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1. Introduction

1.1. Locus coeruleus: anatomy and functions

The locus coeruleus (LC), from Latin “blue spot”, is a small nucleus located in the pons
of the brainstem, adjacent to the IVth ventricle, identifiable by a dark pigmentation due to
neuromelanin granules within the neurons (Figure 1). The LC represents the major source

of noradrenaline (NE) in the central nervous system (CNS).

Figure 1: Locus coeruleus in a 3D model of a mouse brain.

3D reconstruction of a mouse brain with the LC nuclei highlighted using the EPFL’s Blue
Brain Cell Atlas (EPFL, 2022: Blue Brain Cell Atlas. https://bbp.epfl.ch/nexus/cell-atlas/.
Data accessed: 20.05.2022).

The overall number of LC noradrenergic neurons is surprisingly small: the most recent
estimate counts 45-50 thousand neurons in a healthy young adult human (Sharma et al.,
2010) and roughly 1500 in adult mice (Sturrok and Rao, 1985). Nevertheless, their
projections reach far and wide: noradrenergic terminals richly innervate the cortex, mainly
somatosensory and motor cortex (Gaspar et al., 1989), hippocampus, amygdala,
hypothalamus and brainstem itself (Gaspar et al., 1989; Ginsberg et al., 1993; Radley et
al., 2008; Sadikot and Parent, 1990; Westlund and Dan Coulter, 1980). The LC also
receives a sizable number of afferents from the cortex, amygdala and spinal cord (Arnsten
and Goldman-Rakic, 1984; Pammer et al., 1990; Westlund and Craig, 1996) (Figure 2 A).
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Figure 2: LC-NE system in humans and mice.

Anatomy of LC-NE efferents: comparison between a human (A) and a mouse (B) brain.
Cortex (CTX), cerebellum (CB), striatum (STR), pallidum (PAL), hypothalamus (HY),
amygdala (AMY), midbrain (MB) and medulla (MY). Adapted from Breton-Provencher et
al. (2021).

Interestingly, this brain region appears to be well preserved among species: properties
such as homogeneity in cell types and modularity in projection patterns are much
comparable between humans and mice (Figure 2 A — B). Nevertheless, along the
evolutionary path, more evolved species developed more LC cells, probably due to the
need of modulating more complex behavioral responses (Wang et al., 2022).

Indeed, the LC plays a crucial role in modulating numerous cognitive functions such as
attention, memory, the regulation of sleep/wake states and stress response (Berridge and
Waterhouse, 2003). The peculiarity of LC noradrenergic neurons is an autonomic double-
firing mode that changes according to the degree of attention required for a certain task:
a tonic firing mode is associated with a low-attention state, while the shift toward a phasic
firing mode represents a response to an attention-demanding stimulus (Aston-Jones and
Cohen, 2005; Poe et al., 2020; Sara, 2009). Therefore, LC neurons function as an actual
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cognitive “attention filter” as they facilitate the performances by releasing NE in the cortex
and setting the optimal arousal level for task-relevant situations (Aston-Jones et al., 1991,
1994; Sara, 2009).

1.2. Locus coeruleus and age-related neurodegeneration

It has been widely demonstrated that the LC undergoes structural and functional changes
in patients suffering from neurodegenerative diseases such as Parkinson’s disease (PD)
and Alzheimer’s disease (AD) (Braak et al., 2003, 2011). The neuronal loss is massive in
the LC of AD patients, being higher that the loss of cholinergic neurons in the nucleus
basalis (67.9 % vs. 41.1%) (Ordureau et al., 2015) and also in PD patients being more
severe than in the substantia nigra (83.2 % vs 77.8 %) (Hou et al., 2018). These changes
are already observable in patients with just mild cognitive impairment (Reddy and Oliver,
2019).

However, although it seems well-known that the disruption of the noradrenergic system is
linked to the onset and progression of neurodegenerative diseases, whether or not LC
neurons are also lost during physiological aging is still debated (Flood and Coleman,
1988). Manaye et al. (1995) reported in a human postmortem study an age-related
decrease in LC neuronal number of about 20-40 %, while other studies did not confirm
such a reduction (Mouton et al., 1994; Ohm et al., 1997). Nevertheless, a recent in vivo
human study, based on a sophisticated magnetization transfer weighted imaging
technique, showed a correlation between LC signal intensity values and age, revealing for
the first time an age-related decline in LC signal intensity values from the age of 60. In
this study it was also shown that the age-related decline is not homogenous: it is
significant in the rostral but not in the caudal regions of the LC (Liu et al., 2019). This last
information is important as it shows how the LC, which had been thought to contain
neurons whose axons indiscriminately innervate different regions, is not homogeneous at
all and how distinct subpopulations innervate anatomically and functionally distinct targets
(Poe et al., 2020). Several animal studies have indicated that the rostral LC projects to
the cerebral cortex and forebrain, including the hippocampus, whereas the caudal LC
innervates spinal cord and cerebellum, which suggests that a decrease in noradrenergic
neuronal number in the LC could differently affects anterior and posterior brain regions
(Morrison et al., 1979; Sanchez-Padilla et al., 2014).
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While these findings support the hypothesis of an age-related loss of noradrenergic
neurons in the human LC, for mice the results are controversial. For example, different
studies conducted on CFW, ASH/TO and C57BL/6J mice reported that the mean LC cell
number decreased with age and that this change inversely correlated with the memory
performance of animals (Leslie et al., 1985; Sturrok and Rao, 1985; Tatton et al., 1991).
Other studies, however, failed in replicating these data (Szot et al., 2009). Therefore,
whether an age-related decline in the number of LC neurons is present in mice is still
controversial. The discrepancies in the results obtained from the different studies may be
attributed in part to the fact that different mouse strains have been used and in part to the
fact that they did not use unbiased stereological counting.

Nonetheless, all together these data suggest that the LC cell population is particularly
sensitive to age-related changes, although a unique explanation for this has not yet been
identified. Several features of these neuronal population that could predispose them to
such vulnerability have been considered. Firstly, the cytoarchitecture and high
arborization of these cells: LC neurons have extremely long axons that have poor
myelination, and this forces the cells to increase their energy production to perform
efficiently, leading to an increase intracellular oxidative stress (Theofilas et al., 2015).
Noradrenergic neurons are in fact known for their high bioenergetic need, which may
exacerbate the vulnerability of these neurons (Weinshenker, 2018). In order to preserve
their physiological function and their double-firing mode, LC neurons sustain their spiking
rate with autonomous mitochondrial activity which inevitably leads to a raise in ROS
production (Sanchez-Padilla et al., 2014), and eventually to a final global energetic failure.
Another important remark concerns the exposure of LC neurons to environmental toxins
and heavy metals. LC neurons are, in fact, particularly exposed to environmental toxins
from both blood (innervating roughly 20 m of capillaries) and cerebrospinal fluid (the LC
being in close proximity to the IVth ventricle) (Kisler et al., 2017; Pamphlett, 2014; Satoh
and lijima, 2019). Thus, all together these characteristics support the hypothesis that the
survival capacity of noradrenergic neurons to aging is very different from any other
neuronal type and that it strongly depends on the fine balance between

neurodegenerative and neuroprotective processes.
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1.3. Endocannabinoid system

In 1964, A9-tetrahydrocannabinol (THC), the psychoactive component of Cannabis sativa,
was isolated for the first time (Gaoni and Mechoulam, 1964). Only three decades later the
endogenous system interacting with THC was discovered and named the
endocannabinoid system (eCBS).

The eCBS is an important neuromodulatory system composed of small lipophilic
molecules called endocannabinoids (eCBs), their receptors (CBr), and the respective
synthesizing and degrading enzymes.

The most abundant eCBs are 2-arachidonoylglycerol (2-AG) and anandamide (AEA). 2-
AG and AEA are synthesized from membrane phospholipids by the enzymes
diacylglycerol lipase alpha and beta (DAGLa/B) and N-acyl phosphatidylethanolamine
phospholipase D (NAPE-PLD) (Devane et al., 1992; Mechoulam et al., 1995) and
degraded by the enzyme monoacyl glycerol lipase (MAGL) and fatty acid amide hydrolase
(FAAH), respectively, into arachidonic acid and glycerol or ethanolamine.

The first cannabinoid receptor was identified in humans in 1988 and named cannabinoid
receptor 1 (CB1r); CB1r is encoded by the Cnr1 gene, located on the chromosome 6
(6g15) (Devane et al., 1988; Matsuda et al., 1990). Subsequently, in 1993 in humans the
second receptor was identified, named cannabinoid receptor 2 (CB2r), encoded by the
Cnr2 gene, located on the chromosome 1 (1p36.11) (Munro et al., 1993). Both CB1r and
CB2r are G-protein-coupled receptors (GPCRs). CB1r is richly expressed in the central
nervous system, on both GABAergic and glutamatergic neurons (Kawamura et al., 2006;
Uchigashima et al., 2007), representing one of the most abundant GPCRs in the brain. It
is indeed highly expressed in the hippocampus, cerebellum and cortex, where it seems to
play an essential role in cognition, movement and emotional behavior (Eggan and Lewis,
2007; Herkenham et al., 1990; Mechoulam and Parker, 2013).

Although CB1r was thought to be localized specifically on the cell membrane, its
expression has also been detected on mitochondria where it seems to play an essential
role in neuronal energy metabolism (Bénard et al., 2012). Moreover, CB1r may also play
an important role also in the communication between neurons and glia cells since it has

also been found on both astrocytes and microglia (Castillo et al., 2012; Stella, 2009). Our
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lab indeed showed that CB1r on GABAergic neurons influence neuron—microglia
interaction through fractalkine/CX3CR1 signalling (Ativie et al., 2018).

In the CNS the eCBS acts as a brake. Indeed, the main function of the CB1r is to regulate
the synaptic transmission by stopping the release of the neurotransmitter from the
presynaptic terminal. Endocannabinoid production is triggered by the release of
neurotransmitter, through the activation of Gg/11-coupled metabotropic receptors or the
mobilization of Ca?* in the postsynapse. Endocannabinoids are then released into the
synaptic cleft and in a retrograde fashion bind to the presynaptic CB1r leading to a
decrease in neurotransmitter release from the presynapse itself (Figure 3). This is
possible because the CB1r is linked to Gi/o protein, inducing the inhibition of the adenyl
cyclase activity with the subsequent downregulation of the cyclic adenosine
monophosphate/protein kinase A (cCAMP/PKA) pathway within the presynaptic neuron
(Chevaleyre et al., 2007; Heifets and Castillo, 2009; Howlett et al., 2002; Kano et al., 2009;
Mechoulam and Parker, 2013).

presynaptic presynaptic
neuron neuron

postsynaptic
neuron

Figure 3: Overview of the eCBS.
Overview of the mechanism of action of the eCBS in both pre- and postsynaptic neurons.
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Although this thesis will focus on the brain, it is important to mention that the eCBS is a
key mediator in many peripheric systems such as cardiovascular, gastrointestinal and
immune systems and it plays also a role in physiological processes such as bone
formation and resorption, skeletal muscle formation and pregnancy (Maccarrone et al.,
2015; Rossi et al., 2019).

1.3.1. Endocannabinoid system and brain aging

Many studies over the years have confirmed the pleiotropic nature of the eCBS and
associated it with anti-inflammatory, neuromodulatory, and neuroprotective functions. The
eCBS is indeed activated on demand in order to modulate many physiological functions,
often after perturbations of the homeostasis, to restore the physiological state of the
organisms (Di Marzo et al., 2004). By definition, aging is associated with a reduced
capacity to respond to various challenges, therefore with an impairment in reestablishing
homeostasis. The molecular and cellular hallmarks of aging have been cataloged in three
main categories: a) primary hallmarks as causes of damage, b) antagonistic hallmarks as
responses to damage and c) integrative hallmarks as culprits of the phenotype (Lopez-
Otin et al., 2013). The principal hallmarks from the first category includes telomere
attrition, epigenetic modifications, genomic instability and impairment in proteostasis. The
second group includes cellular senescence, deregulated nutrient sensing and
mitochondrial dysfunction. The last classification includes inflammation, stress response,
stem cell exhaustion, and altered intracellular communication. Interestingly, numerous
studies have shown that the eCBS is involved in the modulation of many of the hallmarks
of aging (Bilkei-Gorzo, 2012a). Some of the most important aspects are discussed in this
paragraph.

In the first place, several data indicate that the eCBS is able to regulate ROS production
and levels via different intracellular pathways. The first evidence supporting this
hypothesis is an in vitro study showing that 2-AG is able to inhibit the production of ROS
(Gallily et al., 2000). To explain this phenomenon in vivo, the cellular localization of the
CB1r has been considered. Indeed, it has been shown that the majority of CB1r is not
localized on the cell surface but instead it has an intracellular localization, on lysosomes
and late endosomes (Brailoiu et al., 2011; Rozenfeld and Devi, 2008). Therefore,
endocannabinoids can increase lysosomal stability and integrity, reducing the amount of
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ROS by influencing the elimination of damaged macromolecules through these
organelles. Supporting this evidence, data from our lab showed that mice knock-out for
the CB1r (Cnr1--mice) have an impaired autophagosomal and lysosomal turnover, as well
as a general increase in oxidative stress with an additional formation of lipofuscin-like
aggregates in both neurons and microglial cells from aged animals (Bilkei-Gorzo et al.,
2012b).

With regard to glia cells, it is important to mention that both astrocytes and microglia
express CB1r and CB2r in an activity-dependent manner, therefore it was hypothesized
that the eCBS could play an important role in neuron—glia communication and
inflammation. It was indeed shown that endocannabinoids can modulate glial activity
directly or indirectly by binding the glial endocannabinoid receptors (Eljaschewitsch et al.,
2006; Navarrete and Araque, 2008; Stella, 2009) or by modulating neuronal activities
(Albayram et al., 2011). Supporting this hypothesis, the eCBS appears generally
upregulated in brain inflammation, as in multiple sclerosis (Eljaschewitsch et al., 2006),
AD (Mulder et al., 2011), where it could counteract inflammation, confirming the studies
in vitro showing that the elevation of anandamide levels or activation of the cannabinoid
receptors by synthetic agonists inhibits the production of pro-inflammatory mediators and
reduces microglial migration (Ortega-Gutiérrez et al., 2005; Romero-Sandoval et al.,
2009; Tham et al., 2007).

The eCBS also seems to play a crucial role also in adult neurogenesis. Schuele et al.
(2022) recently showed that the eCBS modulates adult hippocampal neurogenesis by
promoting the proliferation and survival of neural stem and progenitor cells (NSPCs) and
that Dagla in NSPCs from the dentate gyrus or astrocytes is an essential regulator of this
process.

Lastly, one of the major highlights regarding the eCBS of the last few years is its role in
mitochondria regulation. As mentioned above, aging is characterized by a massive
mitochondrial dysfunction, leading to an increased intracellular oxidative stress. Recently,
several lines of evidence revealed how much the eCBS, especially the CB1r signalling,
influences mitochondrial activity. Indeed, Bénard et al. (2012) showed that CB1r is present
at the membranes of neuronal mitochondria (mtCB1r), where it directly modulates cellular
respiration and energy production. Furthermore, through the activation of mtCB1r, cyclic
AMP concentration, protein kinase A activity, complex | enzymatic activity and respiration
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in neuronal mitochondria are decreased, emphasizing the essential role played by the
CB1r in the regulation of neuronal energy metabolism.

Overall, these data support the hypothesis of an important role of the eCBS in brain aging;
however, several lines of evidence indicate that also the eCBS undergoes changes during
lifetime (Di Marzo et al., 2015). For example, in rodents CB1r mRNA levels are elevated
during adolescence, stay stable during adulthood, but decline in different brain areas in
old animals (Berrendero et al., 1998). In the same way, the mRNA level of NAPE-PLD
increase during aging, whereas DAGLa peaks in young adults and drops in older indi-
viduals in both hippocampus and prefrontal cortex. FAAH mRNA shows only a slight
increase with aging, while MAGL mRNA levels are highest during childhood and decrease
thereafter (Long et al., 2012; Piyanova et al., 2015). These changes might be responsible
for some of the age-specific alterations in behavioral tests following cannabinoid
exposure. A great example of these age-specific differences is the study from Bilkei-Gorzo
et al. (2017) showing for the first time that a low dose of THC can reverse the age-related
decline in cognitive performance in old mice tested with the Morris water maze task. This
behavioral effect also was accompanied by an enriched expression of synaptic markers
and hippocampal spine density. However, young mice treated with the same low dose of
THC performed significantly worse compared to age-matched vehicle treated controls,
indicating a different endogenous cannabinoid tone regulating the whole process. The
evidence that the eCBS undergoes changes during its lifetime could also explain why
young Cnr1” mice performed as well as wild-type mice in behavioral models of skill-
learning, partner recognition, and operant conditioning, while the performance of mature
Cnr1”- mice was much worse. In fact, in most of the tests, mature Cnr1-- mice performed
at the same level as old animals, additionally showing a loss of neurons in the CA1 and
CA3 regions of the hippocampus (Bilkei-Gorzo et al., 2005).

Overall, these studies indicate that the disruption of the endocannabinoid signalling
enhances an age-related decline in brain (and a number of tissues in which they have
important physiological functions) and link the eCBS in the control of the aging process.

1.4. Endocannabinoid signalling in LC-NE system

LC neurons express receptors for a wide variety of transmitters and neuromodulators

including endocannabinoid receptors. There are several pieces of evidence indicating a
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prominent endocannabinoid modulation of the LC neuronal properties. First of all, CB1r
were also identified on noradrenergic axon terminals in the frontal cortex, one of the main
projection areas of the LC. In general, CB1r-immunoreactivity was localized pre- and post-
synaptically. Of the immunoreactive structures, 66 % are somatodendritic structures, 22
% are axon terminals, and 12 % are structures associated with glial and small
unmyelinated axon (Scavone et al., 2011) confirming a heterogeneous distribution of CB1r
in LC neurons. Although CB1r can influence both inhibitory and excitatory signaling, most
of the axonal CB1r in the LC are on inhibitory synapses. Consistent with these findings,
the administration of WINS55,212-2, a strong CB1r agonist, has been shown to increase
forebrain NE release as well as a general noradrenergic activity (Oropeza et al., 2005;
Paldy et al., 2008).

Wyrofsky et al. (2017), through immunofluorescence and high-resolution immunoelectron
microscopy, showed that in noradrenergic neurons the CB1r directly co-localize with the
corticotropin-releasing factor (CRF), a primary mediator of stress-induced activation of
noradrenergic neurons; the functional interaction between them supported the idea that
the eCBS is poised to directly modulate stress response through the LC-NE system.
Furthermore, to determine whether the deletion of CB1r altered LC signaling, they applied
whole-cell patch-clamp to LC neurons of both wild-type and Cnr1-- mice, finding that CB1r
deletion caused a global disruption in LC-NE signaling. In detail, CB1r deletion caused a
significant increase in LC-NE excitability and input resistance, a significant increase in
cortical NE levels, tyrosine hydroxylase and CRF levels in the LC compared to wild-type
controls, and a significant increase in LC a2-AR levels (only in females). Interestingly, LC
neurons from Cnr1”- mice also seemed unresponsive to CRF, a strong activator of LC
neurons, compared to wild-type mice (Wyrofsky et al., 2019). Altogether, these results
strongly support the hypothesis of a basal endocannabinoid regulation of LC-NE activity.
As mentioned above, during the lifetime LC noradrenergic neurons may become
particularly dependent on the activity of neuroprotective mechanisms because of their
high vulnerability; besides, the factors contributing to this vulnerability (increased oxidative
stress, pacemaking activity, impaired proteostasis due to the high arborization, high load
on mitochondria due to the big energetic need) are all influenced by the endocannabinoid
system. The eCBS, indeed, not only seems to influence generally the development of

brain aging, but may also influence neuronal survival as for hippocampal neurons (Bilkei-
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Gorzo et al., 2005). Nevertheless, whether the eCBS takes on a neuroprotective role in
LC noradrenergic neurons throughout aging (as seen for the hippocampus) is still not

known.

1.5. Aim of the study

LC neurons represent the main source of noradrenaline in the brain. However, this brain
region is known to be vulnerable to age-related changes in humans. The primary aim of
this study was to investigate how the ECS, and especially the CB1r, affected the survival
capacity of LC noradrenergic neurons to aging. To do so, we compared the age-related
decline in the number of noradrenergic neurons, using stereological counting, and the
density of noradrenergic axon terminals in the main efferent areas of LC, using IHC,
between wild-type and Cnr1”- mice. Moreover, to understand the mechanism through
which CB1r influences the survival of LC neurons, we compered histological signs of
neuroinflammation and mitochondrial dysfunction between wild-type and Cnr1-- mice.
Contextually, we aimed to understand how the ECS itself is influenced by aging in the LC.
Therefore, we analyzed the protein and mRNA expression of DAGL enzyme in young and
old wild-type mice.

Among the main findings of this thesis, we show that in C57BL/6J mice the LC goes
through an age-related neurodegenerative process involving the 20 % of noradrenergic
neurons. Our next goal was to investigate whether this age-related decrease of
noradrenergic neurons could be responsible for the fear memory and attention
impairments observed in old individuals. For that, we first determined the dose of DSP-4
toxin which induces a similar reduction in noradrenergic neuronal numbers as aging. Next,
we assessed whether this dose of DSP-4 induced similar deficits in the contextual fear
conditioning and in the 5-choice serial reaction time tests in young animals as observed

in aged ones.
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2. Material and methods

2.1. Chemicals

Chemical

Company (catalog number)

100 bp DNA ladder

Life Technologies (15628-050)

2-Methylbutane/lsopentane

Sigma-Aldrich (320404)

2-Propanol/lsopropanol

Carl Roth (6752.4)

4',6-Diamidino-2-phenylindole dihydrochloride (DAPI)

Sigma-Aldrich (10236276001)

Albumin bovine fraction V, pH = 7.0 (BSA)

Serva (11930.04)

Ammonium nickel sulfate (NH4Ni-(SO4)2)

Sigma-Aldrich (A1827)

Citric acid

Promega (H5263a)

Diaminobenzidine (DAB)

Sigma-Aldrich (D7304)

dNTP mix (10 mM)

Sigma-Aldrich (D7295)

Ethylenediaminetetraacetic acid (EDTA)

Calbiochem (324503)

Ethanol (EtOH)

VWR (20821.330)

Ethidium bromide solution (10 mg/ml)

Sigma-Aldrich (E1510)

Hydrochloric acid (HCI) 37 %

Carl Roth (X942.1)

Hydrogen peroxide 30 %

TH.GEYER (A1134,0500)

Paraformaldehyde (PFA)

Sigma-Aldrich (P6148)

Phosphate-buffered saline (PBS)

Gibco (18912014)

Proteinase K

NEB (P8107S)

Roti Histokitt 1| mounting medium

Carl Roth (T160.1)

Sodium chloride (NaCl)

Carl Roth (9265)

Sodium dodecyl sulphate (SDS)

Carl Roth (2326)

Sucrose

Sigma-Aldrich (84100)

Taq polymerase (10x ThermoPol buffer)

NEB (M0267X)

Tris base Carl Roth (5429)
Tris/HCI Carl Roth (9090.3)
Triton™ X-100 Sigma-Aldrich (T9284)
TWEEN® 20 Sigma-Aldrich (P9416)
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Vectastain Elite ABC-HRP kit (ABC-reagent)

Biozol (VEC-PK-6100)

UltraPure™ agarose

Invitrogen (15510-027)

Table 1: List of chemicals.

2.2. Solutions

2.2.1. Genotyping

Solution/buffer

Composition

Lysis buffer

MilliQ H20

100 mM Tris/HCI pH = 8.0

5 mM EDTA

200 mM NacCl

0.2 % (w/v) SDS

Proteinase K (1 mg/ml)

EtBr bath

TAE Buffer

1.5 pg/ml Ethidium bromide

Tris-EDTA (TE) buffer, pH = 7.4

MilliQ H20

10 mM Tris

1 mM EDTA, pH =8.0

Tris-acetate-EDTA (TAE) buffer

MilliQ H20

40 mM Tris-acetate

1 mM EDTApH =38.0

Table 2: List of solutions for genotyping.

2.2.2. Immunohistochemistry

Solution/buffer

Composition

PBS 1x pH = 7.4 (500 ml)

500 ml MilliQ H20
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1 PBS tablet

0.1M Phosphate Buffer (PB), pH = 7.4

500 ml MilliQ H20

0.02 M Sodium phosphate monobasic

0.08 M Sodium phosphate dibasic

TBS 10X 1 L MilliQ H20
200 mM Tris
1.5 M NaCl

4 % formaldehyde PBS 1x

4 % (w/v) PFA powder, filtered

Cryoprotectant

PBS 1x

20 % Sucrose

Stereology — TH staining

Permeabilization

PBS

0.5 % Triton X-100

Blocking solution PBS

3 % BSA
Antibody solution PBS

0.5 % BSA

0.05 % Triton X-100

ABC-reagent

Avidin-biotin complex

Reagent bath

50 mM Tris pH 7.3

0.5 mg/mL DAB

0.5 mg/mL NH4Ni-Sulphate




25

TH - Iba1 — TNFa — CD68 co-staining

Permeabilization

PBS

0.5 % Triton X-100

Blocking solution

PBS

3 % BSA

0.05 % Triton X-100

Antibody solution

PBS

0.3 % BSA

0.05 % Triton X-100

TH - PUbiquitin — GFAP co-staining

Permeabilization

PBS

0.5 % Triton X-100

Blocking solution

PBS

3 % BSA

0.05 % Triton X-100

Antibody solution

PBS

0.5 % BSA

0.05 % Triton X-100

TH — DAGLa co-staining

Permeabilization

PB

0.5 % Triton X-100

Blocking solution

3 % BSA

0.05 % Triton X-100
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Antibody solution

0.3 % BSA

0.05 % Triton X-100

NET staining

Antigen retrieval solution —
Citrate buffer, pH =6

1 L MilliQ H20

1 ml TWEEN® 20

17.5 mM Citric acid

Washing buffer

TBS

0.5 % Triton X-100

Blocking solution

3 % BSA

5 % NDS

5 % NGS

0.5 % Triton X-100

Antibody solution

*see blocking solution

Table 3: List of solutions for IHC.

2.3. Antibodies

Primary Antibodies

factor alpha

Name Antigen Host Dilution | Company Catalog #
Tyrosine
TH Sheep | 1:1000 | abcam ab113
Hydroxylase
lonized calcium-
FUJIFILM
Iba1 binding adaptor Rabbit | 1:1000 019-19741
Wako
molecule 1
Tumor necrosis
TNFa Mouse | 1:100 abcam Ab1793




27

technologies

Cluster of
CD68 Rat 1:1000 | Bio-RAD AB_322219
differentiation 68
PUbiquitin Ser65 Rabbit | 1:500 Millipore ABS1512-|
Diacylglycerol ] Frontier
DAGLa Rabbit | 1:300 _ AF380
lipase alpha Institute Japan
Noradrenaline ] Synaptic
NET Rabbit | 1:2000 260003
transporter Systems
Secondary Antibodies
Antigen Conjugate Host | Dilution | Company Catalog #
Life
Sheep IgG AF488 donkey | 1:1000 _ A11015
technologies
- 1:500
Sheep IgG Biotin donkey abcam ab97123
1:1000 | Thermo Fisher
Rabbit IgG AF647 goat S A21245
Scientific
1:1000 | Life
Rabbit IgG AF568 goat _ A11036
technologies
RabbitlgG | Cy3 goat | 1900 | per AP132C
Mouse IgG AF647 donkey 1:1000 Invitrogen A31571
1:1000 | Life
Rat IgG AF647 goat A21247

Table 4: List of antibodies.
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2.4. Anesthesia

Medication Company Working solution
(ml)
Xylazin (2 %) Bela-pharm gmbH & Co. KG, |1
Vechta
Ketaminhydrochlorid solution for | Bela-pharm gmbH & Co. KG, |2
injection Vechta
Saline Sigma-Aldrich 3

Table 5: List of solutions for anesthesia.

2.5. Animals

We used C57BL/6J wild type (WT) and B6.cg Cnr1tm1Zim (constitutive CB1r knock-out
mice, Cnr1”-. MGI:1857762) mice. Cnr1 mutation was created through homologous
recombination in MPI2 embryonic stem cells by inserting a neo cassette and replacing
amino acids 33-447 of the coding region, corresponding to most of the coding sequence
of the gene. Cnr1”- were bred homozygously and backcrossed with C57BL/6J line every
5-6 generations in order to minimalize the risk of a genetic drift (Zimmer et al., 1999). The
mouse strains were housed and bred under specific-pathogen-free conditions in the main
animal facility of the University Hospital Bonn (UKB). At the age of 21 days, the pups were
weaned and group-housed in standard laboratory cages with automatic ventilation system
and ad libitum water and food. Normally, all the animals were kept under 12 hour light-
dark cycle (lights on at 09:00 am). However, when directed to behavioral studies, the
animals were moved to a room with a reversed 12 hour light-dark cycle (lights off at 09:00
am) in order to test them during their active phase. Cages were monitored daily and
bedding, water and food were changed weekly. Care of the animals and conduction of the
experiments followed the guidelines of the European Communities Directive 86/609/EEC
and the German Animal Protection Law regulating animal research. Animal experiments
were approved by the Landesamt fuer Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen (LANUV NRW; 81-02.04.2020.A360; 81-02.04.2019.A423).
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2.5.1. Experimental groups

The different cohorts of mice we used throughout the experiments are summarized in
Table 6.

In order to understand the aging effect on the number of TH-positive cells and DAGLa
protein expression within the LC, we used a cohort composed of 14 3- and 22-month-old
wild-type mice. To outline the timeline of LC age-related neurodegeneration, we used six
different age groups of wild-type mice: 2-3, 4-6, 7-9, 11-13, 14-16 and up to 24 months.
Each group consisting of 3-4 animals. Another small cohort of wild-type animals (4 2-
month-old and 4 18-month-old) has been used for the RNAscope experiment.

To understand the differences between wild-type and Cnr1”- animals we used a cohort
made of 10 3-and 18-month-old Cnr1-- and 12 age-matched wild type controls. We used
this cohort to establish: number of TH-positive cells, inflammatory (Iba1, TNFa, CD68,
microglia morphology) and autophagic/mitophagic (PUbiquitin, Lipofuscin) profile within
the LC and noradrenergic axon terminal density in different brain regions (NET).

In order to establish the dose of DSP-4 toxin to use so as to obtain the 20 % of reduction
in the number of LC noradrenergic neurons, we used a cohort of 30 wild-type animals that
were injected with different toxin concentrations (vehicle, 6.25, 12.5, 25, 50 mg/kg); 6
animals per dose were injected at the age of 5 weeks.

For the behavioral studies comparing young versus old mice, 20 animals (10 3-month-old
and 10 20-month-old) for the fear conditioning and 22 (12 3-month-old and 10 19-month-
old) for the 5-CSRTT have been used.

For the behavioral studies comparing DSP-4 injected mice versus controls, 20 animals
(10 DSP-4 injected and 10 controls) for the fear conditioning and 30 animals (15 DSP-4
injected and 10 controls) for the 5-CSRTT have been used. All the animals used for
behavioral studies were also used for the immunohistochemical analysis of NET in
prefrontal cortex.
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Experiment Sex | Age Line/Strain | Genotype | No. of
(months) animals
- Aging effect on LC; 3
- DAGLa protein Males ) 9 C57BL/6J WT 14
expression within the LC
-2-3
-4-6
- Timeline of LC age-
-7-9 3-4 per
related Males C57BL/6J WT
] - 11-13 age group
neurodegeneration
- 14-16
-up to 24
- DAGLa and DAGLp -2
Males C57BL/6J WT 8
RNAscope experiment -18
- Differences between
_ -3 B6.cg Cnr1 | Cnr1**
wild-type and Cnr1- Males _ 22
_ -18 tm1Zim Cnr1+
animals
- DSP-4 dose
Males | - 1 C57BL/6J WT 30
establishment
- Fear conditioning: -3
Males C57BL/6J WT 20
young vs old - 20
-3
- 5-CSRTT: young vs old | Males 20 C57BL/6J WT 22
- Fear conditioning: DSP-
Males | - 4 C57BL/6J WT 20
4 vs controls
- 5-CSRTT: DSP-4 vs
Males | - 5 C57BL/6J WT 30

controls

Table 6: Experimental groups.
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2.6. Genotyping

2.6.1. DNA isolation

Right after weaning, mouse tail tip biopsies were taken. The tissue was lysed in 200 pl of
lysis buffer with freshly added 3-5 ul of Proteinase K (1 mg/ml) and placed at 55° C with
shaking at 550 rpm overnight. The next day, the samples were centrifuged (13000 x g, 10
min, 4° C) to remove debris, the supernatant was transferred to a new Eppendorf tube
and added with 200 pl of isopropanol, gently inverting the tube several times. Afterwards,
samples were centrifuged to obtain DNA pellet. Precipitated DNA pellet was washed with
70 % ethanol and air-dried. Finally, the DNA was dissolved in 50-100 ul of TE buffer and
stored at4° C.

2.6.2. DNA amplification by polymerase chain reaction (PCR)

A description and a list of PCR components used are listed below (see 2.6.3 and 0). For
the PCR master mix, first MilliQ water, 10x ThermoPol buffer, deoxyribose nucleoside
triphosphates (ANTPs) and primers were mixed, then Tag-Polymerase was added at last
and the PCR reaction was distributed to PCR tubes. DNA was added to each tube at last.

2.6.3. Primers

Primer Sequence

Primer COMM (Fw) | CTC CTG GCA CCT CTT TCT CAG TCA

Primer WT (Rv) TGT GTC TTC TGC TGG AAC CAA CGG

Primer KO (Rv) TCT CTC GTG GGATCATTG TTT TTC TCT TGA

Table 7: List of primers.
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2.6.4. PCR for CB1r knock-out

Mix: ul
H20 15.5
10x Buffer 2
Primer COM 0.5
Primer WT 0.3
Primer KO 0.7

dNTPs 0.5
Taq pol 0.5
DNA template 1
total = 21

Table 8: PCR for CB1r knock-out.

2.6.5. PCR program for CB1r knock-out

Cycle | Temperature | Time (min)
1x 94° C 04:00
35x 94° C 00:45
65° C 00:45
68° C 01:00
1x 68° C 07:00
1x 4° C 0

Table 9: PCR program for CB1r knock-out.

2.6.6. Gel electrophoresis

Agarose gel 2 % concentrated was prepared by dissolving agarose in TAE buffer and left
to harden at room temperature for at least 45 minutes. It was subsequently transferred to
the electrophoresis chamber filled with TAE buffer. Each PCR product was added with
10x loading dye. All samples were loaded on the gel into wells. In the first well, 5 pl of 100
bp DNA ladder was loaded to enable the size estimation of the PCR product size. Then,
electrophoresis ran at 120 V for 90-100 minutes. The gel was then immerged in a bath
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with ethidium bromide for 15 minutes and visualized with ChemiDoc MP imaging system
(Bio-Rad Laboratories). Expected band size for homozygous Cnr1”- mice was 334 bp
while homozygous wild-type control band was 284 bp; heterozygous animals showed
both.

2.7. DSP-4

DSP-4 (N-(2-Chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride) is a widely used
neurotoxin which is able to pass the blood—brain barrier as a tertiary amine and form
quaternary derivatives within the brain. There, it blocks the release of noradrenaline at the
nerve terminals, selectively binding neuronal noradrenalin uptake transporter and
depletes noradrenaline levels. In rodents, DSP-4 produces a dose dependent
degeneration of noradrenergic neurons in the LC. Because of its instability, DSP-4 was
dissolved in MilliQ water at pH 5 and freshly prepared before use. The compound was
injected intraperitoneally in different concentration (described in the Result 3.7 section).

2.8. Behavioral studies

2.8.1. Contextual fear conditioning

Fear conditioning (FC) is a Pavlovian behavioral paradigm in which the animal learns to
associate a neutral conditioned stimulus with an aversive unconditioned stimulus, showing
a conditioned response resulting from the creation of fear memories. In our case, the
conditioned stimulus was the context itself (contextual fear conditioning, CFC), the
unconditional stimulus was a mild foot shock, and the conditioned response was
measured in terms of freezing behavior. We used The UGO BASILE ANY-maze controlled
Fear Conditioning System, consisting of: FC-Unit (55 x 60 x 57 cm), FC-Cage with
electrified floor (24 x 20 x 30 cm) (Figure 4), an individual controller on-board (version
1.1.6), an ANY-maze software (ANY-maze 6.3 ©1999-2021 Stoelting Co.).
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Figure 4: CFC setup.
FC-Unit encompassing a Sound-Attenuating Box (A), a USB-camera (B), ventilating fan
(C), a dual (visible/I.R.) light (D), a speaker (E) and a FC-Cage (F).

Animals were single caged and kept on a reversed light-dark cycle one week before the
beginning of the test. On the first day of test, mice were exposed to the fear conditioning
protocol: for the first 3 minutes they were free to explore the FC-Cage (cage light: 30 lux;
white noise: 10 units), and afterwards received a 2 seconds foot shock (intensity: 0.8 mA)
every minute for a total of three times. From the next day until day 4 the mice were placed
daily in the same context for 3 minutes without any unconditioned stimulus, in order to
establish the freezing behavior post-conditioning. The detection of freezing was

automated and based on video analysis.

2.8.2. 5-Choice serial reaction time test

5-choice serial reaction time test (5-CSRTT) is a behavioral test extensively used to
measure attention in rodents. We used the 5-9 Holes Box Operant Conditioning (LE507-
76-0001), from Panlab Harvard Apparatus (Figure 5) and the PACKWIN software
(Panlab, v2.0.07). Animals are trained to respond to a brief, unpredictable visual stimulus
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(hole illumination) presented in one of five locations in order to obtain a food reward

(reinforcement).

Figure 5: 5-CSRTT Box Operant.
5 illuminable holes (A), food dispenser (B), cage light (C).

Animals were single caged and kept on a reversed light-dark cycle one week before the
beginning of the test. For the first five days, food intake (FI) and body weight (BW) were
measured for each animal in order to have an average of the food consumed daily in
relation with body weight. Afterwards, on day 7, mice were food deprived. On day 8, the
5-CSRTT started. For the whole duration of the test the animals were fed 0.7 - 0.9 % of
their normal Fl, based on their daily BW.

The test consisted of 6 phases, each stage more challenging than the last. To proceed to
each subsequent stage, mice were required to reach the criteria for two consecutive days.
Each session lasted 30 minutes.

During the training phase, animals just needed to learn how to correlate the “nose-poke”
into any hole to a reinforcement, so all holes were illuminated for the whole session. From
the phase 1 on, a free reinforcement pellet was delivered at the start of each testing
session and trial began with an inter-trial interval (ITI) characterized by the house-light
turned on. At the end of the ITI, the program randomly selected a stimulus location (1 out
of 5 holes) and turned on the corresponding light. The light remained on for the stimulus
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duration (SD) value set. Therefore, the animal had limited hold time (LH) to nose-poke
into the lit hole in order to get a reinforcement. A detailed description of the different

phases and the criteria used is summarized below (Table 10).

Phase ITI SD LH Criteria
(sec) | (sec) | (sec)
Training to / / / - 20 reinforcements + 20 detection at the
Phase 1 food dispenser (for 3 days)
OR

- >25 reinforcements + >25 detection at
the food dispenser (for 2 days)

Phase 1 to 5 20 10 >20 correct answers, 20 % total trials* (for

Phase 2 2 days)

Phase 2 to 5 10 10 >30 correct answers, 30 % total trials (for

Phase 3 2 days)

Phase 3 to 5 8 10 >40 correct answers, 80 % accuracy” (for

Phase 4 2 days)

Phase 4 to 5 4 5 >40 correct answers, 80 % accuracy (for 2

Phase 5 days)

Phase 5 5 2 5 >45 correct answers, 80 % accuracy (for 2
days)

*total trials = no. correct + incorrect + omitted answers
*accuracy = no. correct anwers / no. correct + incorrect answers

Table 10: 5-CSRTT phases.

After completing phase 5, animals were also exposed to a distractor for 3 days
interspersed with 3 more days without it. The distractor consisted of three elements: a
sound (loud music), a smell (a cotton swab soaked in lemon extract) and a visual element
(stroboscopic light).

The learning capacity was measured in terms of days needed to pass each phase, while
choice accuracy was measured in terms of correct, incorrect and omitted answers during

the last six days with and without distractor.
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2.9. Tissue preparation: transcardial perfusion

Mice were deeply anesthetized with a mixture of ketamine and xylazine (see 2.4) and then
transcardially perfused first with PBS and next, when required, with 4 % formaldehyde.
The isolated brains were post-fixed 2 hours in 4 % formaldehyde solution, kept in 20 %
sucrose overnight for cryoprotection, snap frozen in dry ice-cooled isopentane and stored
in -80° C. Afterwards, 10-18 um thick coronal slices were serially sectioned using a
cryostat (CM3050 S, Leica, Wetzler, Germany) and mounted on glass slides. Glass slides

were kept at -80° C until further use.

2.10. Immunohistochemistry (IHC)

2.10.1. Immuno-staining

For a detailed list of the buffers and antibody used for each staining see 2.2.2 and 2.3.
Frozen sections were dried for 30 min at 37° C on a hot plate. After drying, the slices were
framed with a PapPen, washed in washing buffer and permeabilized for 1 h. Nonspecific
binding was blocked by incubation in blocking solution for 2 h. Next, slices were incubated
overnight at 4° C with the primary antibody diluted in antibody solution. Afterwards, slides
were washed three times in washing buffer followed by incubation with the respective
secondary antibody diluted in antibody solution, at room temperature for 2 h. Then, slides
were washed in washing buffer, briefly immersed in MilliQ water, mounted with DAPI and
covered and stored at 4° C.

For light microscopy, the processing of the tissues was identical, but we used a
biotinylated secondary antibody. Therefore, after the incubation with the secondary
antibody, slides were incubated with ABC-reagent for 30 min and immersed in a reagent
bath. The reaction was started with H.O2 and stopped by washing the slides in 50 mM
Tris. Subsequently, slides were rinsed in MilliQ water, dehydrated with serial incubations
in solutions with increasing concentrations of ethanol and xylol and mounted with Roti

Histokitt || mounting medium.
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2.10.2. Image acquisition

Images from IHC staining were acquired with Leica TCS SP8 confocal microscope (Leica,
Wetzler, Germany) and different objective lens. The microscope is equipped with an
ultraviolet (UV) diode (emission peak at 405 nm), an Argon laser (emission at 458, 476,
488, 514), a diode-pumped solid-state (DPSS) laser (emission at 561 nm) and two helium-
neon (HeNe) lasers (emission at: 594 nm and at 633 nm). Respectively, DAPI was excited
with a UV Diode, AF488 with argon laser at 488 nm, AF568 with DPSS laser at 561 nm
and AF647 with HeNe at 633 nm. For light microscopy, images were obtained with Axio
Imager M2 microscope (Zeiss, Oberkochen, Germany) and 20 x objective lens.

2.11. RNAscope

RNAscope is a novel RNA in situ hybridization (ISH) technology with a probe design
strategy that allows simultaneously to amplify the signal and to reduce the background; in
this way is possible to achieve a single-molecule visualization while preserving the tissue
morphology. We used RNAscope® Fluorescent Multiplex Assay (ACD) which allows to
visualize up to three different RNA targets per cell in one assay. The assays were
conducted according to the manufacturer’s protocol. The whole procedure can be
summarized in 4 steps, detailed description follows below:

1. Tissue sectioning and pretreatment

2. Hybridization of probes to target RNAs

3. Signal amplification

4. Imaging

2.11.1. Tissue section and preparation

Snap-frozen brains were sectioned at the cryostat in 10 um thick coronal slices and
mounted on cold glass slides in order to keep the RNA intact. On the first day of
experiment, sections were fixed with 4 % formaldehyde solution for 15 min, dehydrated in
increasingly concentrated ethanol series and pre-treated with RNAscope® Proteinase 1V
(Cat. No. 322336).
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2.11.2. Hybridization to target RNAs and signal amplification

We performed two separate and parallel RNAscope experiments to analyze the mRNA of
DAGLa and DAGL in TH-positive cells.

Therefore, samples were incubated with three different probes: TH, to identify
noradrenergic neurons, DAGLa and DAGLp. Probes were hybridized with a series of
signal amplification molecules, culminating in binding of dye-labeled probes detectable in
different fluorescent channels. The detection reagent Amp 4 Alt B-FL was used for the
last step. The sections were counterstained with DAPI, immediately mounted with Prolong
Gold Antifade Mountant and coverslipped. Details about the probes are listed below
(Table 11: RNAscope probes).

Probe Excitation Emission Cat. No.
TH Alexa 488 nm | 540 + 10 nm | 317621- C2

DAGLa | Atto 550 nm | 580 + 10 nm | 478821
DAGLp | Atto 550 nm | 580 + 10 nm | 497801

Table 11: RNAscope probes.

2.11.3. Imaging

For the process of fluorescent confocal imaging see 2.10.2.

2.12. Image analysis

2.12.1. Stereological quantification of TH-positive cells

For the stereological quantification of TH-positive cells, every 4th slice of the region of
interest was collected for a total of 8-10 slices per sample. Then, we stained for TH
immunoreactivity. The total number of TH-positive neurons in both hemispheres was
estimated manually using the plugin Cell Counter from Fiji software (Ver. 2.1.0/1.53c, NIH,
Bethesda, MD, USA).
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2.12.2. IHC staining

All the analyses were performed using Fiji software (version 1.0). The results were then
exported and further analyzed with Microsoft Excel (version 16.16.11).

Iba1, CD68, and TNFa signal intensities were analyzed within the Iba1-positive microglia
of the LC in both hemispheres. All microglial somas were manually delineated and the
obtained regions of interests (ROIs) were used for single microglia soma analysis of Iba1,
CD68, TNFa signal intensities.

PUbiquitin and Lipofuscin signal intensities were analyzed within the single TH-positive
cell; all TH-positive cells were manually delineated and the obtained ROls were used for
PUbiquitin and Lipofuscin signal intensity analysis.

DAGLo was analyzed as the percentage of DAGLa-covered area within the single TH-
positive cell; ROIs of TH-positive cells were obtained in the same way as for PUbiquitin
and Lipofuscin analysis.

The density of NET-positive axons, analyzed as percentage of area covered by NET-
positive signal, was analyzed in the parietal cortex, basolateral amygdala, CA1, CA3 and
dentate gyrus regions of the hippocampus and in the mediobasal hypothalamus in both
hemispheres.

2.12.3. MotiQ: 3-dimentional (3D) microglia morphology analysis

Prior to the analysis Iba1 z-stacks were acquired (0.5 um distance) and pre-processed
(size reduction 0.5, smoothing, background subtraction: rolling ball). Followed by
automated analysis using a custom-written script ‘MotiQ’ (Plescher et al., 2018). The
plugin consists of two sub scripts: Thresholder and 3D Analyzer. First, microglia area was
manually selected. Then, Thresholder was used to obtain binary images from the original
stacks and the intensity threshold was determined. Afterwards single cells were detected
using 3D Analyzer by signal overlap within the z-stack. Only particles larger than 10,000
voxels were included in the analysis (length calibration: 0.3608 um / pixel; voxel depth 0.5
pum). Skeleton of the cell was derived from a copy of the input image. Reconstructed cells
were inspected visually and cells that were incomplete (cut in x, y or z axes) as well as

multiple cells detected as one particle were excluded from the analysis. Measured
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parameters included: surface area, volume of the cell, ramification index, number of

branches, tree length, average branch length (Figure 6).

Ramification
& free length

polarity index
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volume [micronA3]
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analyzed junctions

Figure 6: MotiQ: 3-dimentional microglia morphology analysis.
Representative picture of the main parameters analyzed by MotiQ plugin in relation to
microglia’s structure.

2.12.4. RNAscope

All images were thresholded; the threshold was calculated as an arithmetical average of
manually set thresholds for each sample. Noradrenergic neurons were identified thought
TH expression and manually delineated in order to obtained ROls. The single DAGLa and
DAGLB mRNA molecules were automatically quantified within ROIls with the plugin

Analyze Particles.

2.13. Determination of Noradrenaline Levels

Noradrenaline levels were quantified in regions representing the main output areas of LC:
hippocampus, basolateral amygdala, parietal cortex and mediobasal hypothalamus. 18-
month-old male Cnr1** and Cnr1”- mice were used.

Mice were deeply anaesthetized and transcardially perfused with ice-cold PBS. Brains

were quickly removed and stored at -80° C until analysis. Brain regions of interest were
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isolated using the punch technique from both hemispheres of the frozen brain tissue and
homogenized on ice in 0.01 N HCI, 0.15 mM EDTA and 4 mM sodium metabisulfite.
Protein concentration was quantified using the Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Quantification of noradrenaline was performed
using the Mouse/Rat Noradrenaline (Norepinephrine) ELISA Assay Kit (Eagle
Biosciences, Inc., Amherst, NH, USA). For extraction, 40 ug of protein per sample were
used in a total volume of 400 ul. Extracted samples were eluted in 250 pl 0.025 M HCI
and split into 100 ul duplicates for the subsequent enzyme and ELISA procedure. A total
of 20 pl of standards and controls were extracted in a total volume of 400 pl and

processed in duplicates.

2.14. Statistical analysis and data presentation

Data were collected in Microsoft Excel (version 16.16.11). Statistical analysis and data
visualization were performed with GraphPad Prism (version 9.3.1 for MacOS; ©1994 -
2021 GraphPad Software, LLC). Figures were created using both Biorender
(app.biorender.com) and Microsoft PowerPoint (version 16.16.11). Data distribution was
analyzed using the D’Agostino and Pearson normality test. Based on the result of the data
distribution analysis, statistical significance between two independent groups was
determined by Student t-test or Mann—Whitney test. For time-related effect, one-way
repeated ANOVA was used. Statistical significance between two independent groups with
multiple variables (example: age and genotype) was assessed with 2-way ANOVA.
Statistical significance was stated when p-value < 0.05. In figures, p-values were reported
as *p <0.05 " p<0.01; ** p <0.001; *** p <0.0001. Significant outliers were identified
and excluded by using Grubb’s test. All the data are presented with standard error of the
mean (SEM).
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3. Results

3.1. Age-related neuronal loss in LC of C57BL/6J mice

The first goal was to determine if there was an age-related neuronal loss in the
catecholaminergic nuclei of C57BL/6J mice. In order to do that, we used a common
marker for dopaminergic and noradrenergic cells, the enzyme tyrosine hydroxylase (TH),
and compared the number of TH-positive cells in the locus coeruleus (LC), substantia
nigra (SN) and ventral tegmental area (VTA) between 3- (Figure 7 A) and 22-month-old
(Figure 7 B) wild-type mice by stereological counting.

Detailed experimental protocol is explained in 2.9 - 2.10.1 - 2.12.1.
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Figure 7: Representative photomicrographs of catecholaminergic nuclei.
Representative photomicrographs of the tyrosine hydroxylase (TH)-positive regions locus
coeruleus (LC), substantia nigra (SN) and ventral tegmental area (VTA) in young (3-
month-old, A) and old (22-month-old, B). IV: fourth ventricle. Scalebar: 100 um.

The number of TH-positive cells in the LC was significantly reduced in old compared to
young C57BL/6J mice (t12 = 2.560; p = 0.0250) (Figure 8 A), whereas neither the SN (t12
=1.425; p = 0.1798) nor the VTA (t12 = 1.483; p = 0.1639) showed significant differences
between the age groups (Figure 8 B-C).
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Figure 8: Age-related neuronal loss in LC of C57BL/6J mice.

Quantitative stereological analysis of the total number of tyrosine hydroxylase (TH)-
positive cells in the catecholaminergic nuclei LC (A), SN (B) and VTA (C) of young (3-
month-old) and old (22-month-old) C57BL/6J wild-type mice.* p < 0.05 according to
Student’s t-test (n = 6 — 8 per age group). Dots represent single animals, columns
represent mean values; error bars represent standard error of means (SEM).

3.1.1. Timeline of LC age-related neurodegeneration

Our initial experiment showed that in C57BL/6J mice there was an age-related
neurodegeneration in old mice compared to a very young control group. However, we did
not know when the neurodegenerative process took place. For this reason, we performed
the same stereological counting as in 3.1 to verify the number of TH-positive cells in the
LC of mice of different ages: we used six different age groups: 2-3, 4-6, 7-9, 11-13, 14-16
and up to 24-month-old mice. What we found is a prominent decrease in the TH-positive
cells number at the age of 7-9-months compared to 2 to 6-months; this number then
remained constant until old age (Fs, 16) = 3.446, p = 0.0265) (Figure 9).
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Figure 9: Timeline of LC age-related neurodegeneration.

Quantitative stereological analysis of the total number of tyrosine hydroxylase (TH)-
positive cells in C57BL/6J wild-type mice from six different age groups. Data analyzed
with Ordinary one-way ANOVA (n = 3 — 4 per age group) Shapes represent mean values;
error bars represent standard error of means (SEM).

3.2. Enhanced age-related neuronal loss in the LC of Cnr1”- mice

To understand the role of CB1r in the survival of noradrenergic cells during aging, we
compared the number of TH-positive cells in the LC, SN and VTA between 18-month-old
Cnr1”- mice and wild-type controls (Cnr1**). Our data show that in the LC the number of
TH-positive cells was significantly lower in Cnr1”- mice compared to age-matched wild-
type littermates (t10 = 2.663, p = 0.0238) (Figure 10 A). Conversely, no genotype effect
was found neither for SN nor VTA (t10 = 0.3849, p = 0.7084; ti1o = 1.806, p = 0.1010)
(Figure 10 B-C). Having used a constitutive knock-out model, we wanted to exclude the
possibility that Cnr17- mice had a lower number of LC TH-positive cells from birth,
regardless from their age. Therefore, we analyzed the number of TH-positive cells in the
LC of 3-month-old Cnr1”- mice and wild-type controls but we did not find any difference
between genotypes (t11 = 0.971, p = 0.352) (Figure 10 D). Thus, these data strongly
indicate that the difference observed in old animals is due to an exacerbated age-related

cell loss of noradrenergic neurons in mice lacking of the CB1r.
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Figure 10: Enhanced age-related neuronal loss in the LC of Cnr1”- Mice.
Quantitative stereological analysis of the total number of tyrosine hydroxylase (TH)-
positive cells in 18-month-old wild-type (Cnr1**) and Cnr1-- animals within the LC (A), SN
(B), VTA (C) and in 3-month-old wild-type (Cnr1**) and Cnr1-- animals within the LC (D).
* p < 0.05 according to Student’s t-test (n = 5 — 7 per genotype). Dots represent single
animals, columns represent mean values; error bars represent standard error of means
(SEM).

3.3. Reduced density of noradrenergic axon terminals in aged Cnr1”-mice

Having shown that there was a difference in the number of noradrenergic neurons, our
next aim was to determine wheatear old wild-type and Cnr17- animals differed in the
distribution of noradrenergic axon terminals in the main output regions of LC. So, we
analyzed in both genotypes the area covered by the norepinephrine transporter (NET)
across the following regions: parietal cortex (Pa CTX), basolateral amygdala (BLA),
mediobasal hypothalamus (Mb HY) and hippocampal cornu ammonis 1 (CA1), cornu

ammonis 3 (CA3), and dentate gyrus (DG) (Figure 11).
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Figure 11: Norepinephrine transporter staining in different brain regions.
Representative photomicrograph of norepinephrine transporter (NET) staining within Pa
CTX, BLA, Mb HY and hippocampal CA1, CA3, and DG regions of 18-month-old wild-type
(Cnr1**) and Cnr1-- animals. Negative controls were stained only with the secondary
antibodies. Scalebar: 50 um.

Our data show that the area covered by NET-positive signal was significantly lower in 18-
month-old Cnr1” animals (Genotype: F(1, 15y = 8.104; p = 0.0122) even though the NET
signal differed per se based on the brain region, being the lowest in the Mb HY and the
highest in the hippocampal CA3 (Area: Fs, 75 = 5.964; p = 0.0001. Area x genotype: Fs,
75 = 0.6898; p = 0.6327) (Figure 12).
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Figure 12: Analysis of noradrenergic axon terminals in 18-month old wild-type
(Cnr1**) and Cnr1-- animals.

Analysis of the area covered by NET-positive axon terminals in the Pa CTX (A), BLA (B),
Mb HY (C) and hippocampal CA1, CA3, and DG regions (D) of 18-month old wild-type
(Cnr1**) and Cnr1-- animals. 2way ANOVA (n =7 — 9 per genotype). Dots represent single
animals, columns represent mean values; error bars represent standard error of means
(SEM).

To further support that there is no developmental effect in the constitutive Cnr1--, we
repeated the experiment comparing 3-month-old wild-type and Cnr1-- animals and we
could not find neither a difference between genotypes (Genotype: (F¢1,9) = 0.005; p =
0.945) nor a difference in NET signal based on the brain region (Area: Fs, 45 = 0.4381; p
= 0.8195. Area x genotype: Fs, 45 = 0.1299; p = 0.9848) (Figure 13) confirming our
previous data.

Note that only groups represented on the same panels in Figure 12 and Figure 13 are
comparable, because they were stained together in the same staining series. As staining
intensities varies between series, results are not comparable between different figures or

panels.
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Figure 13: Analysis of noradrenergic axon terminals in 3-month old wild-type
(Cnr1**) and Cnr1-- animals.

Analysis of the area covered by NET-positive axon terminals in the Pa CTX (A), BLA (B),
Mb HY (C) and hippocampal CA1, CA3, and DG regions (D) of 3-month old wild-type
(Cnr1**) and Cnr1-- animals. 2way ANOVA (n = 5 — 6 per genotype). Dots represent single
animals, columns represent mean values; error bars represent standard error of means
(SEM).

Importantly, we found a positive correlation in 18-month-old animals between the number
of TH-positive cells and the NET-positive axon densities in both genotypes in the Pa CTX,
Mb HY, CA1 and CA3 regions of hippocampus, indicating that a lower TH-cell number
was associated with a reduced NET density in these areas (Figure 14 — Table 12).
Nevertheless, steady-state noradrenaline levels were not different between the genotypes
in any of the brain regions tested: Pa CTX (tio = 0.275; p = 0.789), BLA (t10 = 0.787; p =
0.450), Mb HY (to = 1.694; p = 0.125), HC (t10 = 0.776; p = 0.4554) (data not shown).
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Correlation analysis between the number of tyrosine hydroxylase (TH)-positive cells and
the area covered by NET-positive axon terminals in the Pa CTX (A), BLA (B), Mb HY (C)
and hippocampal CA1 (D), CA3 (E), and DG regions (F) in wild-type (Cnr1**) and Cnr1-"
18-month-old mice.

Brain area | Wild-type Cnr1
Correlation (r, Correlation (r,
Significance Significance
Spearman) Spearman)
Pa CTX 0.6399 0.0171 0.6857 0.0214
BLA 0.4502 0.0685 0.2713 0.2894
Mb HY 0.6643 0.0137 0.7682 0.0096
HC, CA1 0.5527 0.0345 0.8316 0.0042
HC, CA3 | 0.8863 0.0005 0.6826 0.022
HC, DG 0.7701 0.0042 0.3857 0.1366

Table 12: Statistical analysis of the correlation TH-NET.
Statistical analysis of the correlation between the number of tyrosine hydroxylase (TH)-
positive cells and the area covered by NET-positive axon terminals in the Pa CTX, BLA,
Mb HY and hippocampal CA1, CA3, and DG regions in wild-type (Cnr1**) and Cnr1-- 18-
month-old mice.
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3.4. Inflammatory profile of the LC in Cnr1”-mice

3.4.1. Enhanced microglia density in the LC of aged Cnr1--mice

To assess the inflammatory profile within the LC of 18-month-old wild-type and Cnr1--
mice, we investigated different parameters starting with the density of ionized calcium-
binding adapter molecule 1 (Iba1)-positive microglia and the level of tumor necrosis factor
alpha (TNFa) (Figure 15). Details about the analysis in 2.12.2.

Figure 15: Tumor necrosis factor and ionized calcium-binding adapter molecule 1
staining in LC.

Representative photomicrograph of tumor necrosis factor (TNFa), tyrosine hydroxylase
(TH) and ionized calcium-binding adapter molecule 1 (Iba1) staining within the LC of an
18-month-old wild-type animal. Negative controls were stained only with the secondary
antibodies. I1V: fourth ventricle. Scalebar: 50 pum.

We found that there was an increase of +66 % in Iba1-positive microglia density within the

TH-positive area in Cnr1”- animals (t11 = 2.602; p = 0.0246). However, we did not find any
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genotype differences in other neuroinflammation markers: Iba1 (t102 = 0.984; p = 0.326),
TNFa (U = 28924; p = 0.167) (Figure 16).
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Figure 16: Enhanced microglia density in the LC of aged Cnr1-- mice.

Density of Iba1-positive microglia within the LC of 18-month-old wild-type (Cnr1**) and
Cnr1-- animals. * p < 0.05 according to Student’s t-test (n = 5 — 8 per genotype). Dots
represent single animals, columns represent mean values, error bars represent standard
error of means (SEM) (A). Analysis of TNFa (B) and Iba1 (C) signal intensity in microglia
cells within the LC of 18-month-old wild-type (Cnr1**) and Cnr1”- animals. Data analyzed
with Student’s t-test and Mann-Whitney test (n = 224 — 291 per genotype). Dots represent
individual values; error bars represent standard error of means (SEM).

3.4.2. Microglia morphology in the LC of aged Cnr1--mice

To investigate better the role of microglia in the LC age-related neurodegeneration, we
analyzed the morphology of Iba1-positive cells in 18-month-old wild-type and Cnr1--
animals. For detailed information about the plugin MotiQ and the analysis see 2.12.3.
Our analysis evaluated different parameters of microglia morphology, possibly attributable
to a pro-inflammatory status, as cell dimensions and branching (see Figure 6). As shown
in Figure 17, we did not find any genotype difference in terms of cell volume (Figure 17
A) (U = 3798; p = 0.299), surface (Figure 17 B) (U = 3988; p = 0.611), polarity and
ramification index (Figure 17 C-D) (t1s0 = 1.404; p = 0.1621. U = 3896; p = 0.444) and
total tree length (Figure 17 E) (U = 3321; p = 0.0678). Nevertheless, in Cnr1”- mice we
detected a significantly lower average branch length (Figure 17 F) (t1s2 = 6.421; p = <
0.0001) as well as an increased number of microglia branches and junctions (Figure 17
G, H) (U =2739; p = 0.0004. U = 2840; p = 0.0008).
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Figure 17: Microglia morphology in the LC of aged Cnr1--mice.

Parameters of microglia morphology analyzed with MotiQ plugin for Fiji in 18-month-old
wild-type (Cnr1**) and Cnr1” animals: volume (A), surface (B), polarity index (C),
ramification index (D) tree length (E), average branch length (F), number of branches (G)
and number of junctions (H). **** p < 0.0001 according to Student’s t-test, *** p = 0.0004,
0.0008 according to Mann-Whitney test (n = 103 — 81 per genotype). Dots represent single
cells; error bars represent standard error of means (SEM).

3.4.3. Microglia’s phagocytic activity in the LC of Cnr1--mice

To further understand the role of microglia in the age-related neurodegeneration of LC,
we investigated its phagocytic activity around the crucial time point found in 3.1.1.
Therefore, we analyzed the level of the glycoprotein cluster of differentiation 68 (CD68) in
Iba1-positive microglia cells within the LC of wild-type and Cnr1-- animals of three different
ages: 2-3, 4-6 and 7-9-months. CD68 is a widely used phagocytic marker expressed in a

very specific manner by Iba1-positive microglia cells, as shown in Figure 18.
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Figure 18: Cluster of differentiation 68 staining in LC.

Representative photomicrograph of cluster of differentiation 68 (CD68), tyrosine
hydroxylase (TH) and ionized calcium-binding adapter molecule 1 (Iba1) staining within
the LC of a 2-3-month-old wild-type animal. Negative controls were stained only with the
secondary antibodies. Scalebar: 50 um.

From the analysis of CD68 we found a statistically significant increase in signal intensity
for both genotypes when comparing 2-3 and 7-9-month-old animals (wild-type, p = <
0.0001; Cnr1”-, p =0.0130). Cnr1-- animals showed a lower CD68 signal intensity for both
4-6- and 7-9-month groups when compared with wild-type controls (p = 0.0050; p =
0.0009) (Figure 19 A).

We also found that the area of Iba1-positive cells was increased in Cnr1”- animals only
when comparing 2-3 and 7-9-month-old animals (wild-type, p = 0.9097; Cnr1”, p =
0.0158). The area of Iba1-positive cells was also increased in 2-3 and 4-6-month-old Cnr1-
- animals compared to wild-type controls (p = 0.0005; p = 0.0067), but not in 7-9-month-
old animals (p = 0.9420) (Figure 19 B).
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From the analysis of the Iba1 signal intensity we found a significant decrease in wild-type
animals only when comparing 2-3 and 7-9-month-old animals (wild-type, p = 0.0044; Cnr1-
" p =0.2103). Furthermore, we detected a significant decrease of Iba1 signal intensity in
4-6-month-old Cnr1”- mice compared to wild-type controls (p = < 0.0001) (Figure 19 C).

Finally, we analyzed the density of microglia cells within the LC TH-positive area and also
in this case we found a significant age-related increase when comparing 2-3 and 7-9-
month-old animals only in in Cnr1”- animals (wild-type, p = 0.9937; Cnr17-, p = 0.047). No

other significant genotype-related differences were found (Figure 19 D).
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Figure 19: Microglia’s phagocytic activity in the LC of Cnr1”- mice.

CD68 signal intensity (A), area (B) and Iba1 signal intensity (C) of microglia cells within
the LC of wild-type (Cnr1**) and Cnr1-- animals from three different age groups (n = 70 —
112 per genotype and age group). Dots represent individual values; error bars represent
standard error of means (SEM). Density of Iba1-positive microglia within the LC of wild-
type (Cnr1**) and Cnr1-- animals from three different age groups (D) (n = 10 — 12 per
genotype and age group). Dots represent single images; error bars represent standard
error of means (SEM). * p < 0.05 according to Sidak’s multiple comparisons test. * refers
to the comparison between 2-3-months-old animals and the other age groups of the same
genotype. # refers to the comparison between wild-type (Cnr1**) and Cnr1-- animals.



57

3.5. Altered mitophagy in the LC of aged Cnr1--mice

Autophagy is described as the major turnover pathway by which cellular components are
delivered into the lysosomes for degradation. The autophagic activity has been found to
decrease with age, contributing to the accumulation of damaged macromolecules within
cells. Similarly, mitophagy is the process leading to the degradation of unfunctional
mitochondria in order to reduce intracellular ROS levels. In the same way as autophagy,
a decline in mitophagy has been described in aging.

Therefore, we analyzed Phospho-Ubiquitin (Serine 65-phosphorylated ubiquitin, Ser65),
a marker for mitophagy, and Lipofuscin, a marker for autophagy, within LC noradrenergic
neurons of wild-type and Cnr1”- animals. Lipofuscin is an intracellular granular product
composed of lipid-containing residues of lysosomal digestion, particularly pronounced in
aged tissues. Lipofuscin is auto fluorescent and clearly visible under the confocal
microscope (visible light range, 488 A nm) (Figure 20). For detailed information about the

analysis see 2.12.2.
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Lipofuscin

Figure 20: Phospho-Ubiquitin and Lipofuscin staining in LC.

Representative photomicrograph of Phospho-Ubiquitin (PUbiquitin), tyrosine hydroxylase
(TH) and Lipofuscin staining within the LC of an 18-month-old wild-type animal. Negative
controls were stained only with the secondary antibodies. Scalebar: 50 pm.

Although we did not find any genotype effect regarding Lipofuscin (ti267 = 0.3755; p =
0.707), we found a significantly lower Phospho-Ubiquitin signal in Cnr1” animals
compared to wild-type controls (U = 23195; p = < 0.0001) indicating a possible alteration
in the mitophagy process (Figure 21).
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Figure 21: Altered mitophagy in the LC of aged Cnr1”- mice.

Analysis of Lipofuscin (A) and PUbiquitin (B) signal intensity in tyrosine hydroxylase (TH)-
positive cells within the LC of 18-month-old wild-type (Cnr1**) and Cnr1-- animals. **** p
< 0.0001 according to Mann-Whitney test (n = 313 — 244 for PUbiquitin and 930 — 526 for
Lipofuscin, per genotype). Dots represent single values; error bars represent standard
error of means (SEM).

3.6. DAGL in the aging LC

3.6.1. DAGLa age-related increase in noradrenergic neurons

To better understand the role of the endocannabinoid system in the aging process of LC,
we analyzed the diacylglycerol lipase alpha (DAGLa) protein expression within
noradrenergic neurons from young (3-month-old, Figure 22 A) and old (22-month-old,
Figure 22 B) wild-type animals.

For detailed information about the experimental protocol and the analysis see 2.10.1 and
212.2.
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Figure 22: Diacylglycerol lipase alpha staining in LC.

Representative photomicrograph of diacylglycerol lipase alpha (DAGL«), and tyrosine
hydroxylase (TH) staining within the LC of 3-month-old (A) and 18-month-old (B) wild-type
animals. Negative controls were stained only with the secondary antibodies. Scalebar: 50
um.

As it is possible to see in Figure 22, we could detect a clear accumulation of DAGL«
protein within noradrenergic neurons of old animals compared to young ones. This rise
seems to begin gradually from 11-13-months of age, as it is possible to notice from Figure

23, becoming prominent in later timepoints.
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Figure 23: Timeline of Diacylglycerol lipase alpha accumulation in LC.
Representative photomicrograph of diacylglycerol lipase alpha (DAGL«), and tyrosine
hydroxylase (TH) staining within the LC from different age groups (2-3, 7-9, 11-13, 14-16
and up to 24-months). Negative controls were stained only with the secondary antibodies.
Scalebar: 50 pum.

To understand if it was a process shared with the other catecholaminergic neurons, we
analyzed in addition to LC also SN and VTA. Interestingly, we could not see the same

pattern in old animals as in LC in neither SN or VTA (Figure 24).
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Figure 24: Diacylglycerol lipase alpha staining in LC, SN and VTA.

Representative photomicrograph of diacylglycerol lipase alpha (DAGLa) staining
comparing the LC, SN and VTA of young (3-month-old) and old (22-month-old) wild-type
animals. Negative controls were stained only with the secondary antibodies. Scalebar: 50
um.

These data were also confirmed by the subsequent quantifications of DAGL«a, which
showed a statistically significant increase of DAGLa protein in old animals compared to
young controls in LC (U = 1; p = 0.0003) (Figure 25 A) but not in VTA (ty = 0.4181, p =
0.6857) or SN (t17 = 0.2733, p = 0.7879) (Figure 25 B-C). Note that only groups
represented on the same panels in Figure 25 B and Figure 25 C are comparable,
because they were stained together in the same staining series.
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Figure 25: DAGLa age-related increase in noradrenergic neurons.

Analysis of DAGLa protein in the catecholaminergic nuclei LC (A), VTA (B) and SN (C) of
young (3-month-old) and old (22-month-old) C57BL/6J wild-type mice. *** p = 0.0003
according to Mann-Whitney test (n = 4 — 11 per age group). Dots represent single animals;
error bars represent standard error of means (SEM).

3.6.2. DAGL gene expression in noradrenergic neurons during aging

To better comprehend the variations of DAGL enzyme throughout the aging process of
the LC, we analyzed the RNA level of both DAGLa (Figure 26) and DAGLp (Figure 27)
in young (2-month-old) and old (18-month-old) wild-type animals. For the detailed
procedure and analysis see 2.11 and 2.12.4.
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Figure 26: RNAscope for DAGLa in LC.
Representative photomicrograph of diacylglycerol lipase alpha (DAGLa) and tyrosine
hydroxylase (TH) RNAscope within the LC of a young (2-month-old) wild-type animal.

Scalebar: 50 pum.
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Zoom in

Figure 27: RNAscope for DAGLp in LC.

Representative photomicrograph of diacylglycerol lipase beta (DAGLB) and tyrosine
hydroxylase (TH) RNAscope within the LC of a young (2-month-old) wild-type animal.
Scalebar: 50 um.

Surprisingly, we did not find an age-related difference for DAGLa (tss = 0.9324; p = 0.355)
(Figure 28 A), indicating that the increase of DAGLa protein was not due to an increase
at the gene expression level.

However, we found an unexpected statistically significant increase of DAGLJ (tag = 2.138;

p = 0.0375) in old animals compared to young controls (Figure 28 B).



66

DAGLo -LC DAGLf -LC

-
[3,]
-
(3]

nr. RNA particles/TH+ cell
=
°
[ ] [ N ]
o 000 O
o 00
° ‘l|
il
nr. RNA particles/TH+ cell
=
*.
[ 1]
[ ] [ )
|
1
]
I

(3]
[ ]
[ ]
[ ]
[ ]
[ ]
(3]
1

o
o

Figure 28: RNAscope for DAGLa and DAGLB in noradrenergic neurons during
aging.

Quantification of DAGLa (A) and DAGLS (B) particles within tyrosine hydroxylase (TH)-
positive cells from young (2-month-old) and old (18-month-old) wild-type mice. * p < 0.05
according to Student’s t-test (n = 32 — 28 for DAGLa and 24 — 29 for DAGL, per age
group). Dots represent single cells; error bars represent standard error of means (SEM).

3.7. Reduced noradrenergic signalling contributes to age-related cognitive

deficits

3.7.1. DSP-4-induced simulation of age-related neurodegeneration of LC neurons

As can be seen from the results shown in paragraph 3.1, we found that during aging the
LC undergoes a neurodegeneration of about 20 % of neurons. Therefore, we aimed to
understand the importance of this percentage and how much this neuronal loss affects
some aspects of the behavioral sphere in aging.

In order to do so, we used the DSP-4 toxin to simulate in young mice the LC age-related
neuronal loss. For a description of the toxin and its preparation see 2.7.

Despite being a widely used toxin, the most common dose used in literature is 50 mg/kg
which, used in acute form, caused the death of a large percentage of neurons. However,
what we needed was only a 20 % reduction; therefore, the first step was to establish the
dose of DSP-4 toxin to use in order to obtain a 20 % reduction in the number of
noradrenergic neurons. Accordingly, we injected intra peritoneally 5 weeks old wild-type
mice with different doses of DSP-4 (50, 25, 12.5 and 6.25 mg/kg) and vehicle solution and
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after 60 days we sacrificed them and counted the number of LC TH-positive cells as
described in 2.9 - 2.10.1 - 2.12.1 (Figure 29).

Figure 29: Representative photomicrographs of TH-positive cells count.
Representative photomicrographs of the tyrosine hydroxylase (TH)-positive regions locus
coeruleus (LC) of vehicle and DSP-4 50 mg/kg treated mice.

Consistent with expectations, what we obtained was a curve in which the cell count was
inversely proportional to the toxin dose (Figure 30 A).

Through the simple linear regression model (Figure 30 B), we could determine the
efficacy of the toxin (r?=0.9940; DFn, DFd =1, 3; p = 0.0002) and the equation to derive
the right dose of DSP-4:

Y =17.38x - 0.001460
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Finally, the dose of DSP-4 to be used to obtain 20 % cell death was 14 mg/kg.

DSP-4 dose curve DSP-4 toxicity on LC cells
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Figure 30: DSP-4 dose seeking curve.

Quantitative stereological analysis of the total number of TH-positive cells in 5 week old
animals post treatment with serial concentration of DSP-4 toxin (A). Representation of
simple linear regression model on normalized data (B) (n = 6 per dose). Shapes represent
mean values, and error bars represent standard error of means (SEM).

3.7.2. Age-related working memory and fear learning deficits in C57BL/6J mice

In order to clarify whether a reduced noradrenergic signalling contributes to age-related
cognitive deficits, we tested young (3-month-old) and old (20-month-old) C57BL/6J wild-
type animals in a battery of models sensitive to both age-related decline and
noradrenergic signalling.

Fear learning and extinction were tested in the contextual fear conditioning test (described
in detail in 2.8.1); working memory and attention in the presence or absence of distractors
were tested in the 5-CSRTT (described in detail in 2.8.2).

In the fear conditioning test, we did not find any difference in the baselines of young and
old animals. After the fear conditioning protocol, both age groups showed a significant
increase in freezing response (Baseline vs Day1: young: p = 0.0068; old: p = < 0.0001).
Nevertheless, our data clearly show that, while for young animals the fear memory seems
to be extinct already at day 2, old animals need one additional day to do so (Baseline vs
Day2: young: p = 0.7175; old: p = < 0.0001. Baseline vs Day3: young: p = 0.9858; old: p
= 0.0622) (Figure 31 A-B). Overall, our data show that there is a significant difference
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between the two age groups in the fear memory extinction and thus that aging plays a key
role in this phenomenon (Age: F¢, 18y = 12.18; p = 0.026. Time: Fa, 72) = 28.87; p = <
0.0001. Time x age: F4,72) = 8.111; p = < 0.0001).
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Figure 31: Fear extinction in young and old in C57BL/6J mice.

Analysis of time freezing (s) in the fear extinction process of young and old C57BL/6J
mice. * refers to the comparison between the baseline and the day of fear extinction
analyzed. **** p < 0.0001; ** p = 0.0068 according to Dunnett's multiple comparisons test

(n = 10 per age group). Shapes represent mean values; error bars represent standard
error of means (SEM).
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With regards to the 5-CSRTT test, we could detect a striking significant difference between
young and old animals in terms of learning capacity: none of the old animals could reach
the last phase of the test during the whole duration of the behavior, while the 75 % of the
young could (Log-rank (Mantel-Cox) test p = 0.0005) (Figure 32 A).

Nevertheless, we tested attention in both groups in the presence or absence of distractors
in the phase the single animals were the last week of test. Despite the presence of the
distractor, our data clearly show a prominent age effect: old animals perform much worse
compared to young controls in terms of correct answers (Figure 32 B) and incorrect
answers (Figure 32 C) (Correct answers: distractor: F(1,20) = 7.420; p = 0.0131. Age: Fq,
20) = 8.657; p = 0.0081. Age x distractor: F(1,20) = 0.7474; p = 0.3976) (Incorrect answers:
distractor: F(1,20) = 0.6438; p = 0.4318. Age: F1,20) =48.12; p = <0.0001. Age x distractor:
F, 20 = 5.794; p = 0.0259) while consequently the omissions were less (Figure 32 D)
(Omissions: distractor: F1,20) = 8.025; p = 0.0103. Age: F1,20) = 40.85; p = <0.0001. Age
x distractor: F(1,20)= 0.777; p = 0.3885).

Probably due to the fact that old animals were not able to reach the last phase of the
behavior, we could not clearly attest to the effect of the distractor on attention, nonetheless
it is clear that in aged animals the overall choice accuracy during the distractor phase was
lower compared to young controls (Figure 32 E) (-D, +D: p = <0.0001).
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Figure 32: 5-CSRTT in young and old C57BL/6J mice.

Analysis of the leaning capacity of young and old (A), the number of correct (B), incorrect
(C) and omitted (D) answers and the accuracy (E) in the presence or absence of distractor
(+D, -D). **** p < 0.0001, * p = 0.0298 (B) and 0.0407 (D) according to Sidak's multiple
comparisons test (n = 10 —12 per age group). Shapes represent mean values (A) or single
animals (B—C-D); error bars represent standard error of means (SEM).
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3.7.3. A reduced number of noradrenergic neurons is responsible for working
memory but not fear learning deficits in C57BL/6J mice

As is it possible to see in Figure 31, we showed that in aged animals there is an altered
extinction of fearful memories. To understand if the age-related neuronal loss in the LC is
responsible for this behavior, we injected 4-month-old animals with the DSP-4 toxin (14
mg/kg, see 3.7.1) and tested them in the contextual fear conditioning (see 2.8.1 and 3.7.2)
together with vehicle injected controls. As it is possible to denote from the Figure 33, both
DSP-4 and vehicle injected mice show an increase in freezing response right after the
fear conditioning protocol (Baseline vs Day1: DSP-4: p = < 0.0001; vehicle: p = <0.0001).
However, we found no difference between the two groups in the process of fear extinction
as both groups seem to extinct the fearful memory from day 2 on (Baseline vs Day2: DSP-
4: p = 0.8474; vehicle: p = 0.4811). So, the lack of a difference between groups indicates
that the reduction in noradrenergic neurons is not responsible for the age-related deficit
in fear extinction process (Treatment: F(1, 18y = 0.00183; p = 0.9664. Time: F4, 72) = 36.62;
p =< 0.0001. Time x treatment: F4, 72) = 0.1546; p = 0.9303).
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Figure 33: Fear extinction in DSP-4 and vehicle treated mice.

Analysis of time freezing in the fear extinction process of DSP-4 and vehicle injected mice.
* refers to the comparison between the baseline and the day of fear extinction analyzed.
**** p < 0.0001 according to Dunnett's multiple comparisons test (n = 10 per treatment).
Shapes represent mean values; error bars represent standard error of means (SEM).
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In order to test working memory and attention too, we injected an additional cohort of 4-
month-old animals with the DSP-4 toxin (14 mg/kg, see 3.7.1) and tested them in the 5-
CSRTT (see 2.8.2 and 3.7.2) together with vehicle injected controls. As shown in Figure
34 A, we could detect a significant difference between DSP-4 and vehicle injected animals
already in terms of learning capacity using Log-rank (Mantel-Cox) test (p = 0.0432): DSP-
4 animals needed more time to reach the last phase of the test compared to vehicle
injected controls. Moreover, our data demonstrate that the distractor has an effect on the
number of correct and incorrect responses in both groups but not the treatment per se,
indicating that under normal conditions the DSP-4 treated animals performed in a
comparable way with vehicle controls. Nevertheless, it is statistically significant the
interaction between the distractor and the DSP-4 treatment for both correct and incorrect
answers, but not for the omissions (Correct answers: distractor: F¢1, 23y = 31.93; p = <
0.0001. Treatment: F(1,23) = 0.9214; p = 0.3471. Treatment x distractor: F1,23) = 9.648; p
= 0.0050) (Incorrect answers: distractor: F1, 23y = 2.804; p = 0.1076. Treatment: F(4, 23) =
0.1743; p = 0.6802. Treatment x distractor: F(1, 23y = 6.382; p = 0.0189) (Omissions:
distractor: F(1,23) = 4.802; p = 0.0388. Treatment: F(1, 23y = 1.056; p = 0.3147. Treatment x
distractor: F1, 23 = 0.1358; p = 0.7158). We found that in presence of the distractor the
DSP-4 treated mice showed a poorer choice accuracy compared to vehicle controls which
do not seem to be affected by it: DSP-4 treated animals in the presence of the distractor
gave significantly fewer correct and more incorrect responses, while omissions were
unaffected as in principle they are not influenced by the distractor (Correct answers:
vehicle: p = 0.1306; DSP-4: p = < 0.0001. Incorrect answers: vehicle: p = 0.7765; DSP-4:
p = 0.0199. Omissions: vehicle: p = 0.3320; DSP-4: p = 0.1912) (Figure 34 B-C-D).
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Figure 34: 5-CSRTT in DSP-4 and vehicle treated mice.

Analysis of the leaning capacity of DSP-4 and vehicle injected mice (A) and of the number
of correct (B), incorrect (C) and omitted (D) answers in the presence or absence of
distractor (+D, -D). **** p < 0.0001, * p = 0.0199 according to Sidak's multiple comparisons
test (n = 11 —15 per treatment). Shapes represent mean values (A) or single animals (B-
C-D); error bars represent standard error of means (SEM).

In order to confirm the effect of the DSP-4 toxin injection, we sacrificed the animals after
the behavioral test and performed a NET staining in prefrontal cortex (PFC) (Figure 35
A). As expected, we found a significant decrease of roughly 15 % in the area covered by
NET-positive axon terminals in DSP-4 treated animals (Figure 35 B).

Therefore, altogether our data support the hypothesis that the age-related reduction of
noradrenergic neuronal number is responsible for the working memory and attention

deficits occurring in the context of aging.
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Figure 35: Norepinephrine transporter staining in prefrontal cortex of vehicle and
DSP-4 injected animals.

Representative photomicrograph of norepinephrine transporter (NET) staining within
prefrontal cortex (PFC) of vehicle and DSP-4 injected animals. Negative controls were
stained only with the secondary antibodies. Scalebar: 50 um (A). Analysis of the area
covered by NET-positive axon terminals in the PFC of vehicle and DSP-4 injected animals
(B). ** p = 0.0018 according to 2way ANOVA (n = 14 — 15 per treatment). Dots represent
single animals; error bars represent standard error of means (SEM).
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4. Discussion

The locus coeruleus (LC) is a small nucleus located in the pons of the brainstem which
represents the major source of noradrenaline (NE) in the central nervous system. The aim
of this study was to shed light on the age-related changes of the LC-NE system, with a
special focus on the role played by the endocannabinoid system. The results and their
implications are discussed in the following chapter.

4.1. The LC undergoes a process of the age-related neurodegeneration in
C57BL/6J mice

It has been widely demonstrated that the LC undergoes structural changes in
neurodegenerative diseases such as PD and AD (Braak et al., 2003, 2011), already
identifiable in patients with just mild cognitive impairment (Reddy and Oliver, 2019). The
neuronal loss in the LC in AD patients is higher than the loss of cholinergic neurons
(Ordureau et al., 2015) and also in PD the neuronal loss is more intensive in the LC than
in the SN (Hou et al., 2018).

On the contrary, many controversial results emerged regarding changes during
physiological aging. Despite a decrease in neuronal numbers have been proposed for
decades to be the major cause of a reduced brain function in aging, the magnitude and
time course of age-related neuronal loss are still debated (Flood and Coleman, 1988).
Nevertheless, a recent in vivo study based on a sophisticated magnetization transfer
weighted imaging technique showed an inverted U-shaped pattern between LC signal
intensity and age, whereby there is an age-related increase until the age of 60 followed
by a decline in signal intensities. This recent finding supports the theory that in humans
there is an age-related shrinkage or loss of neuromelanin containing noradrenergic
neurons in the LC also in healthy subjects (Liu et al., 2019).

As for mice, controversial results are reported about an age-related change in LC neuronal
numbers mostly depending on the mouse strains used: no change (Leslie et al., 1985),
decline (Tatton et al., 1991) and even increase (Szot et al., 2009) were reported. These
studies, however, were not conducted using a stereological technique, which might
explain the inconsistency of the data across the different publications.
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Thus, using unbiased stereological counting now we showed a reduced number of
neurons in the LC of old C57BL/6J mice compared to young ones (Figure 8 A), strongly
supporting the evidence of an age-related neurodegeneration of the LC in this mouse line.
Interestingly, the number of dopaminergic neurons in the SN and VTA remained unaltered
(Figure 8 B—C), indicating a particular vulnerability to aging of the LC compared to other
brain regions. Our data about the LC are therefore comparable with the data in humans
(Liu et al., 2019) pointing out that C57BL/6J mice are a good model for the study of the
age-related neuronal loss in this brain region, its mechanism and consequences.

When testing at what stage of life the neurodegenerative process of LC took place, we
found a clear decrease in the TH-positive cells number in the age group 7-9-months and
that this number remained unchanged until old age (Figure 9). Despite aging is
considered to be associated with progressive changes in the brain, rather little is known
about the changes happening from young adulthood (2-7 months) to middle age (8-12
months). Interestingly, Shoji et al. (2016) conducted a large-scale analysis of age effects
on behavior in C57BL/6J wild-type mice using the data from up to 1739 animals from 2 to
12 months of age, diving them into four age groups: 2-3, 4-5, 6—7, and 8—12 months of
age. They performed a battery of behavioral tests finding a gradual decrease in motor
functions and neuromuscular strength with age, together with an increase in anxiety-like
behavior and a decrease in social contacts. In particular, they examined the mice in the
startle response/prepulse inhibition test and in the fear conditioning test, both known to
be associated with the activity of the noradrenergic system (Fendt et al., 1994; Giustino
and Maren, 2018; Kokkinidis and Anisman, 1978; Saitoh et al., 1986). They detected an
age effect in the startle response/prepulse inhibition test in the prepulse inhibition (PPI);
indeed, 8-12-old-month mice showed a lower startle response compared to all the other
age groups. Also for the fear conditioning, 8-12-old-month mice showed a greater freezing
behavior during the last phase of the conditioning session and also a higher activity
suppression ratio (distance traveled during the first 2 min in the context test/distance
traveled during the first 2 min in the conditioning + distance traveled during the first 2 min
in the context test), compared to all the other age groups. These data not only indicate an
aging effect in the startle response and an impaired contextual fear memory in older
animals, but also focus the attention on a time period (8-12 months) which could prove
essential in the brain aging process. Furthermore, these data seem consistent with our
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findings about the timeline of neurodegeneration in LC, suggesting that possibly the age-
related changes of noradrenergic system start as well from middle age.

4.2. A constitutive genetic disruption of CB1r signaling accelerates the age-

related loss of noradrenergic LC neurons

We compared the number of LC neurons in old wild-type and Cnr1”- mice in order to
comprehend the importance of CB1r in the survival of this neuronal type which appears
to be particularly sensitive to the process of aging. Our data showed that the age-related
loss of LC neurons was more pronounced in Cnr1”/- mice, strongly indicating that a
constitutive genetic disruption of CB1r signaling exacerbates the age-related loss of
noradrenergic LC neurons in C57BL/6J mice (Figure 10 A). Therefore, the findings from
this study indicate a possible neuroprotective role of the CB1r in the survival of
noradrenergic neurons during aging. We could exclude that this difference was due to a
developmental effect of the CB1r deletion rather than to a real aging effect on the LC
neuronal population since we did not find a genotype effect in LC neuronal numbers
comparing young Cnr1”- mice and age-matched wild-type controls (Figure 10 D).

Interestingly, only the number of LC neurons, but not SN or VTA neurons, differed
between genotypes, being lower in Cnr1-- mice than in age-matched wild-type controls
(Figure 10 B-C). Therefore, on one hand the lower number of LC neurons in Cnr1-- mice
compared to age-matched wild-type controls strongly indicates an important
neuroprotective effect of CB1r activity, while, on the other hand, the lack of the same
outcome in SN and VTA suggests a particular importance of the CB1r in cell populations
where an aging-effect is already existing, like the LC. Our findings are also in line with the
previously reported enhanced age-related loss of hippocampal neurons in Cnr1”- mice
(Bilkei-Gorzo et al., 2005). It is important to note, however, that Cnr1-- mice do not show
a general decline in neuronal numbers in old animals although it seems to be restricted to
the LC and hippocampus, which are brain areas that show neuronal loss during aging in

wild-type animals.
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4.3. Aged Cnr1”’- mice show reduced density of noradrenergic axon terminals in
the projection areas

The noradrenergic system is well known to be incredibly adaptable. Therefore, we further
asked whether the observed decreased neuronal number in Cnr1”- mice leads to a loss
of noradrenergic axons or whether the remaining noradrenergic neurons may be
balancing for the loss to maintain the original network with compensatory changes (like
increasing arborization by sprouting axonal projections) as observed in Alzheimer’s
disease patients (Szot et al., 2006).

Our data show that a lower number of noradrenergic neurons is associated with a reduced
density of noradrenergic axon terminals in the main projecting areas of LC suggesting a
low level of compensation (Figure 14). Moreover, we observed that this reduction of NET-
positive axons in the function of TH-positive neurons in the LC was more intensive in Cnr1-
- 'mice compared to wild-type mice, so we hypothesize that in the knock-out line the
compensatory rate is even less (if any) than in wild-type animals (Figure 12). To further
prove that there is no developmental effect in the constitutive CB1r knock-out, we
repeated the experiment comparing 3-month-old wild-type and Cnr1-- animals and we
could not find neither a difference between genotypes nor a difference in NET signal
based on the brain region analyzed (Figure 13). This evidence is also in line with the
previously reported data showing that the age-related loss of LC neurons is even more
pronounced in Cnr1”- mice and that this is a true age-related process (Figure 10 A-D).
Albayram et al. (2011) reported that in old Cnr1-- mice, where indeed we found a reduced
number of LC neurons, the learning flexibility was also severely impaired. Synaptic
plasticity is known to be one of the most important neurochemical foundations
of learning and memory. Several lines of evidence have shown that catecholamines
control synaptic plasticity and that specifically a decrease in noradrenergic signaling in the
efferent regions leads to a reduction in neuroplasticity, which may contribute to the deficits
in learning flexibility (Mather et al., 2016; Mather and Harley, 2016; Twarkowski and
Manahan-Vaughan, 2016). These evidences reinforce our hypothesis that the CB1r plays
a fundamental role not only in the survival of noradrenergic neurons in aging but more
generally in the functioning of the noradrenergic system and the behaviors controlled by
it.
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Another peculiarity of LC neurons is that they broadly innervate vast expanses of the CNS,
but very less is known about the innervation pattern. Interesting recent studies
hypothesized that LC possess a “functional organization” the LC neurons would not
innervate randomly the different projecting areas, but on the contrary they would be
organized into clusters with unique efferent regions, a preferred terminal field to innervate
(Poe et al., 2020). Therefore, we questioned if also the age-related neurodegeneration of
LC and/or the knock-out of the CB1r affected in a specific way a determined cluster or if
it was a more widespread process. Our study now suggests that neither aging or the
knock-out of the CB1r affect a preferential cluster of neurons since we found similar
changes in the density of axon terminals in the efferent regions analyzed, only more
pronounced in Cnr1”- animals. It is important to mention though, that one of the limitations
of our (and many other) study is the lack of information about others LC projection areas,
for example some key motor structures (cerebellum, inferior olive, or motor cortex), deeply
affected by aging too. Therefore, one of the next steps could be to investigate whether the
noradrenergic innervation of these efferences is as well influenced by the age-related

neurodegeneration of LC and to what extent.

4.4. Lack of a pro-inflammatory profile in the LC of Cnr1”- mice

In order to explain the protective effect of CB1r activity on noradrenergic neurons, we
considered its active role in inflammation and investigated the inflammatory glial profile
within the LC of old animals. Indeed, loss of hippocampal neurons in constitutive or
GABAergic neuron specific Cnr1”- mice was associated with an increased pro-
inflammatory glial activity in the hippocampus (Albayram et al., 2011). The hypothesis that
aging is associated with an increase of inflammation (commonly called “inflammaging”,
Franceschi et al., 2018) is also strengthened by the data from Evans et al. (2021) showing
a prominent microgliosis in both LC and hippocampus from old animals compared to
young controls.

However, comparing the LC of old wild-type and Cnr1”- mice, we could not find any
difference in microglial expression of neither Iba1 nor TNFa, general indicators of
microglia activation (Figure 16 B—C). We could though detect in the LC of Cnr1-- animals
a prominent increase (+66 %) of Iba1-positive microglia density (Figure 16 A); however,
despite Iba1-positive microglia numbers were enhanced (generally interpreted as a sign
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of inflammation), the normal Iba1 and TNFa levels suggested that these microglias were
not more pro-inflammatory. To be noted, Hammond et al. (2019) compared the RNA
expression profile of more that 76000 individual microglia from mice in the developmental
stage and in old age. Their data show that, despite aging may trigger a shift toward a more
immunogenic profile, the number of microglia in these states is only a small fraction of the
total microglia, suggesting that the vast majority of microglia are unaltered or only slightly
altered by aging. Therefore, we ruled out inflammation due to increased pro-inflammatory
glial activity as a direct cause for the enhanced loss of LC neurons in Cnr1”- animals.

4.4.1. Altered microglia morphology and phagocytic activity in the aging LC of

Cnr1’- mice

Despite further studies are needed to get a better idea of the role of microglia in the LC
and although we have ruled out inflammation as the cause of the LC age-related
neurodegeneration in Cnr1-- animals, microglia cells seem to be anyway influenced by
aging in this brain region and the lack of the CB1r may still be affecting the switching
between their activation phenotypes. Therefore, we analyzed the morphology of Iba1-
positive microglia in 18-month-old wild-type and Cnr1-- animals by using the MotiQ plugin,
obtaining a 3-dimentional analysis (Figure 6).

We could identify some differences between genotypes: |ba1-positive microglia from
Cnr17- animals seemed to have more branches (and consequently more junctions)
compared to wild-type controls, but shorter (Figure 17). These evidences are not
necessarily attributable to a more pro-inflammatory profile, but more likely to the genetic
lack of the CB1r. As shown by Beins et al. (2021), Cnr1”- animals are not only highly
sensitive to stress, but under mild stress they also show altered microglial activation
marker expression and morphology compared to wild-type controls. Overall Cnr1- mice
showed a different stress-induced morphological rearrangement compared to wild-type
mice, indicating a crucial role of the endocannabinoid system in the modulation of the
neuronal stress-induced immune response through CB1r. Furthermore, among the many
functions of the noradrenergic system, it is well known how noradrenaline is involved in
the morphological changes of microglia after acute stress through the activation of 3

adrenoreceptors (Sugama et al., 2019). Recent studies have also shown a clear
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interaction between the CB1r activation and the p-adr functionality (Martins et al., 2018);
also, data from our lab showed that microglia from Cnr1”- mice overexpress the gene
Adrb1, encoding for the B1-adrenoreceptor (Beins et al., 2021). These data support the
hypothesis that CB1r activity and noradrenergic signaling in microglia are strictly
correlated and that, even if we could not detect a striking pro-inflammatory profile in the
LC of old Cnr1”- mice, these alterations in microglia morphology may still be relevant in
the progress of the age-related neurodegeneration of noradrenergic neurons.

To know the morphology of microglia is important because it is generally indicative of their
response and function. However, the analysis through a single marker does not provide
enough information to link microglia to one of the states described in the literature.
Therefore, in order to further understand if microglia had any role in the LC age-related
neurodegeneration, we decided to analyze microglia’s phagocytic activity around the
crucial time point identified at 7-9 months of age (Figure 9). We used CDG68 as it reflects
immune activation and response to tissue damage more than Iba1, which is more
indicated for structural studies (Hendrickx et al., 2017). We found that in the LC of both
wild-type and Cnr1-7- mice, CD68 signal intensity was higher at 7-9 months compared to
2-3 months (Figure 19 A), indicating that at this timepoint, in both genotypes, microglia
cells began to show increased phagocytic activity, possibly attributable to the onset of the
neuronal death. Moreover, in Cnr1”- mice the microglia cell body size increased at 7-9
months compared to 2-3 months (Figure 19 B) and it was significantly higher in all the
age groups analyzed compared to wild-type animals. The density of microglia in the LC
area was also increased in Cnr1”- animals only at 7-9 months compared to 2-3 months
animals (Figure 19 D). Altogether, this data suggests that in both wild-type and Cnr1--
mice, at the age of 7-9 months, microglia cells start assuming a phagocytic-like profile,
probably due to the onset of neuronal death in the LC. Also, microglia seem more
abundant and reactive in Cnr1”- mice, indicating that probably in these animals the
neuronal death rate is already more severe compared to wild-type controls. Also in this
case, without more in-depth studies it is difficult to associate the microglia to a specific
status described in the literature. However, a new status of microglia associated with aging
has recently been discovered: the dystrophic microglia. These cells appear to have lost
their primary functions and a classic morphology and have been associated with AD too
(Lier et al., 2021). As described by Bilkei-Gorzo et al. (2012), the lack of CB1r induces
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changes in cognitive function resembling premature signs of aging. Therefore, we cannot
exclude the possibility that the lack of CB1r might also influence the morphology of
microglia, directing it precociously towards the dystrophic status.

4.5.Reduced mitophagy in the LC of aged Cnr1”- mice

The reason why noradrenergic neurons in LC seem to be more vulnerable to aging is still
quite debated. Different distinctive features of this cell population have been suggested
as responsible for the neuronal loss: high oxidative stress due to the noradrenaline
synthesis, high neuronal iron content, autonomous pacemaking activity and a very high
axonal arborization size (Chrobak et al., 1985; Hagan, 1983). Overall, the cumulative
effect of these factors has been hypothesized to result in a global energetic failure
responsible for the cell death (Prado de Carvalho and Zornetzer, 1981). Mitochondria are
widely recognized as the main suppliers of cell’'s energy; indeed, their function is critical
in cell types particularly energy demanding such as noradrenergic neurons. Bartova and
Birmingham (1976) have shown that THC, a well-known CB1r agonist, could affect
mitochondrial functions through mitochondrial NADH-oxidase activity. Subsequently
Bénard et al. (2012) showed for the first time that CB1r not only are present on neuronal
mitochondria (mtCB1r), but also that their direct activation regulates mitochondrial
respiration and energy production. The activation of CB1r on the neuronal membrane
seems to decrease firing frequency and protects against depletion of energy sources,
whereas activation of mitochondrial CB1r decreases mitochondria activity, thus enabling
the coupling between firing activity and energy need of the neurons (Hebert-Chatelain et
al., 2016). Therefore, in order to understand the cause of the LC age-related
neurodegeneration, we analyzed Phospho-Ubiquitin (Serine 65-phosphorylated ubiquitin,
Ser65), a key marker for mitochondrial autophagy (also known as mitophagy) within the
LC of wild-type and Cnr1’- 18-month-old animals. Our results showed a significant
decreased Phospho-Ubiquitin signal in Cnr1-- animals compared to wild-type controls,
suggesting a lower mitophagy rate (Figure 21). Supporting our hypothesis, Evans et al.
(2021) performed a proteome analysis of LC comparing young and old animals; they
identified major age-related changes in proteins involved in oxidative phosphorylation,
metabolomic pathways and mitochondrial functions, showing in LC of aged animals a
proteomic signature of metabolic demand and mitochondrial stress. Moreover, our data
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were also in line with the observation that the mitochondria in neurons of Cnr1-- animals
show an aberrant morphology and a reduced mitophagy in hippocampus, which is a brain
region subject to age-related changes as well (Kataoka et al., 2020) . Altogether, these
evidences on one hand support the hypothesis of a central role of mitochondria in the
neurodegenerative process of LC and, on the other hand, underline the importance of
CB1r in mitochondrial functionality.

4.6. The protective role of DAGL enzyme in the aging process of the LC

Whether the endocannabinoid system undergoes itself age-related changes is still a
rather debated topic. Different studies suggested that CB1r expression and coupling
activity decrease in aging (Berrendero et al., 1998; Canas et al., 2009; Romero et al.,
1998; Wang et al., 2003), while others focused on the ligand AEA showing a reduction of
it in old Cnr1”- animals (Maccarrone et al., 2001, 2002; Wang et al., 2003). Nevertheless,
still many aspects have to be clarified. Here we investigated the age-related changes in
diacylglycerol lipase (DAGL) enzyme within noradrenergic neurons. The major pool of 2-
arachidonoylglycerol (2-AG), the principal endogenous ligand of CB1r in the central
nervous system, is synthetized by DAGL, o and B isoforms; genetic deletion of DAGLa
leads to ~ 80 % decrease in 2-AG level in the brain, while a deletion of DAGL to ~ 50 %
(Gao et al., 2010; Jenniches et al., 2016). Piyanova et al. (2015) showed that 2-AG levels
decrease during aging in the hippocampus and that this reduction is due to a decreased
DAGLa expression, while DAGLJ does not seem to change. Interestingly, our data show
that in the LC the dynamics seem to be again different compared to the hippocampus,
since we could detect a well-defined accumulation of DAGLa protein within aged
noradrenergic neurons compared to young controls (Figure 22). Moreover, we could
identify the beginning of this protein buildup from 11-13 months of age on (Figure 23),
suggesting it to be only subsequent to the onset of the age-related neuronal death, which
occurs around 8 months of age (Figure 9). We did not find the same in neither SN nor
VTA, suggesting once again that this process is occurring only in noradrenergic neurons,
a specific neuronal population per se sensitive to aging. The possibility that the antibody
we used could give such an artifact was ruled out using DAGLa knock-out samples,

negative controls and controls in young animals.
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The observation that DAGLa may increase in relation to the onset of neuronal death
strengthens the hypothesis that this could be a protective mechanism of the remaining
noradrenergic neurons. The noradrenergic system has been extensively described as
“adaptable” especially in relation to AD. Recent theories hypothesize that there is a
massive adaptation of the noradrenergic system in the early stage of the disease, and that
the evolution of it occurs due to an impairment in the system integrity rather than a mere
loss of NE input (Gannon and Wang, 2019). Supporting this concept, NE decrease has
often been observed mostly in advanced AD; in fact, despite LC is one of the first areas
impacted during prodromal AD, in some cases NE remains constant or even elevated at
this stage (Kalaria et al., 1989; Ruiz et al., 1993; Szot et al., 2006, 2007). Therefore, being
the degeneration not a rapid occurrence but rather a gradual process, LC-NE system can
actuate compensatory mechanisms in order to counteract these changes and maintain
the homeostasis. There are evidences regarding a compensatory sprouting of the
remaining neurons in prefrontal cortex and hippocampus (Szot et al., 2006, 2007),
increase in the expression of TH and DBH (Giubilei et al., 2004; Szot et al., 2006, 2007)
and reduction in NET, the protein responsible for the re-uptake of extracellular NE (Gulyas
et al., 2010). Nevertheless, it is possible that these mechanisms may overcompensate,
especially at early stage of the LC neurodegeneration, leading to worsening of the
disease. Following this logic, DAGLa increase in aging, via 2-AG-mediated depolarization-
induced suppression of excitation (DSE) (Straiker and Mackie, 2005) in the remaining
neurons, may be an additional protective system in place to avoid this sustained
compensatory overexcitation of the remaining LC neurons, overproduction of NE and,
subsequently, cytotoxicity.

Another possible explanation for the increase of DAGLa could be linked to the
inflammatory process which characterize the aging LC. Evans et al. (2021) describe the
presence of microgliosis and the increase of inflammatory proteins in the LC of old animals
compared to young controls. Indeed, in literature it has been extensively shown how 2-
AG has neuroprotective and anti-inflammatory properties: it increases after brain injuries
and improves the consequent cell death (Panikashvili et al., 2001), it inhibits the
production of TNFa (Gallily et al., 2000) IFN-y (Kaplan et al., 2005) and IL-2 (Ouyang et

al., 1998). Therefore, DAGLa increase could represent a supplementary way the neurons
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use to produce more 2-AG and cope with the age-related inflammation, in order to restore
the homeostasis.

The last hypothetical explanation for an increase in DAGLa could be its role in an
intracellular signalling pathway. Since the discovery of a mtCB1r (Bénard et al., 2012), the
2-AG produced by the increased DAGLa could act on mitochondria to decrease the
neuronal firing frequency, protects against depletion of energy sources and to reduce ROS
production.

In our study, we also investigated whether the DAGLa protein increase was due to an
increase in its MRNA expression. We did not find any significant age-related difference in
the DAGLa mRNA expression, indicating that what we see on the protein level is likely
due to a decreased protein degradation. However, surprisingly, our data showed a
significant increase in DAGL in the aged LC (Figure 28). This result, as the protein data,
appears to be opposed of what happens in the hippocampus. Piyanova et al. (2015), in
fact, showed that DAGLa mRNA expression is lower in the aged hippocampus compared
to young control, while DAGL remains unchanged. The role of DAGLJ has been partially
neglected in the past, when this isoform was thought to be selectively important in
microglia. However, even if the role of DAGL is still not fully understood in neurons,
Schuele et al. (2021) recently showed that it is present in DG hippocampal neurons almost
as abundant as DAGLa, consistently with the founding in the LC where the expression of
both isoforms is very much equivalent. Supporting the theory of an important contribution
of DAGLS in aging and in line with the DAGLB mRNA expression increase in aged LC,
Pascual et al. (2013) too reported an eightfold increase in this DAGL isoform in the
synaptosome fraction from cerebral cortex of old mice compared to young controls.
Unfortunately, we could not investigate the protein level of DAGLp in LC as there is no a
DAGLp knock-out mouse line that can confirm the specificity of the antibodies on the
market for immunohistochemistry.

Altogether these results on one hand support the hypothesis that the endocannabinoid
system plays a crucial role in the aging process of the LC, and on the other they underline
the fact that, although the LC and the hippocampus are regions both sensitive to aging,

the mechanisms involved in the neurodegeneration and compensation processes are
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profoundly different and might reflect the different nature and peculiarities of the neuronal

types.

4.7. The age-related neurodegeneration of LC neurons is responsible for working

memory deficits in old C57BL/6J mice

Aging is known to be associated with a decline of cognitive function such as episodic
memory (Levine et al., 2002), working memory (Gazzaley et al., 2005), speed of
information processing and task switching, and more generally a decline of attention
(Robertson, 2013); furthermore, some studies have proven how aging selectively impairs
the process of memory extinction and the capacity to use context to modulate learned
responses to threat (Battaglia et al., 2018).

All these aspects have been showed to be heavily regulated by the noradrenergic system.
Wang et al. (2011) reported how the age-related decline in working memory was
normalized by up-regulating the noradrenergic system, while Giustino and Maren (2018)
showed how the LC-NE system modulates Pavlovian conditioning and memory extinction.
Therefore, our goal was to clarify whether (and to which extent) the moderate reduction
in noradrenergic signalling we found happening with aging contributes to these cognitive
deficits.

Our data clearly show that old C57BL/6J experience difficulty extinguishing fearful
memory compared to young controls in the contextual fear conditioning test (Figure 31);
this evidence is also in line with previous studies such as Battaglia et al. (2018) and Shoji
et al. (2016). We could also demonstrate that old C57BL/6J show a meaningful impairment
in working memory in the 5-CSRTT compared to young controls, linked to a lower choice
accuracy (Figure 32). Thus, in order to understand the importance of the age-related cell
loss identified in 3.1 and how much it contributes to these cognitive deficits, we induced
in the LC of young mice the same rate of neurodegeneration that we detected in aging
using the DSP-4 toxin (3.7.1, Figure 30), and tested them in the same battery of models.
When performing the contextual fear conditioning test, we could not find any significant
difference between DSP-4 treated and vehicle control animals in neither the process of
fear learning nor extinction, indicating that the age-related neurodegeneration of LC
neurons is not liable for the deficit in fear extinction characteristic of old age (3.7.3, Figure
33). Yet, when comparing DSP-4 treated and vehicle animals in the 5-CSRTT,
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considerable differences emerged. In the first place, DSP-4 treated animals needed
significantly more time to learn the task and to reach the last phase of the test compared
to vehicle injected animals (3.7.3, Figure 34 A), indicating an impaired working memory.
Once reached the last stage of the test, without any distraction the DSP-4 treated animals
were able to perform in a comparable way with vehicle controls. However, interestingly,
our data demonstrate that, when a distractor was introduced in the test, the DSP-4 treated
mice showed a poorer choice accuracy, giving significantly fewer correct and more
incorrect answers compared to controls which did not seem to be disturbed by it (3.7.3,
Figure 34 B-C). In order to verify the effect of the DSP-4 toxin as cause of these
differences, we performed a NET staining in prefrontal cortex through which we could
detect a clear reduction in the amount of area covered by axon terminals in DSP-4 treated
group compared to the vehicle control group (3.7.3, Figure 35).

Overall, these data clearly demonstrate that even a mild reduction of noradrenergic
signalling is capable of influencing choice accuracy in the presence of a distractor and
focus the attention on how important the noradrenergic signalling is in task-engagement
and performance optimization. LC neurons are, in fact, often described as a “temporary
attention filter” as they mediate the optimization of performances by setting the optimal
arousal level for task-relevant situations (Aston-Jones and Cohen, 2005). In the presence
of salient stimuli LC mediates the release of noradrenaline in the cortex enhancing the
stimulus processing and increasing the signal-to-noise ratio (Aston-Jones et al., 1991,
1994; Sara, 2009).

Altogether, our data strengthen our hypothesis that the age-related 20 % reduction in LC
neuronal number is directly responsible for the working memory and attention deficits
occurring in elderly individuals and open a new window on the comprehension of the role

played by the noradrenergic system in aging.

4.8. Conclusions

The locus coeruleus (LC) is a small nucleus in the pons of the brainstem representing the
major source of noradrenaline (NE) in the central nervous system. It plays a crucial role
in the regulation of numerous cognitive functions, including attention, memory as well as
in the sleep—wake states and stress response. Recent evidences showed an age-related
loss of noradrenergic neurons in healthy subjects, highlighting that the LC is a brain region
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particularly vulnerable to age-related changes. There is a large body of evidence
demonstrating that cannabinoid receptor 1 (CB1r) signaling modulates the activity of the
LC. The immunoreactivity for CB1r within the LC was localized in somatodendritic
structures, axon terminals, glial processes and on noradrenergic axon terminals.
Moreover, CB1r deletion caused significant alterations of the electrophysiological
properties of noradrenergic neurons such as an increase in LC-NE excitability and input
resistance.

The present thesis work aimed to investigate the aging process of LC in C57BL/6J mice
and to understand the role of the endocannabinoid system in the survival of these
neurons. We found that in C57BL/6J mice the LC goes through an age-related
neurodegenerative process beginning at the age of 8 months and that the rate of neuronal
loss is higher in mice lacking of the CB1r (Cnr1-). Accordingly, Cnr1-- showed a lower
noradrenergic innervation in the principal efferent areas of the LC such as cortex and
hippocampus. In further support to the hypothesis that the endocannabinoid system plays
a key role in the aging of this neuronal type, we found that DAGL enzyme increased with
age selectively in noradrenergic neurons, in a timepoint subsequent to the onset of the
neurodegenerative process, suggesting a protective role of it in the outlived neurons.
Furthermore, we found that the reduction in LC neurons that we found to be associated
with aging is directly responsible for an impaired working memory and a greater

distractibility in the execution of attention-required tasks.

4.9. Perspectives

The work discussed in this thesis sheds light on the aging process of the LC and on the
role played by the eCBS. However, many questions remain unanswered. First of all, we
observed a significant reduction in the number of the age-sensitive LC noradrenergic
neurons in old Cnr1”- mice; so we hypothesized that the increased neuronal loss in the
LC of Cnr1’ mice is a result of an accelerated brain aging due to the lack of
neuroprotective effect of CB1r activity. However, we performed our experiments in a
constitutive knock-out model which prevents us from establishing whether the protective
effect of CB1r signalling on LC neurons is cell autonomous or not. To answer this question,
we would need a mouse line with the knock-out of the CB1r selectively on noradrenergic
neurons and then compare the onset and severity of neuronal loss in the LC, as well as
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the reduction of noradrenergic terminals in the forebrain, between this line, wild-type and
Cnr1”- mice. As an additional control, we could use a CB1r knock-out mouse line and
restore the CB1 signalling specifically within LC neurons. If the protective effect of CB1r
was cell autonomous, the deletion of CB1r from LC noradrenergic neurons in wild-type
animals would lead to a comparable pathology as observed in the constitutive Cnr1-- mice,
while CB1r knock-out mice with LC-specific restoration of CB1 signalling would show
similar phenotype as wild-types.

During the thesis work, we tried to establish the mouse lines described above using the
Cre/lox system. In detail, we used DBH-Cre mice (mice with the Cre recombinase under
the dopamine beta-hydroxylase promoter), CB1%oXflox mice (mice with the Cnr1 gene
flanked by two loxP sites; Cre-mediated recombination mediates the deletion of the gene)
and CB15T°" mice (mice with a floxed STOP cassette inserted into the 5 UTR of
the Cnr1 gene, abolishing its expression; Cre-mediated recombination removes the STOP
cassette and rescues CB1 expression). Unfortunately, during the establishment of the
mouse lines, we detected a germline expression of the Cre recombinase, which prevented
us from obtaining the selective knock-out we were aiming for. To overcome the problem
of a transient Cre expression in the germline, our next strategy will be using a Tamoxifen-
inducible DBH-Cre line.

Another interesting question that the present thesis has brought up is whether it is possible
to protect LC noradrenergic neurons by reversing their age-related changes through an
elevation of CB1r signalling. Our lab has previously shown that elevation of the CB1r
activity by chronic, low dose of the agonist THC reversed age-related changes in the
hippocampus. We now ask whether the elevation of cannabinoid signalling is protective
for LC neurons and reverse the expression of age-related genes in aged mice to the level
of young mice. Therefore, our goal is to apply a chronic, low dose of THC before the onset
of the LC age-related neurodegeneration and then compare the LC neuronal number, the
density of the noradrenergic terminals in the forebrain and the transcriptome profile of
noradrenergic neurons. To perform the transcriptome profiling, we will use the viral TRAP
(translating ribosome affinity purification) technique, an innovative technique that allows
to isolate RNA from rare cell populations. To conclude, altogether these experimental
approaches may clarify many aspects about the vulnerability of LC neurons as well as the
role of the endocannabinoid system in the process of brain aging.
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5. Abstract

The locus coeruleus (LC) is a small nucleus located in the pons of the brainstem,
representing the major source of noradrenaline (NE) in the central nervous system.
Although the LC consists of a relatively low number of noradrenergic neurons, they widely
innervate cortex, hippocampus, amygdala, hypothalamus and the brainstem itself. The LC
plays a crucial role in the modulation of numerous cognitive functions including attention,
memory, the regulation of sleep—wake states and the stress response. The peculiarity of
noradrenergic neurons, in fact, is to act as a real attention filter switching from a tonic firing
mode, related to a “low attention” stimulus, to a phasic firing mode, in response to relevant
“focus-demanding” stimuli. It has been widely demonstrated that the LC undergoes
structural changes in neurodegenerative diseases, however very little is known about
changes in this region during physiological aging. A recent human in vivo study showed
the presence of an age-related neurodegeneration of the LC in healthy adults, confirming
this brain region as particularly susceptible to aging. Thus, LC seems to be expressly
dependent on the activity of neuroprotective mechanisms to compensate for the factors
contributing to its vulnerability: increased oxidative stress, pacemaking activity, high
arborization, high load on mitochondria due to the big energetic need. Interestingly, all
these factors are influenced by the endocannabinoid system, whose activity is thought to
be neuroprotective and to influence aging. Yet, whether the endocannabinoid system has
a protective effect on the survival of these neurons during aging is still not known. Thus,
the aim of this thesis was to investigate the aging process of the LC and to comprehend
the role that the endocannabinoid system plays in it.

We discovered that the LC of C57BL/6J mice goes through an age-related
neurodegenerative process, as the number of noradrenergic neurons starts decreasing
from 8 months of age, for a total 20 % reduction throughout life. We also found that the
rate of neuronal loss was higher in animals lacking of the CB1r (Cnr1-"), indicating a crucial
role of this receptor in the survival of noradrenergic neurons. Moreover, a lower number
of noradrenergic neurons was associated with a reduced density of noradrenergic axon
terminals in the main projecting areas of LC such as cortex and all the hippocampal
subregions. Also in this case, the reduction was more severe in Cnr1”- mice compared to

wild-types, suggesting a poorer (if any) compensatory rate. This marked neuronal death
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in Cnr1”- animals was also associated with alterations in microglia morphology and
mitophagic activity.

In further support to the hypothesis that the endocannabinoid system plays a key role in
the aging process of this neuronal type, we found that DAGL enzyme increased with age
selectively in noradrenergic neurons, in a timepoint subsequent to the onset of the
neurodegenerative process, suggesting a protective role of it in the outlived neurons.
Furthermore, we investigated whether the age-related reduction in LC neurons that we
identified could be directly responsible for the cognitive alterations in working memory,
attention and memory extinction characteristic of old age. Our data clearly show that even
this mild decrease in noradrenergic signalling can lead to an impairment in working
memory and to a greater distractibility in the execution of attention-required tasks.
Overall, our data provide the basics for a better comprehension of the role of the
noradrenergic system in brain aging and for a future exploration of the endocannabinoid

system's potential as a new valuable therapeutic target.
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