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ABSTRACT

The effect of depleting the CNS Border associated macrophages at pre-

symptomatic stage of ALS on neuroinflammation, symptoms, and survival

Narges SHOMALIZADEH

Doctor of Philosophy in Neuroscience, February 2023

Background: Amyotrophic lateral sclerosis (ALS) is an incurable motor neuron
disease characterized by progressive muscle atrophy, including respiratory muscles.
Muscle weakness, wasting, cramps, and fasciculations result from the loss of lower motor
neurons. Additionally, patients with ALS may experience extra-motor symptoms due to
neuronal loss in the frontotemporal cortex. Survival typically ranges from 2 to 4 years
after disease onset, with respiratory failure being the primary cause of death. ALS, the
most common motor neuron disease in adults, has an incidence of 2 per 100,000 and a
prevalence of 5.4 per 100,000. Despite extensive studies on ALS pathogenesis, the exact

mechanism of neurodegeneration remains unclear.

Perivascular macrophages (PVMs) are myeloid cells residing in the central nervous
system (CNS) and are part of the larger group of macrophages known as CNS border-
associated macrophages. In a healthy state, these cells phagocytize harmful substances
that infiltrate from the vasculature and regulate immune responses. However, in an
inflammatory state, they contribute to increased vascular permeability and subsequent
neuroinflammation. Dysregulation of the blood-brain barrier (BBB) occurs well before
the symptomatic stage of ALS and influences PVMs, leading to increased reactive oxygen
species (ROS) generation and BBB permeability. Transformed PVMs, in collaboration

with other brain myeloid cells, initiate proinflammatory processes.

Aim: Our aim is to investigate the contribution of PVMs to ALS pathogenesis and
their impact on neuroinflammation. To achieve this, we depleted PVMs at the
presymptomatic stage of ALS and evaluated microglia activation, astrogliosis, BBB

disruption, symptoms, and lifespan in an animal model.



ABSTRACT

Methods: PVM depletion was achieved by injecting clodronate-loaded liposomes or
PBS-loaded liposomes (as a control) into the cisterna magna of SOD1C%*») mutated rats,
an ALS animal model. The study included 59 SOD1 mutated rats (both male and female).
Preliminary studies involved nine rats, while the remaining fifty rats received either
clodronate-loaded liposomes (depleted group) or PBS-loaded liposomes (sham group)
via cisternal injection. The clodronate concentration in the suspension was 5 mg/ml. Rats
were divided into three experiments: early single injection (day 80 after birth), late single
injection (day 160 after birth), and multiple injections (administered at day 80 after birth
followed by two additional injections every 20 days). Rats were monitored until reaching
the humane endpoint, when the rats cannot turn back after being placed on their side, with
weight measured twice a week and locomotor activity tested weekly to assess
neuromuscular strength, motor coordination, and balance. The locomotor activity test
comprised gait analysis, tail elevation, balance beam test, paw-grip endurance, extension

reflex, rearing behavior, and ladder rung test for paw placement accuracy during walking.

Validation studies included wild-type (WT) rats from a Sprague Dawley background
for comparison of PVMs between SOD1 and WT rats, injection point validation, and
confirmation of PVM depletion. FITC-Albumin injection into the cisterna magna of two

WT rats confirmed appropriate delivery to the brain and spinal cord.

Immunofluorescent staining of astrocytes, microglia, and CD206" cells in obtained
tissues from sacrificed animal models was conducted using GFAP, Iba 1, and CD206
primary antibodies, respectively. Statistical methods were employed to analyze behavior
scoring and weight change, as well as staining results, between depleted and sham groups

in the three experiments.

Results: Preliminary studies on CNS tissues from SOD1 and WT rats revealed
upregulation of CD206" cells in various brain and spinal cord regions of SOD1 mutated

rats.

FITC-Albumin injection confirmed delivery to the brain and spinal cord, colocalizing

with PVMs, validating the injection point for subsequent studies.

Immunofluorescence staining with CD206 for brain and spinal cord sections of WT
rats showed downregulation of CD206" cells in all regions of the depleted group, with

significant results for the spinal cord in the multiple injection experiment.
II



ABSTRACT

Weight change analysis indicated a delayed presymptomatic stage in the depleted
group across all three experiments, with significant results for the multiple injection
experiment. Behavioral studies confirmed milder or delayed symptomatic stages in the

depleted groups, particularly in the multiple injection experiment.

Immunofluorescence staining for PVMs, astrocytes, and microglia revealed
upregulation of all three cell types in the ventral horn of the lumbar section of the spinal
cord in the depleted group compared to the sham group in both the late single injection

and multiple injection experiments.

Conclusion: This study demonstrated that depleting perivascular macrophages at the
presymptomatic stage of ALS can delay disease onset, particularly in animals receiving
repetitive doses of clodronate-loaded liposomes. Locomotor activity tests and weight
change records showed a delayed and milder symptomatic phase in these animals. The
upregulation of CD206" cells, microglia, and astrocytes at the endpoint in the ventral horn
of the depleted group appears to be associated with the anti-inflammatory phenotype of

CD206" cells, astrocytes, and microglia, correlating with improved motor behavior in this
group.

Key words: Perivascular macrophages, Clodronate, Amyotrophic lateral sclerosis,

Astrocytes, Microglia, Reactive oxygen species
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OZETCE

ALS'in 6n semptomatik asamasinda merkezi sinir sistemi sinirh
makrofajlarinin (CNS-BAM'lerin) azaltilmasinin néroinflamasyon,

semptomlar ve sagkalim iizerindeki etkisi

Narges SHOMALIZADEH

sinirbilim Ph.D., Subat 2023

OZETCE

Giris: Amyotrofik lateral skleroz (ALS), ilerleyici kas atrofisi ile karakterize edilen
tedavisi miimkiin olmayan bir motor néron hastaligidir, bu atrofi solunum kaslarin1 da
icerir. Kas zayifligi, erime, kramplar ve fasikiilasyonlar alt motor néron kaybindan
kaynaklanir. Ayrica, ALS'li hastalar frontotemporal kortekste ndron kaybi nedeniyle
ekstra-motor belirtiler yasayabilirler. Genellikle, hastalik baglangicindan sonra 2 ila 4 yil
arasinda bir slirede solunum yetmezligi 6liimiin baslica nedenidir. Yetiskinlerde en yaygin
motor noron hastaligi olan ALS'nin insidensi 100.000 basina 2 ve prevalansi 100.000
bagmna 54'tlir. ALS patogenezine yonelik genis kapsamli ¢aligmalara ragmen,

norodejenerasyonun tam mekanizmasi net degildir.

Perivaskiiler makrofajlar (PVM'ler), santral sinir sisteminde (CNS) bulunan miyeloid
hiicrelerdir ve CNS smuir ile iligkili makrofajlar olarak bilinen daha biiyiik bir makrofaj
grubunun bir parcasidir. Saglikli bir durumda, bu hiicreler damardan sizan zararh
maddeleri fagosite eder ve bagisiklik yanitlarini diizenler. Ancak, iltihapli bir durumda,
artmis vaskiiler gecirgenlige ve sonrasinda ndroinflamasyona katkida bulunurlar. Kan-
beyin bariyerinin (BBB) disfonksiyonu ALS'nin semptomatik asamasindan once
meydana gelir ve PVM'leri etkiler, bu da reaktif oksijen tiirleri (ROS) {iretiminde ve BBB
gecirgenliginde artisa neden olur. Doniismiis PVM'ler, diger beyin miyeloid hiicreleri ile

is birligi yaparak proinflamatuar siirecleri baslatir.

Amac¢: Amacimiz, PVM'lerin ALS patogenezine katkisini ve ndroinflamasyondaki
etkilerini arastirmaktir. Bunun i¢in, ALS'nin 6n belirtili asamasinda PVM'leri azalttik ve
bir hayvan modelinde mikroglia aktivasyonunu, astrogliyozu, BBB bozulmasini,

semptomlar1 ve yasam siiresini degerlendirdik.
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OZETCE

Yéntem: PVM azaltimi, ALS hayvan modeli olan SOD1(%34) mutasyonlu siganlarin
serebrospinal sivisina klodronat yiiklii lipozomlar veya PBS yiiklii lipozomlar (bir kontrol
olarak) enjekte edilerek saglandi. Calisma, 59 SOD1 mutasyonlu sigani (hem erkek hem
de disi) ieriyordu. On calismalar dokuz sigan1 kapsarken, kalan elli sigana klodronat
yuklii lipozomlar (azaltilmis grup) veya PBS yiikli lipozomlar (yalanci islem grubu)
serebral enjeksiyon yoluyla verildi. Stispansiyondaki klodronat konsantrasyonu 5 mg/ml
idi. Siganlar ii¢ deneye ayrildi: erken tek enjeksiyon, ge¢ tek enjeksiyon ve dogumdan
sonra 80. glinde, dogumdan sonra 160. giinde ve dogumdan sonra 80. giinde ardisik 20
giinde bir iki ek enjeksiyon yapilan ¢oklu enjeksiyonlar. Siganlar, insan son noktasina
ulasana kadar izlendi, agirlik haftada iki kez 6l¢iildii ve néromiiskiiler kuvveti, motor
koordinasyonu ve dengeyi degerlendirmek i¢in haftalik olarak lokomotor aktivite testi
yapildi. Lokomotor aktivite testi, yiiriime analizi, kuyruk kaldirma, denge tahtasi testi,
penge kavrama dayanikliligi, uzatma refleksi, dikme davranis1 ve yliriitken pence

yerlestirme dogrulugu i¢in merdiven basamagi testini igceriyordu.

Dogrulama c¢alismalari, PVM'lerin SOD1 ve WT siganlari arasinda karsilastirilmast,
enjeksiyon noktasit dogrulamasi ve PVM azaltiminin dogrulanmasi i¢in Sprague Dawley
soyundan WT sicanlari igeriyordu. FITC-Alblimin enjeksiyonu, beyne ve omurilige

uygun teslimat1 onaylayarak, sonraki ¢alismalar icin enjeksiyon noktasini dogruladi.

sican modellerinden elde edilen doku drneklerinde astroglia, mikroglia ve CD206+
hiicreler i¢in immunofluoresan boyama, sirasiyla GFAP, Iba 1 ve CD206 primer
antikorlar1 kullanilarak gerceklestirildi. Istatistiksel yontemler, ii¢ denemede azaltilmis ve
yalanci islem gruplari arasindaki davranis skorlamasi ve agirlik degisikligini analiz etmek

i¢in kullanildi.

Bulgular: SODI1 ve WT sicanlarinin CNS dokularinda yapilan 6n ¢alismalar, SOD1
mutasyonlu siganlarin gesitli beyin ve omurilik bolgelerinde CD206" hiicrelerin yukari

regililasyonunu gosterdi.

FITC-Albiimin enjeksiyonu, beyin ve omurilige uygun teslimati onaylayarak,

PVM'lerle kollokale olan enjeksiyon noktasini sonraki ¢alismalar i¢in dogruladi.

WT siganlarin beyin ve omurilik kesitleri i¢in CD206 ile immunofluoresan boyama,
azaltilmig gruplarmn tiim bolgelerinde CD206" hiicrelerin asagi regiilasyonunu gosterdi,

ozellikle ¢coklu enjeksiyon deneyi i¢cin omurilikte anlamli sonuglar elde edildi.
\Y
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Agirlik degisikligi analizi, iic denemede azaltilmis gruplarda gecikmis 6n belirtili
asamay1 gosterdi, ¢oklu enjeksiyon deneyi i¢in anlamli sonuglar elde edildi. Davranigsal
caligmalar, azaltilmis gruplarda daha hafif veya gecikmis semptomatik asamalari,

ozellikle ¢coklu enjeksiyon deneyinde dogrulada.

PVM'lerin, astrositlerin ve mikroglialarin immunofluoresan boyama ile ventral
boynuzdaki tiim ii¢ hiicre tipinin upregiilasyonunu, ge¢ tek enjeksiyon ve coklu
enjeksiyon deneylerindeki azaltilmis gruba karsi yalanci islem grubuna gore ortaya

cikardi.

Sonu¢: Bu calisma, ALS'min 6n belirtili asamasinda perivaskiiler makrofajlarin
tikenmesinin hastalik baslangicin1 geciktirebilecegini, 06zellikle klodronat yiiklii
lipozomlarin tekrarlayan dozlarini alan hayvanlarda gosterdi. Locomotor aktivite testleri
ve agirlik degisikligi kayitlari, bu hayvanlarda gecikmis ve daha hafif semptomatik asama
gosterdi. Azaltilmig gruptaki ventral boynuzdaki CD206" hiicrelerin, mikroglia ve
astrositlerin upregiilasyonu, bu gruptaki motor davranislarin iyilestirilmesi ile iliskili olan
CD206" hiicrelerin, astrositlerin ve mikroglialarin anti-inflamatuar fenotipi ile iliskili

goriinmektedir.

Anahtar kelimeler: Perivaskiiler makrofajlar, Klodronat, Amiyotrofik lateral skleroz,

Astrositler, Mikroglia, Reaktif oksijen tiirleri
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CHAPTER 1: Introduction

Chapter 1

1 Introduction

Amyotrophic lateral sclerosis (ALS) is an incurable motor neuron disease that affects
both upper and lower motor neurons, leading to progressive muscle atrophy, including
respiratory muscles. Lower motor neuron loss extending from the spinal cord results in
muscle weakness, wasting, cramps, and fasciculations. ALS also involves extra-motor
systems to varying degrees, with some patients experiencing cognitive and behavioral
symptoms due to frontotemporal cortex neuronal loss (Oskarsson et al.). The typical
survival period after disease onset is 2-4 years, with respiratory failure being the primary
cause of death. With an incidence of 2 cases per 100,000 individuals and a prevalence of
5.4 cases per 100,000, ALS stands as the most common adult motor neuron disease (Chio

et al., 2013).

Approximately 10% of ALS cases are familial, with several identified genetic factors
associated with familial ALS, such as C9orf72 repeat expansion, mutations in genes
encoding SOD1, FUS, TDP-43, and about 30 other genes. Mutations in TARDBP, the
gene encoding the TDP-43 protein, are a primary contributor to protein aggregation in
cells. These protein aggregates induce neuronal dysfunction and cell death in most ALS
patients, irrespective of familial or sporadic cases. Although the exact mechanism of
neurodegeneration induction is unclear, it is believed that these inclusions may be toxic
themselves or hinder the protein's normal function in cells (Oskarsson et al.). In addition
to issues related to protein translation and degradation, various pathological mechanisms
play a role in different stages of the ALS neurodegenerative process. These include
mitochondrial dysfunction, oxidative damage, glutamate excitotoxicity, inflammation,

and dysregulation in intracellular and nucleocytoplasmic transport (Rothstein, 2009).
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1.1 Epidemiology
1.1.1 Risk factors

Various non-genetic factors contribute to an elevated risk of developing ALS.
Lifestyle choices, environmental and occupational factors, pre-existing medical

conditions, comorbidities, and medical exposures are all linked to the incidence of ALS.

In terms of lifestyle factors, research indicates that current smoking significantly
heightens the risk of ALS, especially when compared to past smoking habits. Among non-
genetic factors, environmental and occupational exposures hold particular significance.
Exposure to pesticides, heavy metals, and solvents has been shown to notably increase
the risk of ALS. While the impact of electromagnetic field exposure on ALS incidence
remains unproven, the intensity of exposure may influence the development of ALS.
Epidemiologically, heavy metals such as lead, mercury, and selenium are associated with
an increased risk of ALS, potentially inducing neurodegeneration by disrupting TDP-43
homeostasis in neurons. Pre-existing conditions, including head trauma, stroke, and
hypertension, are identified as risk factors for ALS. Studies examining the correlation
between head trauma and ALS risk reveal a clear association, with a history of head
trauma linked to ALS development. Animal models involving rats and drosophila
demonstrate that brain trauma can cause defects in nucleocytoplasmic transport,
potentially initiating TDP-43 pathology in neurodegenerative diseases. Conversely,
diabetes exhibits a modest protective effect, aligning with earlier research indicating a
link between diabetes and delayed ALS onset. This supports the notion that disturbances
in metabolism may play a role in the clinical progression of ALS. Additionally, the use of
antidiabetic medications emerges as a significant factor in ALS prevention, possibly
influenced by the administration of oral hypoglycemic drugs to diabetic individuals.
Notably, kidney disease, akin to diabetes, demonstrates a protective influence on the

occurrence of ALS.

Moreover, regarding non-genetic factors, research provides substantial evidence
regarding the impact of military service on the occurrence of ALS. Additionally, studies
confirm that a high body mass index (BMI) acts as a protective factor against the onset of

ALS. Subgroup analysis further underscores that obesity exerts a more pronounced
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protective effect on ALS in comparison to being overweight, highlighting the correlation

between weight loss and shorter survival in individuals with ALS.

Although genetic factors play a limited role in ALS onset, they offer crucial insights
into the underlying mechanisms of the disease. Pooled analysis has identified seven
candidate ALS causative genes, contributing to approximately 10% of ALS cases across
all patients. Mutation frequencies were notably higher in European patients and those with
familial ALS (FALS), underscoring the relevance of genetic factors. The overall pooled
mutation frequencies for major ALS-related genes were 2.2% for SODI1, 2.1% for
C9orf72, 1.7% for ATXN2, 1.7% for FUS, 0.8% for TARDBP, 0.6% for VCP, 0.6% for
SQSTMI, and 0.6% for UBQLNZ2. Subgroup analysis based on family history revealed
mutation frequencies of 28.6% in FALS and 8.1% in sporadic ALS (SALS), indicating a
higher gene mutation rate in familial cases and underscoring the importance of genetic
testing in FALS. The top three mutated genes in FALS were SOD1, C9orf72, and FUS,
while in SALS, they were ATXN2, SODI1, and FUS. The distinct genetic structures
between FALS and SALS emphasize the need for careful consideration during genetic
testing in ALS patients. Subgroup analysis also revealed differences in gene mutation
patterns between European and Asian populations. In European populations, C9orf72
repeats were the most common mutations in ALS, followed by SOD1, ATXN2 repeats,
FUS, TARDBP, VCP, UBQLN2, and SQSTMI. In Asian populations, SOD1 mutations
were the most prevalent, followed by C9orf72 repeats, FUS, ATXN2 repeats, SQSTMI,
TARDBP, UBQLN2, and VCP. These findings suggest a higher frequency of gene
mutations in European populations, with significant variations in mutant spectra among

different populations (Duan et al., 2023).
1.2  Cellular and molecular pathways contributing to ALS

It has been hypothesized that the selective motor neurons degeneration in ALS may
be attributed to the involvement of neighboring astrocytes rather than occurring through
a cell-autonomous process (Rothstein, 2009). Numerous studies verify the involvement
of astrocytes, and deficiencies in their glutamate transporter have been identified in a
significant proportion of sporadic ALS patients as well as in rodent models with SOD1
mutations. (Howland et al.; Rothstein et al.). It has been demonstrated that astrocytic
inclusions precede the onset of symptoms in a model of SOD1 mutant toxicity. These

inclusions develop rapidly with the progression of the disease and are associated with a
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decrease in the glial glutamate transporter (GLT-1). Based on these findings, it is
concluded that SOD1 mutations inflict damage on astrocytes, potentially contributing to
the degeneration of motor neurons (Bruijn et al.). Astrogliosis refers to the remodeling of
astrocyte biology in response to central nervous system (CNS) damage, which includes
neurodegeneration. The characteristics of reactive astrocytes vary depending on their
proximity to the damage and the nature and severity of the insult. Severe astrogliosis
results in the proliferation of astrocytes and the formation of glial scars, while milder
forms do not exhibit these features. Astrogliosis is a complex, multicellular phenomenon
involving not only astrocytes but also other non-neuronal cells such as microglia,
oligodendrocytes, and endothelial cells, as well as neuronal cells (Pehar et al.). Glial cell’s
key role in motor neuron fate and disease progression has been confirmed by several
studies (Beers et al.; Di Giorgio et al., 2007; Ferraiuolo et al.; Nagai et al.). The selective
elimination of the SOD19** transgene from glial cells in SOD1%%** mice or the
replacement of wild-type astrocytes or microglia in the central nervous system (CNS) of
these animals has been shown to decrease the speed of disease progression and extend
lifespan (Boillée et al.; Clement et al.; Wang et al.; Yamanaka et al.). These studies have
shed light on the involvement of toxic features of mutant SOD1 transgene in glial cells in
the emergence of ALS. Consequently, therapeutic approaches aimed at reducing SOD1
have been developed in alignment with the findings from these experiments (McCampbell

et al.).

Neurotoxic reactive microglia, referred to as the M1 phenotype, becomes activated in
response to neuroinflammatory insults. The transformation of astrocytes from a quiescent
state to a reactive phenotype, known as Al, is initiated by M1 microglia through the
secretion of inflammatory cytokines such as IL-1a, TNFa, and Clq. Studies involving
mice lacking microglia have revealed that these animals were unable to induce Al
astrocytes in response to lipopolysaccharide (LPS) injection. This led to the conclusion
that microglia is a crucial factor in facilitating the acquisition of toxic functions by
astrocytes (Liddelow et al., 2017). The significant extension of lifespan in the ALS mouse
model was observed upon the elimination of IL-1a, TNFa, and C1q, emphasize the crucial
role of these factors in the progression of ALS. The impact of Al astrocytes on ALS
pathogenesis has been assessed through the examination of C3 and GFAP staining on
tissue sections obtained from both familial and sporadic ALS patients. Additionally, the

measurement of C3 mRNA expression in the spinal cord of ALS patients has been
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employed to further elucidate the role of Al astrocytes in the progression of ALS
(Guttenplan et al., 2020).

As mentioned previously, Al astrocytes undergo a transformation, acquiring new
biological features. These Al astrocytes exert a toxic effect by secreting one or more
harmful factors specifically targeting neurons and oligodendrocytes. Interestingly, their
toxic influence is not directed towards endothelial cells or pericytes (Di Giorgio et al.,
2007; Liddelow et al., 2017; Nagai et al.). In general, it appears that the microglia-to-
astrocytes axis plays a promotive role in disease progression in ALS rodent models.
Notably, microglia alone seem to be insufficient to induce neuronal death (Guttenplan et
al., 2020; Liddelow et al., 2017). The mechanism by which reactive astrocytes promote
the death of neurons and oligodendrocytes involves the delivery of free fatty acids (FFAs)
and very-long-chain fatty acid acyl chains (VLCPCs). This process is likely facilitated
through the secretion of lipoparticles (Guttenplan et al., 2021). The role of lipids in central
nervous system (CNS) signaling by astrocytes and microglia remains insufficiently
studied. The trafficking of lipids in reactive astrocytes expressing various APOE isoforms
is unclear. Despite the recognized involvement of saturated lipids in neuroinflammation
and neurotoxicity, reducing these lipids from reactive astrocytes' conditioned medium
does not eliminate neurotoxicity in vitro. This incomplete efficacy may stem from
potential challenges in completely knocking out the lipids or the influence of toxic
proteins, microRNAs, or other lipids present in the conditioned medium (Guttenplan et
al., 2021).

Reactive oxygen species (ROS) are oxygen-containing molecules, both radical and
nonradical, that result from the incomplete reduction of oxygen. Examples include the
superoxide radical anion (O2e-), hydrogen peroxide (H202), and the hydroxyl radical
(HOe). These species are produced as by-products of cellular metabolism through
enzymatic and nonenzymatic reactions. The generation of ROS is a natural part of cellular
processes, but excessive or uncontrolled production can lead to oxidative stress, causing
damage to cellular components and contributing to various pathological conditions. In
addition to various mechanisms that produce ROS inside of the mitochondria, there are
enzymes outside of it that are involved in ROS production such as nicotinamide adenine
dinucleotide phosphate oxidase (NOX), xanthine oxidase, cyclooxygenases, CYP450,
and lipoxygenases (Pizzino et al., 2017).
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Enzymatic and nonenzymatic antioxidants contribute to cellular defense against
oxidative stress. Several key enzymes are active in reducing reactive ROS, including
superoxide dismutases, catalase (CAT), glutathione peroxidase (GPx), glutathione
reductase (GR), and thioredoxin (Trx). This defense system is supplemented by
nonenzymatic antioxidants, including glutathione (GSH), vitamins A, C, and E,
flavonoids, and proteins such as albumin, ceruloplasmin, and metallothionein. There is an
imbalance between heightened ROS production and ineffective antioxidant defenses in
ALS. The dysregulation of ROS and antioxidant mechanisms contributes to oxidative

stress, which contributes to the progression of ALS (Cunha-Oliveira et al., 2020).
1.2.1 Neurovascular Unit Dynamics

The blood-brain barrier (BBB) serves as a specialized structure, regulating the
exchange of substances between the blood and the brain parenchyma, crucial for brain
metabolism and waste removal. Disruption of the BBB and cerebrovascular malfunction
are identified as detrimental factors that can initiate various CNS disorders. It is suggested
that neuroinflammation resulting from cerebrovascular dysfunction may underlie the
development of CNS disorders. Recent findings indicate that the upregulation of
perivascular fibroblasts (PVFs) and subsequent remodeling of the perivascular space,
marked by its enlargement, precede the symptomatic stage of ALS in both humans and
SOD19A mice. Particularly, these changes occur earlier than the upregulation of
microglia and astrocytes (Manberg et al., 2021). This fact indicates that alterations in the
neurovascular unit precede the activation of microglia and astrogliosis. In other words,
the initiation of neuroinflammation can be traced back to the disruption of the BBB. While
there has been extensive research on the components of the neurovascular unit and the
role of glial cells in neuroinflammation in recent decades, the precise timing and
mechanisms underlying the impact of vascular components on parenchymal components,
or vice versa, remain incompletely understood. In addition to microglia, several myeloid
populations have been identified, demonstrating their essential role in sustaining brain
homeostasis, and contributing to brain disorders. Non-parenchymal or CNS border
associated macrophages (BAMs) are notable among these, comprising perivascular,
subdural meningeal, and choroid plexus macrophages. In embryonic development, these
macrophages are derived from yolk sac precursors. Except choroid plexus macrophages,
these populations are not replenished by blood monocytes during adulthood (Siret et al.,
2022). BAM’s role in the progression of ALS is not well-studied.
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Figure 1-1 Brain associated macrophages (BAMS) including meningeal
macrophages, perivascular macrophages, and choroid plexus macrophages (figure

is created by Biorender.com)

Perivascular macrophages constitute a distinct group of immune cells associated with
cerebral vessels. Recent advancements in microscopy and immunohistochemistry have
enabled the differentiation of PVMs from microglia. Positioned on the abluminal side of
cerebral blood vessels, PVMs express the mannose receptor CD206 in addition to CD11b,
a marker expressed by all myeloid cells (Goldmann et al., 2016). Additionally,
perivascular macrophages express the lymphatic vessel endothelial hyaluronan receptor-
1 (LYVE1) and demonstrate lower levels of Iba-1 compared to microglia. Notably, these
cells are actively involved in phagocytic activity (Bechmann et al., 2001; Zeisel et al.,
2015). It is crucial to avoid confusion between PVMs and parenchymal microglia located
adjacent to cerebral vessels. Typically, microglia and PVMs can be distinguished using
the CD45°CD11b"CD206" and CD45"CD11b"CD206° marker combinations,
respectively (Goldmann et al., 2016). The research indicates that PVMs are situated
within the perivascular space of arterioles and venules. This space exists between the
abluminal surface of the endothelial vessel basement membrane and the parenchymal
basement membrane on the glia-limitans side. Importantly, PVMs are not found in
association with capillaries, as there is no perivascular space around capillaries due to the

fusion of these two membranes (Iadecola; Koizumi et al., 2019). PVMs exhibit the ability
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of self-proliferation, which contributes to their longevity and preservation throughout the
organism's life. Their sustained presence is a result of this intrinsic property, rather than

being reliant on the infiltration of peripheral myeloid cells (Goldmann et al., 2016).

Perivascular macrophages

Astrocyte endfeet

Vascular smooth
muscle cells

Endothelial cells

Figure 1-2 Perivascular macrophages position in the neurovascular unit (figure is

created by Biorender.com)

1.3 Background studies on PVMs

In several studies examining the impact of PVMs on cerebrovascular dysfunction in
CNS diseases, evidence suggests their role in increasing vascular permeability. Notably,
in a transient middle cerebral artery occlusion (tMCAQ) model during the acute phase of
stroke, it was observed that PVMs contribute to heightened vascular permeability
concurrent with granulocyte recruitment. Interestingly, the depletion of PVMs using
clodronate liposomes resulted in a reduction of both vascular permeability and

granulocyte infiltration in the ischemic cortex (Pedragosa et al.).

In another study involving an acute hypertension model, it was demonstrated that the
generation of ROS by PVMs via the Angiotensin II type 1 receptor (AT1R), coupled with
the activation of Nox2 in PVMs, resulted in an increased BBB permeability. Depletion of

PVMs using clodronate liposomes did not alter baseline cerebrovascular responses but
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effectively restored the neurovascular dysfunction observed in a genetic model of lifelong
hypertension and in the hypertension model induced by the gradual administration of
angiotensin II (ANGII) (Faraco G Fau - Sugiyama et al.). Depletion of PVMs through
clodronate liposome administration in a chronic hypertensive model prevented structural
remodeling of the medial cerebral artery induced by hypertension. Additionally, this
intervention led to an improvement in the endothelium-dependent dilation of the artery
(Pires et al., 2014). The role of PVMs in cerebral amyloid angiopathy (CAA),
characterized by the deposition of AP in cortical blood vessels, was examined in a mouse
model of Alzheimer’s disease (AD). Depleting PVMs with clodronate liposomes resulted
in an increase in amyloid depositions within cortical vessels in the animal model. This
suggests that PVMs play a critical role in AP clearance through phagocytosis. However,
enhancing clearance capacity may be associated with an elevated production of ROS
(Hawkes & McLaurin, 2009). In another study, it was demonstrated that the production
of ROS and cerebrovascular dysfunction induced in various Alzheimer's disease models
was reduced through intracerebroventricular injection of clodronate liposomes.
Additionally, the study revealed that the CD36 and Nox2 receptors of PVMs contribute

to the neurovascular dysfunction induced by amyloid deposition (Park et al.).

1.4 Aim of the project

In this study, our objective is to investigate the contribution of PVMs to ALS disease
pathogenesis and their impact on neuroinflammation. We hypothesize that the
dysregulation of the BBB, occurring well before the symptomatic stage of ALS,
influences the characteristics of PVMs, potentially leading to an increased generation of
reactive oxygen species. These alterations in PVMs could result in heightened BBB
permeability. Collaborating with other brain myeloid cells, these transformed PVMs may
initiate the neuroinflammation process. To test this hypothesis, we aim to deplete PVMs
to assess whether the severity of microglia activation, astrogliosis, BBB disruption,

symptoms, and the lifespan of the animal model are altered after repopulation of PVMs.
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Chapter 2

2  Materials and methods

2.1 Experimental design

This study was applied in accordance with the required protocols and guidelines of
the Kog University Institutional Animal Care and Use Committee (IACUC) based on the
European Parliament and Council's Directive 2010/63/EU on the protection of animals
used for scientific purposes. In addition, all experiments were conducted according to the
guidelines for reporting animal research in vivo experiments (ARRIVE). The rats were
housed in plastic cages and maintained at a controlled temperature (22°C/12-hour

light/dark cycle) with free access to food and water.
2.1.1 Animal model

To model ALS, we used SOD19A transgenic rats. The wild-type (WT) and
SOD1%%3 rats (Sprague Dawley background) were housed in the animal facility at Kog
University. Due to the dominance of the SOD1 gene, we used heterozygotes that have a
longer life span. Our goal is to obtain heterozygote rats by mating SOD1-positive rats

(determined by genotyping as discussed below) with WT rats.
2.1.2 Characterization of colony and PVMs in SOD1 rats

In order to characterize the colony, nine SODI rats were followed until they reached
their human end point. Upon reaching the end point, each of them was terminated along
with a WT rat from the same generation. Four SOD1 and corresponding four WT tissues

were processed for this step.

2.1.3 hSOD1 ¢34

We have discussed before that the SOD19%34 positive rats were mated with their WT
litter mates in order to produce heterozygotic pubs. Three weeks after their birth, the pubs
were separated from their mother for the purpose of taking a tail sample for DNA

extraction and genotyping. The DNA is isolated using the Quick-DNA™ Miniprep Plus
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kit (ZYMO Research). A Nanodrop machine was used to measure the DNA concentration

of the samples following DNA isolation.

Forward and reverse primer sequences for SOD1 are "GTG GCA TCA GCC CTA
ATC CA" and "CAC CAG TGT GCG GCC AAT GA" respectively. In order to perform

gradient PCR, we prepared a dilution of 10 M of the primers' main stock.

A volume containing 100 ng of the isolated DNA was set to 10 ul (by adding nucleus
free water) then the following mixtures were added: 1.25 ul of forward primer, 1.25 pl of
reverse primer, and 12.5 pl of PCR master mix (brand name). Each sample should have a
total volume of 25 ul. The microtubes were then placed in the thermal cycler (T100™
Thermal Cycler, BIO-RAD) as follows: at 95 °C for 1 minute, 35 % (95 °C for 15 seconds,
62.1 °C for 15 seconds, and 72 °C for 20 seconds), 72 °C for 8 minutes, and 12 °C for
infinity. The lid temperature is 105 °C.

The electrophoresis gel was made from 1% agarose in 1XTAE solution and 0.2%
Ethidium bromide. After this, 10 pl of each sample (obtained from gradient PCR) were
added to each well. The first well was also loaded with 6 pl of gene ruler to ensure that
the bands opened in the correct position. An electrophoresis of 30 minutes at 100 volts

was carried out.

To visualize the gel, it was transferred to an imaging system (ChemiDoc™ MP, BIO-

RAD).

Figure 2-1 Example image taken from ChemiDoc™ imaging system. The bright

bands show expression of the hSOD1 gen.
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2.1.4 Chemicals
2.14.1 Drug

The purpose of depleting PVMs is to investigate whether they contribute to the
deterioration of neurovascular function in ALS patients, specifically in the SODI
transgenic model. For this purpose, we depleted PVMs using Liposomes loaded with
clodronate (LIPOSOMA, Amsterdam). Macrophages phagocytose clodronate, which

induces cell death via programmed cell death.

Liposomes are artificially synthesized spheres composed of concentric layers of
phospholipids. Following dispersion in water, phospholipids form liposomes that have
hydrophilic heads on their outer surfaces and hydrophobic fatty acid groups on their inner
surfaces. Aqueous compartments separate these bilayers, allowing hydrophilic molecules
to dissolve in them and encapsulate them within the liposome. As a hydrophilic molecule,
Clodronate, also known as dichloroethylene-bisphosphonate or CI;MBP, can be
encapsulated within these phospholipid bilayers.

Final assembly

Individual units

Folded two-dimensional bilayer forms
a three-dimensional hollow vesicle
enclosing an aqueous cavity.

Figure 2-2 liposome structure. Amphiphilic phospholipid molecules form bilayer

spheres upon dispersion in aqueous medium (created by Biorender.com).
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Free clodronate encounters obstacles in crossing cell membranes and is rapidly
eliminated from circulation by the renal system within minutes. However, when
clodronate is entrapped in a liposome, it becomes engulfed by macrophages, preventing
its escape. While lysosomal phospholipases digest the phospholipid bilayers, clodronate
remains intact within the macrophage. As macrophages ingest more phospholipid bilayers
and liposomes, the accumulation of clodronate within the macrophage increases. Once
the intracellular concentration goes beyond a certain threshold, clodronate induces

apoptosis, leading to the depletion of the macrophage.

Upon the injection of clodronate-loaded liposomes, the depletion of perivascular and
meningeal macrophages initiates. The maximum impact is observed in the second week
after injection, and by day 14 post-injection, brain border-associated macrophages begin
to repopulate. Approximately thirty days after the injection, the cell population returns to

its initial state (Polfliet et al., 2001).
2.1.4.2 injection method

Based on their injection age and number of injections, there are three general groups
in the main experiment: early single injections (80 days after birth), late single injections
(160 days after birth), and multiple injections (first injection at 80 days after birth,
followed by two more injections every three weeks thereafter). Each group is divided into
a sham group and a treatment group. The sham groups received PBS-loaded liposomes,
while the treatment groups received clodronate-loaded liposomes. A total of 50 transgenic
animals were used in this study. We injected 30 ul clodronate- or PBS-loaded liposomes
suspension into the cisterna magna using a micro injector (Hamilton®, gauge 33, blunted).
The animals were anesthetized by using lower dose of ketamine xylazine cocktail (30
mg/kg ketamine) kept sedated under 1-2% isoflurane while the animal was fixed in the
stereotaxic frame. Injections were carried out at a rate of 2.5 pl per minute by using
injector pump. In order to inject into the cisterna magna, the animal was placed in the
stereotaxic frame with its nose pointed downwards. To expose the skin, the fur was
shaved. In the next step, the skull's posterior end was located at the level of the ears, and
the skin was cut along the midline. In the anterior-to-posterior axis, the cisterna magna
can be exposed by pulling the neck muscles apart from the midline. A transparent dural

membrane covers the cisterna magna, which has an inverted triangle shape and is located
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between the cerebellum and the medulla at the base of the skull. By penetrating the

syringe tip into the cisterna magna, clodronate- or PBS-loaded liposomes were injected.

Cerebellum

Forebrain Cisterna magna

Figure 2-3 Rat placement in the stereotaxic device. The Clodronate or PBS-
loaded liposome suspension is injected by using micro injector to cisterna

magna. The injector pump was set on 2.5 ul per minute.

Model timeline

Early symptomatic stage End stage

10-15%decrease in Cannotback to the right

their weight (day170to positionin 20 seconds
Day 160 210 after birth) (day 170to 270 after

I l l I birth)
Pre symptomatic stage
Approximately the
peak weight time (day

Day 80 Day 100 Day 120 140 to 170 after birth)

Figure 2-4 animal model timeline. Green arrows show the injection days of
multiple injection experiment. Purple arrow indicates injection day for early single
injection, and orange arrow the late single injection. Dark blue arrows specify the

disease stages.
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Figure 2-5 Groups, animal numbers and their gender in early single injection

experiment.
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Figure 2-6 Groups, animal numbers and their gender distribution in multiple
injection experiment.
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Figure 2-7 Groups, animal number and gender distribution in late single injection

experiment.

2.1.4.3 Injection point validation

The injection point must be validated before we begin the experiment with the ALS
rat models. In order to accomplish this, two wild type rats of the Sprague Dawley strain
were anesthetized (75mg/kg ketamine xylazine cocktail) and then FITC albumin was
injected into their cisterna magna according to the method explained before. One hour
later, the rats were perfused with PBS and then 4% PFA. Following decapitation, the brain
and spinal cord were dissected for further analysis. The tissues were treated to be ready
for immunofluorescence staining (the method is described later). Tissue sections were
stained with CD206 primary antibody and mounted with Dapi. Using fluorescent
microscopy, the diffusion of FITC albumin from the cisterna magna to various locations

in the brain and spinal cord is examined.
2.1.4.4 Validation of PVMs depletion after clodronate liposome injection

During this step, we validated the depletion of PVMs after clodronate-loaded

liposomes were injected into the cisterna magna. We recruited another group of 10 wild
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type animals. Half of them received clodronate-loaded liposomes, and the other half
received PBS-loaded liposomes. The age of the rats receiving either PBS or clodronate-
loaded liposomes was the same as that of the main experiment group. There are three
groups, one early injection, one late injection, and multiple injections, similar to the main
experimental groups. After two weeks of injection (last injection for those receiving
multiple injections), the animals were perfused with PBS followed by 4% PFA. Dissected
tissues were prepared for immunofluorescence staining in the same manner that will be
described later. We used the CD206 primary antibody as a marker for PVMs and the I1B4

primary antibody as a marker for vessels.
2.1.5 Behavioral tests

The weight measurement and locomotor activity scoring were performed until the
human endpoint, at which time the animals were sacrificed. We evaluated the animals’

neuromuscular strength, motor coordination, balance, and so on through behavioral tests.

A series of six assessments is used to determine the onset and progression of the
disease (Haulcomb et al.). The test was conducted once a week at the same time on each
testing day, approximately six hours into the light cycle. Every testing day, the order of
the tests was changed. Testing was conducted by the same handler, who was blind to the
groups, and the sessions were recorded. Open field boxes with transparent walls
measuring 100 x 100 x 50 cm were used for three of the tests. The tests and their scoring

systems are listed as following:
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2.1.5.1 the rats were observed for 4 minutes in the open field:

2.1.5.1.1 Gait analysis test:

6 normal posture, gait, and forward motion
abnormal posture or trunk position during forward motion,
> such as a hunched appearance or sloped rump
waddling or lateral wobbling movement of the pelvis during forward
) motion
dysmetria or incoordinate movements with a distinct jerky,
. oscillating component during forward motion
2 at least one knee contacts ground during forward motion;
inability to properly place at least one hind foot flat during
: forward motion, often manifests as knuckle walking
at least one hindlimb is paralyzed, inability to move the hindlimb
0 results in dragging limb during forward movement.

Table 2-1 Scoring description for gait analysis.

2.1.5.1.2 Rearing behavior:

rearing behaviour with complete extension/stretching of the hind-limbs at
> least twice

rearing behaviour was not performed or performed only once. Regardless
) of the extension situation

rearing behaviour with partial/incomplete extension/stretching of the hind
0 limbs was observed at least twice

Table 2-2 scoring description for rearing behavior test.
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2.1.5.1.3 Tail elevation:

Tail elevation level is higher that or at the level of the body during forward
: movement

Tail appears to slump during forward movement, distal portion of tail is
. lower that the body and routinely touches the ground

Tail is not elevated during forward movement, the entire tail or the distal
0 portion drags on the ground

Table 2-3 scoring description for tail elevation monitoring.

2.1.5.1.4 Paw-grip endurance (by placing animal on a mesh and turning the mesh to

vertical position):

5 grasp with all paws for 5 seconds

temporarily grasp with all paws for less than 5 seconds and suspected to

4 release intentionally

temporarily grasp with all paws for less than 5 seconds and unintentionally

3 release
1 grasp with forepaws only for less than 5 seconds
0 unable to maintain grip with paws

Table 2-4 scoring for paw-grip endurance test.

2.1.5.1.5 Extension reflex (5 seconds suspension by tail):

complete fore-and hind-limb extension

complete fore- limb extension and partial hind-limb extension

partial fore- and hind-limb extension

partial forelimb but no hind-limb extension

S| N | O

no fore- or hind-limb extension

Table 2-5 Scoring description for testing extension reflex.
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2.1.5.1.6 Balance beam test (suspend the animal by tail and keep it near the beam under

it if it grasps the beam then release the tail if not put the rat on the beam and

wait for 5 seconds):

lift to beam with 4 paws, and don’t fall within 5 seconds

lift to beam with only fore-paws, and doesn’t fall within 5 seconds

W K| WD

lift to beam with only fore-paws, and fall within 5 seconds

unable to lift body onto the beam, after placed onto the beam by handler can

stay for 5 seconds

unable to lift body onto the beam, after placed onto the beam by handler

cannot stay for 5 seconds

Table 2-6 scoring description for balance beam test monitoring.

2.1.5.2 Ladder rung walking test:

Rats in this test walk from a neutral cage to a familiar cage on a pathway. This
pathway consists of two Plexiglas panels with dimensions of 100 x 20 cm. The
transparent walls are connected by removable rungs that provide a floor for the
walking test. Rungs consist of wooden sticks with a diameter of 3 mm. In order to
make the test unpredictable for the rats, the pattern of the rungs can vary. The

apparatus should not be wider than the animal by more than one centimeter.

Pattern A
e o o e o o o o
Pattern B
ee o oo o oo o

Figure 2-8 frontotemporal view of the ladder rung walking test apparatus, and

two example for the rungs placement, regular and irregular (Metz & Whishaw).
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It is possible to vary the distance between two rungs between 1 and 5 cm.
During the test, the front and end edges of the apparatus are placed on the cages
at a distance of 30 cm from the floor. However, for training purposes, two cages
are placed on top of each other, resulting in a distance of 60 cm.

Each animal is subjected to three trials per testing day. Steps and errors (limbs
falling between rungs) are counted separately for each pass. The mean number of

errors per step and the average of all three trials are calculated (Metz & Whishaw).

2.1.6 Sacrifice and tissue collection

During the experiment, we anesthetized the animals with ketamine xylazine cocktail,
transcardially perfused them with ice-cold DPBS followed by 4% PFA, and immersed
their brains and spinal cords overnight in 4% PFA at a temperature of +4°C. Then, the

tissues are processed as below for later experiments.

2.1.7 Immunofluorescence Staining and imaging

To demonstrate the relationship between PVMs and the vessels, along with the other
components of the NVU, immunofluorescence staining was employed. We dehydrated
the collected brains and spinal cords using a gradient of sucrose in dH20 at +4 °C (10%,
20%, and 30% incubated overnight in each dilution). Following this, we cut the brain and
spinal cord into four parts as shown in the schematic below and embed and freeze them

in OCT gel (DDK, Italy).
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Later, we sliced them at a thickness of 20 um and collected the sections on positive
charged Superfrost™ Plus microscopy slides (Epredia, Netherlands). Then, we did the IF

staining according to the following protocol:

T
AN

Figure 2-9 Schematic rat CNS. The lines show the cut positions.

2.1.7.1 IF protocol
1. Immerse the slides in dH2O for 5 minutes at room temperature.
2. Submerge the slides in PBS three times for 5 minutes each at room temperature.
3. Permeabilize by dipping in 0.5% Triton X100 in PBS at room temperature.
4. Rinse with PBS.
5. Outline the tissues with a hydrophobic marker (Peppen, brand).
6. Incubate in Superblock (brand) for 1 hour at room temperature.
7. Remove the Superblock.

8. Incubate in the primary antibody, CD206 (catalog number), at a 1:200 dilution in
Superblock, at +4 °C overnight.

9. Wash the slides with 0.025% Triton X100 in PBS, 4 times for 5 minutes each on a
shaker (30 rpm).
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10. Remove excess liquid around the tissues and incubate in the secondary antibody,
Cy3 (brand and catalogue number), at a 1:200 dilution in Superblock, at 37 °C for 90

minutes.

11. Wash the slides with 0.025% Triton X100 in PBS, 4 times for 5 minutes each on
a shaker (30 rpm).

12. Repeat steps 8 to 11 for the second primary antibody and the appropriate
secondary antibody.

13. Wipe the liquid from the slides and apply the mounting medium with DAPI
(ab104139, Abcam), then close the slides with coverslips.

14. Secure the coverslips with transparent nail polish.
15. Store the slides at +4 °C until imaging.

Other primary antibodies that we used were Rabbit Iba-1 (PAS5-21274,
Thermofisher) at 1:250 dilution, Rabbit Glial fibrillary acidic protein GFAP (ab7260)
at 1:200 dilution, Rabbit anti-Collagen I (ab34710, Abcam) at 1:300 dilution, and
Isolectin GS-IB4-AlexaFluor™488 conjugated (121411, Thermofisher) at 1:200
dilution. Secondary antibodies were Alexa 488 anti-rabbit (Thermofisher), and Cy3

anti-mouse (Thermofisher).

2.1.7.2 Imaging

Immunofluorescence labeling of the brain and spinal cord tissues were observed by
using Leica DMI8 SP8 Confocal Scanning Microscope. In case of injection point

validation, Leica DMi8 LCI microscope was used.

2.1.7.3 Image analysis

We processed the fluorescent images using the LASX program (Leica, Wetzlar,

Germany) and exported them as TIF files. For the quantification of PVMs, microglia, and
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astrocytes in the brain and spinal cord, brain and spinal cord sections were stained with
CD206, Ibal, and GFAP respectively.

Using ImageJ 1.52e (NIH, MD, USA) software, the 20x images taken by the confocal
microscope were quantified for CD206, Ibal, and GFAP positive areas.

The TIF pictures were opened in ImageJ software, and the blue channel for DAPI and
the red channel for CD206 were separated using the split channels function. The
integrated density (IntDen), mean gray value, and percentage of stained area were
measured for the cortex and striatum after thresholding. For each animal, at least four

images of the cortex and four images of the striatum were analyzed.

In the case of Iba 1 and GFAP staining, the exported TIF pictures were opened with
ImagelJ software, and the blue channel for DAPI and the green channel for Iba 1 or GFAP
were separated using the split channels function of ImageJ. Following thresholding,
IntDen, mean grey value, and percentage of stained area were calculated. There were at

least 10 images for each staining of the cortex and striatum.

2.1.7.4 Statistical analysis

All statistical analyses were conducted using the GraphPad Prism 10 software (San
Diego, USA). Data were presented as Mean+SD if not mentioned otherwise. With the
Shapiro Wilk normality test, normality assumptions were made. All groups were
compared using the Kruskal-Wallis test. Two groups were compared using the Mann-

Whitney U test.

24



CHAPTER 3: Results

CHAPTER3

3 Results

3.1 Border macrophages characterization

To delineate CD206-positive cell characteristics and examine potential variations
between SOD1-mutated animals and their wild-type littermates, brain and spinal cord
tissues were extracted from four mutated rats at their endpoint and four wild-type rats
sacrificed at the corresponding age. These tissues underwent staining using a CD206
primary antibody and Cy3 secondary antibody, followed by mounting with DAPI (Figure
3-1).

Figure 3-1 The representative images of CD206 IF staining of spinal cord sections.

First row images are from WT rats (a, b, c, d). second row images are from SOD1
mutated rats (e, f, g, h). Note the CD206+ cells upregulation in images from SOD1
mutated animals. (CD206 red, 1B4 green, DAPI blue. Scale bar is 100 um).
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CD206 staining
Border macrophages characterization
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Figure 3-2 The analyses of CD206 stained images of SOD1 and WT animal
groups at the end point. Data is presented as Mean+SEM. Dots represent measured
IntDen of individual images. SOD1 images have higher CD206 IntDen values
than WT in all regions. The difference is significant in spinal cord (SC) outer
edges, SC ventral horn, and brain perivascular areas, but in the brain meningeal

areas the difference is not statistically different.

As explained before, we analyzed the integrated density parameter of the images red
channel (Figure 3-2). The integrated density of CD206" areas was higher in SODI
mutated animals than their WT littermates, although it was not significant in all regions.
The integrated density of CD206 has significantly higher value in the spinal cord outer
edges, spinal cord ventral horn, and brain perivascular areas of SOD1 mutated rats than
the WT (P=0.0011, P=0.0032, P=0.0031 respectively), while in the brain meningeal

regions the difference was not significant (P=0.1726).
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3.2 Injection point validation

To confirm the ability of clodronate liposomes to circulate throughout various parts
of the central nervous system (CNS) following injection into the cisterna magna, we
administered FITC-albumin to the cisterna magna of two wild-type rats. The tissues were
stained with CD206 to investigate the colocalization of border macrophages with FITC-

albumin.

Microscopy images confirm the FITC-albumin presence in different parts of the CNS
including the anterior part of the brain and distal part of the spinal cord. The representative
images in Figures 3-3 and 3-4 show the CD206 positive areas are colocalizing with the

FITC stained areas in the brain and spinal cord sections.

Figure 3-3 CD206 staining from FITC-albumin injected rats’ spinal cords. Green,
red, and blue channels correspond to FITC-albumin, CD206 and nuclei (DAPI) in
order. Note the colocalization of FITC-Albumin and CD206" cells. The scale bar

is 200 pum.
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Figure 3-4 CD206 staining from FITC-albumin injected rats’ brains. Green, red,
and blue channels correspond to FITC-albumin, CD206 and nuclei (DAPI) in
order. The scale bar is 200 um. CD206" cells are colocalizing with FITC-
Albumin.

3.3 Validation of PVMs depletion after clodronate liposome injection

As previously mentioned, wild-type rats were sacrificed two weeks after the late
single injection of clodronate liposomes. Moreover, rats from the multiple injection group
were sacrificed two weeks after the third injection. This experiment aimed to investigate

the impact of clodronate liposomes on the population of border macrophages.

The integrated density of CD206 in the brain and spinal cord sections of both depleted

and sham WT rats was measured and analyzed.

The image analysis for CD206 positive areas in tissue sections obtained from wild-

type animals that received a single injection at day 160 after birth is presented in Figure

28



CHAPTER 3: Results

3-5. Despite observing a decrease in CD206 positive macrophages in the depleted group
in all regions, such as brain borders, brain perivascular, spinal cord borders, and spinal
cord perivascular, the differences with the sham group are not statistically significant (P

Values are 0.2514, 0.4274, 0.2448, and 0.7961, respectively).

In the multiple injection experiment, the CD206 positive areas exhibit a decrease in
all locations, as indicated in the graph of Figure 3-6. Notably, there is a significant
decrease in the spinal cord borders (both outer edges and central canal) and brain borders
of the depleted group (P value <0.0001, P value=0.0452 in order). However, the observed
differences are not statistically significant for the brain perivascular, and spinal cord

perivascular (P values are 0.3829 and 0.4634 in order).
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Figure 3-5 The analysis of CD206 stained images of depleted and sham WT rats
received late single injection. A) The IntDen of the CD206 stained area. Data is
presented as MeantSEM. IntDen is lower in all regions of depleted group,
although the difference is not statistically significant (P values are 0.25, 0.42, 0.24,

and 0.79 from left to right in order). B, C) representative images from Brain and
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Spinal cord of depleted and sham groups respectively. Note the difference
between red channel in depleted and sham images. Scale bar is 100um in 20x
images and 20um in zoomed images. CD206 is red, 1B4 is green, and nuclei is
blue (DAPI).
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Figure 3-6 The analysis of CD206 stained images of depleted and sham WT rats
of multiple injection experiment. A) The IntDen of the CD206 stained area. Data
is presented as mean+SEM. IntDen is lower in all regions of the depleted group.
The depletion is significant in Brain borders and spinal cord borders (P values are
0.0452 and <0.0001 respectively), although the difference was not statistically
significant for brain and spinal cord perivascular (P values are 0.3829 and 0.4634
in order). B, C) representative images from Brain and Spinal cord of depleted and
sham groups respectively. Note the difference between red channel in depleted
and sham images. Scale bar is 100um in 20x images and 20um in zoomed images.
CD206 is red, 1B4 is green, and nuclei is blue (DAPI).
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3.4 Behavior test
3.4.1 Weight changes

From the day of injection to the endpoint, the weights of the animals were documented
twice a week and arranged in XY tables. Simple linear regression was employed to assess
group comparisons. To mitigate the influence of gender, the weights were normalized

based on their initial recorded weights.

Due to the early single administration of the Clodronate/PBS loaded liposome, the
depleted group showed higher average weight from the injection day to the symptomatic
stage beginning. During the symptomatic stage until the end point the depleted and sham

curves intersect each other and their difference decreased (Figure 3-7).
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Figure 3-7 weight of the animals in early single injection experiment. Continuous
lines show the average weight of the groups, while the dashed lines are simple
linear regression of the continuous lines. Animals’ weights are normalized to their

first recorded weight.
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In the multiple injection experiment, despite the repeated injections of clodronate
loaded liposomes and depletion of CD206 positive cells, it appears that the weight change
of the depleted group is comparable to that of the sham group from the first injection day
to the symptomatic phase onset. During the symptomatic stage the depleted group shows
higher average weight compared to the sham group (Figure 3-8). The blue dashed line
representing the depleted group is less steep than the red line representing the sham group
(Slopes are -6.575x1073 and -7.247x107 in order). This indicates a subtle change in

weight within the depleted group in comparison to the sham group.
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Figure 3-8 weight of the animals in multiple injection experiment. Continuous
lines show the average weight of the groups, while the dashed lines are simple
linear regression of the continuous lines. Animals’ weights are normalized to their

first recorded weight.

In the late single experiment animals received clodronate loaded liposomes
maintained their weight for a longer period of time than those received PBS loaded
liposomes as the sham treatment (Figure 3-9). Both groups had similar average weights

during the symptomatic stage and their average cures intersected each other several times.
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Weight change
Single Late injection

1.5=
—— Depleted (mean)
£ 1.0+ —— Sham (mean)
(=]
o |00 N s R N WP SRS Ny T e e Depleted (linear regression)
.3 ----- Sham (linear regression)
ﬁ 0.5
©
:
< 0.0 ...r.1r..,1r1r...1r1r.':“r.\1.....
200 250 300
Age (days)
-0.5=

Figure 3-9 weight of the animals in the late single injection experiment.
Continuous lines show the average weight of the groups, while the dashed lines
are simple linear regression of the continuous lines. Animals’ weights are

normalized to their first recorded weight.

3.4.2 Locomotor activity tests

To determine the total score for each animal for every week, individual scores from
different items were summed, resulting in a numerical value ranging from 0 to 33. These
aggregated data were then inputted into an XY table to generate curves based on the mean
values of the respective groups. Subsequently, the slopes of these curves were calculated

using simple linear regression.

In the early single injection group, animals underwent continuous monitoring and
assessment over a span of 23 weeks. The results of the tests revealed comparable
performances between the two groups (Figure 3-10). Notably, the slopes of the red line
representing the sham group and the blue line depicting the depleted group were found to

be closely aligned at -1.552 and -1.541, respectively.
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Despite the sham group having a higher average score during the symptomatic stage,
the depleted group exhibited a higher average score during the last month of the
experiment. This was due to two animals from the depleted group showing a notable
extension in survival, exceeding the duration lived by the last surviving animal from the
sham group by one week. It appears that the average score of the sham group decreased
with a delay compared to the depleted group. However, once the decline in the curve

began, the slope of the sham group's curve was steeper than that of the depleted group.

Early single injection group (locomotor scoring)
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Figure 3-10 The locomotor activity test results from the early single injection
experiment are illustrated. Individual scores of the animals are represented by
dots, while the continuous curves depict the group averages. Dashed lines indicate
the simple linear regression of the curves. The slopes for the depleted and sham

groups are -1.541 and -1.552, respectively.

The multiple injection group underwent scoring from day 85 to day 250 after birth on
a weekly basis. Data spanning twenty-two consecutive weeks were collected and
analyzed, with the results presented graphically. Individual data points are represented by
dots, while lines connect the mean values of each group, illustrating the slope of the curves

(Figure 3-11).
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Initially, in the first week following the first injection, scores for both the depleted and
sham groups were comparable. However, as the study progressed towards the endpoint,
the depleted group exhibited higher scores. The slope of the blue line (representing the
depleted group) is -1.534, which is less steep than the red line (representing the sham
group) with a slope of -1.699.
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Figure 3-11 The locomotor activity test results from the multiple injection
experiment are displayed. Individual scores of the animals are depicted by dots,
while the continuous curves represent the group averages. Dashed lines indicate
the simple linear regression of the curves. The slopes for the depleted and sham
groups are -1.534 and -1.699, respectively. It's worth noting the higher average
score of the depleted group in most of the scoring sessions.

Animals in the single late injection group were assessed weekly, commencing four
days after injection (day 164 after birth), and continuing for 16 consecutive weeks until
the study's endpoint. Similar to the previously described method, data analysis was

conducted using the same approach, and the results were visually represented.
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In the graphical representation (Figure 3-12), despite the steeper slope of the blue line
(depleted group) at -2.449 compared to the red line (sham group) with a slope of -2.200,
the depleted group consistently displayed higher scores throughout the entire
experimental period. Additionally, noteworthy is the observation that one animal from the

depleted group survived three weeks longer than the last animal in the sham group.
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Figure 3-12 The locomotor activity test results from the late single injection
experiment are depicted. Individual scores of the animals are represented by dots,
while the continuous curves represent the group averages. Dashed lines indicate
the simple linear regression of the curves. The slopes for the depleted and sham
groups are -2.449 and -2.200, respectively. It's noteworthy that despite the steeper
linear regression line for the sham group, the depleted group exhibited higher

average scores in most of the scoring sessions.

3.4.3 Ladder rung test

The ladder rung test was conducted on a weekly basis for all the animals, as previously
detailed. Each pass was precisely analyzed by counting the number of faults and the total
steps, allowing for the calculation of both the percentage of correct steps and the average
of three repetitions. The resulting graphs display individual data points represented by

dots. The groups average ladder rung score trends are shown by continuous curves, while
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the dashed lines illustrate the outcomes of the simple linear regression test, indicating the

slope of data changes for each group.

In the case of the early single injection group, the assessment period spanned from
day 160 to 250, covering 80 days post-injection until the endpoint. The blue line,
representing the depleted group, exhibited a less steep slope compared to the red line
(slopes of -7.159 and -9.723, respectively), indicating a slower progression of motor
deficit symptoms (Figure 3-13). Notably, while the sham group initially demonstrated
better performance, as the study approached its endpoint, the average score of the depleted
group surpassed that of the sham group. In the last week of scoring, a noteworthy
observation emerged — only one animal from the depleted group retained the ability to

traverse the rungs.
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Figure 3-13 The ladder rung test results from the early single injection experiment
are presented. The curves represent the average percentage of correct steps for the
depleted and sham groups (blue and red, respectively). While the sham group
exhibited a higher average in most of the scoring sessions, the depleted group's
average declined with a less steep slope.
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The animals in the multiple injection group underwent weekly testing sessions
spanning approximately from day 110 to day 240, totaling 18 sessions. Throughout this
testing period, the depleted group consistently exhibited a superior average score
compared to the sham group in most sessions (Figure 3-14). The graph depicting the
results reveals distinct trends, with the blue line representing the depleted group
displaying a less steep slope (-5.580), in contrast to the steeper slope observed in the red

line representing the sham group (-5.806).
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Figure 3-14 The ladder rung test results from the multiple injection experiment
are presented. The curves depict the average percentage of correct steps for the
depleted and sham groups (blue and red, respectively). The depleted group
demonstrated a higher average in most of the testing sessions, with the blue line
showing a less steep slope compared to the red line (-5.580 and -5.806,

respectively). This confirms a milder symptomatic stage for the depleted group.
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During the late single injection experiment, animals underwent testing sessions for a
duration of 12 weeks, spanning approximately from day 165 to day 255. In a pattern
reminiscent of the multiple injection experiment, the depleted group consistently
demonstrated superior performance in the majority of test sessions (Figure 3-15).
Interestingly, despite the steeper slope of the blue line representing the depleted group (-
8.513) compared to the red line representing the sham group (-8.159), the depleted group

exhibited better overall performance.
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Figure 3-15 The ladder rung test results from the late single injection experiment

are displayed. The curves show the average percentage of correct steps for the
depleted and sham groups (blue and red, respectively). The depleted group
exhibited a higher average in testing sessions of the first month after injection.
However, the red line displayed a less steep slope compared to the blue line (-
8.159 and -8.513, respectively). This indicates a delayed symptomatic stage in
the depleted group.
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3.4.4 Survival and probability of remaining healthy (pre symptomatic stage)

To assess the impact of depleting the BAMs on survival, we utilized Kaplan-Meier
analysis. Survival graphs were generated based on the animals' ages at the time of
termination for each of the three experiments individually. The Gehan-Breslow-Wilcoxon

test was employed for data analysis.

Furthermore, we utilized the recorded weights of the animals to create Kaplan-Meier
graphs in an alternative manner. The peak weight was identified as the onset of the pre-
symptomatic stage. For each rat, we determined the age at which it reached this stage.
Subsequently, Kaplan-Meier graphs were generated by defining the day when the animal
was at its peak weight as the event. These curves were plotted separately for the single
early injection, multiple injections, and single late injection groups. Once again, the

Gehan-Breslow-Wilcoxon test was utilized for data analysis.

The survival analysis for the single early injection experiment did not indicate a
statistical difference between the depleted and sham groups (Figure 3-16 A). The
numerical data of peak weight age depicted in the graph reveals that, although a trend was
observed wherein most animals from the depleted group reached the pre-symptomatic
stage later than those in the sham group, this difference did not achieve statistical

significance (Figure 3-16 B, P value = 0.1922).
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Figure 3-16 Survival results for the early single injection experiment. A) Kaplan-
Meier analysis for overall survival showed no significant difference between

groups (P value=0.93). B) Kaplan-Meier analysis for the probability of not
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reaching the symptomatic phase yielded a P value of 0.192, indicating no
statistically significant difference between the groups. The Gehan-Breslow-

Wilcoxon test was used for data analysis.

In the multiple injection experiment, the survival analysis does not reveal a notable
difference between the depleted and sham groups (Figure 3-17 A, P value= 0.716).
However, a consistent trend is observed where the depleted group exhibits a lower
probability of reaching the pre-symptomatic stage compared to the sham group.
Importantly, statistical analysis reveals that this difference is significant, with a p-value

0f 0.0316 (Figure 3-17 B).
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Figure 3-17 Survival results for the multiple injection experiment. A) Kaplan-
Meier analysis for overall survival showed no significant difference between
groups (P value=0.716). B) Kaplan-Meier analysis for the probability of not
reaching the symptomatic phase revealed a statistically significant difference
between the depleted and sham groups (P value=0.0316), analyzed using the
Gehan-Breslow-Wilcoxon test.

In the late single injection experiment, although the difference between the depleted
and sham groups did not reach statistical significance regarding the likelihood of reaching
the presymptomatic stage, the calculated p-value of 0.0554 is notably close to the
threshold of significance (Figure 3-18 B). Like the single early and multiple injection

experiments, the survival analysis did not show a significant difference (Figure 3-18 A).
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Figure 3-18 Survival results for the late single injection experiment: A) Kaplan-
Meier analysis for overall survival showed no significant difference between
groups (P value=0.745). B) Kaplan-Meier analysis for the probability of not
reaching the symptomatic phase revealed no statistically significant difference
between the depleted and sham groups. However, the P value approached the
threshold for significance (P value=0.055), analyzed using the Gehan-Breslow-

Wilcoxon test.

3.5 Immunofluorescence staining
3.5.1 CD206 staining

As described previously, CD206 primary antibody and CY3 secondary antibody were
used to stain tissues from the multiple injections and single late injection groups. We took
confocal images from the striatum and the cortex of the brains, and the ventral horn of the
spinal cords (lumbar sections). There were at least four images taken from the striatum
and the cortex, and eight images taken from the ventral horn of each animal. Staining was

performed at the end of experiments and there is no longitudinal data.

The depleted groups show greater densities of perivascular macrophages in the
ventral horn of the lumbar spinal column compared with the sham group. In the multiple
injection experiment, the difference is statistically significant (Figure 3-19 A), whereas in

the late single injection experiment, it is not statistically significant (Figure 3-20 A).
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In both experiments, the CD206 positive cells have increased in the cortex of the
depleted group compared to the sham group, but the difference is not statistically

significant.

Multiple injection experiment animals showed a different pattern in terms of CD206
cell density in the striatum. A significant reduction in CD206 density was observed in the
depleted animals in the multiple injection group, compared to the sham multiple injection
group (3-19 A). Despite this, the striatum of the single injection experiment showed the

same pattern as the cortex and ventral horn (3-20 A).
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Figure 3-19 The analysis of CD206 stained images from depleted and sham SOD1
rats in the multiple injection experiment revealed the following: A) The IntDen of
the CD206 stained area: In the ventral horn, IntDen was significantly higher in the
depleted group compared to the sham group (P value=0.0161). Surprisingly, in the
striatum, IntDen was higher in the sham group (P value=0.0106). However, there
was no meaningful difference in IntDen observed in the brain cortex (P
value=0.3877). B) Representative images from the lumbar section of the spinal
cord showed notable differences in the red channel between the depleted and sham
groups. Scale bars are 100um and 20um respectively for 20x and zoomed images,
with CD206 stained in red, GFAP in green, and nuclei in blue (DAPI).
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Figure 3-20 The analysis of CD206 stained images from depleted and sham SOD1
rats in the late single injection experiment revealed the following: A) The IntDen
of the CD206 stained area: In the ventral horn, striatum, and cortex of depleted
group has upregulated but the difference with sham group is not statistically
significant (P values are 0.5896, 0.1443, and 0.2653 respectively). B)
Representative images from the lumbar section of the spinal cord do not show
notable differences in the red channel between the depleted and sham groups.
Scale bars are 100pum and 20um respectively for 20x and zoomed images, with
CD206 stained in red, GFAP in green, and nuclei in blue (DAPI).

3.5.2 GFAP staining

To study the astrogliosis, the tissues were stained by GFAP (Alexa Flour 488 as
secondary antibody).

In the multiple injection experiment, the brain tissues from both depleted and sham
animals showed almost equal levels of astrogliosis. As a result of PVMs depletion, the
density of GFAP in the ventral horn of the depleted group was significantly higher than
that in the sham group. There is a statistically significant difference between the two
groups with a P value less than 0.0001 (Figure 3-21). Representative images are the same

as the CD206 staining part (figure 3-19).
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Figure 3-21 The analysis of GFAP stained images from depleted and sham SOD1
rats in the multiple injection experiment revealed the following: The IntDen of the
GFAP stained area: In the ventral horn of depleted group has upregulated
significantly compared to sham group (P value<0.0001). In the striatum and cortex

of depleted group the difference is not statistically significant with sham group (P

values are 0.9966, 0.5411 respectively).

In the case of the late single injection experiment, although there was more
astrogliosis in the cortex and striatum of the depleted animals than in the sham animals,
the difference was not statistically significant (P values are 0.3423 and 0.3187
respectively). The IntDen of GFAP in the ventral horn was almost equal (P value=0.8289)

(Figure 3-22). Representative images are the same as the CD206 staining part (Figure 3-

20).
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Figure 3-22 The analysis of GFAP stained images from depleted and sham SOD1
rats in the late single injection experiment revealed the following: The IntDen of
the GFAP stained area in the ventral horn, striatum, and cortex of depleted group
is not significantly different with sham group (P values are 0.8289, 0.3187, and
0.3423 respectively).

3.5.3 Iba 1 staining

Microglia activation was examined by staining the brain and lumbar section of the
spinal cord with Iba 1 (Alexa flour 488 was used as a secondary antibody). There is no
significant difference between the activation of microglia in the brains of depleted and

sham animals in either experiment (multiple and late single injection experiments).

In both experiments, depleted animals showed higher activation of microglia in the
lumbar ventral horn than in sham groups. There is a statistically significant difference, P
value is 0.035 for multiple injections (Figure 3-23) and 0.0042 for late single injections
(Figure 3-24).
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Figure 3-23 The analysis of Iba 1 stained images from depleted and sham SOD1
rats in the multiple injection experiment revealed the following: A) The IntDen
of the Iba 1 stained area: In the ventral horn of depleted group has upregulated
significantly with a P value of 0.035. B) Representative images from the lumbar
section of the spinal cord. Note the difference of green channel that is Iba 1
stained areas. Scale bars are 100um and 20pum respectively for 20x and zoomed
images, with Iba 1 in green and nuclei in blue (DAPI).
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Figure 3-24 The analysis of Iba 1 stained images from depleted and sham SOD1
rats in the late single injection experiment revealed the following: A) The IntDen
of the Iba 1 stained area: In the ventral horn of depleted group has upregulated
significantly with a P value of 0.0042. the IntDen of Iba 1in the brain sections is
not significantly different (P value=0.4694). B) Representative images from the
lumbar section of the spinal cord. Note the difference of green channel that shows
Iba 1 stained areas. Scale bars are 100pum and 20um respectively for 20x and

zoomed images, with Iba 1 in green and nuclei in blue (DAPI).
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Chapter 4

4 Discussion

There is no complete explanation for the etiopathogenesis of ALS based on genetic

mutations or environmental risk factors alone.

The purpose of this study is to investigate the effects of BAMs on ALS by
investigating the effects of their depletion on the progression of the disease, weight
fluctuations, and locomotor activity in rats. Moreover, we examined the activation of
microglia, astrocytes, and BAMs at the late stage of ALS in the depletion and sham

groups.

To assess the role of BAM in ALS, we utilized clodronate-loaded liposomes, and
injected it into the cisterna magna of SOD1 mutated rats. This procedure aimed to deplete
resident macrophages in the brain and spinal cord borders. A sham-operated group
underwent a similar procedure but received liposomes loaded with PBS as control for the

potential effects of liposomes and surgical complications.

Fifty-nine SOD1 mutant rats and 26 WT rats with Sprague Dawley backgrounds were
used in this study. SODI rats were monitored until the end of the study, human end point.
For the purpose of comparing the BAM populations of the WT rats with the SODI rats,

validating the injection site, and confirming depletion, WT rats were included in the study.

Immunofluorescent staining confirmed the presence of CD206-positive cells in
vicinity of the vessels in the SOD1 model. This findings are in line with a previous study
of single-cell RNA-sequencing of non-neuronal cells in the mouse cerebral cortex (Jeong
et al., 2022). We detected that in comparison to WT rats, CD206 positive cells were
significantly more abundant in the ventral horn and the outer edges of the spinal cord and
brain perivascular areas of SODI mutant rats. Although the macrophages were more
populated in the SODI1 brain meninges as well, the difference was not statistically
significant. This suggests that macrophages associated with the CNS borders are
increased in response to ALS, especially in the ventral horn. These findings align with the
results from previous research investigating the role of PVM in ALS, which was
conducted using a SOD1 mouse model. (Adachi et al., 2023). Adachi et al. conducted a

study examining alterations in the number and heterogeneity of PVMs in the spinal cord
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of SOD1 mice, comparing it with samples from wild-type mice at various time points,
spanning from the pre-symptomatic stage to the study endpoint. Their findings revealed
that in the pre-symptomatic animals, both the number and phenotype of PVMs in the
SODI1 mice resembled those in the WT mice. However, as the disease progressed, there
was an increase in the number of PVMSs, and their phenotype transformed from the anti-

inflammatory Lyvel™ type to the pro-inflammatory MHCII" type.

To directly demonstrate the effects of BAMs to ALS pathophysiology, we used
clodronate loaded liposome. Since clodronate passage to CNS is limited, we have used
cisterna magna injection. First, we examined the extent to which an injection into the
animal's cisterna magna could reach different locations within the CNS. For this purpose,
we administered FITC-Albumin into the cisterna magna of two wildtype rats. One hour
later, the rats were euthanized, and their brains and spinal cords underwent processing for
immunofluorescence staining with CD206 antibody. The resulting images demonstrated
that FITC-Albumin successfully reached the CD206" cells in both the brain and spinal
cord. This confirms the selection of the cisterna magna as the injection site and validates
that our administered drug can effectively reach the intended target from the cisterna

magna.

Second, we administered liposomes loaded with either clodronate or PBS to wildtype
rats, forming two distinct groups. The first group received three injections, commencing
at day 80 after birth and repeated every 3 weeks, while the second group received a single
injection at day 160 after birth. Two weeks after the last injection for the repetitive
injection group, all animals were euthanized. Brain and spinal sections were subjected to
staining with a CD206 antibody to evaluate the depletion of brain border-associated
macrophages. Although CD206-positive cells decreased in all regions, a statistically
significant depletion was observed in the spinal cord borders. For the first time, Polfliet
et al proposed depletion of BAMs by injecting liposomes containing clodronate locally in
2001. According to them, complete depletion occurs on day seven after injection in the
spinal cord and on day ten in the cerebrum. Thereafter, the BAMs begin to repopulate
(Polfliet et al., 2001). Since we evaluated the depletion on the tissues collected on the
fourteenth post-injection day, we did not end up with complete depletion, but it is worth
mentioning that we were able to confirm significant reductions in BAMs in the most
important region for ALS investigations, the spinal cord. Hence, we reached our aim of

significant depletion at 14" day after injection.

50



CHAPTER 4: Discussion

During the experiment, we monitored the weight of the animals twice a week, starting
from the injection day until their endpoint. To standardize the data and eliminate gender-
related effects, we normalized each animal's weight data to its initially recorded weight.
In the single early injection experiment, the depleted group exhibited a higher average
weight from the beginning to the symptomatic stage. As the animals began to lose weight,
the average weights of the groups converged. In the multiple injection experiment, distinct
weight change patterns emerged. From day 80 (the day of the first injection) to
approximately 45 days after the last injection (around day 165), the depleted and sham
groups exhibited nearly identical average weights. As the symptomatic stage commenced,
the depleted animals demonstrated a slower rate of weight loss compared to the sham
group. It appears that repetitive doses of clodronate may mitigate weight loss resulting
from muscle atrophy. In the single late injection scenario, performed almost before the
onset of the symptomatic stage, animals receiving clodronate displayed a higher average
weight until one month after the injection. While the sham group entered the symptomatic
stage and experienced a decline in average weight, the depleted group maintained their
weight. Beyond one-month post-injection, both groups began weight loss at a steeper
slope, and the depleted group's average weight eventually matched that of the sham group.
In general, it appears that the injection of clodronate could ameliorate muscle atrophy and
subsequent weight loss, although the magnitude of this effect varied across the three

experiments.

To assess the locomotor activity of the model throughout the experiment duration, we
employed a locomotor scoring scale established by Haulcomb et al. and conducted the
evaluations on a weekly basis. (Haulcomb et al.). Additionally, we carried out the ladder

rung test and scored the animals using the method detailed in the methods chapter.

In the early stages of the single injection experiment, both the depleted and sham
groups exhibited similar locomotor scores until the presymptomatic phase. Following the
weight decrease and during the symptomatic stage phase, the depleted group experienced
a more rapid decline in average scores compared to the sham group. However, during the
final weeks of the experiment, the average score of the sham group fell below that of the
depleted group. The ladder rung test results for these groups followed a similar trend to
the locomotor scores. Following the onset of the symptomatic phase, the depleted group's
ladder rung scores declined more rapidly than those of the sham group. Despite the

depleted group demonstrating better performance in the ladder rung test at the end of the
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experiment, the sham group consistently achieved higher scores in the majority of scoring

sessions.

In the multiple injections experiment, the depleted and sham groups initially showed
nearly identical average scores until the last injection at the age of 120 days. Following
this point, the depleted group consistently exhibited higher average scores in almost all
scoring sessions until the conclusion of the experiment. Additionally, during the
symptomatic phase, the ladder rung average scores of the depleted group surpassed those
of the sham group. However, in the final weeks of the experiment, as all animals
approached the endpoint, the average scores of both groups converged. This observation
is consistent with the trends in the weight change graphs, where the depleted group's
average weight curve declined more gradually than the sham group's after entering the

symptomatic phase, and the average scores mirrored this pattern.

Similarly, in the single late injection experiment, the depleted group consistently
demonstrated higher average scores compared to the sham group in almost all scoring
sessions, with only two exceptions in the middle of the experiment. Their ladder rung
scores showed a similar trend. In the initial month post-injection, the depleted group
exhibited superior performance on the ladder rung test, but as time progressed, the
difference between the groups diminished. Once again, these results align with the
patterns observed in the weight change graphs, where a higher average weight

corresponded to higher average scores.

To assess the impact of our intervention on group survival and the likelihood of not

exhibiting symptoms, we employed the Kaplan-Meier analysis test.

In the single early injection experiment, we found no notable difference in survival
between the depleted and sham groups. However, when we defined the peak weight age
as the event instead of the termination day, we observed a higher percentage of animals
that have not reached the pre-symptomatic stage in the depleted group compared to the
sham group. Nevertheless, this difference did not achieve statistical significance (P value
= 0.192). This outcome aligns with the higher weight average of the depleted group,
suggesting that their larger body mass may contribute to a delayed initiation of weight
loss compared to the sham group. This observation is consistent with studies in humans

diagnosed with ALS, where a higher BMI correlates with delayed disease onset (Duan et
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al., 2023). In summary, the single early dose of clodronate appears to influence the onset

of the disease but does not impact overall survival in this context.

The survival test for the multiple injection experiment did not show a significant
difference between the depleted and sham groups, despite a slightly higher survival
probability in the depleted group (P value = 0.716). However, the probability of animals
remaining healthy (not experiencing weight loss) in the depleted group is significantly
higher than in the sham group (P value = 0.031). The depleted animals entered the weight
loss phase with a significant delay compared to the sham group. These survival data are
consistent with the results of neurological tests, where the delayed onset of the weight

loss phase aligns with the better locomotor performance observed in the depleted group.

While the survival of the depleted group was initially higher at the beginning of the
end stage phase (from the first to the last animal's endpoint) in the single late experiment,
the difference in survival probability between the two groups became non-significant as
time progressed. Conversely, the second Kaplan-Meier graph for the single late
experiment indicates that the likelihood of cases reaching the weight loss phase is higher
in the sham group than in the depleted group. In other words, the percentage of animals
remaining healthy is higher in the depleted group compared to the sham group (P value =

0.055).

We studied the status of the CD206 positive cells (BAMs), astrocytes, and microglia
in the CNS of the rats at the end point of the experiment.

As a result of CD206 IF staining, image analysis reveals upregulation of perivascular
macrophages in the ventral horn of lumbar sections of the spinal cord in the depleted
group for the multiple injection experiment. The CD206 density in depleted samples was
significantly higher than in the sham group, while in the brain cortex and striatum, there
was no notable difference. It is interesting that despite a significant reduction of CD206
positive cells in the spinal cord of animals injected with repetitive doses of clodronate-
loaded liposomes compared to those injected with PBS-loaded liposomes two weeks after
the last injection, by the endpoint, the cells appear to be over-repopulated in the depleted
animals. It seems that the depletion of CD206" cells in SOD1 mutated animals leads to a
more intense upregulation of these cells after the clodronate effect diminishes. However,
it is not studied whether the depletion by clodronate would cause more robust

upregulation. The repopulation appears more intense in the multiple injection experiment
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compared to the single late injection experiment, because the difference between the
depleted and sham groups in the single late injection experiment is not significant. This
difference can be explained as follows: the repetitive doses of clodronate have depleted
the CD206" cells more effectively than the single late injection in the beginning; but as
the time interval from the injection to the endpoint in the multiple injection is longer than
the single late injection experiment, at the endpoint the depleted and sham groups in the

single late experiment are not different in CD206" cells population.

Although we did not study whether the CD206" cells are of the anti-inflammatory
phenotype (Lyvel™) or the pro-inflammatory phenotype (MHCII"), it is reported that the
proportion of MHCII" to Lyvel™ cells is greater at the endpoint of the SOD1 mice
compared to WT mice (Adachi et al., 2023). As discussed previously, depleted animals in
the multiple injection experiment exhibited slower weight loss and a significantly delayed
onset of the presymptomatic phase compared to the sham group. Additionally, they
performed better in locomotor activity tests during the symptomatic stage. Based on these
observations, we can hypothesize that the overpopulation of CD206" cells in the multiple
depletion group is a result of the activation of the anti-inflammatory phenotype (Lyvel™

CD206" cells).

To assess astrogliosis, we performed IF staining with the GFAP antibody on the same
tissues used for CD206 IF staining. Similarly, GFAP expression was increased in the
ventral horn of the lumbar sections of the spinal cord in the multiple depletion group
compared to the sham group, while in other regions and in the single late injection
experiment, there were no notable differences between the depleted and sham groups. As
GFAP is a marker of both anti-inflammatory and pro-inflammatory astrocytes (A2 and
Al, respectively (Liddelow et al., 2017)), we cannot conclusively determine the
phenotype of the reactivated astrocytes. However, based on the results of behavioral tests
and survival data, we can speculate that the increased expression of GFAP may result

from the activation of A2 astrocytes in the ventral horn of the multiple depletion animals.

Microglia activation was evaluated through Iba 1 IF staining on similar tissues.
Surprisingly, we observed greater microglia activation in the ventral horn of the depleted
group compared to the sham group, not only in the multiple injection experiment but also
in the single late injection experiment. However, in the brain sections, there was no
notable change. Similar to PVMs and astrocytes, microglia activation may be associated
with upregulation of the M2 phenotype. As previously discussed, the depleted groups
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exhibited better performance in tests, and their weight loss was slower compared to the

sham group.
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CHAPTER S

5 Conclusion

A comprehensive investigation has been presented in this thesis project regarding the
role of PVMs in ALS in the SOD1%*4 muytant rat used as a model of ALS. Our study
aimed to understand the effect of depleting PVMs by injecting liposomes containing
clodronate into the cisterna magna of the animal model of the disease in order to determine
the effect on disease progression, weight fluctuations, locomotor activity, and survival

rates of the animal model.

We showed that there is a significant difference in the number of border-associated
macrophages in SODI rats compared to wild-type rats, particularly in the ventral horn

and perivascular area of the spinal cord and brain.

A delay in weight loss and an improvement in locomotor performance were observed
during the symptomatic stage of ALS when CD206" cells were depleted. The depletion

of PVMs, however, had no significant impact on the overall survival of the study subjects.

In addition, the study shed light on the complex interplay between CD206" cells,
astrocytes, and microglia in the pathogenesis of ALS. Although PVM depletion initially
reduced CD206" cells, subsequent over-repopulation of these cells was observed in the
depleted group at the end point of the experiment, when the animals were
sacrificed. Considering the higher scores and slower weight loss of the depleted group,
this observation may indicate a shift in the PVM phenotype towards an anti-inflammatory
one. Activation of microglia and upregulation of astrocytes followed the upregulation of
PVMs at the end point of the depleted group. We can also conclude that this upregulation

is caused by A2 astrocytes and M2 microglia phenotypes that are anti-inflammatory.

As we observed better results in the multiple injection experiment, we suggest further
research in this area. For future studies, increasing the number of injections to deplete the
PVMs more effectively is recommended to ensure their population is close to zero at the

symptomatic stage.

In general, these findings contribute to a better understanding of the pathogenesis of

ALS and indicate that targeting PVMs in the treatment of ALS may have therapeutic
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implications. To elucidate the precise mechanisms underlying the involvement of PVMs
in ALS, and to explore novel therapeutic approaches aimed at targeting these cells, further

research is necessary.
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