. 1981; Kolk et al. 2022). During brain development, NE participates in the
shaping and wiring of the nervous system (Felten et al. 1982; Gustafson et al. 1987; Golovin
et al. 2016) by creating an opportunity for early life experiences to influence neuronal circuits
and cause permanent changes in performance (Herlenius et al. 2004). Early alterations in NE
transmission have significant implications for behavior, cognition, and mental health across the
lifespan. In rodents, for instance, modifications in the expression of critical genes that regulate
NE transmission during vulnerable developmental stages can affect adult circuits involved in
emotional behavior, leading to the emergence of anxiety and depression-like symptoms later in
life (Schramm et al. 2001; Lahdesmaéki et al. 2002; Shishkina et al. 2004; Shishkina et al. 2002).

It has been shown that the PLR in infancy can predict the severity of autism spectrum
disorders (ASDs) (Nystrom et al. 2018). In children with ASD, the degree of relative constriction
(but not latency) is associated with the extent of sensory dysfunction (Nystrom et al. 2018),
and infants with a high risk for ASD demonstrated larger PLR compared to low-risk control
infants with no family history of ASD. This study shows a significant role of abnormal sensory
processing in the etiology of ASD and proposes that measuring changes in the size of the pupils
may aid in identifying infants at risk for ASD. Recent studies also suggest that pupil size may
be a potential biomarker for attentional states in individuals with attention-deficit/hyperactivity
disorder (ADHD), due to the central role of the LC-NE system in regulating attention (Wainstein
et al. 2017). Pupil size variations have been found to indicate alterations in performance during
a visuospatial working memory task, which is typically impaired in ADHD patients (Wainstein
et al. 2017). Additionally, changes in pupil size have been observed during the presentation
of attentionally relevant cues, and have been shown to correlate with individual performance

variability and the administration of methylphenidate (Wainstein et al. 2017).

The development of mouse models of neurodevelopmental disorders is a crucial aspect of
understanding the molecular and cellular mechanisms involved in brain development, as well as
how genetic variance can impact the development of the CNS. Animal models make it possible
to study the molecular pathways involved in the pupillary alterations observed in patients.
In a recent study, Artoni et al. 2020 reported that mouse models of idiopathic or monogenic
ASD display a signature of broadly distributed pupil sizes. Moreover, they have shown that
in cholinergic circuits the select.ive expression of MeCP2 could rescue the pupillary deficit of
MeCP2-deficient mice. Despite the direct involvement of neuropathological changes in the
LC-NE system in ASD remains controversial, and there is much evidence to support the presence

of autonomic dysregulation.

Pupillometry as a biomarker is not without challenges. Variability in measurement protocols
and equipment, as well as inter-individual variability, must be carefully considered. Future
research should focus on standardizing pupillometry procedures and exploring its potential in
combination with other neuroimaging techniques, such as fMRI and electroencephalography, to

enhance diagnostic accuracy.
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0.5 The future of pupillometry measures: advancement of

high-throughput pupillometry systems

The use of commercially available eye trackers and open-source tools has made performing
pupillometry measurements relatively easy (i.e. Tobii Pro, Smart Eye Pro, or Eyelink). However,
these commercial options can be costly and are mainly dedicated to human gaze tracking
and/or pupillometry. Recently, open-source methods based on computer vision and deep learning
approaches have been implemented. An open-source platform called PupilEXT allows performing
pupillometry using single and stereo cameras, enabling high-resolution and gaze-corrected pupil
measurements (Zandi et al. 2021). In mice, one study (Privitera et al. 2020) evaluated pupil size
fluctuations using DeepLabCut (Mathis et al. 2018), a 3D markerless pose estimation technique
based on transfer learning with neural networks. This approach requires minimal programming
knowledge as the user needs to train the neural network with a small dataset labeled with
user-defined key points of the eye before starting pupillometry. These custom-built systems are
typically applied to awake, head-fixed animals; however, many behavioral experiments require
animals to move freely in specific experimental settings. For these reasons, more complex
equipment has been proposed, allowing for pupillometry in small animals while moving freely and
performing multiple physiological recordings (e.g. microendoscopy, chronic electrophysiology)
and sensory stimulation. These approaches are based on miniaturized head-implanted infrared
cameras (Sattler et al. 2020; Huang et al. 2022), paving the way for further research in more
ecologically relevant conditions and characterizing more complex cognitive abilities. Pupillometry
would also be a promising tool in the recently growing field of telemedicine. The progress in
pupillary response research and its applications relies on the availability of pupillometry for
patients. Recent efforts have attempted to bring pupillometry into patients’ homes using
smartphones (Piaggio et al. 2021; Barry et al. 2022). However, this approach faces challenges
related to controlling ambient light, particularly for tests that cause only slight pupil dilation,
such as cognitive battery tests, where a strong light stimulus may obscure the results. Despite
these limitations, the ability to conduct pupillometry in patients’ homes with greater frequency
and in a more comfortable setting is highly desirable. This could allow for studies on how life

stress and environmental factors affect pupil-based biomarkers.
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1 MEYE: Web App for Translational and
Real-Time Pupillometry

1.1 Summary

Pupil dynamics alterations have been found in patients affected by a variety of neuropsychiatric
conditions, including autism. Studies in mouse models have used pupillometry for phenotypic
assessment and as a proxy for arousal. Both in mice and humans, pupillometry is non-invasive
and allows for longitudinal experiments supporting temporal specificity, however its measure
requires dedicated setups. In this study, we introduced a Convolutional Neural Network that
performs on-line pupillometry in both mice and humans in a web app format. This solution
dramatically simplifies the usage of the tool for non-specialist and non-technical operators.
Because a modern web browser is the only software requirement, this choice is of great interest
given its easy deployment and set-up time reduction. The tested model performances indicate
that the tool is sensitive enough to detect both spontaneous and evoked pupillary changes, and

its output is comparable with state-of-the-art commercial devices.

1.2 Introduction to the project

Pupillometry, the measurement of pupil size fluctuations over time, provides useful insights into
clinical settings and basic research activity. Light level is the primary determinant of pupil size,
although non-light-driven pupil fluctuations, widely assumed as an indicator of arousal through
locus coeruleus activity, can be used to index brain state across species (McGinley et al. 2015b;
C. R. Lee et al. 2016; Reimer et al. 2016). Higher cognitive and emotional processes are also able
to evoke tonic or phasic pupillary changes, such as attention (Binda et al. 2013a), memory load
(Wierda et al. 2012), novelty (Angulo-Chavira et al. 2017; Krebs et al. 2018; Montes-Lourido
et al. 2021), pain (Connelly et al. 2014; Azevedo-Santos et al. 2018; Charier et al. 2019), and
more general cortical sensory processing (Binda et al. 2013b; C. R. Lee et al. 2016) in humans
and in animal models.

A growing body of work shows how pupillometry can be used as a possible biomarker for
numerous neurologic and psychiatric conditions in early development and adult subjects (Aleman
et al. 2004; Blaser et al. 2014; Rorick-Kehn et al. 2014; Frost et al. 2017; Nystrom et al. 2018;
Chougule et al. 2019; Gajardo et al. 2019; Oh et al. 2019; Artoni et al. 2020; Burley et al.
2020; Tadanza et al. 2020; Obinata et al. 2020; Winston et al. 2020; El Ahmadieh et al. 2021).
Spontaneous and voluntary modulation of pupil fluctuations has also been used to facilitate
human—computer interaction in normal subjects (Mathot et al. 2016; Beggiato et al. 2018; Ponzio

et al. 2019) and patients with severe motor disabilities. For example, pupil dynamics is used to
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assess communication capability in locked-in syndrome, a crucial factor for the determination of
a minimally conscious state (Olivia et al. 2013; Stoll et al. 2013). Pupillometry is also becoming
a valuable tool for child neurology, to facilitate risk assessment in infants. For example, the pupil
light reflex (PLR) during infancy seems to predict the later diagnosis and severity of autism
spectrum disorders (ASDs; Nystrom et al. 2018). Intriguingly, pupil alterations are also present
in several ASD mouse models (Artoni et al. 2020).

Pupillometry has several advantages compared with other physiological methods: it is non-
invasive and can be performed by nonspecialized personnel on noncollaborative and preverbal
subjects (like infants), allowing the design of longitudinal experiments to permit temporal
specificity. More importantly, it can be conducted similarly across different species from mice
to humans, guaranteeing maximal translatability of the protocols and results (Aleman et al.
2004; Rorick-Kehn et al. 2014; Artoni et al. 2020). Given these assumptions, it is vital to
introduce a simple, versatile tool used in a range of settings, from the laboratory to the clinical
or even domestic environment. Available open-source methods require complicated steps for
the installation and configuration of custom software not suitable for nontechnical operators.
Moreover, these tools were tested exclusively in one species [mice (Privitera et al. 2020), humans
(Yiu et al. 2019)], and none of them were applied in cognitive experiments that usually involve
small pupil changes associated with high variability.

In this work, we have developed a deep learning tool called MEYE, using convolutional neural
networks (CNNs) to detect and measure real-time changes in pupil size both in humans and
mice in different experimental conditions. Furthermore, the MEYE web app, performs pupil
area quantification and blink detection, all within a single network. By embedding artificial
intelligence algorithms in a web browser to process real-time webcam streams or videos of the eye,
MEYE can be used by nontechnical operators, opening the possibility to perform pupillometry
widely, cost-effectively, and in a high-throughput manner. This architecture is resistant to
different illumination conditions, allowing the design of basic neuroscience experiments in various
experimental settings, such as behavior coupled with electrophysiology or imaging such as two-
photon microscopy. To describe the performance of the MEYE web app in different settings, we
tested the app in both mice and humans. In mice, we recorded both running speed and pupil size
during visual and auditory stimulation (AS). In humans, we tested MEYE capabilities to detect
the PLR. Furthermore, we performed a visual oddball paradigm (Liao et al. 2016; Aggius-Vella
et al. 2020; LoTemplio et al. 2020), comparing pupil size and eye position measurements obtained
from MEYE with one of the most used commercial eye-tracker systems: the EyeLink 1000.
Finally, we released a dataset of 11,897 eye images that can be used to train other artificial

intelligence tools.

1.3 Declaration of author contributions

Here I summarize, for clarity, the details of my specific personal contribution to this project. All
of the conceptual, experimental and analytical tasks are grouped according to the level of my

involvement in three categories as follows:

e I was the only/main contributor
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— Designing and conducting experiments on mice

e | collaborated in the tasks
— Conceptualization of the project

— Manual segmenentation of the pupil in the pictures used for the CNN training

e Task performed by other people or institutions
— The Institute of Information Science and Technologies (ISTI) developed the CNN
— The Pisa Vision Laboratory performed the human experiments

— Data analysis
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2 Results

2.1 Pupillometry in Head-Fixed Mice

We tested our CNN-based pupillometer in two behavioral experiments involving locomotion-
induced and stimulus-evoked pupillary changes. Pupil size was simultaneously recorded with
running speed from head-fixed mice free to run on a circular treadmill (Figure 2.1A).

We employed two different stimulation protocols: auditory stimulation (AS), and visual
stimulation while the animal is freely exploring virtual reality (VR). The VR experiment
included an initial period of habituation in which the animal navigated inside a virtual corridor
for 5 minutes. After this period a squared visual stimulus was presented in the binocular portion
of the visual field (20 s duration, interstimulus of 120 s for 10 times, Figure 2.1A-B). The AS
experiment was carried out with the same structure of the VR experiment and using auditory
stimulus previously used to induce a defensive behavior detectable as a pupillary and behavioral
response (Hersman et al. 2020; Z. Li et al. 2021; H. Wang et al. 2019; Xiong et al. 2015). An
initial period of habituation was followed by auditory stimulation using two tones (Tonel: 3 kHz,
Tone2: 4kHz, 20 s duration, 120 s interstimulus, Figure 2.2A-B). We first set out to evaluate
if CNN can detect event-related pupil transients (ERT) due to sensory stimulation in the VR.
We averaged pupil size and running velocity during a 15 s temporal window centered on visual
stimulation (Figure 2.2C). We detected a significant pupillary dilation after the onset of the
visual stimulus, and no changes in evoked locomotion (Pupil: P-value: <0.001, Post hoc: 1.2
to 2.7 s adjusted P-values <0.05, 2 way ANOVA RM, Velocity: P-value: 0.96, 2 way ANOVA
RM). This ERT is an orienting-related pupil response and a proxy of the arousal change due to
stimulus detection (Montes-Lourido et al. 2021; C.-A. Wang et al. 2015). In the AS experiment,
we also found an increase in pupil size, but dilation was associated with a significant increase
in stimulus-induced locomotor activity (Pupil: P-value: <0.001, Post hoc: 1 to 10 s adjusted
P-values <0.05, 2 way ANOVA RM, Velocity: P-value: <0.01, Post hoc: 3 to 5.3 s adjusted
P-values <0.05, 2 way ANOVA RM, Figure 2.1C). Finally, we calculated pupil size during
baseline periods before sensory stimulation both in the VR and the AS experiments. We found
that during locomotion the pupil was significantly larger than in stationary periods both in
the AS (P-value < 0.01, Paired T-Test,Figure 2.1D) and in the VR (P-value < 0.01, Paired
T-Test,Figure 2.2D) experiment. These results demonstrate that CNN pupillometry can detect
the mouse locomotion-induced and stimulus-evoked pupillary changes and can be used to monitor

behavioral state change during head fixation experiments.
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Figure 2.1: Pupillometry and VR in head-fixed mice. (A) Setup for head-fixed pupillometry in
VR in the awake mouse. Showing the habituation phase (left) in which only the virtual
corridor is shown, and the stimulation phase in which a visual stimulus appears above the
virtual corridor, in the binocular portion of the visual field. (B) The average fluctuations of
pupillometry and velocity in all experimental mice. Dashed gray areas represent the onset
and duration of auditory stimuli. (C) Average event-related transients for both pupil size
and velocity. Colored areas represent stimulus onset and duration. Red areas in the upper
part of the plot represent statistically significant data points. (D) Sensibility of the system to
detect locomotor-induced arousal fluctuations. Average pupil size is significantly affected by
the behavioral states of the animal. During running epochs (Moving) the pupil is significantly
more dilated than during the resting state (Stationary).

2.2 Web-Browser Application to Perform Real-Time Pupillometry

Experiments

To greatly expand the use of our CNN-based pupillometer, we implemented the CNN in a web
browser (MEYE, Figure 2.3A) and we tested whether it could be used also in humans. To
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Figure 2.2: Pupillometry in head-fixed mice. (A) Setup for head-fixed pupillometry in the awake
mouse. The mouse is head-fixed to a custom made metal arm equipped with a 3D printed
circular treadmill to monitor running behavior. In the meantime, pupillometry is performed
using CNN. (B) The average fluctuations of pupillometry and velocity in all experimental
mice. Dashed pink and yellow areas represent the onset and duration of auditory stimuli.
Evoked peaks in both pupil size (blue line) and velocity (green line) are clearly noticeable
during auditory stimulation. (C) Average event-related transients for both pupil size and
velocity. Colored areas represent stimulus onset and duration. Red areas in the upper part of
the plot represent statistically significant data points. (D) Sensibility of the system to detect
locomotor-induced arousal fluctuations. Average pupil size is significantly affected by the
behavioral states of the animal. During running epochs (Moving) the pupil is significantly
more dilated than during the resting state (Stationary).

test this possibility, we designed a simple experiment aimed to measure PLR evoked by brief
flashes of light on the human eye. The experiment included 10 flash events with an interstimulus
of 5 s (dashed vertical lines in Fig. Figure 2.3C). The results showed a clear light-induced

modulation of pupil size in correspondence with each flash onset. Aligning and averaging all the
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traces along with the events, PLR can be quantified in both the raw (44.53%+0.67% change
from baseline) and z-scored (14.5942.05 st.dev. from baseline) trace (Figure 2.3D-E). To detect
if it is possible to measure cognitively driven pupil signals using the MEYE tool reliably, we
performed pupillometry while participants executed an oddball task, a commonly used paradigm
for cognitive and attentional measurement. This task is based on the principle by which pupil
dilation is stronger in response to rare stimuli and can be used as a physiological marker for the
detection of deviant stimuli (Liao et al. 2016). This experiment has been carried out recording
the same eye using both the MEYE tool and an EyeLink 1000 system. According to Google
Scholar, the Eyelink system is one of the most utilized eye trackers in psychology, psychophysics,
and neuroscience, with more than 17K scientific publications mentioning this tool. During the
oddball experiment, the subject was instructed to maintain fixation on a small dot presented
in the center of the screen, pushing a button only when the Target stimulus appears on the
screen and not responding to the Standard stimulus (Figure 2.4A). Averaging and comparing
the responses to Standard and Target gratings results in significantly stronger pupil dilation
for the Target stimulus than the Standard stimulus, that is detected by both the recording
systems (MEYE: P-value < 0.001, T-Test Paired, EyeLink: P-value < 0.001, T-Test Paired,
Figure 2.4B-C). No differences have been found for the responses evoked by the Target stimulus
between the MEYE tool and the EyeLink system (P-value:0.327, T-test Paired, Fig. 4 B-inset).
Moreover, the single-subject pupillary evoked amplitudes show a significant positive correlation
between the two techniques (p:0.88, P-value:0.01, Spearman Correlation ) with more than 75% of
the variability explained by the linear model. Pupil size is known to covary with eye position in
video-based measurements (Hayes et al. 2016), producing foreshortening of the pupillary image
because the camera is fixed but the eye rotates. To overcome this issue, there are several possible
solutions: the most simple one requires constant fixation throughout each trial, but, if this
requirement cannot be satisfied (such as in sentence reading), the position of the pupil at each
sample can be used to correct and mitigate the estimation error. Thus, we decided to quantify
the agreement between positional outputs provided by MEYE and Eyelink for horizontal eye
movements. We designed two tasks: in the first task, a dot smoothly traveled horizontally on
the screen from left to right and vice versa at a velocity of 8 deg/s and spanning 20 degrees,
producing slow and smooth pursuit eye movements. In the other experiment, a dot jumped
every 5 s from a position to the other (spanning 20 degrees), producing large, fast, and abrupt
saccades. Results (Figure 2.3D) show that smooth pursuit movements generate a sinusoidal
change of position with a good agreement between both systems (MAE: 0.04). The second task,
inducing saccades, produces a slightly larger error (MAE: 0.073). This error is mainly due to the
much lower sampling rate of MEYE (MEYE:15 fps; Eyelink: 1000 fps). This means that even if
MEYE provides the exact positional information for each sample, it has a lower performance in
adequately describing fast eye movements, such as saccades. Thus, MEYE provides the data
required for post-hoc correction of pupil measures although it should be used with caution for

measuring saccades.
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Figure 2.3: Web-browser Pupillometry Experiment. (A) Experimental setup for running the PLR
stimulation and in the meantime perform pupillometric recordings. The PC is connected
to the internet running an instance of MEYE tool in the web browser. A USB camera,
equipped with an IR light source, is focused on the eye of the subject. The photic stimulus is
delivered using a LED array driven by an Arduino Due. The Arduino is connected to the
PC emulating a keyboard and sending keystroke stimulus triggers to the MEYE tool. (B) A
picture of MEYE graphical user interface. The subject during the recording is visualized as
a streaming video. A ROI is used to locate the eye and a preview of the estimation of the
pupil is superimposed to the image of the subject. The GUI allows to set different parameters
of post-processing (map thresholding and refinement via mathematical morphology). (C)
Raw trace of the experiment (blue). Dashed lines locate the onset of flash stimuli. The green
rectangles locate the onset and duration of blinks. The samples corresponding to blinks are
removed and linearly interpolated (in red). (D) Average event related transient to flash
stimulation in raw values. After the onset of the stimulus (dashed line) a strong constriction
of the pupil is observed (44.53%). (E) Z-score of the average event related transient seen in
D. The average nadir amplitude is 14.59 standard deviations from baseline.

2.3 Web-Browser Application to Perform Pupillometry on Videos

MEYE can also be used as an offline tool to analyze pupillometry videos in various file formats,

depending on the video codec installed in the web browser. To demonstrate the feasibility to
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perform pupillometry on videos captured in a variety of situations and in both mice and humans,
we sampled 3 videos with a duration of 40 s from different experiments carried in our laboratory.
Each video can be loaded as a demo in the web app to reproduce the same plots seen in Fig. 6.
Three conditions were analyzed. The first condition can be found by pressing the ‘Mouse’ button
in the DEMO section of the GUI. It depicts a head-fixed mouse running on a circular treadmill
under IR illumination and watching a uniform gray screen at 10 cd/m? (Figure 2.5A). The
second is a mouse under a 2-photon microscope (button ‘2P mouse’), walking on a cylindrical
treadmill and showing clear dilation events due to locomotion (Figure 2.5B). The third is found
pressing the button ‘Human’ is a 40 s footage of a human subject wearing VR goggles projecting
a uniform gray at 15 cd/m? (Figure 2.5C). These results show that offline pupillometry can be

performed in various conditions and in both mice and humans.
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Figure 2.4: Cognitively driven pupillary changes. (A) Visual Oddball procedure. The participant is
instructed to fixate a small red dot placed at the center of the screen and to push a button
only when the Target visual stimulus appears. (B) Average Pupil waveforms. Average pupil
response to Standard and Target stimulus for both MEYE (blue, left) and EyeLink (red,
right). In the inset is represented the comparison between the evoked response to the Target
stimulus in both setups. (C) Average pupil response. Difference between the Standard and
Target stimuli recording using MEYE (uppermost) and Eyelink (middle). The lowermost
graph represents the correlation between MEYE and Eyelink data. D: Eye movements data.
Comparison between the MEYE tool (blue) and Eyelink system (red) during smooth pursuit
task (upper) and saccades (lower).
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Figure 2.5: Offline Movies Analysis. (A) Awake Head-fixed mouse running on a treadmill, recorded
for 40 s. The grey area represents a blink, the trace of the blink is removed and linearly
interpolated (red line). (B)Awake mouse during 2-photon calcium imaging. Here is clearly
visible a brighter pupil with respect to A. Blinking epochs are removed and linearly interpolated.
(C) Pupillometry performed on a human subject, with a higher blinking rate with respect to
mice. In all figures the insets images represent the ROIs.
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3 Discussion

In this work, we demonstrated that MEYE is a sensitive tool that can be used to study pupil
dynamics in both humans and mice. Furthermore, by providing eye position MEYE allows
post-hoc control of possible effects of eye movements on pupil measures (Hayes et al. 2016).
MEYE can detect both spontaneous and evoked pupil changes in a variety of conditions: mice
with black pupils in normal illumination conditions, and mice with bright pupils resulting
from laser infrared illumination. This flexibility allows the use of MEYE in combination with
2-photon, wide-field imaging, and electrophysiological techniques widely adopted in the awake or
anesthetized mice. Furthermore, MEYE can be employed to design standalone experiments using
cost-effective hardware with performance comparable with that of state-of-the-art commercial
software. In this experiment, we used a USB webcam with a varifocal objective that allows
focal adjustment concentrated on the eye. The cost of the imaging equipment is less than
50 euros and requires no knowledge of coding to set up. The flashing stimulus apparatus
requires a basic understanding of Arduino boards and can be assembled at a price lower than 50
euros. The overall cost of the apparatus is less than 100 euros. Our code can be used in two
different ways, to satisfy many needs. One way relies on the standalone web browser tool, that
allows running MEYE on almost any device, from scientific workstations to notebooks or even
smartphones. The other way utilizes a dedicated Python script running the CNN locally on a
workstation. This latter case is suited for experiments with specific requirements, like high and
stable framerate or online processing of pupil size in which on-the-fly pupil computer interaction
is required. Valid open source and commercial alternatives exist, most of them are dedicated to
gazing tracking and/or pupillometry. Commercial options are costly (tobii.com, sr-research.com,
neuroptics.com), whereas open-source code instead requires programming knowledge and most of
them are explicitly dedicated to one species (Privitera et al. 2020; Yiu et al. 2019). One of these
papers (Privitera et al. 2020) assessed pupil dilation in mice through DeepLabCut (Mathis et al.
2018), a technique for 3D markerless pose estimation based on transfer learning. This approach,
albeit powerful, is conceptually different, since it is trained on user-defined key points instead of
using the entire pupil to perform semantic segmentation. The former technique is more suited to
track and locate arbitrary objects on an image, the latter technique is focused on a more precise
quantification of even small changes of the object area, since pixel-wise segmentation masks
are refined iteratively using local and global context. The possible contribution of the web app
technology resides in its portability: no software needs to be manually installed and configuration
is minimal. Only a clear IR image of the subject’s eye is required. The performances of the tool
are dependent on the host computer but it runs at > 10 fps in most of the machines tested. This
advantage is particularly useful for settings with limited resources and space or for educational
purposes. Web browser-embedded pupillometry will also be crucial for human scientific research,
and clinical and preventive medicine. It would also be a promising tool in the recently growing

field of telemedicine given its minimal setup that can run on an average notebook or even
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on a smartphone, it allows possible large-scale recruitment of subjects directly in their own
homes. This greatly facilitates infants, psychiatric, and motor-impaired patients’ compliance,
particularly for longitudinal research designs. We also released an open-source database of
eyes composed of more than 11.000 images in various settings: head-fixed mice (black pupil),
head-fixed two-photon imaging mice (white pupil), and human eyes. This dataset will grow over
time to introduce new species and new use cases to increase, update, and strengthen MEYE
performances. The possible scenarios can be further expanded in the future, due to the dynamic
nature of CNN. It can be updated from the source, providing instantaneous updates on each
computer running an instance of the program. Our hope is to create a community that refines
and consolidates pupillometric performances, to produce a tool that can be applied in different

environments.
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4.1 Dataset

For this study, we collected a dataset (Figure 4.1A) composed of 11897 grayscale images of
humans (4285) and mouse (7612) eyes. The pictures’ majority depict mouse eyes during head-
fixation sessions (HF: 5061) in a dark environment using infrared (IR, 850 nm) light sources. In
this environment, the pupil is darker than the rest of the image. We also collected mouse eyes
(2P: 2551) during 2-photon Ca2+ imaging. In this particular condition, the pupil is inverted in
color and tends to be brighter than the iris. Finally, we acquired images of human eyes in IR
light (H: 4285) during virtual reality experiments (wearing a headset for virtual reality), using
an endoscopic camera (www.misumi.com.tw/). The dataset contains 1596 eye blinks, 841 images
in the mouse, and 755 photos in the human datasets. Five human raters segmented the pupil in
all pictures (one per image), using custom labeling scripts implemented in Matlab or Python, by
manual placement of an ellipse or polygon over the pupil area. Raters flagged blinks using the

same code.

4.2 CNN architecture

The CNN model (Figure 4.1C) takes a grayscale 128x128 image as input and produces three
outputs: a) a 128x128 probability map of each pixel belonging to the pupil, b) the probability
the image contains an eye, and c¢) the probability the image depicts a blinking eye. We evaluated
three architectures; two were based on DeepLabv3+ (L.-C. Chen et al. 2018), a family of image
segmentation models that employ atrous convolutions and spatial pyramid pooling known to
improve robustness to scale changes. The two models differ for the CNN backbone adopted,
respectively a ResNet-50 (He et al. 2016) and MobileNet V3 (Howard et al. 2019) CNNs. The
third evaluated model is a specialized variant of the U-Net architecture (Ronneberger et al.
2015), a widely used CNN in image segmentation tasks. The model has an encoder-decoder
“hourglass” architecture; the encoder part comprises a sequence of convolutional layers with
ReLU activation and 2x2 max pooling operation, each halving the spatial resolution of feature
maps at every layer; this produces a sequence of feature maps of diminishing spatial dimensions
that provides both spatially local information and global context for the subsequent steps.
Starting from the last encoder output, the decoder part iteratively upsamples and fuses feature
maps with corresponding encoder maps, using convolutional layers, to produce the output
pixel map. All convolutional layers have 16 3x3 kernels and pad their input to obtain the
same-shaped output. Convolutional layer upsampling and downsampling were by a factor of
2 (Figure 4.1C). In all the tested architectures, eye and blink probabilities are predicted by
an additional branch that applies global average pooling and a two-output fully connected

layer to the bottleneck feature map. The pixel probability map and eye/blink probabilities are
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Figure 4.1: Dataset, CNN architecture, and performances. (A) examples of images taken from the
dataset. The first image depicts a head-fixed mouse with dark pupils, and the second one is a
head-fixed mouse with a bright pupil, during 2-photon microscope sessions. The last image is a
human eye taken during experiments wearing virtual reality goggles. (B) 64 examples of data
augmentation fed to CNN. The images are randomly rotated, cropped, flipped (horizontally
or vertically), and changed in brightness/contrast/sharpness. (C) CNN architecture with an
encoder-decoder "hourglass” shape. The encoder part comprises a sequence of convolutional
layers. Starting from the last encoder output, the decoder part iteratively upsamples and
fuses feature maps with the corresponding encoder’s maps, to produce the output pixel map.
The pixel probability map and eye/blink probabilities are computed by applying the sigmoid
activation to the network outputs element-wise

computed by applying the sigmoid activation to the network outputs element-wise. Among
the tested architectures, we chose to adopt the UNet variant in this work, as we observed it
provided the best trade-off in terms of speed and segmentation quality (for further information
see: https://github.com/fabiocarrara/meye/wiki/MEYE-Models).

4.3 Augmentation, training, and validation

We randomly split the dataset into training, validation, and test subsets following a 70/20/10%
split. We performed strong data augmentation during the training phase by applying ran-
dom rotation, random cropping, random horizontal and vertical flipping, and random bright-

ness/contrast /sharpness changes; images were resized to 128x128 before feeding them to the

28



4 Methods

CNN (Figure 4.1B). For validation and test images, we used a 128x128 crop centered on the
pupil. We computed the binary cross-entropy for all outputs (pixels and eye/blink logits) and
took the sum as the loss function to minimize. The network was trained with the AdaBelief
optimizer (Zhuang et al. 2020) for 750 epochs with a learning rate of 0.001. The best-performing

snapshot on the validation set was selected and evaluated on the test set.

4.4 MEYE: web-browser tool

We built a web app for pupillometry on recorded or live-captured videos harnessing a CNN
segmentation model as the core component. The trained models have been converted to a
web-friendly format using TensorFlow.js, thus enabling predictions on the user machine using
a web browser. This choice greatly facilitates the deployment and reduces set-up time, as a
modern web browser is the only minimum requirement. Once loaded, an internet connection
is not mandatory, as no data leaves the user’s browser, and all the processing is performed on
the user’s machine. This implies that performance greatly depends on the user’s hardware; if
available, hardware (GPU) acceleration is exploited automatically by TensorFlow.js. In our tests,
a modern laptop shipping an Intel(R) Core(TM) i7-9750H 2.60GHz CPU and an Intel(R) UHD
Graphics 630 GPU can process up to 28 frames per second. The web app also offers additional

features that facilitate the recording process, such as:

e Processing of pre-recorded videos or real-time video streams captured via webcam;

e ROI placement via user-friendly web UI (drag&drop) and automatic repositioning following

tracked pupil center;

e Embedded tunable pre-processing (image contrast/brightness/gamma adjustment and
color inversion) and post-processing (map thresholding and refinement via mathematical

morphology);
e Support for registering trigger events;
e Live plotting of pupil area and blink probability;

e Data export in CSV format including pupil area, blink probability, eye position, and trigger

channels.

4.5 Behavioral experiments on mice

4.5.1 Animal Handling

Mice were housed in a controlled environment at 22 °C with a standard 12-h light-dark cycle.
During the light phase, a constant illumination below 40 lux from fluorescent lamps was
maintained. Food (standard diet, 4RF25 GLP Certificate, Mucedola) and water were available
ad libitum and changed weekly. Open-top cages (36.5x20.7x14cm; 26.7x20.7x14cm for up to 5
adult mice or 42.5x26.6x15.5cm for up to 8 adult mice) with wooden dust-free bedding were

used. All the experiments were carried out following the directives of the European Community
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Council and approved by the Italian Ministry of Health (1225/2020-PR). All necessary efforts
were made to minimize both stress and the number of animals used. The subjects used in this
work were three female C57BL/6J mice at 3 months of age for the auditory stimulation and five

male 2-month-old mice for the VR experiment.

4.5.2 Surgery

The mouse was deeply anesthetized using isoflurane (3% induction, 1.5% maintenance). Then
it was mounted on a stereotaxic frame through the use of ear bars. Prilocaine was used as a
local anesthetic for the acoustic meatus. The eyes were treated with a dexamethasone-based
ophthalmic ointment (Tobradex, Alcon Novartis) to prevent cataract formation and keep the
cornea moist. Body temperature was maintained at 37 degrees using a heating pad monitored
by a rectal probe. Respiration rate and response to toe pinch were checked periodically to
maintain an optimal level of anesthesia. Subcutaneous injection of Lidocaine (2%) was performed
before scalp removal. The Skull surface was carefully cleaned and dried, and a thin layer of
cyanoacrylate was poured over the exposed skull to attach a custom-made head post that was
composed of a 3D printed base equipped with a glued set screw (12 mm long, M4 thread,
Thorlabs: SS4MS12). The implant was secured to the skull using cyanoacrylate and UV-curing
dental cement (Fill Dent, Bludental). At the end of the surgical procedure, the mice recovered
in a heated cage. After 1 hour, the mice were returned to their home cage. Paracetamol was
used in the water as antalgic therapy for three days. We wait seven days before performing

head-fixed pupillometry to provide sufficient time for the animal to recover.

4.5.3 Head fixation

In the awake mouse head-fixation experiments, we employed a modified version of the apparatus
proposed by Silasi et al. (Silasi et al. 2016), equipped with a 3D printed circular treadmill
(diameter: 18cm). A locking ball socket mount (TRB1/M) was secured to an aluminum
breadboard (MB2020/M) using two optical posts (TR150/M-P5) and a right-angle clamp
(RA90/M-P5). The circular treadmill was blocked between the base plate pillar rod and the
optical post through a ball-bearing element (BU4041, BESYZY) to allow the disk to spinning
with low effort. To couple the head-fixing thread on the mouse to the locking ball, an ER025
post was modified by re-tapping one end of it with M4 threads to fit the ball and socket mount.
Velocity was detected using an optical mouse under the circular treadmill. Pupillometry was
performed using a USB camera (oCam-5CRO-U, Withrobot) equipped with a 25 mm M12 lens
connected to a Jetson AGX Xavier Developer Kit (NVIDIA) running a custom Python3 script
(30fps). The Jetson hardware was connected with an Arduino UNO through a GPIO digital
connection. The Arduino UNO managed the auditory stimuli through a speaker (W3-1364SA
3", Tang Band).

4.5.4 Behavioural procedures

Mice were handled for 5 minutes each day during the week preceding the experiments; then,

they were introduced gradually to head-fixation for an increasing amount of time for five days.
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During Days 1 and 2, we performed two sessions of 10 minutes of head-fixation, one in the
morning and one in the afternoon. On Day 3, we performed one session of twenty minutes,
Day 4 thirty minutes, and on Day 5 thirty-five minutes. Each recording started with 5 minutes
of habituation. We exposed the animal to auditory stimuli during the last day. During each
head-fixation session, a curved monitor (24 inches Samsung, CF390) was placed in front of the
animal (at a distance of 13 cm) showing a uniform gray with a mean luminance of 8.5 c¢d/m2.
The frequency of tone 1 was 3000Hz, and tone 2 was 4000Hz, both at 70dB, 20 seconds duration,
and 120 seconds of interstimulus. Virtual reality was composed of a gamma linearized procedural
virtual corridor with episodic visual stimulation written in C# and Unity. The virtual corridor
was composed of sine-wave gratings at different orientations (wall at 0° and floor at 90°), and
spatial frequencies (from 0.06 to 0.1 cycles/deg). The position of the animal in the virtual
corridor was updated using an optical mouse connected to the circular treadmill. The episodic
visual stimulus consisted of a square wave grating patch of 55° (in width and height) of visual
space in the binocular portion of the visual field. The gratings parameters were: luminance 8.5

cd/m2, orientation 0°, contrast 90%, spatial frequency 0.1 cycles/deg, drifting at 0.5 cycle/s.

4.5.5 Data analysis

Data has been analyzed using Python 3. All tracks were loaded, and blink removal was applied
using the blink detector embedded in MEYE. Blink epochs were filled using linear interpolation
and median filtering (0.5 s). Spearman p rank-order correlation was performed using the function

corr from the Python library pingouin (Vallat 2018). Z-score was performed for each trial using
=Ty
Sb

the formula z = , where T and s;, were respectively the average and the standard deviation
of the baseline. To evaluate if Event-Related Transients (ERTs) amplitude was significantly
different from baseline, two-way repeated-measures ANOVA was computed on each time sample
using the pingouin function rm_anova. Post hoc analyses and multiple comparison P-values
correction were carried out using the function pairwise_ttests from pingouin. For both pupil
size and velocity, we compared each time sample after sensory stimulation with the average
value of the baseline, adjusting the P-values using Benjamini/Hochberg FDR correction. For the
behavioral state analysis, locomotion activity was identified using a threshold algorithm. We
tagged as moving all the samples in which velocity was ;=10% with respect to the maximal
speed of the animal. Paired t-tests between behavioral states were performed using the function
ttest from pingouin. Eyes Movements comparison was carried out normalizing (in the range
between -1 and 1) data from both setups, upsampling MEYE data from 15 to 1000 fps using
linear interpolation, and then calculating the Mean Absolute Error (MAE), performed using the

Python function mean_absolute_error from the library sklearn.

4.6 Behavioral experiments on humans

4.6.1 PLR

Pupillometry has been performed using a MacBook Pro (Retina, 13-inch, Early 2015, Intel
Core i5 Dual-core 2.7GHz, 8GB of RAM, Intel Iris Graphics 6100 1536 MB) running MEYE

application on Firefox (84.0). The tool is able to compute online pupil size quantification,
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plotting the instantaneous pupil area and saving the results on file. Furthermore, the tool accepts
four independent manual push-button triggers (keys T or Y on the keyboard). This feature
allowed us to annotate stimulation events. A USB IR webcam (Walfront5k3psmv97x, Walfront)
equipped with a Varifocal 6-22mm M12 objective (149129, Sodial) was used to acquire images of
the eye. The camera was equipped with 6 IR LEDs to illuminate the eye uniformly, optimizing
contrast between the iris and the pupil. Photic stimulation was delivered using an Arduino
Due (Arduino) microcontroller connected via USB to the notebook and programmed to emulate
a keyboard. The Arduino emulates a keyboard (using the keyboard.h library) to send event
triggers to MEYE in the form of keystroke events. The microcontroller drives a stripe of four
LEDs (WS2813, WorldSemi) using the FastLED.h library, flashing bright white light for 500
ms with an interstimulus of 5 s (Figure 2.3A). The Subject sat in front of a monitor screen (24
inches Samsung, CF390) at a distance of 60 cm, with the head stabilized by a chin rest and
instructed to maintain fixation on a small dot presented in the center of the screen for the whole
duration of the recording (57 s). A total of 10 flash stimuli have been presented through the

strip of LEDs mounted above the screen.

4.6.2 Oddball paradigm corecordings

To compare the performances shown by the CNN system with that of a state-of-the-art commercial
software, we coregistered pupillometry using MEYE and an EyeLink 1000 system while 9 (3 males,
6 females, average age 28.78 years) participants executed an oddball paradigm. The experiment
was conducted in a quiet, dark room. The participant sat in front of a monitor screen (88x50 cm)
at a distance of 100 cm, with their head stabilized by a chin rest. The viewing was binocular.
Stimuli were generated with the PsychoPhysics Toolbox routines (Brainard, 1997; Pelli, 1997) for
MATLAB (MATLAB r2010a, The MathWorks) and presented on a gamma-calibrated PROPixx
DLP LED projector (VPixx Technologies Inc., Saint-Bruno-de-Montarville, Canada) with a
resolution of 1920x1080 pixels, and a refresh rate of 120 Hz. Pupil diameter was monitored at
1kHz with an EyeLink 1000 system (SR Research) with an infrared camera mounted below the
screen and recording from the right eye. The participant was instructed to maintain fixation on a
small dot (0.5°) presented in the center of the screen for the whole duration of the recording (300
s). In this study, the visual stimuli consisted in the appearance of a high probability stimulus
(80% of times) defined as “Standard” and a lower probability stimulus (20% of times) defined
as “Target”. The Standard stimulus consisted of a 100% contrast-modulated annular grating
(mean luminance 25 cd/m?), horizontally orientated, spatial frequency of 0.5 cpd, with an inner
and outer diameter of 1.5 and 5 deg, respectively. The edges of the annulus were smoothed
by convolving the stimulus with a gaussian mask (sigma = 0.5 deg). The Target stimulus has
the same parameters as the Standard stimulus except for the orientation that was 45 deg (see
Figure 2.4A). The presentation duration of each trial, either the Standard (0 deg) or Target
(45 deg) trial, was 200 ms with the intertrial interval between two consecutive trials was 2800
ms. The phase of both the Target and the Standard stimuli was randomized across trials. The
participants were instructed to press a button for a Target stimulus and not to respond for a
Standard stimulus. The Z-scored ERTs were computed as described for mice. The correlation

was performed by taking the Targets’ amplitude peaks for each subject using both EyeLink and

32



4 Methods
MEYE and then performing the Spearman p rank-order correlation between the two measures.

4.6.3 Eye movements corecordings

For eye-tracking recording we employed both the MEYE tool and EyeLink 1000 as described
above. In the smooth pursuit condition a small dot (0.5 deg), moved on the screen horizontally,
changing the direction every 20 degrees of the visual field with a constant velocity of 8 deg/s. In
the Saccades condition, every 2.5 s the small dot changes abruptly position horizontally with a

span of 20 degrees.

4.6.4 Offline video analysis

The MP4 videos were loaded into MEYE, the parameters were chosen by visually inspecting
the quality of the pupillometry. Threshold values were 0.25, 0.15, 0.5, with morphology FALSE,
TRUE, TRUE for ‘human’, ‘mouse’ and ‘2P-mouse’ videos respectively. Once the video analysis
was completed, the CSV file was loaded in Python. Blink removal and linear interpolation were

applied, then the track was plotted using the Python library matplotlib.

4.6.5 Data Availability

The code and web app are freely available on Github: https://github.com/fabiocarrara/meye
MEYE is available at: www.pupillometry.it MEYE wiki: https://github.com/fabiocarrara/meye/wiki
The dataset is available on: https://doi.org/10.5281 /zenodo.4488164
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5 Behavioral Impulsivity is Associated with

Pupillary Alterations and Hyperactivity in
CDKL5 Mutant Mice

5.1 Summary

Cyclin-dependent kinase-like 5 (Cdkl5) deficiency disorder (CDD) is a severe neurodevelopmental
condition caused by mutations in the X-linked Cdkl5 gene. CDD is characterized by early-onset
seizures in the first month of life, intellectual disability, motor and social impairment. No
effective treatment is currently available and medical management is only symptomatic and
supportive. Recently, mouse models of Cdkl5 disorder have demonstrated that mice lacking
Cdkl5 exhibit autism-like phenotypes, hyperactivity, and dysregulations of the arousal system,
suggesting the possibility to use these features as translational biomarkers. In this study, we
tested Cdkl5 male and female mutant mice in an appetitive operant conditioning chamber to
assess cognitive and motor abilities, and performed pupillometry to assess the integrity of the
arousal system. Then, we evaluated the performance of artificial intelligence models to classify
the genotype of the animals from the behavioral and physiological phenotype. The behavioral
results show that CDD mice display impulsivity, together with low levels of cognitive flexibility
and perseverative behaviors. We assessed arousal levels by simultaneously recording pupil size
and locomotor activity. Pupillometry reveals in CDD mice a smaller pupil size and an impaired
response to unexpected stimuli associated with hyperlocomotion, demonstrating a global defect
in arousal modulation. Finally, machine learning reveals that both behavioral and pupillometry
parameters can be considered good predictors of CDD. Since early diagnosis is essential to
evaluate treatment outcomes and pupillary measures can be performed easily, we proposed the

monitoring of pupil size as a promising biomarker for CDD.

5.2 Introduction to the project

Mutations in cyclin-dependent kinase-like 5 (Cdkl5) cause Cdkl5 deficiency disorder (CDD,
OMIM no. 300203). The disorder predominantly affects females heterozygous for mutations in
Cdkl5, with an incidence of 1 per 42,000 live births (Symonds et al. 2019). Hemizygous male cases
have also been reported with a much lower prevalence (Olson et al. 2019; Demarest et al. 2019).
Mutations in the Cdkl5 gene are currently one of the most common genetic causes of epilepsy in
children (Symonds et al. 2019). CDD has been genetically linked to multiple neurodevelopmental
disorders, including Rett syndrome, early infantile epileptic encephalopathy, and autism spectrum
disorder (ASD) (I.-T. J. Wang et al. 2012). However, today CDD is considered an autonomous
etiopathological entity, with a clearly distinct genetic and clinical phenotype with respect to

other similar infantile encephalopathies (Fehr et al. 2013). Cdkl5 encodes a serine/threonine
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kinase whose catalytic domains share homology with members of the cyclin-dependent kinase
family and mitogen-activated protein kinases (Moseley et al. 2012; Weaving et al. 2004; Fuchs
et al. 2018). In mice, Cdkl5 is strongly upregulated postnatally and seems to be active both
in the cytoplasm and nucleus (Rusconi et al. 2008). Cdkl5 was also found to be localized in
postsynaptic structures, where it can regulate dendritic spine maturation and density, and
regulate excitatory synaptic function (Ricciardi et al. 2012; Della Sala et al. 2016). Recently
has been shown that temporal manipulation of endogenous Cdkl5 expression in adult mice can
induce or rescue behavioral symptoms, demonstrating an indispensable role for Cdkl5 also in the
adult brain: postdevelopmental loss of Cdkl5 disrupts many behavioral domains, hippocampal
functional connectivity, and dendritic spine morphology. By contrast, restoration of Cdkl5 after
the early stages of brain development using a conditional rescue mouse model, ameliorates
CDD-related behavioral impairments and aberrant NMDA receptor signaling, suggesting the
existence of a broad therapeutic time window for potential treatment (Terzic et al. 2021).
However, the role of Cdkl5 in modulating neural substrates for cognitive and motor function
is poorly understood and no effective treatment is currently available. Since 2012, multiple
murine models of Cdkl5 disorder have been generated, all of them showing similar behavioral
deficits, highlighting the reproducibility of CDD-related phenotypes in mice, and raising the
possibility of preclinical testing of therapeutic strategies (I.-T. J. Wang et al. 2012; Amendola
et al. 2014; Tang et al. 2019). Recent studies have demonstrated that mice lacking Cdkl5 exhibit
impulsivity, and hyperlocomotion, resembling core symptoms of attention-deficit hyperactivity
disorder (ADHD) (Jhang et al. 2017; Jhang et al. 2020; Adhikari et al. 2022). Deficits in
attentional and executive functions in ADHD patients have been linked to dysregulations of
arousal (Strauf} et al. 2018; Geissler et al. 2014; Martella et al. 2020). The arousal system is a
distributed network aimed to optimize the level of responsivity to sensory stimulation (Hebb
1955). The concept arises from classical electrophysiological studies relating to the different
stages of sleep and wakefulness (Robbins 1997). Fluctuations in arousal are characterized by
ultradian rhythmicity (Lavie 1989; Blum et al. 2014), they can also be elicited by external
stimulation (Wainio-Theberge et al. 2021; Park et al. 2021). The stimulus-evoked changes
in arousal are generally referred to as orienting responses (Bohlin 1976; Sokolov 1990). The
orienting response is an automatic and immediate response to an unexpected stimulus or changes
in the environment (Sokolov 1990; Sokolov 1963; Lynn 2013) with effects on different levels of
body responses (i.e., motor system, autonomic nervous system, and central nervous system)
(Sokolov 1963; Lynn 2013; Berti et al. 2017)including changes in pupil size and locomotion (C.-A.
Wang et al. 2015). Automatic orienting response to unexpected changes in the environment is
a prerequisite for adaptive behavior; it is perceived as a disruption of the current attentional
focus to immediately respond to changes in the environment on a physiological, behavioral, and
cognitive level (Montes-Lourido et al. 2021). The arousal system is under the direct control of the
noradrenergic circuit (along with acetylcholine) that widely innervates brain regions to control
cortical processing (Pfeffer et al. 2022; Stitt et al. 2018), hippocampal excitability (McGinley
et al. 2015a), and cognitive functions (McGinley et al. 2015a; Storbeck et al. 2008; Barnard
et al. 2011). Moreover, it controls many peripheral autonomous functions, like pupillary and

cardiac levels, mediating complex behavioral outcomes, such as fight or flight response (Artoni
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et al. 2020). Fluctuations in pupil size have been reported as a reliable index of arousal across
species (Joshi et al. 2016; Pan et al. 2022; Bradley et al. 2008; C. R. Lee et al. 2016; Ganea
et al. 2020; Gee et al. 2020; Mazziotti et al. 2021), including mice (Reimer et al. 2016) and
humans (C.-A. Wang et al. 2018). Arousal alterations have also been documented in children
with ASD and in a recent study revealed arousal alterations in MeCP2- and Cdkl5-deficient
mouse models (Artoni et al. 2020). In order to evaluate psychomotor and cognitive abilities in
Cdkl5 mice, we performed an appetitive conditioning task in Cdkl5 (P60) null mice (Cdkl5/Y)
and WT littermates control (Cdkl5+/ ¥), using a 3D printed and automated appetitive operant
conditioning chamber (Mazziotti et al. 2020). Appetitive operant conditioning (F. N. Jones
1939) is a standard technique used in experimental psychology in which animals, including
rodents (Francis et al. 2017; O’Leary et al. 2018), learn to perform an action to achieve a reward.
Using this paradigm makes it possible to extract learning curves, accurately measure mental
chronometry (e.g., reaction times), and track an animal’s position to assess motor and spatial
performances (Mazziotti et al. 2020). In addition, we performed pupillometry in Cdkl5 male and
female mutant mice and their WT littermates to assess the integrity of the arousal system by
simultaneous recording of pupil size and locomotor activity in basal conditions and in response
to unexpected isoluminant stimuli presented in a virtual reality environment. The behavioral
results indicated that CDD mice display an impulsive and hyperactive phenotype. Pupillometry
showed decreased pupil size associated with hyperlocomotion and an impaired orienting response
to virtual reality. Furthermore, we trained different machine learning models to recognize the
genotype of the animals starting from behavioral and/or pupillometric data. This approach
allows us to quantify the performances of the models to blindly classify subjects at a single
animal level and evaluate analytically the quality of the biomarkers (Mazziotti et al. 2017b).
These data reveal a global defect in arousal modulation in CDD mice and introduce metrics for

quantitative, non-invasive, and translational biomarkers for neurodevelopmental disorders.

5.3 Declaration of author contributions

Here I summarize, for clarity, the details of my specific personal contribution to this project. All
of the conceptual, experimental and analytical tasks are grouped according to the level of my

involvement in three categories as follows:
e [ was the only/main contributor
— Conceptualization of the project
— Designing and conducting pupillometry experiments

— Figures layout and data visualizations

e I collaborated in the tasks
— Designing and conducting behavioral experiments

— Data Analysis

e Task performed by other people or institutions

— Machine Learning for genotype prediction
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6 Results

6.1 Abnormal behavior of male and female Cdkl5 mutant mice in an

automated appetitive operant conditioning task

During the operant conditioning task, the animal used its position to trigger a new trial by
remaining in a specific place (active area, Figure 6.1A) for a given amount of time (1.5 sec).
The visual stimulus consists of two bright blue dots, appearing above each response button.
The mouse needs to touch one of the two buttons to obtain the reward (Figure 6.1B). We
found that Cdkl57/Y mice produced an increasingly higher number of trials than Cdkl5™/Y mice,
reaching a statistical difference on Day 3 (Figure 6.1C). Cdkl5/Y mice also showed reduced
reaction times (Figure 6.1D) but no difference in intertrial intervals (time elapsing between
the response and the activation of a novel trial, Figure 6.1E). Moreover, the tracking analysis
revealed altered locomotor activity in Cdkl5/Y mice. In particular, during the task, Cdkl5/¥
mice moved faster and covered a greater distance than Cdkl5+/Y (Figure 6.2A-C). Most CDD
patients are heterozygous females carrying missense, nonsense, splice, or frameshift Cdkl5 gene
mutations or a genomic deletion (Bahi-Buisson et al. 2012). In females, the phenotypic spectrum
of the disease spans from mild to severe forms, while boys carrying mutations in Cdkl5 have
more severe epileptic encephalopathy than girls (Liang et al. 2019; Kluckova et al. 2021). Thus,
we decided to test Cdkl5 heterozygous female mice (Cdkl5t/"). Again, we found that Cdkl5t/-
mice performed a higher number of trials than control littermates (Cdkl5+/*) (Figure 6.1F). In
particular, we found a statistical difference in the number of trials performed, already present on
Day 1 and Day 2 (Figure 6.1F). Cdkl5*/- mice also showed reduced reaction times (Figure 6.1C)
and intertrial intervals compared to Cdkl5H/+ (Figure 6.1H). The tracking analysis revealed
an enhanced locomotor activity in Cdkl5T/~ mice, in terms of speed and distance traveled.
(Figure 6.2D-F) Thus, Cdkl5t/~ mice are also altered in this behavioral task.

6.2 Low level of cognitive flexibility, perseverative behavior, and

hyperactivity in Cdkl5 null mice

To better investigate the hyperactive behavior observed in Cdkl5/Y mice, we introduced a
modified version of the operant conditioning task: the delayed task (Figure 6.3A). This test
version increased the time needed to activate a single trial from 1.5 sec to 4 sec, thus requiring a
stronger inhibitory control. The delayed task revealed opposite results compared to the previous
test: Cdkl5/Y mice performed a lower average number of trials than Cdkl5t/Y littermates
(Figure 6.3B-C). In particular, we found a difference between groups in the number of trials
performed on the first and second day of the delayed task (Post day 1 and Post day 2). This

difference disappears on the last day of the test when Cdkl5/Y mice reach the same performance
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Figure 6.1: Appetitive Operant Conditioning test results in Cdkl5 male and female mice. (A)
Schematic representation of the conditioning chamber. (B) Diagram showing the appetitive
conditioning timeline and paradigm. (C) On the left, single day trials in male mice: two-way
ANOVA, effect of time < 0.05, effect of genotype < 0.05; post hoc Sidak multiple comparisons
at Day 3 < 0.05. On the right, cumulative number of trials performed in the three days of
appetitive operant conditioning test: P-value < 0.05, Unpaired T-Test. (D) Reaction Time
in male mice: two-way ANOVA, effect of time < 0.005, effect of genotype < 0.005; post hoc
Sidak multiple comparisons at Day 1 < 0.05. (E) Intertrial intervals in male mice show no
differences between genotypes. (F) On the left, single day trials in female mice: two-way
ANOVA, effect of genotype < 0.001; post hoc Sidak multiple comparisons at Day 1 < 0.001,
Day 2 < 0.05, Day 3 < 0.01. On the right, number of trials performed in the three days of
shaping: P-value < 0.0001, Unpaired T-Test. (G) Reaction Time in female mice: two-way
ANOVA effect of time < 0.05, effect of genotype < 0.05; post hoc Sidak multiple comparisons
at Day 1 < 0.01, Day 2 < 0.05. (H) Intertrial intervals in female mice: two-way ANOVA,
effect of time < 0.05, effect of genotype < 0.01; post hoc Sidak multiple comparisons at Day
1 < 0.001, Day 3 < 0.05. n = 20 Cdkl5*/¥; n = 22 Cdkl5/¥; n = 11 Cdkl5T/*+; n = 12
Cdkl5*/-. *P-value < 0.05, **P-value < 0.01, ***P-value < 0.001. OC: operant Conditioning;
RT: Reaction Time; ITI: Intertrial.
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Figure 6.2: Operant Conditioning locomotor activity in male and female mice. (A) distance
moved: two-way ANOVA, effect of genotype < 0.05; post hoc Sidak multiple comparisons at
Day 2 < 0.05; post hoc Sidak multiple comparisons at Day 3 < 0.01. (B) speed: two-way
ANOVA, effect of genotype < 0.05; post hoc Sidak multiple comparisons at Day 3 < 0.01.
(C)tracking examples from a cdkl5 WT (Cdkl5/Y) male mice and a cdkl5 null mice (Cdkl5/).
(D)distance moved: two-way ANOVA, effect of genotype < 0.01; post hoc Sidak multiple
comparisons at Day 1, Day 2 and Day 3 < 0.01. (E) speed: two-way ANOVA, effect of
genotype < 0.001; post hoc Sidak multiple comparisons at Day 1, Day 2 and Day 3 < 0.01.
(F) tracking examples from a cdkl5 WT (Cdkl5+/*) female mice and a cdkl5 heterozigous
mice (Cdkl5*/~). n = 20 Cdkl5+/¥; n = 22 Cdkl5/¥; n = 10 Cdkl5+/+; n = 11 Cdkl5H/~; *p
< 0.05, **p < 0.01.

as Cdkl5*/Y mice (Figure 6.3B, Post day 3). We did not find differences in the reaction times,
demonstrating that the reduction in the number of trials was not attributable to a lack of interest
in the task (Figure 6.3D). However, we found a significant difference in the intertrial intervals.
In particular, Cdkl5/Y mice showed longer intertrial intervals in the first two days of the delayed
task (Figure 6.3E). The diminished number of trials and longer intertrial intervals were caused
by the higher number of invalid trials performed by Cdkl5/Y with respect to Cdkl5t/Y mice.
These findings demonstrate lower cognitive flexibility of Cdkl5/¥ mice, probably due to an
impairment in inhibitory control. We also introduced a new parameter called perseveration
index to determine whether the learning impairment observed in Cdkl57/¥ mice was associated
with perseverative and impulsive behaviors. In detail, the perseveration index counts every time
the mouse follows the previous rule instead of the new one (e.g. waiting for 1.5 sec instead of 4
sec in the active area). We found a significantly higher perseveration index in Cdkl5/Y mice
compared to Cdkl5t/Y on Post day 1 and Post day 2 (Figure 6.3F). This suggests that for the
first two days of the delayed task, Cdkl5/¥ mice continued to adopt the old operant task rules
instead of adapting to the new paradigm, demonstrating an impairment in cognitive flexibility

accompanied by impulsive and perseverative behaviors.
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Figure 6.3: Delayed task in Cdkl5 null mice. (A) Diagram showing the appetitive conditioning
timeline and the delayed task paradigm. (B) Number of trials normalized on the last day of
the appetitive operant conditioning test (Pre): two-way ANOVA, interaction time x genotype
< 0.01, post hoc Sidak multiple comparisons at Day 5 < 0.05 and Day 6 | 0.01. (C) Number
of trials performed in all the three day of delayed time: P-value < 0.01, Unpaired T-Test.
(D) Reaction Times show no differences between genotypes. (E) Intertrial intervals: two-way
ANOVA, interaction time x genotype < 0.01, post hoc Sidak multiple comparisons at Post day
1 < 0.001 and Post day 2 < 0.001. (F) Perseveration index: two-way ANOVA, interaction
time x genotype < 0.001, post hoc Sidak multiple comparisons at Post day 1 < 0.0001 and
Post day 2 = 0.0001. n = 11 Cdkl5t/¥; n = 13 Cdkl5/Y. *P-value < 0.05, **P-value < 0.01,
***P-value < 0.001. OC: operant Conditioning; RT: Reaction Time; ITT: Intertrial.

6.3 Head-fixed male and female Cdkl5 mutant mice show an

enhanced locomotor activity and a smaller pupil size

Pupil function abnormalities have been described in children with attention deficits (e.g. ADHD)
and ASD (Boxhoorn et al. 2020; Wainstein et al. 2017). We performed pupillometry in P90
Cdkl5/Y mice and Cdkl5*/Y littermates control (Figure 6.4A). During pupillometry, mice were
head-fixed and free to run on a circular treadmill equipped with an optical sensor to assess
locomotor activity (Figure 6.4B). Pupillometry was performed using the MEYE Deep Learning
tool (Mazziotti et al. 2021). During pupillometry, the animal was exposed to the following
stimuli: a mean luminance uniform gray screen, a virtual reality isoluminant stimulus composed
of a virtual corridor moving coherently with the animal movement to elicit an orienting response,

and a high luminance white screen to assess the pupillary light reflex (Figure 6.4B). The uniform
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gray background was also presented before and after orienting response and pupillary light reflex
assessment to allow the pupil to return to baseline (Figure 6.4B). We first investigated pupil
dynamics and locomotion in the absence of stimulation during the exposure to the uniform
gray field. We found that Cdkl5/Y mice exhibit enhanced locomotor activity (Figure 6.4C, D)
also in the head-fixed condition. In particular, Cdkl5/¥ mice showed more moving epochs and
a higher velocity per epoch (Figure 6.4D) than controls. We also found that the duration of
a single running event was significantly longer in Cdkl5/Y mice compared to Cdkl5+/¥ (Fig.
3 Figure 6.4D). These results confirm in Cdkl5/Y mice the hyperactive phenotype observed
in the appetitive operant conditioning chamber, suggesting the presence of altered arousal
levels. Pupillometric analysis revealed a constitutively smaller pupil size in Cdkl5/Y mice
compared to controls (Figure 6.4E). However, the normalized pupil dilation present during
running was unaffected (Figure 6.5). Locomotor activity and pupil size were also affected in
Cdkl5*/~ heterozygous female mice. In particular, locomotor activity was enhanced in Cdkl5*/-
mice as compared to control female Cdkl5*/*, both in terms of time spent running and velocity
(Figure 6.4F, G). Moreover, as in male mutants, Cdkl5T/- mice displayed a significantly smaller
pupil size during the running state and a strong trend (p=0.057) when resting (Figure 6.4H).

6.4 CdklI5 null mice show altered orienting response but intact

pupillary light response

Previous studies have demonstrated atypical visuospatial orienting response in children with
attention-related deficits and ASD (Boxhoorn et al. 2020; Cohen et al. 1972; Harris et al. 1999).
Thus, we investigated the orienting response induced by the virtual reality stimulus. Cdkl5t/y
mice clearly showed an orienting response consisting of a substantial pupil dilation immediately
after the stimulus onset. By contrast, Cdkl5/¥ mice displayed a dramatically reduced and
transient pupillary response (Figure 6.6A). Virtual reality also induced different locomotor
responses. In particular, while virtual reality elicited an increase in motility of Cdkl5+/y mice,
Cdkl5/Y mice did not show significant changes in running velocity (Figure 6.6B). Finally, we
tested whether the pupillary light reflex, an autonomic reflex that constricts the pupil in response
to an increase in luminance, was changed in Cdkl5 mutants. As shown in Figure 6.6C, we did
not observe any significant differences in pupil constriction amplitude (maximal relative change
in pupil area during constriction) or pupil re-dilation (maximal relative change in pupil area to
recover the constriction, Figure 6.6D). These results reveal an unaltered pupillary light reflex,
suggesting a central origin for the orienting response alterations observed. Taken together, these
results demonstrate in Cdkl5/Y mice an altered physiological and behavioral response to an

orienting visual stimulus.
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Figure 6.4: Locomotor activity and pupil size reveal arousal alterations in Cdkl5 male and
female mutant mice. (A) Diagram showing the pupillometry timeline. Continued on next
page.
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Figure 6.4: (B) Schematic representation of the head-fixed pupillometry setup. The mouse was head-fixed
to a custom made metal arm equipped with a 3D printed circular treadmill to monitor running behavior.
In the meantime, we assessed: baseline pupil size (uniform gray screen), orienting response (to isoluminant
virtual reality) and the pupillary light reflex (high luminance white screen). Each condition is repeated
three times. We repeated the same protocol on three different days. (C) Pupil diameter trace from
a WT male mouse (Cdkl57/¥) and a Cdkl5 null male mouse (Cdkl5*/Y). (D) Cdkl5 null mice showed
alterations in locomotor activity compared to WT: a decreased number of moving epochs (defined as a
period of continuous movement): P-value < 0.01, Unpaired T-Test; an increase in the average duration of
moving epoch: P-value < 0.05, Unpaired T-Test; and an increase in epochs mean velocity: P-value <
0.001, Unpaired T-Test. (E) Cdkl5 /Y showed a constitutively smaller pupil size compared to Cdkl5*/Y
both during resting and running (resting, P-value < 0.05; running, P-value < 0.05; Unpaired T-Test).
(F) Pupil diameter trace from a WT female mouse (Cdkl57/%) and a Cdkl5 heterozygous female mouse
(Cdk15t/7). (G) Cdkl5T/~ mice showed an enhanced locomotor activity compared to Cdkl5t/*, in terms
of percentage of time spent running, P-value < 0.05, Unpaired T-Test and velocity, P-value < 0.05,
Unpaired T-Test. (H) Cdkl5*/~ mice showed a baseline smaller pupil size compared to Cdkl5T/* during
running, P-value < 0.05, Unpaired T-Test, and a strong trend in resting, P-value = 0.057, Unpaired
T-Test. n = 11 Cdkl5*/Y, n = 10 Cdkl5/¥; n = 8 Cdkl5H/*, n = 7 Cdkl5+/-. *P-value < 0.05, **P-value
< 0.01, ***P-value < 0.001.
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Figure 6.5: Unaltered pupil size ratio between running and resting. (A) Cdkl5/Y male mice
and Cdkl5/* heterozygous female mice show an invariant pupil dilation between resting and
running compaired to their respectively controls (male: P-value = 0.28, Unpaired T-Test;
female: P-value = 0.39, Unpaired T-Test). n = 11 Cdkl5T/Y, n = 10 Cdkl5/¥; n = 8 Cdkl5*/*,
n = 7 Cdkl5*/-. ns, non significat.

6.5 Behavioral appetitive conditioning parameters and head-fixed
pupillometric and behavioral responses are robust predictors of
CdklI5 null mice alterations

To test whether the behavioral and pupillary alterations observed in Cdkl5 null mice can be used

to classify single animals, we employed machine learning algorithms to build models capable

of predicting mouse genotype from the behavioral and pupillary alterations that we measured.

We found that by training the models only with the behavioral parameters collected during the
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Figure 6.6: Pupillary orienting response and pupillary light reflex assessment. (A) On the left,
the average fluctuation of pupil size for all the stimulus repetitions. On the right the average
pupil size. During the presentation of the orienting stimulus, Cdkl5/Y mice showed a reduced
pupillary dilation compared to Cdkl5*/¥ (P-value < 0.05, Unpaired T-Test); the shaded area
represents the presentation of the VR stimulus. (B) On the left, the average running velocity
for all the stimulus repetitions. On the right the average velocity. Cdkl5y/Y mice showed a
different behavioral response compared to Cdkl5+/Y (P-value < 0.05, Unpaired T-Test), the
shaded area represents the presentation of the VR stimulus. (C,D) PLR response reveals no
significant differences in both pupil constriction (top) and pupil re-dilation (bottom) between
Cdkl5/Y mice and Cdkl5t/Y. On the left, single animal traces and average fluctuation (thick
line) of pupil size. Shaded area represents the presentation of the high luminance stimulus.
Vertical dashed lines represent the onset of the visual stimulus. On the right the average
pupil size during pupil constriction and pupil re-dilation. n = 11 Cdkl5+/Y, n = 10 Cdkl5/.
*P-value < 0.05, ns = not significant.

appetitive operant conditioning task, almost all the models showed a remarkable discriminative

capability between mutated and WT mice. In particular, depending on the model adopted, single

mouse accuracy ranged between 77 and 83% and sensitivity between 75 and 87% (Table 6.1).
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The same machine learning models were employed to test the predictive power of the alterations
found in Cdkl5 mutant mice during pupillometry. Interestingly, we found that the pupillary
and behavioral responses collected during the pupillometric assessments were good genotype
predictors, with accuracy between 77 and 83% and sensitivity between 79 and 83% (Table 6.2).
Finally, when we combined the models of the appetitive operant conditioning parameters with
the parameters acquired during pupillometry, we found that the prediction power remarkably
increased, reaching an accuracy between 77 and 91% and sensitivity between 73 and 91%
(Table 6.3).

Table 6.1: Genotype classification of machine learning models using operant conditioning parameters

Model Accuracy (Mean %) Specificity (Mean %) Sensitivity (Mean %) Permutation p-value Significance
Scores (%)
SVC 82.8 88.4 78.6 52.5 < 0.01 *x
MLP Classifier 82.5 80.0 86.8 53.1 < 0.01 Hok
Gaussian Process Classifier 81.9 85.2 83.2 52.8 < 0.01 *x
Decision Tree Classifier 81.3 84.3 81.0 51.0 < 0.01 *x
AdaBoost Classifier 81.2 83.9 83.0 51.6 0.02 *
Logistic Regression 76.9 80.3 75.25 53.3 < 0.01 ok
K Neighbors Classifier 74.2 84.8 66.3 52.9 0.12 ns
Dummy Classifier 50.4 51.2 48.4 50.1 0.47 ns

Abbreviations: OC, Operant Conditioning; ns, not significant.

Table 6.2: Genotype classification of machine learning models using head-fixed condition parameters

Model Accuracy (Mean %) Specificity (Mean %) Sensitivity (Mean %) Permutation p-value Significance
Scores (%)
Logistic Regression 83.1 86.1 82.5 52.3 0.02 *
MLP Classifier 81.7 82.9 83.1 51.2 0.02 *
SvC 81.0 82.2 80.9 49.9 <0.01 Hok
Ada Boost Classifier 80.1 87.7 74.3 50.0 0.02 *
Decision Tree Classifier 79.7 85.7 73.1 50.3 <0.01 Hk
Gaussian Process Classifier 77.1 79.4 79.7 50.4 0.02 *
K Neighbors Classifier 73.7 74.8 4.7 49.2 0.11 ns
Dummy Classifier 48.8 47.3 49.9 50.6 0.18 ns

Abbreviations: OR, Orienting Response; ns, not significant.

Table 6.3: Genotype classification of machine learning models using operant conditioning and head-fixed

parameters
Model Accuracy (Mean %) Specificity (Mean %) Sensitivity (Mean %) Permutation p-value Significance
Scores (%)
MLP Classifier 91.4 92.6 91.7 51.1 0.02 *
Logistic Regression 88.8 89.6 88.3 50.8 0.04 *
SvVC 87.7 92.9 84.4 50.6 < 0.01 Hok
Gaussian Process Classifier 86.6 93.6 81.0 50.4 < 0.01 ok
K Neighbors Classifier 82.4 94.5 70.5 51.2 < 0.01 ok
Decision Tree Classifier 78.8 86.1 72.6 50.8 < 0.01 ok
Ada Boost Classifier 7.2 82.8 73.7 51.2 < 0.01 ok
Dummy Classifier 51.5 50.8 52.5 49.2 0.62 ns

Abbreviations: OC, Operant Conditioning; OR, Orienting Response; ns, not significant.

45



7 Discussion

This study reports alterations in behavioral and physiological parameters of male Cdkl5 deficient
and female heterozygous mice capable of classifying CDD subjects with high accuracy and
sensitivity. Behavioral impairment was assessed in an appetitive operant conditioning task using
a fully automated and standardized appetitive operant conditioning chamber (Mazziotti et al.
2020). In agreement with previous studies, (Jhang et al. 2017; Jhang et al. 2020; Adhikari et al.
2022), the appetitive operant conditioning task revealed hyperactive and impulsive behavior in
both male and female Cdkl5 mutant mice. Intriguingly, differences in the strategies employed by
mutant female and male mice appeared. Indeed, female mutants showed a difference already
during the first day of testing. Although this difference could be further explored, it could
be related to the sex influence on the strategies used during reinforcement learning displayed
by mice. Indeed, previous studies showed that WT female mice had faster task acquisition
than males. Thus, a deficit present in CDKL5 deficient mice could emerge at earlier time
points than in males (C. S. Chen et al. 2021). We also demonstrated lower levels of cognitive
flexibility, linked to an impairment in inhibitory control in Cdkl5 null mice. Indeed, while mutant
mice could successfully perform more trials than controls if they had to wait only for a short
time, they persevered with the previous strategy if the waiting time was prolonged, resulting
in less successful trials than controls. This deficit is transient, returning to WT levels in three
days and suggesting the presence of slower residual flexibility in Cdkl5 null mice. Inhibitory
control, such as cognitive flexibility, is an executive function mediated by the prefrontal cortex
(Narayanan et al. 2017), that implies being able to control impulses and old habits of thought
or action (e.g. conditioned responses) (A. Diamond 2013). Impairments in executive abilities
such as cognitive flexibility and inhibitory control have been identified in individuals with ASD
(L. M. Schmitt et al. 2018). In particular, deficits in inhibitory control were associated with
restricted and repetitive behaviors (St John et al. 2016). Intriguingly, symptoms of inattention
and hyperactivity, typical features of ADHD, have been frequently documented in children with
ASD (Leitner 2014) and could also be present in CDD patients, although the Cdkl5 gene has
not been linked to ADHD in a genome-wide association study (Demontis et al. 2019). Previous
studies showed that impulsivity and hyperlocomotion of Cdkl5 null mice could be corrected
by methylphenidate, an inhibitor of the dopamine transporter clinically effective in improving
ADHD symptoms, suggesting a role for dopaminergic impairment in mediating impulsivity
deficits (Jhang et al. 2017; Jhang et al. 2020).

7.0.1 Arousal impairment in Cdkl5 null and heterozygous mice

Our study shows that the presence of hyperactivity is also associated with impairment in
processes controlling general arousal in Cdkl5 mice assessed by measuring pupil size regulation

and locomotor behavior. We found that Cdkl5 mutants stay longer than wild-type mice in
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7 Discussion

a high arousal state characterized by a dilated pupil and running. Absolute values of pupil
size were always significantly smaller than controls in both male null and female heterozygous
Cdkl5 mutant mice, although relative pupillary dilation during running or pupillary response
to illumination change was unaffected. Constitutive smaller pupil size is reported to be linked
with working memory and cognitive abilities and could be related to altered activity of the locus
coeruleus-noradrenergic system (Kucewicz et al. 2018; Tsukahara et al. 2021; Gary Aston-Jones
et al. 2005). Our study also revealed alterations in pupillary response to unexpected visual
stimuli, a component of the orienting response commonly used also for human assessment
(C.-A. Wang et al. 2015). Indeed, we found that wild-type mice exhibited a considerable and
sustained pupil dilation in response to unexpected stimuli while mutants showed a smaller and
transient dilation. The presentation of the unexpected stimulus also led to an increased running
in wild-type mice but not in mutant mice. Previous studies showed that cortical processing of
visual stimuli is altered in mice carrying mutations of the CDKL5 gene (Mazziotti et al. 2017b).
This comprises aberrant visual cortical responses, and moderately reduced contrast sensitivity
and visual acuity. Aware of this limitation, we designed the virtual reality environment, adopted
as an orienting stimulus, with a spatial frequency content (0.06-0.1 cyc/deg) and contrast (90%),
well within the visual perceptual thresholds of mutant mice. However, arousal alterations per se
could affect perception since interaction between arousal (and behavioral state) and visual (in
general sensory) perception has been clearly revealed by studies on the visual primary areas
both in mice (Neske et al. 2019; Shimaoka et al. 2018) and in humans (Woods et al. 2013;
T.-H. Lee et al. 2014). Further studies on the interaction between arousal and visual perception
in CDKL5 mutant mice could elucidate the presence of possible bidirectional effects. Overall,
these data are consistent with a scenario in which Cdkl5 mutants are most of the time in a high
arousal state that is not further increased by novel stimuli. Notably, the pupillary light reflex
analysis did not show alterations, demonstrating that the observed pupillary alterations are
attributable to central dysfunctions rather than iris muscle or autonomic control abnormalities.
The central origin of these deficits is in line with a recent study by Artoni et al. revealing broadly
distributed pupil sizes as a signature shared by mouse models of idiopathic or monogenic ASD,
comprising CDD (Artoni et al. 2020). In particular, in this study, the pupillary deficit of MeCP2
deficient mice could be rescued by the selective expression of MeCP2 in cholinergic circuits. The
combination of behavioral inflexibility and arousal deficits could arise from alterations in the
multistage neural pathways between the prefrontal cortex and subcortical nuclei, such as the
striatum and the subthalamic nucleus that have been proposed to support inhibitory control
and behavioral states through direct and indirect routes (Rae et al. 2015; Zhang et al. 2014).
Cdkl5 mRNA is expressed in cholinergic nuclei and superior colliculus (mousebrain.org), two
structures implicated in central pupillary control and orienting response (Nieuwenhuis et al.

2011; C.-A. Wang et al. 2015). However, an in-depth investigation is needed to clarify this point.

7.0.2 Machine learning reveals a robust biomarker of CDD

Our machine learning models revealed that behavioral impulsivity and orienting response assessed
by pupillometry are good predictors of CDD, with an enhanced power when evaluated together.

Pupillometry is a non-invasive, quantitative, and fully translational tool already used in clinical
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practice that requires minimal collaboration by the subject, and it has been used even in
newborns and preterm infants at postpartum age of 1 day (Cocker et al. 2005). Recently
developed methods are opening the possibility to perform these measurements in a clinical and
a domestic environment (Mazziotti et al. 2021). Since early diagnosis is essential to evaluate
treatment outcomes and pupillary measures can be performed quickly, also in preverbal subjects,
we propose the monitoring of resting-state and orienting response pupillometry as a promising and
practical biomarker for CDD. The presence of arousal impairments in different neuropsychiatric
disorders raises the possibility that pupillometry could be used also in ASD (Vries et al. 2021)
and ADHD (Sekaninova et al. 2019) or in psychiatric conditions involving arousal alterations

such as bipolar disorder.
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8 Methods

8.1 Animal handling

Animals were maintained in rooms at 22°C with a standard 12-h light-dark cycle. During the
light phase, a constant illumination below 40 lux from fluorescent lamps was maintained. Food
(standard diet, 4RF25 GLP Certificate, Mucedola) and water were available ad libitum and
changed weekly. Open-top cages with wooden dust-free bedding were used. All the experiments
were carried out according to the directives of the European Community Council (2011/63/EU)
and approved by the Italian Ministry of Health. All necessary efforts were made to minimize
both stress and the number of animals used. The mice used in this work derive from the Cdkl5
null strain in C57BL/6N background developed in (Amendola et al. 2014), and backcrossed in
C57BL/6J for seven generations. Male WT mice were bred with female heterozygous to obtain
mutant and WT littermates. Weaning was performed on postnatal day (P)21-23. Genotyping
(P10-12) was performed on tail tissue as described in (Amendola et al. 2014). We tested mice
from P60 to P120. Colony founders were selected for the absence of the rd8 retinal degeneration
allele spontaneously present in C57BL/6N mice (Mattapallil et al. 2012). Data analysis was
performed by experimenters blind to the genotype.

8.2 The Appetitive Operant Conditioning protocol

To perform the appetitive conditioning task we used a custom-made appetitive operant condi-
tioning chamber, as described in Mazziotti et al. 2020 (Mazziotti et al. 2020). Before starting
the experiments, mice were handled for one week 5 minutes per day. During appetitive operant
conditioning protocol, mice were water restricted (all mice maintained a body weight above
85% of their baseline). We performed the first day of familiarization, by placing each animal
in the appetitive operant conditioning box for three sessions of 10 min, spaced by at least 2h
between each other. During this phase, a liquid reward (1% saccharin), coupled with the reward
tone (3300 Hz), is provided manually whenever the mouse is in the active area (located on the
side opposite to the interface wall), in this way the animal learns where to find the reward and
associate it with the tone. The day after the familiarization we start the OC task (3 sessions per
day, duration: 4 days). In the OC phase a visual stimulus was introduced, consisting of two
bright blue dots (luminance: 0.9 cd/m?, wavelength: 465-475 nm, diameter: 5 mm) that appear
above the two buttons after waiting for 1.5 sec in the activation area. Mice must touch one of
the two buttons to obtain the liquid reward. We quantify the number of trials per session, the
reaction time (the time between the activation of the trial and the button touch), the intertrial
interval (the time elapsed between the response and the activation of a new trial), the speed
and distance traveled. The second group of mice, after the appetitive operant conditioning task,

was introduced to the delayed task ( duration 3 days). In this new version of the test, the time
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needed to activate a new trial was extended from 1.5 sec to 4 sec. In order to evaluate the
ability to inhibit a learned automatic response, we also introduced the perseveration index using
a custom-made Matlab software processing the mouse-tracking data. To analyze mouse-tracking
data the arena is virtually divided into 256 (16 x 16) bins and raw exploration is z-scored to
obtain relative exploration measures. In particular, a perseveration was counted every time the

mouse exited the active zone before the 4 sec limit.

8.3 Surgery

Mice were deeply anesthetized using isoflurane (3% induction, 1.5% maintenance), placed on
a stereotaxic frame, and head fixed using ear bars. Prilocaine was used as a local anesthetic
for the acoustic meatus. Body temperature was maintained at 37 degrees using a heating pad,
monitored by a rectal probe. The eyes were treated with a dexamethasone-based ophthalmic
ointment (Tobradex, Alcon Novartis) to prevent cataract formation and keep the cornea moist.
Respiration rate and response to toe pinch were checked periodically to maintain an optimal level
of anesthesia. Subcutaneous injection of Lidocaine (2%) was performed prior to scalp removal.
The Skull surface was carefully cleaned and dried, and a thin layer of cyanoacrylate was poured
over the exposed skull to attach a custom-made head post that was composed of a 3D printed
base equipped with a glued set screw (12 mm long, M4 thread, Thorlabs: SS4MS12). The
implant was secured to the skull using cyanoacrylate and UV curing dental cement (Fill Dent,
Bludental). At the end of the surgical procedure, the mice recovered in a heated cage. After 1
hour, the mice were returned to their home cage. Paracetamol was used in the water as antalgic
therapy for three days. We waited for seven days before performing head-fixed pupillometry to

provide sufficient time for the animals to recover.

8.4 Pupillometry

During pupillometry, mice were head-fixed and free to run on a circular treadmill. We employed
a modified version of the apparatus proposed by Silasi et al. (Silasi et al. 2016), equipped with a
3D printed circular treadmill (diameter: 18cm). Velocity was detected using an optical mouse
below the circular treadmill. To record the pupil, we used a USB camera (oCam-5CRO-U,
Withrobot Lens: M12 25mm) connected to a Jetson AGX Xavier Developer Kit (NVIDIA)
running a custom Python3 script (30fps). Real-time pupillometry was performed using MEYE
(Mazziotti et al. 2021), a convolutional neural network that performs online pupillometry in mice
and humans (Mazziotti et al. 2021). Before the experiments, mice were handled for one week 5
minutes each day; then, they were introduced gradually to head-fixation for an increasing amount
of time for three days (habituation). During days 1 and 2, we performed two sessions of 10
minutes of head-fixation, one in the morning and one in the afternoon. On Day 3, we performed
one session of twenty minutes. During each head-fixation session, a curved monitor (24 inches
Samsung, CF390) was placed in front of the animal (at a distance of 13 cm), showing a uniform
gray with a mean luminance of 8.5 cd/m2. After the habituation phase, we performed the

pupillary assessments. The assessment contains different epochs: 1) Uniform gray screen with a
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mean luminance (Duration: 225 sec, mean luminance: 8.5 cd/m2). To allow the pupil to return
to baseline, a uniform gray screen is also presented for 60 seconds between each stimulation. 2)
VR coherent with the animal movement eliciting an orienting response (180 sec). Composed of
a luminance linearized procedural virtual corridor written in C# and running in Unity. The
virtual corridor was composed of sine-wave gratings at different orientations (walls at 0° and
floor at 90°) and spatial frequencies (from 0.06 to 0.1 cycles/deg), with a mean luminance of
8.5 ¢d/m2. The animal position in the virtual corridor was updated using an optical mouse
connected to the circular treadmill. 3) PLR (15 sec white screen. Luminance: 30 cd/m2). Each
epoch is presented three times for a total duration of 30 minutes. For the pupillary assessment
of female mice, we evaluated baseline pupil size and locomotion during the presentation of a

uniform gray screen with a mean luminance of 8.5 c¢d/m2.

8.5 Machine Learning

Machine learning models were fitted and evaluated using Python and Scikit-Learn. All adopted
models are binary classifiers predicting the genotype from numeric behavioral and physiological
features. We considered as behavioral parameters, the number of trials per session, the reaction
time and the intertrial interval during the appetitive operant conditioning test and delayed task;
as physiological features, we considered the average pupil size in resting and in running, the
running speed, the running duration, and the pupillary ratio between resting and running in
the different visual presentations. Input features are standardized before training. The specific
models we adopt, together with the hyperparameter we tuned, are the following. The default
Scikit-Learn parameters were used, if otherwise not specified.

Logistic Regression with L2 regularization (Bishop 2006); regularization strength is searched in
logarithmic scale in [10-4, 105]. Support Vector Machine Classifier (SVC, (Platt et al. 1999)); we
test linear and Gaussian kernels; the regularization parameter and the kernel scaling coefficient
(only for Gaussian kernels) are searched in logarithmic scale respectively in [10-4, 105] and [2-4,
25]. Gaussian Process Classifier (Rasmussen et al. 2005) with unitary RBF kernel. Decision
Tree (Hastie et al. 2013) with maximum depth searched in [1, 6]. AdaBoost Classifier (Freund
et al. 1997) with a 1-level-deep decision tree as a base estimator. K-Nearest Neighbors Classifier
with uniform neighbors weighting; the best number of neighbors k is searched in [1,3]. Multi-
layer Perceptron (MLP) Classifier (Hinton 1989) with one 100-neuron hidden layer and ReLU
activation; the network is trained with the Adam optimizer for 1000 iterations; the learning rate
and L2 regularization strength parameters are grid-searched respectively in [0.001, 0.01, 0.1] and
[0.0001, 0.01, 1, 10].

For each model and each configuration of hyperparameters, the mean and standard deviation
of accuracy, specificity, and sensitivity are computed using 100 bootstrapped data splits; in
addition, a permutation test with 100 permutations is performed using the 5-fold accuracy as a
score. For brevity, only the best-performing configuration of hyperparameters is reported for

each model. As a baseline, we also report the performance of the random classifier (Dummy
Classifier).
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8.6 Data analysis and statistics

Data analysis was performed using Python (Pupillometry and locomotion activity) and Matlab
(Appetitive operant conditioning). Resting and running epochs are identified using an automated
algorithm written in Python. The beginning of a moving epoch is defined as a period of at least
2 seconds in which velocity is higher than 1% with respect to the peak velocity of the subject.
The epoch ends when velocity is below 1% for at least two seconds. The statistical analysis was

performed using Python custom scripts and GraphPad Prism 7.
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9 Selective Disruption of Perineuronal Nets in
Mice Lacking Crtll is Sufficient to Make Fear
Memories Susceptible to Erasure

9.1 Summary

The ability to store, retrieve, and extinguish memories of adverse experiences is an essential
skill for animals’ survival. The cellular and molecular factors that underlie such processes
are only partially known. Using chondroitinase ABC treatment targeting chondroitin sulfate
proteoglycans (CSPGs), previous studies showed that the maturation of the extracellular matrix
makes fear memory resistant to deletion. Mice lacking the cartilage link protein Crtll (Crtl1-KO
mice) display normal CSPG levels but impaired CSPG condensation in perineuronal nets (PNNs).
Thus, we asked whether the presence of PNNs in the adult brain is responsible for the appearance
of persistent fear memories by investigating fear extinction in Crtl1-KO mice. We found that
mutant mice displayed fear memory erasure after an extinction protocol as revealed by analysis
of freezing and pupil dynamics. Fear memory erasure did not depend on passive loss of retention;
moreover, we demonstrated that, after extinction training, conditioned Crtl1-KO mice display
no neural activation in the amygdala (Zif268 staining) in comparison to control animals. Taken
together, our findings suggest that the aggregation of CSPGs into PNNs regulates the boundaries

of the critical period for fear extinction.

9.2 Introduction to the project

The ability to extinguish fear memories when threats are no longer present is critical for
adaptive behavior. During fear conditioning, the repeated pairing of an initially neutral stimulus
(conditioned stimulus; CS) with an aversive stimulus (unconditioned stimulus; US) induces
a strong and persistent fear memory (J E LeDoux 2000) that can be inhibited by repeated
exposure to the CS in the absence of the US, a process called fear extinction (An et al. 2017).
There is compelling behavioral evidence that extinction training does not erase or reverse the
original CS-US association but rather leads to the formation of a new inhibitory memory that
competes with the initial fear memory for the control of behavior (Myers et al. 2007; Bouton
2004). Fear memory extinction in adult animals is not permanent but decays with time, a process
known as spontaneous fear recovery (Gregory J Quirk et al. 2008). Moreover, conditioned fear
responses can be restored by presenting the US alone in the context in which extinction training
occurred (reinstatement) (Bouton 2004; Gregory J Quirk et al. 2008; Vouimba et al. 2011) or
may re-emerge following a shift in context (renewal) (Gogolla et al. 2009; Baldi et al. 2015).
The extinction of conditioned fear memories in adults relies on a network of structures, such as

the basolateral amygdala (BLA), the lateral amygdala (LA), and the ventromedial prefrontal
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cortex (vinPFC) (Merz et al. 2018; Milad et al. 2002; Herry et al. 2008; Amano et al. 2010).
Previous studies have provided numerous lines of evidence showing that extinction training of
adult animals produces a new memory that inhibits the original fear memory stored in the lateral
amygdala (LA) (Joseph E LeDoux 2014; Stephen Maren et al. 2004). In contrast, extinction
seems to produce a permanent erasure of fear memory in juvenile animals, which do not exhibit
reinstatement or context-dependent renewal of conditioned fear responses following an extinction
protocol (Gregory J Quirk et al. 2010; Kim et al. 2007; Kim et al. 2009). The transition from a
fear memory that can be erased in juvenile mice to a persistent fear memory in the adult has
been suggested to rely on the maturation of the circuits involved in conditioned fear extinction
(Gogolla et al. 2009). For example, removal of chondroitin sulfate proteoglycans (CSPGs)
from the amygdala extracellular matrix (ECM) by enzymatic digestion allowed juvenile-like
erasure of conditioned fear memories in adult animals (Gogolla et al. 2009). CSPGs are diffusely
present in the ECM of the adult brain (Mouw et al. 2014) and condense around some cells
forming perineuronal nets (PNNs) (Briickner et al. 2000). This process is triggered by neuronal
production of the cartilage link protein Crtll (also known as HAPLN1), which is upregulated
during development (Carulli et al. 2010; Carulli et al. 2007). The developmental condensation of
CSPGs in PNNs of the visual cortex, rather than their sheer presence, plays a crucial role in
protecting adult visual cortical circuits from being modified by experience (Carulli et al. 2010).
However, it is unknown whether the condensation of CSPGs in PNNs,; taking place during
development, is also involved in the transition from a conditioned fear memory that can be
erased by extinction to a fear memory that is no more susceptible to erasure. Also unknown is
the mechanism through which PNNs make adult amygdala circuits resilient to extinction effects,
protecting fear memories from erasure.

Here, we exploited mice lacking the Crtll protein (Crtl1-KO) which have attenuated PNNs
but unchanged overall levels of CSPGs (Carulli et al. 2010), to investigate whether preventing
the aggregation of CSPGs into PNNs is sufficient to induce fear memory susceptible to erasure,
and assessing the associated pattern of activation. In particular, we assessed fear responses
through freezing and pupil size, two well-established behavioral and physiological markers of
fear memories. Freezing is a defensive response commonly used to evaluate associative fear
memory in rodents, while pupil dilation has been widely used to objectively assess fear learning
in humans (Leuchs et al. 2019; Leuchs et al. 2017; Korn et al. 2017) and provides valuable
information about the role of arousal in modulating fear circuits (Bradley et al. 2008). We found
that Crtl1-KO animals retain the juvenile feature of erasing a specific conditioned fear memory
following a protocol of extinction. In particular, Crtl1-KO mice exhibited a stronger reduction in
both pupillary and freezing response to the CS with respect to Crtl1-WT mice. This persistent
reduction of fear in Crtl1-KO mice did not depend on passive loss of memory, since fear memories
assessed 9 days after learning without intervening extinction protocol is comparable in Crtl1-KO
and Crtll wild-type mice (Crtll-WT). To assess the mechanisms through which PNN disruption
leads to permanent erasure of a fear memory, we analyzed neuronal activation in the amygdala
and in the infralimbic cortex (IL) at the end of the extinction protocol via immunostaining for
7if268. We found that following extinction, there was no neural activation in the amygdala of

conditioned Crtl1-KO mice in response to CS, in accordance with the erasure of the conditioned
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fear memory. On the contrary, Crtl1-W'T mice showed a clear activation of these regions.

9.3 Declaration of author contributions

Here I summarize, for clarity, the details of my specific personal contribution to this project. All
of the conceptual, experimental, and analytical tasks are grouped according to the level of my

involvement in three categories as follows:

e I was the only/main contributor

Conceptualization of the project
— Designing and conducting pupillometry experiments
— Figures layout and data visualizations

— Data Analysis

e | collaborated in the tasks
— Behavioral experiments

— Immunohistochemistry

95



10 Results

10.1 Lack of Crtl-1 accelerates extinction of fear memories in adult
Crtl1-KO mice

To investigate whether the condensation of CSPGs in PNNs is crucial in the transition from a
conditioned fear memory that can be erased by extinction to a conditioned fear memory that is
not erasable, we performed a classical auditory cued fear conditioning and extinction protocol
in Crtl1-KO mice and their WT littermates (Figure 10.1A). Crtl1-KO mice exhibit a marked
decrease in the number of PNNs in the amygdala and IL cortex (Figure 10.2), key regions for
the extinction of adult conditioned fear memories. During the habituation, mice freely explored
the chamber (day 0, context A) showing low levels of freezing (below 4%), consistently with
normal habituation to the context, with no difference between genotypes (Figure 10.1B). We
also found comparable freezing levels between conditioned Crtl1-KO and Crtl1-WT mice during
the learning phase of the test (day 1, Figure 10.1C). However, we found that Crtl1-KO mice
exhibited a significantly accelerated pattern of freezing reduction with respect to Crtl1-W'T mice
(Figure 10.1D) during the first day of extinction (early extinction, day 2). In particular, freezing
levels in Crtl1-KO become significantly lower than in Crtl1-WT mice as early as the third block
of 2 conditioned stimuli (CS), reaching significantly lower levels of freezing with respect to the
beginning of CS presentations (Figure 10.1D) at the end of the first day of extinction. During
the second day of the extinction protocol (late extinction, day 3), Crtl1-KO mice maintained the
low freezing levels achieved during the first day of extinction (Figure 10.1E), while Crtl1-WT
mice began to decrease freezing, reaching levels comparable to Crtl1-KO mice from the fifth
block of 2 CS (Figure 10.1E). These results demonstrate that CSPG condensation in PNNs
due to cartilage link protein Crtll has an important role in promoting accelerated fear memory

extinction but not in learning.

10.2 Pupillometry as a physiological readout of fear extinction in
Crtl1-KO mice

Due to its sensitivity to arousal (Bradley et al. 2008; Bradshaw 1967; Nassar et al. 2012), the
pupil responds with dilation to salient or threatening stimuli. For this reason, pupil dilations
have gained interest as a measure of the conditioned response (Leuchs et al. 2019). We used
pupillometry as a physiological readout of fear learning and extinction in Crtl1-KO mice and
their WT littermates. We designed a virtual cued fear conditioning protocol, using a visual
cue as CS, paired with a tail shock (US). During fear conditioning, mice were head-fixed and
free to run on a circular treadmill. An infrared webcam was used to record the pupil and

the MEYE Deep Learning tool was employed to perform pupillometry (Mazziotti et al. 2021)
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Figure 10.1: Fear extinction in Crtl1-KO mice. (A) Diagram showing the fear conditioning and
extinction paradigm. (B) Habituation in Crtl1-KO and Crtl1-WT mice show low freezing
levels and no differences between genotypes during 3-min exposition to the conditioned
context (C) Freezing levels in Crtl1-KO and Crtll-WT mice during conditioning. Both
genotypes exhibit a comparable pattern of freezing increase, coherent with a normal pattern
of fear learning and no deficits of fear acquisition (two-way RM ANOVA: genotype p =
0.523, CS-US p < 0.001, interaction genotype x CS-US p = 0.346; post hoc Sidak multiple
comparisons, CS-US within Crtl1-WT: 1 vs. 5 p < 0.01; CS-US within Crtl1-KO: 1 vs. 5 p
< 0.001). (D) During early extinction, Crtl1-KO mice but not Crtl1-WT mice exhibited
a significantly accelerated pattern of freezing reduction, as early as third block of 2 CS
(two-way RM ANOVA: genotype p < 0.001; blocks of 2 CS p < 0.001; interaction genotype
x blocks of 2 CS p < 0.001; post hoc Sidak multiple comparisons, genotype within blocks of
2CS, 1: p=0.721, 2: p = 0.251, 3: p < 0.001, 4: p < 0.001, 5: p < 0.001, 6: p < 0.001),
and significantly reduced their freezing levels at the end of the extinction protocol (post hoc
Sidak multiple comparisons, Crtll-WT 1 vs. 6: p = 0.836; Crtl1-KO 1 vs. 6: p < 0.001).
(E) During late extinction, Crtl1-KO mice kept showing significantly lower freezing from
first to fourth block of 2 CS (two-way RM ANOVA: genotype p < 0.001, blocks of 2 CS p <
0.001, interaction genotype x blocks of 2 CS p < 0.001; post hoc Sidak multiple comparisons,
genotype within blocks of 2 CS, 1: p < 0.001; 2: p < 0.001; 3: p < 0.001; 4: p < 0.05; 5: p =
0.980; 6: p = 0.369) and significantly reduced their freezing levels (post hoc Sidak multiple
comparisons, Crtl1-KO 1 vs. 6: p < 0.001). From the fifth block of 2 CS, Crtl1-WT mice
reached freezing levels comparable to Crtl1-KO and significantly reduced their freezing levels
(post hoc Sidak multiple comparisons, Crtl1-WT 1 vs. 6: p < 0.001). n = 10 Crtl1-KO,
n = 10 Crtl1-WT. *P-value between genotypes, #P-value between CS. CS = conditioned
stimulus; US = unconditioned stimulus

(Figure 10.3A). To assess the efficacy of our virtual fear conditioning protocol, first, we tested
C57BL6/J wild-type mice receiving the CS alone (sham) or the CS paired with the US (shock) (
Figure 10.4A, B). As shown in Figure 10.4, we observed stronger pupil dilations in response to
CS in shocked mice compared to sham mice the day after conditioning (recall, Figure 10.4C,
D) validating the use of pupil size measurement to reveal learned fear. Then, we evaluated fear
learning in Crtl1-KO and Crtl1-WT mice (Fig. 2) in a cohort of mice different from the one

used for freezing assessment. As assessed with freezing levels, we observed comparable pupillary
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Figure 10.2: PNNs number in the Infralimbic cortex (IL) and amygdala of Crtl1-KO and
WT mice. (A) Representative images of WFA staining in the IL cortex of Crtl1-KO
and WT mice. (B) Number of PNNs in the IL cortex. Crtl1-KO mice present a lower
number of aggregated PNNs compared to Crtl1-WT mice (Unpaired T-test p < 0.01). (C)
Representative images of WFA staining in the amygdala of Crtl1-KO and WT mice. (D)
Number of PNNs in the IL cortex. Crtl1-KO mice present a lower number of aggregated
PNNs compared to Crtll-WT mice (Unpaired T-test p < 0.001). n = 3 Crtll-KO, n = 3
Crtl1-WT.

response between genotypes to the CS after learning (Figure 10.3B-D). Interestingly, we found
that Crtl1-KO mice exhibited a stronger reduction in the pupillary response to CS with respect to
Crtl1-WT mice during the first day of extinction (early extinction) (Figure 10.3E, F). Pupillary
responses in Crtl1-KO become significantly lower than in Crtl1-W'T mice as early as the second
block of 5 CS (Figure 10.3F). During the second day of the extinction protocol (late extinction),
Crtl1-KO mice still showed significantly lower pupillary responses compared to Crtl1-W'T mice
(Figure 10.3G). Crtl1-WT mice reached pupillary responses comparable to Crtl1-KO mice from
the second block of 5 CS of late extinction (Figure 10.3H). To exclude possible defects in the
pupillary light response present in mutant mice, we evaluated the pupillary light reflex (PLR).
The results revealed in Crtl1-KO mice an unaltered PLR during both constriction and pupil
re-dilation (Figure 10.5). Thus, we observed a faster extinction of fear memories in Crtl1-KO

mice also using a physiological measure.

10.3 Abnormal Spontaneous Recovery and Fear Renewal in adult
Crtl1-KO mice

Seven days after late extinction (day 10), we assessed spontaneous recovery and fear renewal
(Figure 10.6A). The results clearly showed that Crtl1-KO mice still displayed attenuation of fear

response caused by the extinction protocol while Crtl1-WT mice exhibited a higher fear response
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Figure 10.3: Pupillometry assessment of fear extinction in Crtl1-KO mice. (A) Diagram showing

the pupillometry setup and the virtual fear conditioning timeline. (B) Average of the
pupillary responses of Crtll-WT (top) and Crtl1-KO (bottom) mice during the virtual
fear conditioning. The gray area represents the presentation of the CS stimulus and the
red area the presentation of the US stimulus. (C) Average of the pupillary responses of
Crtll-WT (top) and Crtl1-KO (bottom) mice during the virtual fear recall. The purple
area represents the presentation of the CS stimulus. (D) During fear recall, we observed
comparable pupillary responses between genotypes to the CS stimulus (unpaired T-test p =
0.566). (E) On the left, the average fluctuation of pupil size for the first block of 5 CS during
early extinction. On the right, the pupil peaks during the presentation of the first 5 CS. We
found no differences between genotypes (unpaired T-test p = 0.208). (F) On the left, the
average fluctuation of pupil size for the second block of 5 CS during early extinction. On the
right, the pupil peaks during the presentation of the second block of 5 CS. We found a lower
pupillary response in Crtl1-KO mice compared to Crtl1-WT mice (unpaired T-test p < 0.05).
(G) On the left, the average fluctuation of pupil size for the first block of 5 CS during late
extinction. On the right, the pupil peaks during the presentation of the first 5 CS. We still
found a lower pupillary response in Crtl1-KO mice compared to Crtll-WT mice (unpaired
T-test p < 0.01). (H) On the left, the average fluctuation of pupil size for the second block
of 5 CS during late extinction. On the right, the pupil peaks during the presentation of the
second 5 CS. We found no differences between genotypes (unpaired T-test p = 0.527). n =
10 Crtl1-KO, n = 11 Crtl1-WT. CS = conditioned stimulus; US = unconditioned stimulus;
HAB = habituation; ITI = inter-trial; ns = not significant

retrieval, both for spontaneous recovery (Figure 10.6B) and for fear renewal (Figure 10.6D).
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Figure 10.4: Pupillary responses during the virtual fear conditioning in shock and sham
wild-type mice. (A) Average fluctuation of pupil size during the presentation of 5 CS
(total CS duration 20 s) co-terminating (shock animals) or not (sham animals) with a US
(2 s tail shock, 0.6 mA.). Gray shaded area represents the presentation of the CS and
vertical dashed lines represent the onset of the CS. The red shaded area represents the
presentation of the US. (B) Pupil peaks during the presentation of the 5 CS. We found
no significant differences between groups but a trend in the pupillary response to CS in
shock mice (Unpaired T-test p = 0.352). Gray shaded area represents the presentation of
the CS and vertical dashed lines represent the onset of the CS. (C) Average fluctuation of
pupil size during the presentation of 5 CS the day after conditioning (Recall) in shock and
sham mice. (D) Pupil peaks during the presentation of the 5 CS. We found a significant
difference between groups. In particular shock mice showed a higher pupillary response to
CS compared to sham mice (Unpaired T-test p < 0.05). n = 6 sham, n = 4 shock. CS =
Conditioned Stimulus; US = Unconditioned Stimulus; ns = not significant.

Moreover, the lower freezing level of Crtl1-KO mice remained evident throughout the repetition
of CS, both for spontaneous recovery and for fear renewal protocols. Interestingly, we also found
that both Crtl1-KO and Crtl1-WT mice showed the same freezing levels when placed in the
unconditioned context (context B, spontaneous recovery) (Figure 10.6C), while Crtl1-WT mice
showed a higher context-dependent freezing behavior compared to Crtl1-KO mice when placed
in the conditioned context (fear renewal, context A) (Figure 10.6E).

Assessment of spontaneous recovery and fear renewal 42 days after the end of the late extinction
(day 45, Figure 10.6A) showed that Crtl1-KO mice still displayed lower fear response caused
by the extinction protocol compared to Crtll-WT (Figure 10.6F and Figure 10.6H). The lower
freezing level of Crtl1-KO mice with respect to Crtl1-WT mice during spontaneous recovery
remained evident throughout the repetition of CS (Figure 10.6F). When the fear renewal protocol
was employed, we found that Crtl1-KO mice showed significantly lower freezing during the
1 and 2 CS with respect to Crtll-WT mice, while, during the 3 and 4 CS, Crtl1-WT mice
reached freezing levels comparable to Crtl1-KO mice (Figure 10.6H). Again we found that
both genotypes showed comparable freezing levels in the unconditioned context (context B,
spontaneous recovery) (Figure 10.6G), while Crtl1-WT mice showed a higher context-dependent
freezing behavior compared to Crtl1-KO mice when placed in the conditioned context (fear
renewal, context A) (Figure 10.61).

Taken together, these results suggest that PNN disruption in Crtl1-KO mice is sufficient to
determine a juvenile-like fear extinction: Crtl1-KO mice show a persistent reduction of fear
both in spontaneous recovery and in context-dependent renewal, 7 and 42 days after extinction;

Crtl1-WT mice show, instead, the lack of long-term effects of extinction typical of adults.
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Figure 10.5: Pupillary Light Reflex in Ctrl1-WT and Ctrl1-KO mice. (A) Average fluctuation of
pupil size during the presentation of the light flashes in Ctrl1-WT and Ctrl1-KO mice. The
shaded area represents the presentation of the high-luminance stimulus. Vertical dashed lines
represent the onset of the visual stimulus. (B) On the left, the average contraction latency
during the presentation of the light flashes. On the right, is the average pupil size during
contraction. For both the measures we found no significant differences between genotypes
(contraction latency: Unpaired T-test p = 0.404, pupil contraction: Unpaired T-test p =
0.359). (C) On the left, the average re-dilation latency at the end of the light flashes. On
the right, is the average pupil size during re-dilation. For both the measures we found no
significant differences between genotypes (contraction latency: Unpaired T-test p = 0.759,
pupil contraction: Unpaired T-test p = 0.177). n = 10 Crtl1-KO, n = 11 Crtll-WT. ns =
not significant.

10.4 Reduction of fear in Crtl1-KO mice did not depend on passive

loss of memory

To ensure that the reduction in fear memory observed in Crtl1-KO mice after extinction was
not due to a weakened consolidation and retention of the memory, we conducted a fear memory
extinction test 9 days after fear conditioning (Figure 10.7A). We found that freezing levels in
the 1 and 2 blocks of 2 CS did not differ between Crtll-WT and Crtl1-KO mice (Figure 10.7B).
This result confirms that Crtl1-KO mice do not show deficits in fear memory consolidation and
retention. Moreover, we observed a faster decrease in fear response in Crtl1-KO mice compared to
Crtl1-WT mice (Figure 10.7B). Also in this case, Crtl1-KO, but not Crtl1-WT mice, significantly
reduced their freezing levels at the end of the early extinction protocol (Figure 10.7B). These
results suggest that the higher efficacy of the extinction protocol in Crtl1-KO mice is present for

both recent and older memories.
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10.5 Fear extinction in adult Crtl1-KO mice is accompanied by a

complete loss of amygdala activation in response to the CS

To assess neuronal activation in the amygdala and IL cortex of Crtl1-KO mice, we performed
immunostaining for Zif268. Zif268 is an immediate early gene known to be implicated in neuronal
plasticity and memory formation (Veyrac et al. 2014). We focused the analysis on the early
extinction stage, corresponding to the maximal difference between Crtl1-KO and Crtl1-W'T mice.
To isolate the specific effect of associative learning on amygdala and IL activation from the effect
of exposure to the CS and to the US, we compared conditioned mice to animals that received
tone and electrical stimulation in an unpaired pattern (pseudo-conditioned mice) (Sacchetti et al.
2004) (Figure 10.8A).

The behavioral results show that both conditioned and pseudo-conditioned Crtl1-KO and
Crtl1-WT mice showed a comparable response to the US, reaching a freezing level around
60% at the end of conditioning (Figure 10.8C). However, conditioned mice developed a strong
response to the CS (Figure 10.8D). The results confirmed the enhanced extinction of Crtl1-KO
mice by revealing a faster reduction of fear response in Crtl1-KO compared to Crtl1-WT mice
(Figure 10.8D). As expected, pseudo-conditioned mice showed significantly lower levels of freezing
with respect to conditioned mice, and did not show any significant reduction of freezing levels
with extinction (Figure 10.8D). Therefore, this group of animals could be used to test Zif268
activation.

It has been shown that neurons in the lateral amygdala (LA) maintain high levels of response
to CS even after extinction protocols (Repa et al. 2001). However, we found that there was no
significant neuronal activation in the LA of conditioned Crtl1-KO mice after extinction, while
neuronal activation was clearly present in conditioned Crtll-WT mice compared to pseudo-
conditioned Crtl1-WT mice (Figure 10.8E). Density for Zif268+ cells in the main output nucleus
of the amygdala, the medial part of the central amygdala (CeM), resulted significantly higher
in conditioned Crtl1-WT mice than in pseudo-conditioned Crtl1-W'T mice, showing significant
neuronal activation in CeM (Figure 10.8E). In conditioned Crtl1-KO mice, there was no significant
difference in Zif268+ cell density with respect to Crtl1-KO pseudo-conditioned mice, showing
absence of neuronal activation in CeM (Figure 10.8E), in accordance with behavioral results
of very low fear response at the end of early extinction (Fig. 5D). Neuronal activation in
conditioned Crtl1-KO mice was significantly lower than in conditioned Crtl1-WT mice, while
no difference in neuronal activation was found between the two pseudo-conditioned groups
(Figure 10.8E). We also found that density for Zif268+ cells in the lateral part of the central
amygdala (CeL) resulted significantly higher in both conditioned Crtl1-WT and Crtl1-KO mice
than in pseudo-conditioned mice, showing significant neuronal activation in Cel. after extinction
(Figure 10.8E). Thus, the lack of CeM activation in Crtl1-KO mice seems to be due to lack of
LA activation (Figure 10.8E-F).

BLA is a crucial part of the intra-amygdala circuitry, providing a major point of control
in the transmission of information between LA and CeM, and in particular is an important
site of modulation of LA-CeM transmission during extinction (Herry et al. 2008; Bocchio et al.
2017; Critchley et al. 2002). The density of Zif268+ cells in the BLA showed the same pattern
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found in CeM, with only conditioned Crtl1-WT mice showing significant neuronal activation
in response to CS (Figure 10.8G). Thus, the absence of neuronal activation in Crtl1-KO mice
is already present in BLA, one of the main inputs to CeM (Figure 10.8G-H). We also assessed
neuronal activation in IL during early extinction as it seems to play a relevant role in reducing
fear response during extinction protocols (Do-Monte et al. 2015; Milad et al. 2002). We found
that both conditioned Crtl1-WT and Crtl1-KO mice showed significant IL activation at the end
of early extinction although there was a strong trend for lower 1L activation in KO with respect
to WT mice (Figure 10.8G-H). Intriguingly, Zif268 induction in conditioned Crtl1-WT mice was
observed also restricting Zif268 analysis to cells positive for WFA (Figure 10.9).

To analyze neuronal activation in Crtl1-KO and WT immediately after memory recall, we
performed immunostaining for Zif268 in a different group of conditioned Crtl1-KO and WT
mice perfused immediately after presenting one block of two CS (Figure 10.10A). We found
that Zif268 + cells were higher in LA, BLA, CeM, CeL, and IL of Crtl1-KO than in WT
mice (Figure 10.8B-E). This result is in line with the behavioral data shown in Figure 10.1D,
Figure 10.7B, and Figure 10.8D, in which we found that Ctrl1-KO mice showed a consistent
trend for higher freezing levels in response to the first block of two CS presented during early
extinction. Thus, both behavioral and molecular data suggest in Crtl1-KO mice a more flexible
circuit compared to WT, characterized by not only stronger memory recall but also faster and

more persistent fear extinction (Figure 10.8D-H).
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Figure 10.6: Spontaneous recovery and fear renewal in Crtl1-KO mice.. (A) Diagram showing
the spontaneous recovery and fear renewal paradigm. (B) Spontaneous recovery 7 days after
extinction (day 10). Crtl1-KO mice kept showing significantly lower freezing during all four
CS presentations with respect to Crtl1-WT mice (two-way RM ANOVA, interaction genotype
x CS p < 0.001, genotype p < 0.001, CS p < 0.001; post hoc Sidak multiple comparisons,
genotype within CS, 1: p < 0.001, 2: p < 0.001, 3: p < 0.001, 4: p < 0.001). (C) Crtl1-KO
and Crtll-WT mice showed the same freezing levels when placed in the unconditioned
context B, 7 days after extinction (day 10) (unpaired T-test, p = 0.408). (D) Fear renewal
7 days after extinction (day 10). Crtl1-KO mice kept showing significantly lower freezing
during all four CS presentations with respect to Crtll-WT mice (two-way RM ANOVA,
interaction genotype x CS p < 0.001, genotype p < 0.001, CS p < 0.001; post hoc Sidak
multiple comparisons, genotype within CS, 1: p < 0.001, 2: p < 0.001, 3: p < 0.001, 4: p <
0.001). (E) Crtl1-WT mice showed a higher context-dependent freezing behavior compared
to Crtl1-KO mice when placed in the conditioned context A, 7 days after extinction (day 10)
(unpaired T-test, p < 0.001). (F) Spontaneous recovery 42 days after extinction (day 45).
Crtl1-KO mice kept showing significantly lower freezing during all four CS presentations
with respect to Crtl1-WT mice (two-way RM ANOVA, interaction genotype x CS p < 0.001,
genotype p < 0.001, CS p < 0.001; post hoc Sidak multiple comparisons, genotype within CS,
1: p < 0.001, 2: p < 0.001, 3: p < 0.001, 4: p < 0.001). (G) Crtl1-KO and Crtl1-WT mice
showed the same freezing levels when placed in the unconditioned context B, 42 days after
extinction (day 45) (unpaired T-test, p = 0.928). (H) Fear renewal 42 days after extinction
(day 45). Crtl1-KO mice kept showing significantly lower freezing during the first two CS
presentations with respect to Crtll-WT mice (two-way RM ANOVA, interaction genotype
x CS p < 0.001, genotype p < 0.001, CS p < 0.001; post hoc Sidak multiple comparisons,
genotype within CS, 1: p < 0.001, 2: p < 0.001, 3: p = 0.127, 4: p = 0.092). (I) Crtll-WT
mice showed a higher context-dependent freezing behavior compared to Crtl1-KO mice when
placed in the conditioned context A, 42 days after extinction (day 45) (unpaired T-test, p <
0.001). n = 10 Crtl1-KO, n = 10 Crtl1-WT. *P-value between genotypes, #P-value between
CS. CS = conditioned stimulus; ns = not significant; LE = late extinction

64



10 Results

Experimental Design Day 10 - Extinction

A

vy

Day 0 Day 1 Day 10 100
y y y s er @ CrilMWT

Habituation Conditioning Extinction 801 o & _———0\.‘\*:* Crtl1 KO
1 Day 9 Days

60

S
. . . . o
/|®Cs /|4y CS ) CS '%
15 0.6mA g 404 #H#
w
us , | 20+
’ ; ) ) 0 T T T T T
Context A Context A Context B 1 2 3 4 5

Blocks of 2 CS

Figure 10.7: Freezing levels in conditioned Crtl1-KO and Crtll-WT mice during early ex-
tinction starting 9 days after fear conditioning.. (A) Diagram showing the fear
conditioning and extinction paradigm. (B) Even if the extinction procedure started 9
days after fear learning, Crtl1-KO mice, but not Crtl1-WT mice, exhibited a significantly
accelerated pattern of freezing reduction, as early as third block of 2 CS (two-way RM
ANOVA: genotype, p < 0.01; blocks of 2 CS: p < 0.001; interaction genotype x blocks of 2
CS: p < 0.001; post hoc Sidak multiple comparisons, genotype within blocks of 2 CS, 1: p =
0.059, 2: p = 0.794, 3: p < 0.001, 4: p < 0.001, 5: p < 0.001), and significantly reduced
their freezing levels during early extinction (post hoc Sidak multiple comparisons, blocks of
2 CS Crtll-WT, 1 vs. 5: 0.520, Crtl1-KO, 1 vs. 5: p < 0.001). n = 10 Crtl1-KO, n = 10
Crtl1-WT. *P-value between genotypes, #P-value between CS. CS = conditioned stimulus;
US = unconditioned stimulus
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Figure 10.8: Amygdala and IL cortex activation after extinction in Crtl1-KO mice. (A) Diagram
showing the experimental design. (B) Representative diagram of the areas considered for
the Zif268 immunohistochemistry: BLA, basolateral amygdala; LA, lateral amigdala; CeM,
medial part of the central amygdala; CeL, lateral part of the central amygdala; IL, infralimbic
cortex. (C) Freezing levels in conditioned and pseudo-conditioned Crtll-KO and Crtl1-WT
mice at the end of the conditioning protocol. After 5 presentations of US, pseudo-conditioned
Crtl1-KO and Crtl1-WT mice reached freezing levels comparable to conditioned mice (one-
way ANOVA, p = 0.216). (D) Freezing levels in conditioned and pseudo-conditioned mice
during the early extinction. Cond-Crtl1-KO mice exhibited a significantly accelerated pattern
of freezing reduction (three-way ANOVA, genotype x condition x blocks of 2 CS p < 0.001.
Genotype p < 0.001, condition: p < 0.001, blocks of 2 CS p < 0.001; genotype x condition p
< 0.001, genotype x blocks of 2 CS: p < 0.001, condition x block of 2 CS, p < 0.001; post
hoc Sidak multiple comparisons, the difference between Cond-Crtl1-KO and Cond-Crtl1-W'T,
CS-1: p = 0.218, CS-2: p < 0.001, CS-3: p < 0.001, CS-4: p < 0.001, CS-5: p < 0.001) and
significantly reduced their freezing levels during early extinction (post hoc Sidak multiple
comparisons, difference between freezing levels for the 1 and 5 blocks of 2 CS Crtl1-W'T,
p = 0.200; Crtl1-KO, p < 0.001). Pseudo-Crtl1-WT and pseudo-Crtl1-KO mice did not
show any significant difference of freezing levels between genotypes but significantly lower
freezing levels during all five blocks of 2 CS with respect to conditioned mice (post hoc Sidak
multiple comparisons, condition within blocks of 2 CS, Cond-Crtl1-WT, 1 to 5: p < 0.001;
Cond-Crtl1-KO, 1 to 5: p < 0.001). Continued on next page.
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Figure 10.8: (E) Analysis of Zif268-positive cells in the LA (top), CeM (bottom left), and CeL (bottom
right) of conditioned and pseudo-conditioned mice. Cond-Crtl1-KO mice showed significantly reduced
levels of LA and CeM activation with respect to Cond-Crtl1-WT mice (LA, two-way ANOVA: genotype
p < 0.01; condition p = 0.051; interaction genotype x condition p < 0.001. Post hoc Sidak multiple
comparisons: Cond-Crtll-WT vs. Cond-Crtl1-KO p < 0.001, Cond-Crtl1-WT vs. pseudo-Crtl1-KO
p < 0.01) (CeM, two-way ANOVA: genotype p < 0.001; condition p < 0.001; interaction genotype x
condition p < 0.001. Post hoc Sidak multiple comparisons: Cond-Crtl1-WT vs. Cond-Crtl1-KO p <
0.001, Cond-Crtl1-WT vs. pseudo-Crtll-KO p < 0.001) and indistinguishable from those shown by
pseudo-Crtl1-WT and pseudo-Crtl1-KO mice (LA, post hoc Sidak multiple comparisons: Cond-Crtl1-KO
vs. pseudo-Crtll-WT p = 0.858, Cond-Crtl1-KO vs. pseudo-Crtl1-KO p = 0.349) (CeM, post hoc Sidak
multiple comparisons: Cond-Crtl1-KO vs. pseudo-Crtl1-WT p > 0.99, Cond-Crtl1-KO vs. pseudo-Crtll-
KO p = 0.430). Conditioned mice showed higher levels of CeL activation compared to pseudo-conditioned
mice (two-way ANOVA: genotype p = 0.630; condition p < 0.001; interaction genotype x condition p <
0.05. Post hoc Sidak multiple comparisons: condition within WT mice p < 0.001, condition within KO
mice p < 0.001). (F) Representative images of Zif268-positive cells in LA, CeM, and CeL of conditioned
and pseudo-conditioned Crtll-WT and Crtl1-KO mice after the fifth block of 2 CS during early extinction.
Scale bar, 200 pm. (G) Analysis of Zif268-positive cells in the BLA (top) and IL (bottom) of conditioned
and pseudo-conditioned Crtl1-WT and Crtl1-KO mice. Cond-Crtl1-KO mice showed significantly reduced
levels of BLA activation with respect to Cond-Crtl1-WT mice (two-way ANOVA: genotype, p < 0.001;
condition, p < 0.001; interaction genotype x condition, p < 0.001. Post hoc Sidak multiple comparisons:
Cond-Crtll-WT vs. Cond-Crtl1-KO p < 0.001, Cond-Crtll-WT vs. pseudo-Crtl1-KO p < 0.001) and
indistinguishable from those shown by pseudo-Crtll-WT and pseudo-Crtl1-KO mice (post hoc Sidak
multiple comparisons: Cond-Crtl1-KO vs. pseudo-Crtll-WT p = 0.997, Cond-Crtl1-KO vs. pseudo-
Crtl1-KO p = 0.965). Cond-Crtl1-KO mice showed comparable levels of IL activation such as that
shown by Cond-Crtl1-WT mice (two-way ANOVA: genotype p < 0.05; condition p < 0.001; interaction
genotype x condition p = 0.634. Post hoc Sidak multiple comparisons: genotype within conditioned
mice p = 0.124, genotype within pseudo-conditioned mice p = 0.401), while pseudo-Crtl1-WT but not
pseudo-Crtl1-KO mice showed reduced Zif268-positive cell density with respect to conditioned mice (post
hoc Sidak multiple comparisons: condition within WT, p < 0.05; condition within KO, p = 0.058). (H)
Representative images of Zif268-positive cells in BLA and IL of conditioned and pseudo-conditioned
Crtl1-WT and Crtl1-KO mice after the fifth block of 2 CS during early extinction. Scale bar, 200 pm. n
= 10 in each group. *P-value between genotypes, #P-value between CS, $P-value between conditions.
CS = conditioned stimulus; US = unconditioned stimulus.
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Figure 10.9: Colocalization between PNNs and Zif268 in the infralimbic cortex and amyg-
dala of conditioned and pseudo-conditioned Crtl-WT mice.. (A) Double-
immunofluorescence staining showing colocalization between WFA (red) and Zif268 (green)
in the infralimbic cortex (IL) and amygdala (AMG) of conditioned and pseudo-conditioned
Crtl1-WT mice after early extinction. (B) The number of PNNs surrounding a Zif268+ cell
in the IL cortex is significantly higher in conditioned Crtl-WT mice compared to pseudo-
conditioned Crtl-WT (Unpaired T-test, p= 0.0074). (C) The number of PNNs surrounding
a Zif268+ cell in the amygdala of conditioned Crtl-WT mice is higher, albeit non-statistical
significant, compared to pseudo-conditioned Crtl-WT (Unpaired T-test, p= 0.053). n = 3
Cond-Crtl WT | n = 4 Pseudo-Crtl WT. Scale bar, 100 pm.
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Figure 10.10: Amygdala and IL activation after memory recall in Crtl1-KO mice. (A) Diagram
showing the experimental design (B) Analysis of Zif268+ cells in the LA, CeM, and CeL
of Crtll-WT and Crtll-KO mice. Crtl1-KO mice showed significantly higher levels of
LA, CeM, and CeL activation with respect to Crtl1-WT mice (unpaired T-test, LA: p =
0.001, CeM: p < 0.0001, CeL: p < 0.0001). (C) Representative images of Zif268+ cells in
LA, CeM, and CeL of Crtl1-WT and Crtl1-KO mice after memory recall. Scale bar, 200
pm. (D) Analysis of Zif268+ cells in the BLA and IL of Crtl1-WT and Crtl1-KO mice.
Crtl1-KO mice showed significantly higher levels of BLA and IL activation with respect to
Crtl1-WT mice (unpaired T-test, BLA: p = 0.006, IL: p < 0.0001). (E) Representative
images of Zif268+ cells in BLA and IL of Crtl1-WT and Crtl1-KO mice after memory recall.
Scale bar, 200 pm. n = 8 Crtl1-KO, n = 8 Crtl1-WT. CS = conditioned stimulus; US =
unconditioned stimulus
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Our results show that the removal of the Crtll protein that selectively disrupts the aggregation
of CSPGs in PNNs is sufficient to promote an accelerated and persistent fear memory erasure
after the administration of an extinction protocol. Indeed, during early extinction, Crtl1-KO
mice showed reduced freezing levels as soon as the 3rd block of 2 CS while Crtl1-W'T mice
started showing freezing reduction at the end of the second day of extinction. These results
were confirmed also by testing mutant and WT mice in a virtual fear conditioning protocol and
using pupil dynamics as a physiological readout of fear learning and extinction. In humans, fear
conditioning is often probed by measuring autonomic responses (Critchley et al. 2002), such as
skin conductance responses or startle responses (A O Hamm et al. 1993; Leuchs et al. 2019). In
recent years, these physiological measures have been complemented by pupil dilations (Leuchs
et al. 2019; Leuchs et al. 2017; Korn et al. 2017). Pupillometry offers a promising, complementary
method for the quantification of the conditioned response. Indeed, pupil size assessment is not
aversive, and it can be easily combined with other measurements and provides information
about the activity of the autonomic nervous system (Bradley et al. 2008) and locus coeruleus
noradrenergic system (Reimer et al. 2016), which plays an important role in modulating fear
responses and extinction (Giustino et al. 2018). Coherent with the behavioral results, we found
in Crtl1-KO mice an accelerated reduction in the pupillary response to CS with respect to
Crtl1-WT mice as soon as the first day of extinction.

We have also demonstrated that the condensation of CSPGs in PNNs triggered by neuronal
production of the Crtll protein is needed for the transition from a conditioned fear memory that
can be erased by extinction to a conditioned fear memory which is not. In order to assess if the
observed acceleration in fear extinction translates in lower fear response at later stages, we tested
freezing levels of Crtl1-KO and Crtl1-WT mice in the extinction context (spontaneous recovery)
and in the training context (fear renewal) 7 and 42 days after late extinction. Interestingly,
for both time points, we found a reduced spontaneous recovery and fear renewal in Crtl1-KO
mice with respect to Crtl1-W'T. Since early and late extinction were performed immediately
after learning, the observed accelerated fear extinction pattern and the reduced freezing shown
during spontaneous recovery and fear renewal may be the effect of an impairment in memory
consolidation and a manifestation of oblivion. To rule out this possibility, we tested another
group of Crtl1-KO and Crtl1-WT mice with a delay of 9 days between the end of the learning
phase and the beginning of early extinction. We found that Crtl1-KO mice recapitulated the
previous results, revealing that mutant mice do not show an impairment in memory consolidation
and retrieval with respect to Crtl1-WT mice.

Our behavioral and physiological data are in accordance with the results of Gogolla et al.
2009, in which the injection of the chondroitinase ABC enzyme in the BLA is able to induce the
acquired fear memories susceptible to erasure. In adult animals, the organization of CSPGs in

PNNs is a key event in the control of central nervous system plasticity and in the closure of

70



11 Discussion

critical periods in many brain regions (Gogolla et al. 2009; Pizzorusso et al. 2002; Nowicka et al.
2009). In the visual cortex, it has been shown that the developmental condensation of CSPGs in
PNNs, rather than their sheer presence, play a crucial role in protecting adult visual cortical
circuits from being modified by experience. The response of visual cortical circuits to monocular
deprivation, which can be reinstated in the adult visual cortex by enzymatic removal of CSPGs
(Pizzorusso et al. 2002), is also present in mice lacking Crtll, which have attenuated PNNs but
unchanged overall levels of CSPGs (Carulli et al. 2010). Overall, our data suggest the possibility
that common general mechanisms of critical period closure exist in different brain circuits.

The exact mechanism of action of PNNs in plasticity is only partially known (Fawcett et
al. 2019). Recently, superresolution microscopy provided a detailed description of the tight
relationship between the PNN and the synaptic microstructure (Sigal et al. 2019). It would be
of great interest to analyze if these high-resolution features are affected by Crtll mutation and if
they correlate with memory changes.

The extinction of conditioned fear memories in adults relies on a network of structures, such
as the amygdala, the vmPFC, and the hippocampus (Duvarci et al. 2014; Merz et al. 2018).
In particular, when the CS is present, the LA excite glutamatergic neurons in the BLA and
GABAergic neurons in the lateral and medial intercalated cells (ITCs) (Ehrlich et al. 2009)
which separates the BLA from the central nucleus (CeA) (McDonald 1982; Nitecka et al. 1987).
LA and BLA project dense glutamatergic synapses onto CeA, with the LA projecting only to
its lateral sector (CeL) (H. Li et al. 2013), and the BLA projecting to both the lateral and
the medial (CeM) sectors (Krettek et al. 1978; Pitkénen et al. 1995; Savander et al. 1995). In
addition, convergent evidence suggests that the vimPFC, and in particular the IL (Sotres-Bayon
et al. 2010), is necessary for the retention and recall of extinction (G J Quirk et al. 2000; Hugues
et al. 2006; Burgos-Robles et al. 2007; Laurent et al. 2009). To elucidate the functional activation
of amygdala and IL cortex in Crtl1-KO mice, we replicated our previous extinction experiment
trying to isolate the effect of the association between the CS and the US. We compared the
neuronal activation of a group of conditioned Crtl1-KO and Crtl1-W'T mice with a group of
pseudo-conditioned Crtll-KO and Crtl1-WT mice, in which the CS and US were unpaired. In
particular, we performed immunohistochemistry for the immediate early gene Zif268 after early
extinction. Zif268 is a member of the zinc finger transcription factor family. It regulates the
expression of various late-response genes involved in different neuronal processes, including
synaptic plasticity (Veyrac et al. 2014). The role of Zif268 and other immediate early genes, such
as c-fos and Arc, in learning and memory has been well described (Gallo et al. 2018). Zif268
expression is known to increase shortly after fear conditioning (Ressler et al. 2002), suggesting
its importance in fear memory formation (Malkani et al. 2000). Studies in mutant mice have
also shown that overexpression of Zif268 enhanced resistance to extinction of aversive memories
(Baumgértel et al. 2008), while failure to induce Zif268 allowed spontaneous recovery (Baumgértel
et al. 2008; Herry et al. 2004). Here we provide further evidence of Zif268’s role as a marker
of activity and plasticity changes in the amygdala and IL cortex after fear extinction. Indeed,
the density of Zif268+ cells revealed a significant reduction in BLA, LA, and CeM activation
of Crtl1-KO mice with respect to Crtl1-WT mice. Notably, Crtl1-KO mice activation was not

significantly different from pseudo-conditioned mice. The reduced activation of CeM, as the
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output of the amygdala, is in line with the reduced behavioral freezing shown by Crtl1-KO mice.
Remarkably, the reduced activation of LA is coherent with the possibility that the behavioral
reduction of freezing shown in Crtl1-KO mice may be implemented as early as in LA. Regarding
1L, we did not find significant differences between Crtl1-KO and Crtl1-W'T mice; however,
Zif268+ cell density of Crtl1-KO mice showed a reduced variability and the levels are at the
significance threshold. Since it has been shown that optogenetic activation of IL for 30 s is able
to accelerate and reduce freezing levels (Do-Monte et al. 2015), it could be hypothesized that
in Crtl1-KO mice IL may be precociously (as soon as the first block of 2 CS) and increasingly
recruited, with respect to Crtl1-WT mice, contributing to the accelerated reduction of fear.
During the fifth block of 2 CS, IL activation would be decreased (or comparable to the Crtl1-WT
mice), since fear reduction has already been achieved. We also evaluated the activation of
amygdala and IL neurons in Crtl1-KO and WT mice immediately after conditioning (memory
recall). Our results revealed a higher number of Zif268+ neurons in Crtl1-KO mice compared
to WT mice in both the amygdala nuclei and IL cortex. This observation aligns with previous
research demonstrating enhanced memory following degradation of PNNs (Morellini et al. 2010;
Romberg et al. 2013). It is plausible that the more flexible circuits present in Crtl1-KO mice not
only lead to stronger fear conditioning but also facilitate faster and longer-lasting extinction.
Taken together, our behavioral and molecular findings suggest that the aggregation of CSPGs
into PNNs is a key factor in regulating the boundaries of the critical period for fear memories.
Moreover, we suggest a possible activation pathway responsible for the accelerated reduced
behavioral freezing shown by Crtl1-KO mice after extinction. We also propose pupillometry as a
complementary physiological readout of fear learning, which can be easily coupled with other

physiological measures that require head-fixation procedures.
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12.1 Animals

For this study, we used adult mice (P75-P120) lacking the Crtll /Haplnl gene in the CNS, but
not cartilage, which leads to attenuated PNNs in the adult brain (Crlt1-KO) (Czipri et al. 2003)
and their wild-type littermates control (Crtl1-WT) mice. In our experiments, both male and
female mice were utilized as study subjects. To control for the potential influence of sex on our
results, we conducted a thorough evaluation of any sex-specific effects across all experiments.
Our findings indicated that there were no significant differences observed that could be attributed
solely to sex (data not shown). Because the Crtll product is essential for cartilage, Crtll was
disrupted globally (Crtl1”/~) and then reintroduced under the control of the type II collagen-
cartilage-specific promoter by crossbreeding with a second transgenic mouse line (Crtll-Tg),
as better described in Czipri et al. 2003. The resulting Crtl1”/~/Crtll-Tgt/* mice were on a
BALB/C background; thus, for this study, they were backcrossed into a C57BL/6 J background
for seven generations as described in Carulli et al. 2010. Animals’ genotypes were identified
through PCR on tail tissue (P10-P12), with primers for wild-type Crtll, disrupted Crtll, and
Crtll transgene expressed in cartilage (Carulli et al. 2010). Mice were housed in groups, from
two to five animals per cage (60 cm x 40 cm x 20 cm), and maintained in rooms at 22 °C with a
standard 12-h light—dark cycle. Food (standard diet, 4RF25 GLP Certificate, Mucedola) and
water were available ad libitum and changed weekly. Open-top cages with wooden dust-free
bedding were used. All the experiments were carried out according to the directives of the
European Community Council (2011/63/EU) and approved by the Italian Ministry of Health.
All necessary efforts were made to minimize both stress and the number of animals used. One
week before the start of behavioral experiments, all mice were handled daily by the experimenter
for 5 min using an open hand approach to minimize anxiety and stress response induced by

experimenter manipulation (Hurst et al. 2010).

12.2 Fear conditioning

Mice were subjected to an auditory fear conditioning and extinction procedure using a custom-
made PVC fear conditioning setup (50 cm x 15 cm x 21 cm). During the test days, the mice
were transported in their home cages to a room adjacent to the testing room and left for 2 h
before behavioral testing. We used two different contexts: In context A, the walls and the floor
were completely black; in context B, the walls had white vertical plastic strips 2.5 ¢m long, 0.5
cm wide, and 18 cm deep, interposed every 2.5 cm, and white floor. Both chambers were covered
with transparent plexiglass lids with a loudspeaker in its center point. The shock grid on the
floor was made of stainless steel. Only the grid of context A was electrified by a shock generator

(World Precision Instruments, Sarasota, FL) guided by an automated program for CS and US
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parameter control and footshock delivery. Mice behavior was recorded by a camera controlled
by the EthoVision XT 8 software (Noldus Information Technology, The Netherlands). The two
chambers were cleaned with 70% ethanol before and after each animal. After each session, mice

were housed separately until the end of the test to avoid possible observational fear learning.

12.3 Conditioning and extinctions

During the habituation day (day 0), mice were placed in context A for 3 min. On day 1
(conditioning), mice were placed again in the context A and conditioned using 5 pairings of the
CS (total CS duration 10 s, 7.5 kHz, 80 dB) co-terminating with a US (1 s footshock, 0.6 mA,
inter-trial interval: 20 s). On day 2 (early extinction) and day 3 (late extinction), conditioned
mice were subjected to the extinction training in context B during which they received 12
unreinforced presentations of the CS on each day. We also tested fear spontaneous recovery
and context-dependent fear renewal 7 and 42 days after late extinction using 4 unreinforced
presentations of the CS in context B and A respectively. Fear memory retention was tested by
submitting an additional group of mice to extinction training 9 days after conditioning, during

which they received 10 unreinforced presentations of the CS.

12.4 Amygdala and Infralimbic cortex activation after Early

Extinction

To assess amygdala and IL activation, after early extinction, a separate group of conditioned
Crtl1-KO and Crtl1-WT mice was used. Mice were subjected to the early extinction protocol
during which they received 10 unreinforced presentations of the CS. At the end of the extinction
training, mice were sacrificed for immunohistochemistry analysis. To isolate the specific effect
of associative learning on amygdala and IL activation, we used pseudo-conditioned mice. For
pseudoconditioning, on the day of conditioning, mice received the same number of CS as
conditioned mice, administered at 1 s interstimulus intervals in context A, without US. Then,
mice were placed back in their home cage. After 45 min, the animals were placed again in the
context A where they immediately received 5 US at 1 s intervals (1 s footshock, 0.6 mA). This
procedure has been designed to make it difficult for animals to associate the US with the CS and
the context [30]. On day 2, pseudo-conditioned mice were subjected to the same early extinction

protocol of conditioned mice and were then sacrificed for immunohistochemistry.

12.5 Analysis of freezing behavior

Recorded videos were manually scored for freezing behavior by two separate experimenters blind
to genotype and experimental conditions. Mice were considered to be freezing if no movement was
detected for 2 s (defined as the complete absence of movement except for respiratory movements).
For all fear conditioning and extinction paradigms, cue evoked freezing behavior was analyzed
by calculating the percentage time an animal spent freezing during a given CS presentation, and

averages were calculated by pooling freezing across 2 CS presentations if not indicated otherwise.
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12.6 Virtual Fear conditioning

During the virtual fear conditioning mice were head-fixed. We employed a custom made apparatus
equipped with a 3D printed circular treadmill (diameter: 18 cm) as described in Mazziotti
et al. 2021. During each head-fixation session, a curved monitor (24 inches Samsung, CF390)
was placed in front of the animal (at a distance of 13 cm). We designed two different virtual
environments composed of a v -linearized procedural virtual corridors written in C# and Unity.
The two environments presented sine-wave gratings (context A) or plaid-wave gratings (context
B) at different orientations (wall at 0° ; floor at 90° ), and spatial frequencies (from 0.06 to 0.1
cycles/° ). The apparatus was cleaned before and after each animal with 70% ethanol or 1%
acetic acid for context A and context B respectively, since the mice may associate the smell
with the context. The position of the animal in the virtual corridor was updated using an
optical computer mouse, positioned below the circular treadmill, that interfaced with the virtual
environment software. As a CS we used a visual stimulus consisting of a square wave grating
patch of 55° (in width and height) of visual space in the binocular portion of the visual field.
The grating parameters were as follows: luminance, 8.5 cd/m?; orientation, 0° ; contrast, 90%;
spatial frequency, 0.1 cycles/° ; drifting, 0.5 cycle/s. A custom made electrode connected to
a shock generator (World Precision Instruments, Sarasota, FL) and controlled by the virtual
environment software was positioned on the mouse tail for tail shock delivery (US). For fear
conditioning in the virtual environment mice were introduced gradually to head-fixation and to
the tail electrode for five days (habituation). During the habituation, we performed two sessions
of head-fixation in which mice were exposed to the two contexts. Each session consisted of two
minutes of a uniform gray (luminance, 8.5 cd/m?), to assess the pupil diameter in baseline, and
10 minutes of the isoluminant virtual environment. After habituation, mice underwent a 4-day
fear conditioning training and extinction protocol. On day 1, a group of mice were exposed to
context A and a second group to context B and conditioned using 5 pairings of the CS (total
CS duration 20 s) co-terminating with a US (2 s tail shock, 0.6 mA, inter-trial interval: 120 s).
Fear memory was tested on day 2 in a recall session, presenting 5 unreinforced presentations of
the CS in the context opposite of the conditioning one. On day 3 (Early Extinction) and day
4 (Late Extinction), conditioned mice were subjected to the extinction training again in the
context opposite of the conditioning one during which they received on each day 10 unreinforced
presentations of the CS. To test the efficacy of the virtual fear conditioning protocol, we compared
the responses of a group of conditioned C57BL/6J WT mice (shock) with a group of mice that
underwent the same conditioning protocol without receiving the tail shock (sham). After each
session mice were housed separately until the end of the test to avoid possible observational fear

learning.

12.7 Surgery

Mice were deeply anesthetized using isoflurane (3% induction, 1.5% maintenance), placed on
a stereotaxic frame and head fixed using ear bars. Prilocaine was used as a local anesthetic
for the acoustic meatus. Body temperature was maintained at 37 degrees using a heating pad,

monitored by a rectal probe. The eyes were treated with a dexamethasone-based ophthalmic
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ointment (Tobradex, Alcon Novartis) to prevent cataract formation and keep the cornea moist.
Respiration rate and response to toe pinch were checked periodically to maintain an optimal level
of anesthesia. A subcutaneous injection of Lidocaine (2%) was performed prior to scalp removal.
The Skull surface was carefully cleaned and dried, and a thin layer of cyanoacrylate was poured
over the exposed skull to attach a custom-made head post that was composed of a 3D printed
base equipped with a glued set screw (12 mm long, M4 thread, Thorlabs: SS4MS12). The
implant was secured to the skull using cyanoacrylate and UV curing dental cement (Fill Dent,
Bludental). At the end of the surgical procedure, the mice recovered in a heated cage. After 1
hour, mice were returned to their home cage. Paracetamol was used in the water as antalgic
therapy for three days. We waited for seven days before performing head-fixed pupillometry to

provide sufficient time for the animals to recover.

12.8 Pupillometry

During the virtual fear conditioning paradigm, we analyzed pupil diameter as a physiological
readout of fear response. To record the pupil, we used a USB camera (0Cam-5CRO-U, Withrobot
Lens: M12 25mm) connected to a Jetson AGX Xavier Developer Kit (NVIDIA) running a custom
Python3 script (30fps). Real-time pupillometry was performed using MEYE, a convolutional
neural network that performs online pupillometry in mice and humans. Pupillometry data has
been analyzed using Python 3. All tracks were loaded, and blink removal was applied using

the blink detector embedded in MEYE. Blink epochs were filled using linear interpolation and

T—XTp
Sp ’

median filtering (0.5 s). The z-score was obtained for each trial using the formula z =

where T and s, were respectively the average and the SD of the baseline.

12.9 Pupillary Light Reflex

For the evaluation of the PLR, we presented 10 s of a white screen (Luminance: 30m?) repeated
ten times, interspersed with 50 s of a uniform gray (luminance, 8.5 cd/m?). Each session started
with two minutes of a uniform gray (luminance, 8.5 cd/m?) for pupil adaptation. We evaluated
the pupil constriction latency (the time needed to reach the minimal pupil size during pupil
constriction), the pupil constriction amplitude (maximal relative change in pupil area during
constriction), the pupil re-dilation latency (the time needed to reach the maximal pupil size
during pupil re-dilation) and the pupil re-dilation amplitude (maximal relative change in pupil

area to recover the constriction).

12.10 Surgery

Mice were deeply anesthetized using isoflurane (3% induction, 1.5% maintenance), placed on a
stereotaxic frame and head-fixed using ear bars. Prilocaine was used as a local anesthetic for the
acoustic meatus. Body temperature was maintained at 37° using a heating pad, monitored by a
rectal probe. The eyes were treated with a dexamethasone-based ophthalmic ointment (Tobradex,

Alcon Novartis) to prevent cataract formation and keep the cornea moist. Respiration rate
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and response to toe pinch were checked periodically to maintain an optimal level of anesthesia.
A subcutaneous injection of Lidocaine (2%) was performed prior to scalp removal. The skull
surface was carefully cleaned and dried, and a thin layer of cyanoacrylate was poured over the
exposed skull to attach a custom-made head post that was composed of a 3D printed base
equipped with a glued set screw (12 mm long, M4 thread, Thorlabs: SS4MS12). The implant
was secured to the skull using cyanoacrylate and UV curing dental cement (Fill Dent, Bludental).
At the end of the surgical procedure, the mice recovered in a heated cage. After 1 h, mice were
returned to their home cage. Paracetamol was used in the water as antalgic therapy for 3 days.
We waited for 7 days before performing head-fixed pupillometry to provide sufficient time for

the animals to recover.

12.11 Immunochistochemistry

For immunofluorescence labeling, following the early extinction protocol, conditioned and pseudo-
conditioned mice were transcardially perfused with 4% paraformaldehyde in phosphate buffer 1 h
after behavioral testing, when Zif268 peaks in its expression (Lonergan et al. 2010). Brains were
removed and post-fixed for 24 h at 4 ° C in 4% paraformaldehyde and then cryoprotected for 72
h at 4 ° C in 20% sucrose and 0.05% sodium azide in PBS, pH 7.4. Brains were then snap-frozen
in 2-methylbutane and cryosectioned in OCT using a cryostat (Leica Biosystems, CM 30508S) to
obtain 40-pm-thick sections collected in PBS. Free-floating sections were incubated for 2 h at
room temperature (RT) in a blocking solution composed of 10% bovine serum albumin (BSA),
0.5% Triton X-100, in PBS. For Zif268 staining, sections were incubated overnight at 4 © C in
a solution composed of 10% BSA, 0.3% Triton X-100, and 1:500 rabbit polyclonal anti-Zif268
primary antibody (SantaCruz), in PBS. Sections were then washed for 3 times, 10 min each time.
Primary antibody was revealed by incubating sections for 2 h at RT in a solution composed of
1% BSA, 0.1% Triton X-100, and 1:400 goat anti-rabbit AlexaFluor 488 secondary antibody
(Invitrogen), in PBS. Sections were then washed for 3 times, 10 min each time and mounted on
glass slides and covered with VectaShield mounting medium (Vector). For the quantification of
PNNs, mice were transcardially perfused and the 40-pm coronal sections were cut on a freezing
microtome (Leica). Slices were incubated for 2 h RT in a blocking solution composed of 3% BSA
in PBS. Then, slices were incubated overnight at 4 © C with a solution containing biotinylated
Wisteria floribunda Lectin (WFA, B-1355-2, Vector Laboratories, 1:200) and 3% BSA in PBS.
On the following day, sections were washed for 3 times in PBS (10 min each) and incubated with
a solution of red fluorescent streptavidin (Streptavidin, Alexa Fluor™ 555 conjugate, S21381,
Thermo Fisher, 1:400) and 3% BSA in PBS for 2 h at RT, and washed again 3 times in PBS and
subsequently mounted on glass slides and covered with VectaShield mounting medium. Sections
were acquired at 16X using a confocal laser scanning microscope (Leica Biosystems, BM 6000)
and digitized with Leica confocal software. From 3 to 5 sections were acquired for each amygdala
nucleus and IL for each animal. Zif268-positive cells and PNNs were manually counted using
the MetaMorph software and ImageJ software by two separate experimenters blind to genotype

and experimental conditions.
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12 Methods

12.12 Statistical analysis

All statistical analyses were performed using GraphPad Prism 7 and Python custom scripts
(Pupillometry). Parametric t-test, analysis of variance (ANOVA) and repeated measure-ANOVA
(RM-ANOVA) were used. ANOVA was followed by appropriate post-hoc tests. Significance was

set at P < 0.05 for all tests. Error bars represent s.e.m. in all figures.
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Conclusions and future perspectives

The first part of this thesis explored pupillometry as a physiological measure of brain functions
in both physiological and pathological conditions. The primary focus was to develop a versatile
deep-learning pupillometry tool, the MEYE web app, for investigating pupil dynamics in human
and murine subjects. This endeavor was motivated by the financial constraints of the existing
commercial tools, while open-source alternatives often demand programming expertise and are
species-specific (Yiu et al. 2019; Privitera et al. 2020). Our core objective was to devise a
cost-effective and user-friendly tool capable of performing pupillometry across diverse species.
The non-invasive nature of pupillometry renders it suitable for human studies. Nevertheless,
the possibility of conducting analogous experiments in animal models, ranging from mice to
humans, increases the translatability of experimental protocols and findings (Aleman et al. 2004;
Rorick-Kehn et al. 2014; Artoni et al. 2020). In addition, in two-photon calcium imaging studies
in mice, monitoring the pupil is crucial for assessing the impact of arousal on the measured
outcomes. In recent years, the impact of deep learning on machine learning, particularly in
neuroscience applications, has been profound. Numerous scientific publications annually showcase
the efficacy of deep neural networks in biomedical data analysis (Tshimanga et al. 2023). In
this context, MEYE positions itself as a deep learning tool designed to be reproducible by
scientists with non-technical backgrounds in both clinical and preclinical settings. Unlike many
deep learning algorithms that necessitate a training phase on dedicated datasets (Yiu et al.
2019; Privitera et al. 2020), MEYE stands out by offering a pre-trained model embedded into
a web app that facilitates usage on a wide array of devices, from scientific workstations to
notebooks and smartphones. The web browser solution simplifies the process for users, who only
need a web browser and an infrared camera. A dedicated Python script also enables the local
execution of the model on a workstation, while a Matlab script has been recently implemented
enhancing usability for Matlab users. These solutions are advantageous for experiments with
specific requirements, such as high and stable frame rate or real-time processing of pupil size
necessitating on-the-fly pupil-computer interaction. The project workflow, scripts, and data
set are open-source and available on GitHub and Zenodo respectively, along with the wiki
documentation. After the release of MEYE, an integrated cross-platform pupillometry software
called PupilEXT has been developed to run on macOS, Windows, and Linux (Zandi et al. 2021).
PupilEXT, equipped with a user-friendly graphical interface, has been designed with the specific
needs of professional pupil behavior research while adhering to an open-source philosophy (Zandi
et al. 2021). While PupilEXT relies on computer vision, MEYE incorporates deep learning
approaches for pupil detection, aligning with the goal of versatility and generalization across
species without retraining on specific datasets. Indeed, despite being trained with human and
mouse eye images, MEYE has demonstrated the capability to detect pupils in various species.
The MEYE web app also emerges as an attractive tool in the telemedicine field. Recently,
Ney and colleagues (Ney et al. 2023) announced the development of an application that will
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allow online pupillometry measurement. To achieve this, they converted MEYE into a JsPsych
tool (Leeuw 2015), called Js-mEye so that it can be used by researchers to collect real-time
pupillometric data directly from participants’ webcams. They affirm that Js-mEye can be
installed entirely automatically by the participant involved in online studies with minimum
manual calibration. The intersection of smartphones and pupillometry has garnered considerable
interest due to these devices’ widespread availability and convenience. A recent study has
introduced and validated smartphone-based infrared pupillography, employing two synchronized
mini-infrared camera modules with a compatible smartphone (Solyman et al. 2022). A second
study has proposed a deep learning approach for pupil segmentation with the specific purpose
of building a smartphone-based pupillometer (Phatak et al. 2023). Considering the significant
advantages of conducting large-scale recruitment of subjects directly in their homes, future
considerations should explore the integration of the MEYE tool into a smartphone app.
Pupillometry holds promise as a biomarker and a means to monitor the progression of pathology
and treatment outcomes. Specifically, pupillary alterations have been linked to Alzheimer’s
(Frost et al. 2017; Chougule et al. 2019; Sparks et al. 2023), Parkinson’s disease (Micieli et
al. 1991; You et al. 2021), and neurodevelopmental disorders (Nystrom et al. 2018; Blaser
et al. 2014; Burley et al. 2020; Artoni et al. 2020; Iadanza et al. 2020). The possibility to
conduct longitudinal assessments by using automated measurements through deep learning
techniques, opens to the broad use of pupillometry as a diagnostic tool in pre-symptomatic
stages. In this perspective, the second study discussed in this thesis focuses on the exploration
of pupillary alterations in a mouse model of Cdkl5 deficiency disorder. The findings indicate
hyperactive and impulsive behavior in both male and female Cdkl5 mutant mice, indicative
of the presence of arousal deficits. Additionally, Cdkl5 null mice exhibit reduced cognitive
flexibility and impaired inhibitory control. A recent study confirmed the presence of these
alterations in Cdkl5 null mice and demonstrated that long-term voluntary running as physical
exercise improved hyperlocomotion, impulsivity, and memory performance (Mottolese et al.
2023). Our measurement of pupil responses and locomotor behavior confirmed that Cdkl5 mutant
mice stay in a heightened arousal state for an extended duration compared to wild-type mice.
Despite consistently smaller absolute pupil sizes than controls, mutant mice showed unaffected
responses to illumination changes, suggesting the presence of central neuromodulatory alterations.
Previous research has demonstrated the involvement of the cholinergic and dopaminergic systems
in CDD (Jhang et al. 2020; Jhang et al. 2017; Artoni et al. 2020). Cdkl5 null mice show altered
cholinergic tone (Artoni et al. 2020) and increased levels of extracellular dopamine (Jhang et al.
2020). A recent study, employing phosphoproteomics, identified reduced phosphorylation of
a voltage-gated Ca2+ channel (i.e. Cav2.3) in CDKL5 null mice, resulting in a hyperactive
channel with slower inactivation. They also found that loss of Cav2.3 phosphorylation leads
to enhanced cholinergic stimulation, resulting in increased neuronal excitability, suggesting the
contribution of cholinergic alterations in the severity of the disease (Sampedro-Castaneda et al.
2023). The established link between neuromodulatory systems and the regulation of pupil size
(Larsen et al. 2018; Viglione et al. 2023) supports the employment of pupillary responses as
a valid biomarker for the disorder. The impact of the noradrenergic system on CDD remains

unexplored, representing a critical area for further investigation. Moreover, future experiments
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are needed to explore the presence of pupillary alterations in juvenile mice, to assess the potential
correlation with the severity of symptoms in adulthood. Our study is also notable for including
female mice, a population less explored in existing literature, despite the disorder being more
prevalent in girls. Due to the non-invasive nature of pupillometry, there is optimism that future
investigations will focus on exploring pupillary responses in patients.

Beyond being a sensitive measure in clinical diagnosis, the measurement and analysis of
pupillary responses provide valuable insights into cognitive and emotional processes, neurological
functioning, and autonomic nervous system activity (Mathot 2018). In fear conditioning, changes
in pupil size have been associated with fear-inducing stimuli, providing robust markers of learning
processes (Borrego et al. 1986; Finke et al. 2021). The assessment of pupil size changes during
fear conditioning offers distinct advantages compared to other psychophysiological measures:
pupillometry provides a continuous and precise measurement with superior temporal resolution
in contrast to skin conductance responses, which typically exhibit a one-second delay between
stimulus onset and response (Boucsein 2012). The measurement of pupil diameter does not
necessitate the employment of electrodes or expensive equipment. Notably, pupil responses
during fear acquisition do not habituate (Leuchs et al. 2019), and conditioned fear emerges
more rapidly in pupil diameter than in other measures (Finke et al. 2021). In mice, traditional
behavioral responses like freezing remain the primary method in fear conditioning studies.
However, exploring pupillometry as a tool for investigating fear learning in rodents presents
a promising avenue. Conventional behavioral measurements, especially the classical definition
of freezing, can be challenging in head-fixed animals. Conversely, pupillometry appears as a
valid alternative compared to other solutions (Ross et al. 2018; Wood et al. 2022; Ahmed et al.
2020; Lovett-Barron et al. 2014; Rajasethupathy et al. 2015; Kaifosh et al. 2013). Furthermore,
studies have shown that the LC-NE system dynamically regulates fear memories and extinction
circuitry (Bierwirth et al. 2022; Giustino et al. 2018). Nevertheless, exploring the noradrenergic
system’s role in fear extinction is less extensive in humans than in rodents (Bierwirth et al. 2022).
Pupillometry, as a non-invasive way to measure the LC-NE system activity, holds great promise
in human studies. Despite potential advantages, the adoption of pupillometry in fear conditioning
research faces challenges. These include variability in reported results due to experimental
design differences and susceptibility to physiological artifacts (Ney et al. 2023). Nonetheless,
emerging quantification techniques and the potential for cost-effective alternatives, like MEYE,
may contribute to standardizing pupillometry use in fear conditioning research. The last work
presented in the first part of the thesis proposed pupillometry as a valid complementary method
for quantifying fear-conditioned responses in mice. In particular, we investigated whether the
presence of PNNs in the adult brain is responsible for the appearance of persistent fear memories,
by exploited mice lacking the cartilage link protein Crtll. These mice display normal CSPG
levels but impaired CSPG condensation in PNNs. While various roles have been suggested, a
key general function of PNNs is to tightly control the plasticity and stability of neuronal circuits
(Fawcett et al. 2019; Nabel et al. 2013). The study shows that, in adult Crtl1-KO mice a fear
extinction protocol can erase fear memory, a feature observed in juvenile mice. Moreover, after
extinction training, conditioned Crtl1-KO mice displayed no neural activation in the amygdala

compared to control animals. Fear responses were evaluated by observing freezing behavior
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and pupil dynamics, and both measures revealed the same result. Additionally, the study has
introduced and validated a virtual fear conditioning protocol that enables the examination of fear
learning in head-fixed mice. A whole brain investigation has recently indicated that PNNs are
negatively correlated with genes involved in synaptic plasticity, including postsynaptic density
organization, regulation of synapse structure, and learning and memory (Lupori et al. 2023). Our
behavioral and physiological results suggest that heightened plasticity is not inherently beneficial
since its reduction during development is essential for circuit maturation. The proper closure of
the critical period is crucial to promote the transition from a fear memory that can be erased in
juvenile mice to a persistent fear memory in adults. Considering the pupillometry results, it
becomes intriguing to investigate the role of PNNs in the maturation of the arousal-noradrenergic
system, and its involvement in fear memory formation and extinction.

In conclusion, pupillometry emerges as an invaluable tool in clinical diagnosis, offering non-
invasive and translational measures, and temporally precise insights into fear responses, cognitive
states, and neural processes. Its application in neuroscience shows the promise to significantly

advance our understanding of brain functions and complex behaviors.
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13 Bidirectional Impact of miR-29a Modulation
on Memory Stability in the Adult Brain

13.1 Summary

The establishment and maintenance of enduring memories are complex processes driven by
intricate modifications within neuronal circuits. These modifications rely on gene transcription
activation and protein synthesis, critical for neuronal plasticity and memory. MicroRNAs
(miRNAs), small non-coding RNA molecules, are recognized as regulators of gene expression
through the modulation of target mRNA sequences. The miR-29 family plays a significant
role in epigenetic regulation. With age, miR-29 levels increase in various tissues, including the
nervous system, leading to the downregulation of genes associated with extracellular matrix and
transcription regulation. A global miRNA association study identified miR-29a as significantly
associated with cognitive trajectory, with higher miR-29a levels correlating with accelerated
cognitive decline. However, the precise mechanisms through which miR-29a influences memory
performance in the adult brain remain elusive. In this study, we manipulated miR-29a levels
within the dorsal hippocampus of adult mice using LNA antagomir or a synthetic miR-29a
mimic. Inhibition of miR-29a led to a significant increase in Dnmt3a levels and improved trace
fear memory stability, while miR-29a enhancement had the opposite effect. Bidirectional control
of miR-29a also impacted contextual memories, suggesting its pivotal role in the persistence of
hippocampal memories, potentially through epigenetic modifications. To elucidate the underlying
molecular mechanisms, we conducted reduced representation bisulfite sequencing (RRBS) on
hippocampal tissue following LNA antagomir treatment. We found increased CpG methylation
in promoter and exon regions, particularly associated with CpG islands. Gene Ontology analysis
indicated that up-regulated CpGs were linked to gene expression and regulation processes,
enriched in functions implicated in hippocampal-dependent learning and memory. In conclusion,
our findings provide compelling evidence supporting the role of miR-29a in orchestrating the
cellular changes associated with the establishment and stability of fear memories, while also

exploring the underlying epigenetic mechanisms.

13.2 Introduction to the project

The formation and maintenance of long-lasting memory rely on intricate modifications within
neuronal circuits, involving regulations in the expression of growth factors, ion channels, receptors,
and structural proteins. These changes are underpinned by gene transcription activation and
protein synthesis, processes established as crucial for neuronal plasticity and memory (Alberini
et al. 2014; Benito et al. 2015). MicroRNAs (miRNAs) are small non-coding RNA molecules
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that modulate gene expression through the binding of complementary sequences in target
mRNAs (Bartel 2018). This results in the repression of translation and the destabilization of the
transcript. The process of miRNAs biogenesis, characterized by their rapid turnover and versatile
mechanisms of action, renders them well-suited candidates for orchestrating the dynamic and
reversible control of gene expression necessary for the establishment and maintenance of memory
(Rajman et al. 2017; Lippi et al. 2016). The miR-29 family (comprehending miR-29a, miR-29b,
and miR-29¢) has demonstrated a notable role in the realm of epigenetic regulation. Specifically,
it has been observed that the miR-29 plays a significant part in modulating DNA methylation
pathways (Fabbri et al. 2007; Amodio et al. 2015). This modulation occurs both through direct
interactions, where the miR-29 family targets DNA methyltransferases (Dnmts), and through
indirect mechanisms by influencing factors responsible for the transcriptional regulation of Dnmts
(Fabbri et al. 2007; Benetti et al. 2008). Rapid and dynamic changes in DNA methylation have
been observed in response to neuronal activity (Gu et al. 2011), and studies have demonstrated
that DNA methylation writers are necessary for learning and memory stability (Miller et al.
2010; Miller et al. 2007; Lubin et al. 2008). Pharmacological and genetic approaches aimed
at reducing DNA methylation levels have demonstrated disruptions in mechanisms related to
plasticity, such as long-term potentiation (LTP), and cognitive functions (Levenson et al. 2006;
Maddox et al. 2014). Notably, the administration of RG108, a nonnucleoside inhibitor of Dnmts
(Brueckner et al. 2005), into the CA1 hippocampal region before contextual fear conditioning
training, impairs the formation of long-term memory while leaving short-term memory unaffected
(Lubin et al. 2008). With age, the levels of miR-29 increase in many tissues, including the
nervous system (Mazziotti et al. 2017a). In the visual cortex, the increase of miR-29a specifically,
has been correlated with a significant downregulation in categories related to extracellular
matrix and transcription regulation (Napoli et al. 2020). In particular, Dnmt3a was found
to be strongly downregulated in the visual cortex with age, and negatively correlated with
miR-29a levels (Napoli et al. 2020). With age, increasing levels of miR-29 a have been associated
with reduced plasticity and closure of the critical period in the visual cortex (Napoli et al.
2020). Moreover, within the brain-expressed miRNAs, miR-29a emerges as notably synaptically
enriched, suggesting the involvement of miR-29a in the regulatory network underpinning synaptic
plasticity and the formation of memories (Lugli et al. 2008; W. Wang et al. 2012). However, the
precise mechanisms through which miR-29a influences memory performance during development
and in the adult brain remain elusive. To investigate the regulatory influence of miR-29a
on memory, we employed an experimental approach involving the manipulation of miR-29a
levels within the dorsal hippocampus of mice. To achieve targeted inhibition of miR-29a, we
utilized LNA antagomirs administered to the hippocampus of adult mice and we observed a
significant increase in the levels of Dnmt3a. We found that miR-29a inhibition was instrumental
in improving trace fear memory stability. Conversely, enhancing miR-29a levels, with a synthetic
miR-29a mimic, resulted in an opposite effect on memory retention. The miR-29a bidirectional
control on memory performances was also evident for contextual memories. These observations
highlight the involvement of miR-29a in influencing the persistence of hippocampal memories,
possibly by its ability to change the epigenetic landscape. Furthermore, to gain insights into

the underlying molecular mechanisms involved, we conducted a reduced representation bisulfite
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sequencing (RRBS) on the hippocampal tissue of mice subjected to LNA antagomir treatment.
This analysis enabled us to explore the DNA methylation pattern associated with the behavioral
response. Consistent with the observed increase in Dnmt3a levels after miR-29a inhibition, we
found an increase in CpG methylation, enriched in promoter and exon regions and associated
with CpG islands. Gene Ontology analysis revealed that up-regulated CpGs were associated with
processes related to gene expression and regulation and were enriched in functions implicated
in hippocampal-dependent learning and memory. Overall, our findings provide compelling
evidence supporting the role of miR-29a in orchestrating the cellular changes associated with

the maintenance of fear memories.

13.3 Declaration of author contributions

Here I summarize, for clarity, the details of my specific personal contribution to this project. All
of the conceptual, experimental, and analytical tasks are grouped according to the level of my

involvement in three categories as follows:

e I was the only/main contributor

Conceptualization of the project

Experimental design

Intracranial Injections

Real-Time PCR

Conducting behavioral experiments

Data analysis

Data Visualization

e Task performed by other people or institutions
— Reduced representation bisulfite sequencing (RRBS)
— RRBS data analysis
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14 Results

14.1 Age-Dependent increase of miR-29a levels correlates with

Dnmt3a reduction in the dorsal hippocampus

To investigate the temporal expression pattern of miR-29a in the dorsal hippocampus, we
conducted a quantitative PCR (qPCR) analysis at different time points. Our results revealed
a significant and remarkable 10-fold increase in miR-29a levels after postnatal day 10 (P10),
reaching a plateau around P60 (Figure 14.1A). Interestingly, this specific temporal window
aligns with critical periods characterized by heightened plasticity in various brain regions,
accompanied by an increased sensitivity of chromatin configuration to environmental stimuli
(Reh et al. 2020). In a previous study, a comparable expression pattern was reported for
the visual cortex, wherein the age-related elevation of miR-29a levels was associated with a
significant decrease in ocular dominance plasticity and the expression of extracellular matrix
factors (Napoli et al. 2020). Simultaneously, we examined the age-related modulation of Dnmt3a,
a well-validated target of miR-29 (Fabbri et al. 2007; Morita et al. 2013; Kuc et al. 2017). With
increasing age, Dnmt3a expression showed a significant downregulation (Figure 14.1B), displaying
a strong negative correlation with miR-29a levels (Figure 14.1C). Given the reported age-related
decline in Dnmt3a levels, which has been proposed as a potential mechanism contributing
to age-related cognitive impairments (Ana M M Oliveira et al. 2012), we decided to explore
the involvement of miR-29a in modulating fear memories. To evaluate whether and how the
reduction in miR-29a expression affects fear memory formation and extinction, we injected
a locked nucleic acids (LNA) oligonucleotide, whose sequence is complementary to miR-29a
(anti-miR29a), or scrambled oligonucleotide (scr) in the dorsal hippocampus of adult (P90)
mice, and then we tested hippocampal memories through a trace fear conditioning protocol
(TFC) (Figure 14.1D). LNA oligonucleotides demonstrate a stable and specific binding affinity to
their complementary miRNA, effectively blocking its activity, and exhibit remarkable resistance
to enzymatic degradation. These attributes render LNAs highly tolerable and validated, as
evidenced by their approval for clinical use in human subjects (Braasch et al. 2001; Khvorova et al.
2017; C. 1. E. Smith et al. 2019). As expected, the qPCR revealed that anti-miR29a treatment
caused a decrease in miR-29a (Figure 14.1E) and an increase in the Dnmt3a (Figure 14.1F).
We also found a strong negative correlation between Dnmt3a and miR-29a levels after LNA or
scr injection (Figure 14.2A). We conducted quantification of Dnmt3a levels also in the ventral
hippocampus. The results revealed no significant difference in Dnmt3a expression (Figure 14.2B),

confirming the specificity of the injection effects within the dorsal hippocampus.
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Figure 14.1: Correlation between age-dependent miR-29a increase and Dnmt3a. (A) Dorsal
hippocampus miR-29a expression level (normalized to P10) at different ages (One-way
ANOVA, P < 0.0001; Tukey’s multiple comparison vs P10: **P < 0.01, ***P < 0.001 , n
= 3/4 mice for each age). (B) Dorsal hippocampus Dnmt3a expression level (normalized
to P10) at different ages (One-way ANOVA, P < 0.0001; Sidak’s multiple comparison
vs P10: ***P < 0.001; n = 3/4 mice for each age). (C) Animal by animal correlation
between normalized miR-29a and Dnmt3a levels in the dorsal hippocampus at different ages
(Pearson’s correlation). (D) Experimental design for LNA-anti-miR29a treatment in the
dorsal hippocampus. (E) Effects of LNA-anti-miR29a treatment on miR-29a expression. Fold
change values normalized to scr treated animals (scr: N = 10, anti-miR29a N = 11; Unpaired
t-test: p < 0.001). (F) Effects of LNA-anti-miR29a treatment on Dnmt3a expression. Fold
change values normalized to scr treated animals (scr: N = 10, anti-miR29a N = 11; Unpaired
t-test: p < 0.01). PND = Postnatal Day.

14.2 MiR-29a downregulation promotes memory stability during fear

extinction

Three days after injection, we conditioned animals using a TFC protocol. During TFC the
neutral conditioned stimulus (CS, Tone) and the aversive unconditioned stimulus (US, Shock) are
separated in time by a trace interval (Trace). The absence of contiguity between the tone and the
shock critically involves the hippocampus and this protocol can be used to evaluate hippocampal-
dependent learning and memory (Bangasser et al., 2006) (Figure 14.3A). We observed that the
treatment did not affect learning, since both anti-miR29a and scr treated mice showed similar fear
acquisition (Figure 14.3B and Figure S.1A-C). When testing freezing responses 24 h after training,
the two groups still did not differ in the percentage of time freezing (Figure 14.3C). However, on
the first day of the extinction protocol (Early Extinction) we observed that anti-miR29a treated
mice showed a higher fear retention, as compared to the control group (Figure 14.3D). This

observation suggests that miR-29a developmental downregulation is involved in the strength
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Figure 14.2: anti-miR29a injection specificity. (A) Correlation between Dnmt3a and miR-29a levels
after the LNA injection. (B) LNA injection in the dorsal hippocampus did not affect the
expression of Dnmt3a in the ventral hippocampus confirming the specificity of the injection
site within the dorsal hippocampus (Unpaired t-test: p = 0.59). scr: N = 10, anti-miR29a N
= 11. DH = Dorsal Hippocampus; VH = Ventral Hippocampus.

and persistence of memory, but is not required for memory formation. We also assessed freezing
behavior induced by exposure to the conditioned context (Figure 14.3A). Remarkably, mice
subjected to anti-miR29a treatment exhibited a pronounced enhancement in their response
to the contextual cues compared with the scr control group (Figure 14.3F). Despite a general
amplification in fear response, anti-miR29a treated mice exhibited a typical extinction profile.
Following the second extinction session (Late Extinction), both anti-miR29a and scr treated mice
demonstrated significantly reduced freezing responses (Figure 14.3E-G). Overall these results
provide an opportunity to explore the influence of miR-29a in modulating the persistence of fear

memories, potentially through its ability to coordinate DNA methylation patterns.

14.3 MiR-29a inhibition alters DNA methylation patterns and
influences memory-associated pathways

We employed reduced representation bisulfite sequencing (RRBS) to investigate changes in
DNA methylation patterns induced by anti-miR29a treatment in comparison to scr treated
hippocampal samples. RRBS allows for a cost-effective exploration of methylation alterations in
a CpG-enriched subset of the genome, primarily focusing on promoters (Meissner et al. 2005;
Gu et al. 2011). We analyzed differential methylation of the sequenced CpGs and selected
differentially-methylated CpGs (DMCs) with a difference greater than 10% in absolute value.
Our analysis identified 2,279 DMCs, with a notable prevalence of hypermethylation (1,452
CpGs) over hypomethylation (827 CpGs, p < 10-16, Fisher’s exact test, (Figure 14.4A). These
DMCs exhibited an even distribution across chromosomes and were enriched in promoter and
exon regions, as well as within CpG islands (Figure 14.4B). Interestingly, the observed increase
in CpG methylation level after miR-29a inhibition is consistent with the measured increased
expression of Dnmt3a. To identify biological functions that may be influenced by increased
Dnmit3a we performed a Gene Ontology (GO) term overrepresentation analysis on all DMCs

identified as up-regulated. Analyzing the DMCs that fall within promoters, we found that
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Figure 14.3: Reducing hippocampal miR-29a expression promotes memory stability. (A)

Diagram showing the TFC paradigm and timeline. (B) Percentage of freezing during the
different TCF training intervals. anti-miR29a and scr treated animals did not differ in the
acquisition of fear memory (Baseline vs tone, trace or intertrial interval (ITI) last trial;
Two-way ANOVA, test interval x treatment interaction F(3, 76) = 0.39, p = 0.76; main
effect of test interval F(3, 76) = 64.33, p < 0.0001; main effect of treatment, F(1, 76) = 0.93,
p = 0.34). (C) Twenty-four hours after training we tested animals in a novel environment.
The test was identical to the training except that no shocks were presented (Fear recall).
Treatment differences were not observed at baseline and during the last two-tone and trace
trials (Two-way ANOVA, test interval X treatment interaction F(2, 57) = 0.59, p = 0.56;
main effect of test interval F(2, 57) = 41.74, p < 0.0001; main effect of treatment, F(1, 57)
= 2.33, p = 0.13). (D) Percentage of freezing during Early extinction. anti-miR29a mice
showed a higher fear retention compared to the control group during both tone (Two-way
RM ANOVA, main effect of treatment F(1, 19) = 4.78, p < 0.05; main effect of trials F
(2.98, 56.58) = 6.69, p < 0.0001; trials x treatment interaction F(5, 95) = 0.29, p = 0.92)
and trace intervals (Two-way RM ANOVA, main effect of treatment F(1, 19) = 4.47, p <
0.05; main effect of trials F(3.26, 62.02) = 9.36, p < 0.0001; trials x treatment interaction
F(5, 95) = 0.77, p = 0.57). Continued on next page.

most of the enriched biological processes relate to the regulation of gene expression via miRNA,
splicing, and RNA metabolism and via CpG island methylation (Figure 14.4C). This suggests
miR-29a inhibition, via increased methylation through Dnmt3a, has a positive effect on gene
expression by inhibiting repressive processes. Analyzing the DMCs that fall within the gene body,

enrichment was found for extracellular matrix, protein tyrosine kinase activity, and notch activity,

all mechanisms implicated in hippocampal-dependent learning and memory (Figure 14.4D). In
particular, tyrosine kinase receptor B (TrkB) is known to play a role in the acquisition and

consolidation of fear memory (Rattiner et al. 2004). With our methylation data, we confirmed the
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Figure 14.3: (E) During the Late extinction, anti-miR29a treated mice showed no significant differences in
the percentage of freezing compared with controls (Tone: Two-way RM ANOVA, main effect of treatment
F(1, 18) = 0.19, p = 0.66; main effect of trials F (2.56, 46.16) = 4.81, p < 0.01; trials X treatment
interaction F(5, 90) = 0.87, p = 0.50; Trace: Two-way RM ANOVA, main effect of treatment F(1, 18) =
0.24, p = 0.63; main effect of trials F(3.95, 71.15) = 6.26, p < 0.001; trials x treatment interaction F(5,
90) = 2.12, p = 0.07). (F) Downregulation of miR-29a in the dorsal hippocampus enhanced contextual
memory recall (Unpaired t-test: p < 0.01, scr: N = 10, anti-miR29a N = 11). (G) Both anti-miR29a
and scr treated mice significantly reduced their freezing response at the end of the extinction protocol
(Cond. trial-5 vs Late est. trial-12, Tone: Two-way RM ANOVA, main effect of treatment F(1, 18) =
1.32, p = 0.26; main effect of trials F(1, 18) = 18.02, p < 0.001; trials x treatment interaction F(1, 18) =
0.78, p = 0.39; Trace: Two-way RM ANOVA: main effect of treatment F(1, 18) = 0.46, p = 0.50; main
effect of trials F(1, 18) = 156.3, p < 0.001; trials x treatment interaction F(1, 18) = 1.99, p = 0.17). scr:
N = 10, anti-miR29a N = 11; *indicates the main effect of treatment, #indicates the main effect of trials.

increase in methylation levels for TrkB following inhibition of miR-~29a, providing further evidence
for the involvement of this microRNA in fear memory persistence pathway via modulation of
Dnmt3a (Figure 14.4E). Notch pathway genes also appear to be characterized by increased
methylation (Figure 14.4D): it has previously been shown that a decrease in Notch signaling,
through miRNA regulation, is important for fear memory consolidation (Dias et al. 2014).
Overall, these findings confirm the central role of miR29 in orchestrating epigenetic mechanisms

involved in memory persistence.

14.4 Elevated miR-29a levels in the hippocampus of adult mice result

in impaired memory retention

To better investigate the role of miR-29a in memory retention, we conducted a second group
of experiments by enhancing the levels of miR-29a in the dorsal hippocampus of adult mice.
Before fear conditioning, we injected animals with a synthetic miR-29a mimic (mim29a) and
then we tested fear responses using the same TFC protocol employed in the LNA experiments
(Figure 14.5A). The administered treatment resulted in an upregulation of miR-29a expression
and a concurrent downregulation of Dnmt3a levels in the dorsal(Figure 14.5B-C) but not in the
ventral hippocampus (Figure 14.6). Our findings demonstrate that increasing miR-29a levels
affect the trace’s stability but not the CS response. Contrary to what we observed after the
LNA treatment, during the extinction protocol (Early Extinction) mim29a mice showed an
impaired trace fear retention compared to the control group (Figure 14.5E). A trend toward a
reduced response to the trace interval was also evident during both the training and recall phases
(Figure 14.5D, Figure S.3A-C). The bidirectional impact of miR-29a on memory strength during
the extinction was also evident for contextual memories. In particular, mice receiving miR-29a
mimics displayed a clear deficit in the recall of contextual fear memories (Figure 14.5G) compared
to controls. Again we observed in mim29a treated mice a typical extinction profile. Following
the second extinction session (Late Extinction), both mim29a and scr treated mice demonstrated
significantly reduced freezing responses (Figure 14.5F-H). To further support the role of miR-29a
on hippocampal fear memory stability we found a negative correlation between miR-29a levels
and the percentage of freezing during early extinction and contextual fear recall. We also found

a positive correlation between Dnmt3a levels and the percentage of freezing during the first
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Figure 14.4: DNA methylation changes in the dorsal hippocampus after miR-29a down-
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regulation. (A) The number of hyper- and hypo- methylated CpGs. We found 2,279
differentially-methylated CpGs (DMCs), with a prevalence of hypermethylation over hy-
pomethylation (1,452 CpGs vs 827 CpGs, p < 10-16, Fisher’s exact test) between anti29a
and scr hippocampal treated samples. (B) DMCs distribution across chromosomes. DMCs
exhibited an even distribution across chromosomes and were enriched in CpG island (CpGi).
(C-D) GO term overrepresentation analysis on all the up-regulated DMCs (C) falling within
promoters and (D) within the gene body. (E) Number of CpGs hyper- and hypo- methylated
in TrkB. N=7 for each treatment.

presentation of the trace interval during early extinction. Overall, these observations support the
hypothesis that elevated miR-~29a levels and reduced Dnmit3a expression contribute to impaired
hippocampal fear memories To corroborate the involvement of miR-29a in the maintenance of
hippocampal fear memory stability, a discernible inverse correlation was identified between miR-
29a expression levels and the percentage of freezing behavior exhibited during early extinction and
contextual fear recall (Figure 14.7A-B, D, Figure 14.8A-B). Concurrently, a positive correlation
was established between the expression levels of Dnmt3a and the percentage of freezing behavior
manifested during the initial presentation of the trace interval in the early extinction Figure 14.7C.
Overall, these findings support the hypothesis that heightened miR-29a levels and diminished
expression of Dnmt3a contribute to the compromised stability of hippocampal fear memories
(Ana M M Oliveira et al. 2012; Wingo et al. 2022; Mei et al. 2023).
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Figure 14.5: Hippocampal miR-29a upregulation impaired memory retention. (A) Diagram
showing the TFC paradigm and timeline. To guarantee elevated miR-29a levels during all the
sessions of the TFC test, mice were injected 24 hours before the start of the behavioral tests
and again 24 hours before the start of the extinction protocol. (B-C) Effects of miR-29a
mimic treatment on (B) miR-29a expression levels (fold change values normalized to scr
treated animals; scr: N=8, mim29a N=8; Unpaired t-test: p < 0.001) and (C) Dnmit3a
expression levels (fold change values normalized to scr treated animals; scr: N = 7, mim29a
N = 6; Unpaired t-test: p < 0.01). (D) Treatment differences were not observed at baseline
and during last two-tone and trace trials of the TFC fear recall session (Two-way ANOVA,
test interval x treatment interaction F(1, 42) = 3.52, p = 0.07; main effect of test interval

F(2, 42) = 23.89, p < 0.0001; main effect of treatment, F(2, 42) = 1.30, p = 0.28). Continued
on next page.
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Figure 14.5: (E) Percentage of freezing during Early extinction. Mim29a treated mice showed lower
fear retention compared to the control group during the trace (Two-way RM ANOVA, main effect of
treatment F(1, 19) = 4.475, p < 0.05; main effect of trials F(3.26, 62.02) = 9.365, p < 0.0001; trials x
treatment interaction F(5, 95) = 0.77, p = 0.57) but not during the tone interval (Two-way RM ANOVA,
main effect of treatment F(1, 14) = 2.30, p = 0.15; main effect of trials F (3.21, 44.97) = 3.80, p <
0.05; trials x treatment interaction F(5, 70) = 0.65, p = 0.66). (F) During the Late extinction, mim29a
treated mice showed no significant differences in the percentage of freezing compared with controls (Tone:
Two-way RM ANOVA, main effect of treatment F(1, 14) = 1.33, p = 0.27; main effect of trials F(3.63,
50.83) = 6.41, p < 0.001; trials x treatment interaction F(5, 70) = 1.46, p = 0.21; Trace: Two-way RM
ANOVA, main effect of treatment F(1,14)) = 2.54, p = 0.13; main effect of trials F(3.35, 46.88) = 9.09, p
< 0.0001; trials x treatment interaction F(5, 70) = 2.14, p = 0.07). (G) MiR-29a levels increase resulted
in impaired contextual memory recall (Unpaired t-test: p < 0.05, scr: N = 8, miR-29a mimic N = 8).
(H) Both mim29a and scr treated mice significantly reduced their freezing response at the end of the
extinction protocol (Cond. trial-5 vs Late Ext. trial-12, Tone: Two-way RM ANOVA, main effect of
treatment F(1, 14) = 0.18, p = 0.68; main effect of trials F(1, 14) = 34.27, p < 0.001; trials X treatment
interaction F(1, 14) = 0.36, p = 0.55; Trace: Two-way RM ANOVA: main effect of treatment F(1, 14) =
4.62, p < 0.05; main effect of trials F(1, 14) = 125.5, p < 0.001; trials X treatment interaction F(1, 14) =
4.44, p = 0.054). scr: N = 8, mim29a N = 8; *indicates the main effect of treatment, #indicates the
main effect of trials.
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Figure 14.6: Quantification of Dnmt3a levels in the ventral hippocampus of mim29a and
scr treated mice. (A) mimic 29a injection in the dorsal hippocampus did not affect the
expression of Dnmit3a in the ventral hippocampus confirming the specificity of the injection
site within the dorsal hippocampus (Unpaired t-test: p = 0.22). scr: N = 7, mim29a N = 6.
DH = Dorsal Hippocampus; VH = Ventral Hippocampus.
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injection. (A) During early extinction miR-29a levels negatively correlate with freezing
responses at the first two CS (Tone) and (B) trace presentations (Pearson’s correlation). (C)
During early extinction DnmtS3a levels positively correlate with freezing responses at the
first two trace presentations (Pearson’s correlation). (D) MiR-29a levels negatively correlate
with freezing responses during contextual fear recall (Pearson’s correlation).
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Figure 14.8: Correlation between miR-29a levels and fear responses during early extinction
post LNA and mimic injection. (A) During early extinction miR-29 levels negatively
correlate with freezing responses to trace (B) but not to CS presentations (Pearson’s

correlation).
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MiR-29 family regulation is characterized by a striking degree of conservation. Previous studies
have demonstrated that miR-29a exhibits an age-associated upregulation across diverse species
and tissues (Somel et al. 2010; Baumgart et al. 2012; Inukai et al. 2012; Ugalde et al. 2011).
Furthermore, miR-29a plays a pivotal role in governing age-dependent processes such as neuronal
maturation and iron accumulation within the brain (Ripa et al. 2017; Kole et al. 2011). In the
visual cortex, miR-29a experiences the most significant upregulation during the visual critical
period (Mazziotti et al. 2017a; Napoli et al. 2020). In addition, more than half of miR-29-
predicted targets are downregulated with age, including key regulators of plasticity (Napoli et al.
2020). Our data confirmed this age-dependent upregulation of endogenous miR-29a expression
in the dorsal hippocampus of wild-type mice, revealing a remarkable tenfold increase between
P10 and P60. A previous study conducted in humans identified miRNAs linked to cognitive
trajectories through a comprehensive global miRNA association study using postmortem brain
samples (Wingo et al. 2022). Notably, among these miRNAs, miR-29a emerged as the second
miRNA most significantly associated with cognitive decline (Wingo et al. 2022). To investigate
the role of miR-29a function in influencing memory performances we bidirectionally modulate the
levels of miR~29a in the dorsal hippocampus of adult mice. We found that the downregulation
of miR-29a promotes hippocampal-dependent memory strength, while miR-29a upregulation
impaired memory performances as observed during age cognitive decline. Furthermore, our
investigation revealed a negative correlation between miR-29a levels and the percentage of
freezing observed during early extinction and contextual fear recall. Conversely, levels of Dnmt3a
exhibited a positive correlation with the percentage of freezing exhibited in the initial stages of
trace extinction. This finding lends support to the specific regulatory role of miR-29a in memory
persistence. Recent work shows that miR-29a downregulation in the hippocampus of 5XFAD
mice results in a melioration of memory performances, reduction of beta-amyloid deposition, and
lower microglia and astrocytes activation (Mei et al. 2023). This effect of miR-29a downregulation
in memory maintenance is coherent with its role as a master regulator of age-related molecular
mechanisms. With age, increasing levels of miR-29 a have been associated with reduced plasticity
and closure of the critical period in the visual cortex (Napoli et al. 2020). Inhibition of miR-29a
can reactivate ocular dominance plasticity in adult mice and upregulate genes associated with
the extracellular matrix and epigenetic remodeling (Napoli et al. 2020). Epigenetic mechanisms
have been increasingly recognized as important regulators of cognitive functions through the
modulation of transcriptional responses (Barrett et al. 2008; Ana M M Oliveira 2016). Since
we found a strong negative correlation between miR-29a and Dnmt3a levels, we decided to
explore the profile of methylation of anti-miR29a treated mice to identify the effect of reduced
miR-29a expression on the epigenetic landscape. DNA methylation is an essential epigenetic
mechanism for various cellular processes and has emerged as a crucial regulator of memory
consolidation (J. J. Day et al. 2010; Ferry et al. 2017). Contrary to what is observed for miR-29a
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levels, with age the degree of DNA methylation decreases in many tissues, including the nervous
system (K. Day et al. 2013; Jung et al. 2015). In particular, aging has been associated with
a reduction in the expression of the DNA methyltransferase Dnmit3a2 in the hippocampus,
and restoring Dnmt3a2 levels has been shown to rescue cognitive functions affected by aging
(Ana M M Oliveira et al. 2012). It has also been reported that hippocampal Dnmit3a2 levels
determine cognitive abilities in both young adult and aged mice (A M M Oliveira et al. 2016).
Furthermore, DNA methylation induced selectively within neuronal ensembles has been proposed
as a mechanism for stabilizing engrams during consolidation, supporting successful memory
retrieval (Gulmez Karaca et al. 2020). After miR-29a inhibition, we found an increase in CpG
methylation level, consistent with the measured increased expression of Dnmt3a. Moreover,
the GO analysis conducted on all the up-regulated DMCs, revealed for the DMCs that fall
in promoters, an enrichment in biological processes related to regulation of gene expression.
This suggests that miR-29a inhibition has a positive effect on gene expression by inhibiting
repressive processes via increased methylation. For the DMCs that fall within the gene body,
enrichment was found for mechanisms implicated in hippocampal-dependent learning and memory
such as the Notch and TrkB. The Notch pathway stands as one of the most highly conserved
signaling cascades governing cellular communication, cell fate determination, and morphogenetic
processes, exerting its influence from early development onwards (Artavanis-Tsakonas et al. 1999;
Guruharsha et al. 2012). Multiple investigations have demonstrated the fundamental role of
Notch signaling in neurophysiological phenomena, including learning and memory, across various
species, including mammals (Alberi et al. 2013). Moreover, research has unveiled compromised
Notch signaling within the brains of Alzheimer’s disease patients, implying a potential causal
link between alterations in Notch function and memory impairment (Brai et al. 2016). Recent
experimental evidence substantiates BDNF’s involvement in memory functions (Yamada et al.
2022), where both memory acquisition and consolidation correlate with elevated BDNF mRNA
expression (Tyler et al. 2002) and the activation of its receptor, TrkB (Minichiello et al. 1999).
Genetic or pharmacological depletion of BDNF or TrkB has been shown to impair learning and
memory (Mu et al. 1999; Alonso et al. 2002). Although our data showed hypermethylation of
these pathways, it is noteworthy that, in contrast to the typical association between promoter
methylation and gene repression, gene body methylation is positively correlated with gene
expression (P A Jones 1999; Peter A Jones 2012). Overall, our results shed light on the intricate
interplay between miR-29a and plasticity-related epigenetic mechanisms, specifically within
the context of memory persistence. Further exploration of these molecular pathways holds
great promise for advancing our understanding of memory consolidation and the development
of potential therapeutic strategies for memory-related disorders. We are currently conducting
transcriptomic and proteomic profiling to identify putative causal genes or sets of genes influenced
by reduced miR-29a expression possibly responsible for the behavioral responses. Moreover, in
light of the promising findings in our current study, it merits consideration to contemplate future
experiments that delve into a more extensive exploration of the relationship between memory
persistence and miR-29a levels during development. Specifically, performing behavioral analyses
at various ages characterized by distinct miR-~29a levels could offer valuable insights into the

dynamics of this correlation across different developmental stages.

97



16 Methods

16.1 Animals

Mice used in all the experiments were of the C57BL/6J strain. Animals were maintained at 22°C
under a 12-h light—dark cycle (average illumination levels of 1.2 ¢cd/m2) and housed in standard
cages according to current regulations about animal welfare. Food (4RF25 GLP Certificate,
Mucedola) and water were available ad libitum. All experiments were carried out following
the European Directive of 22 September 2010 (EU/63/2010) and were approved by the Italian
Ministry of Health. All tissue explants were performed at the same time of the day (10-12 am).

16.2 Stereotaxic surgery

Mice were anesthetized and fixed on stereotaxic support through the use of metal bars in the
ears. The skin was removed, and perforations were produced in the skull using a surgical
drill. We injected an LNA oligonucleotide, whose sequence is complementary to miR-29a
(miR-29a-3p miRCURY LNA, QIAGEN, Cat. No: 339121, 50pM) and a synthetic miR-29a
mimic (mirVanaTM miRNA miR-29a-3p Mimic, ThermoFisher, Cat. No: 4464066, 100pM),
or scrambled sequences as control. Injection in the dorsal hippocampus was done using the
following stereotaxic coordinates: —2 mm anteroposterior, £1.5 mm mediolateral, —1.5, —1.7
mm dorsoventral from bregma. A total of 2 ul of solution per hemisphere was injected, 1pl
for each coordinate. The injection needle was left in place for an additional 60 s to allow the
fluid to diffuse. The skin was subsequently sutured, and a physiological solution was injected
subcutaneously to prevent dehydration. Paracetamol was administered in water ad libitum
for two days. Due to the inherent stability of LNA oligonucleotides, a singular injection was
administered to mice before the beginning of the behavioral test. In contrast, the miR-29a
mimic exhibited faster degradation within a specific three-day timeframe (data not shown). To
maintain the levels of miR-29a consistently elevated during all the sessions of the behavioral

test, mice received injections every two days.

16.3 Trace fear conditioning and extinction protocol

Mice were subjected to a trace fear conditioning and extinction procedure using a custom-made
PVC fear conditioning setup (50 cm X 15 cm X 21 em). During the test days, the mice were
transported in their home cages to a room adjacent to the testing room and left for 2 h before
behavioral testing. We used two different contexts: In context A, the walls had white plastic
circles and the floor was completely black; in context B, the walls had white vertical plastic
strips and a white floor. Both chambers were covered with transparent plexiglass lids with a

loudspeaker in its center point. The shock grid on the floor was made of stainless steel. Only the
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grid of context A was electrified by a shock generator (World Precision Instruments, Sarasota,
FL) and guided by an Arduino Uno for CS and US parameter control and footshock delivery.
Mice behavior was recorded by a camera controlled by the EthoVision XT 8 software (Noldus
Information Technology, The Netherlands). The apparatus was cleaned before and after each
animal with 70% ethanol or 1% acetic acid for context A and context B respectively, since the
mice may associate the smell with the context. After each session, mice were housed separately
until the end of the test to avoid possible observational fear learning. During the Training phase
of the test (Day 1), mice were allowed to explore the conditioning chamber (Context A) for 2
min before receiving five conditioning trials (baseline). Each trial consisted of a 20 s pure tone
(80 dB, 2900 Hz) and a 2 s shock (0.6 mA) separated by a 20 s stimulus-free trace interval. The
intertrial interval (ITT) was 120 s. Mice were removed from the chamber 120 s after the last trial.
Twenty-four hours later (Day 2), mice were placed back in the conditioning chamber (Context A)
for a 5 min context test. The same day (Day2) after 2 h from the context test, mice were placed
in a different contest (Context B) for a Recall test consisting of a 2 min baseline period followed
by four 20 s tone presentations separated by a 20 s stimulus-free trace interval with 120 s I'TI.
On day 3 (Early Extinction) and day 4 (Late Extinction), conditioned mice were subjected to
the extinction training in context B during which they received twelve 20 s tone presentations

separated by 20 s stimulus-free trace interval presentations with 120 s ITI each day.

16.4 Analysis of Freezing Behavior

Recorded videos were manually scored for freezing behavior by two separate experimenters blind
to treatment conditions. Mice were considered to be freezing if no movement was detected for
2 s (defined as the complete absence of movement except for respiratory movements). Evoked
freezing behavior was analyzed by calculating the percentage of time an animal spent freezing
during a given phase of the test. During fear extinction, averages were calculated by pooling

freezing across 2 CS presentations if not indicated otherwise.

16.5 RNA extraction and quantification (qPCR)

Tissue samples were homogenized in the cell disruption buffer (Ambion). RNA was extracted
by the addiction of Phenol/guanidine-based QIAzol Lysis Reagent (Qiagen, cat. no. 79306).
Chloroform was added, and the samples were shaken for 15 s. The samples were left at 20-24°C
for 3 min and then centrifuged (12,000 g, 20 min, 4°C). The upper phase aqueous solution,
containing RNA, was collected in a fresh tube, and the RNA was precipitated by the addition of
isopropanol. Samples were mixed by vortexing, left at 20-24°C for 15 min, and then centrifuged
(12,000 g, 20 min, 4°C). The supernatant was discarded, and the RNA pellet was washed in
75% ethanol by centrifugation (7500 g, 10 min, 4°C). The supernatant was discarded, and the
pellet was left to dry for at least 15 min; then, it was resuspended in RNAse-free water. Total
RNA concentrations were determined by NanoDrop Spectrophotometer (Thermo Scientific 2000
C). RNA quality was analyzed through a gel running (1% agarose). Total RNA was reverse
transcribed using the QuantiTeck Reverse Transcription Kit (Qiagen, cat. no. 205311), and
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miRNAs were reverse transcribed using the TagMan MicroRNA reverse transcription kit (Thermo
Fisher, cat. no. 4366596). Gene expression was analyzed by real-time PCR (Step one, Applied
Biosystems). TagMan inventoried assays were used for miR-29a-3p (assay ID: 002112), sno234
(assay 1D:001234), and Dnmt3a (Mm00432881_m1). TaqgMan assay was used for glyceraldehyde
3-phosphate dehydrogenase (Gapdh), GAPDH probe ATCCCAGAGCTGAACGG, GADPH
forward CAAGGCTGTGGGCAAGGT, and GADPH reverse GGCCATGCCAGTGAGCTT.
Quantitative values for cDNA amplification were calculated from the threshold cycle number
(Ct) obtained during the exponential growth of the PCR products. The threshold was set
automatically by the Step One software. Data were analyzed by the AACt methods using
GAPDH or SNO234 to normalize the cDNA levels of the transcripts under investigation.

16.6 DNA extraction and validation

For the methylation analysis, we administered LNA-anti-miR29a to one hemisphere of seven
mice, while the other hemisphere received an injection of the scrambled sequence, serving as
an internal control. To mitigate potential lateralization effects, we randomized the side of
LNA injection. The samples were stored in an ultralow freezer (-80°C) until DNA extraction.
DNA was isolated from snap-frozen hippocampi using the QIAamp DNA Micro Kit (Qiagen)
following the manufacturer’s protocol. DNA concentration was measured with NanoDrop 2000
(Thermo Scientific), using 1 pl of input DNA. Then, dsDNA concentration was quantified using
Quant-iT Picogreen dsDNA Assay (Thermo Scientific), and the distribution of DNA fragments
was assessed by TapeStation 4200 (Agilent).

16.7 RRBS method

RRBS libraries were produced by Ovation RRBS Methyl-Seq with the TrueMethyl oxBS kit
(Tecan, Redwood City, CA, USA) according to the manufacturer’s instructions. Briefly, 100 ng
of genomic DNA was digested for 1h at 37°C with the methylation-insensitive restriction enzyme
Mpsl. Then, fragments were ligated to methylated adapters and treated with bisulfite to convert
unmethylated cytosine into uracil. PCR amplification was then performed to obtain the final
DNA library. The resulting libraries were sequenced on the Illumina NovaSeq6000 with 100 bp

single-end sequencing with an average of 60 million reads per sample.

16.8 RRBS data analysis

The sequencing reads were trimmed to remove the adapter and low-quality bases with Trim
Galore! (www.bioinformatics.babraham.ac.uk). Then trimmed reads were aligned to the mouse
reference genome mm39 with BSMAPz (github.com/zyndagj). Using the Python script methra-
tio.py in BSMAPz, methylation ratios were extracted from the mapping output. Methylation
analysis was performed using the R package methylKit (version 1.20.0) (Akalin et al., 2012). Only
CpGs covered by at least 10 reads and present in every sample were retained for downstream

analysis. The methylation ratio of each site was calculated by dividing the number of reads called
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“C” by the total number of reads called either “C” or “I” at the specific site. The methylation
score for each CpG site is represented as a B-value which ranges between 0 (unmethylated) and
1 (fully methylated). Differentially methylated CpGs (DMCs) were detected using a logistic
regression model based on a Chi-square test. A false discovery rate (FDR) ¢ value threshold of <
0.05 and methylation difference of +10% between treated and control groups was used to identify
significant DMCs. The promoter was defined as the region +1kb from the transcription start
site. Pathway analysis was performed using the web tools WebGestalt (www.webgestalt.org)

and EnrichR (maayanlab.cloud).

16.9 Statistical analysis

All the statistical analyses were performed using GraphPad Prism 8. Parametric t-test, Pearson’s
correlation, analysis of variance (ANOVA), and repeated measure-ANOVA (RM-ANOVA) were
used. ANOVA was followed by appropriate post hoc tests. Significance was set at P<0.05 for all

tests. Error bars represent s.e.m. in all figures.
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Figure S.1: Learning curves during TFC training. Both anti-miR29a and scr treated mice showed
the same learning profile during conditioning for all the different TCF training intervals. (A)
Freezing during Tone presentation (Two-way RM ANOVA, main effect of treatment F(1,
19) = 8.73 x 104, p =0.98; main effect of trials F(2.61, 49.71) = 23.77, p < 0.0001; trials x

treatment interaction F(4, 76) = 1.21, p = 0.31). (B) Freezing during Trace period (Two-way
RM ANOVA, main effect of treatment F(1, 19) = 0.22, p = 0.63; main effect of trials F(3.43,
65.28) = 58.40, p < 0.0001; trials x treatment interaction F(4, 76) = 0.64, p = 0.63). (C)
Freezing during ITI (Two-way RM ANOVA, main effect of treatment F(1, 19) = 0.14, p =
0.70; main effect of trials F(2.36, 44.86) = 78.13, p < 0.0001; trials x treatment interaction
F(5,95) = 0.21, p = 0.95). scr: N = 10, anti-miR29a N = 11; Tukey’s multiple comparison
vs s trial 1 or baseline, ## P-value < 0.01, ### P-value < 0.001. PND= Postnatal Day.
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Figure S.3: Learning curves during TFC training. Both mim29a and scr treated mice showed the
same learning profile during conditioning for all the different TCF training intervals. (A)
Freezing during Tone presentation (Two-way RM ANOVA, main effect of treatment F(1, 14)
= 0.11, p =0.75; main effect of trials F(2.52, 35.24) = 21.48, p < 0.0001; trials x treatment
interaction F(4, 56) = 1.53, p = 0.20). (B) Freezing during Trace period (Two-way RM
ANOVA, main effect of treatment F(1, 14) = 4.18, p = 0.06; main effect of trials F(3.79,
39.14) = 64.76, p < 0.0001; trials x treatment interaction F(4, 56) = 2.5, p = 0.053). (C)
Freezing during ITT (Two-way RM ANOVA, main effect of treatment F(1, 14) = 0.58, p =
0.23; main effect of trials F(2.64, 36.99) = 66.44, p < 0.0001; trials x treatment interaction
F(5, 70) = 0.83, p = 0.53). scr: N = 10, anti-miR29a N = 11; Tukey’s multiple comparison
vs s trial 1 or baseline, #P-value < 0.05, ## P-value < 0.01, ### P-value < 0.001. PND=

Postnatal Day.
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