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SUMMARY

Brain injury is a serious clinical problem, in particular in ischemic stroke, and is
among the major causes of adult death and disability in developed countries. Therefore,
there is an urgent need for investigation of novel therapies against ischemic injuries. A
building body of evidence shows that carbon monoxide (CO) activates endogenous
protective mechanisms and prevents tissue and cellular damage. CO is an endogenously
produced molecule that induces the protection in several tissues.

The aim of this PhD project was to identify some of the key effectors of CO in the
induction of cytoprotection in astrocytes. Moreover, the effects of CO were evaluated on
the vasculature of healthy female and male mice, as well as in a mouse model of
ischemic stroke.

Chapter | introduces general concepts concerning ischemic stroke and the
importance of astrocytes in healthy and diseased brain. Ischemia-induced cell death is
discussed, with particular attention given to the key role of immediate early genes. FosB
was a major focus of the gathered information. Additionally, a detailed list of the models
available to study ischemic stroke is also described. Finally, this chapter presents the
biology of CO and its therapeutic potential, as well as the available routes to safe delivery
of the gasotransmitter.

Chapter Il.1 reports the effects of CO in the transcriptome of primary cultures of
astrocytes, as determined by RNA sequencing. Incubation of cultured astrocytes with
CORM-AL1 induced changes in the expression of 162 genes, and analysis of the results
with different bioinformatic tools showed that the AP-1 transcription factor is an important
regulator of several genes identified. Cytoskeleton related genes is a group identified in
various interactome clusters, and several genes belong to this category were found to
be differentially expressed in cultured astrocytes exposed to CO.

The results obtained in the RNA sequencing studies have to be validated using
a different approach, typically qRT-PCR, and requires the identification of appropriate
reference genes. In the work presented in Chapter Il.Il, a group of 8 genes was subjected
to analysis regarding their expression stability after incubation of cultured astrocytes with
CO. Four different algorithms were applied, resulting in the validation of Gapdh and Ppia
as the best gene pair for internal control in the analysis of transcriptome alterations. To
better understand the importance of the transcriptome alteration upon CO exposure, 7
genes were selected to further study the astrocytic response to CO.

Chapter ILIII describes the validation of the selected genes by gRT-PCR and
reports studies with the aim of analyzing how FosB (the gene with highest induction)

influenced the protective effects of CO in an oxidative stress context. Two pathways of



FosB induction were addressed: (i) P2X7R activation and (ii) ROS production. The
results showed that CO-induced FosB expression depends on P2X7R activation.

Chapter II.IV describes the work aiming at exploring the differential effects of CO
in the cerebral vasculature of live healthy male and female mice, using a MRI technique.
It is demonstrated that systemic injection of CO results in a regional and gender-
dependent response. Female brain vasculature was found to be more responsive to CO
and this gasotransmitter induced a general vasodilation and increase in BBB
permeability.

After exploring the vascular functions of CO in healthy animals, we evaluated the
effects of CO treatment in an animal model of ischemic stroke (Chapter II.V). The
putative effect of CO as therapeutic agent to promote tissue protection and recovery was
tested in the transient middle cerebral artery occlusion (tMCAo0) model of focal brain
ischemia. A 3-day treatment regimen based on a single daily dosage of CORM-AL after
the injury in mice, led to the following conclusions: (i) CO partly improved the recovery
of motor function, (ii) minimized the BBB impairment, (iii) transiently limited the infarct
size, (iv) reduced the metabolites load loss and (iv) ameliorated survival.

Finally, a general and integrative discussion is presented in Chapter lll, for framing
this thesis work in the current state of the art of the respective scientific field. The impact
of the study is discussed as well as future perspectives to engage. In conclusion, this
thesis contributed to better understand CQO’s cellular and molecular effectors, its
cytoprotective role in astrocytes and its therapeutic potential as a treatment for ischemic

stroke at clinically relevant timings.

Keywords

Carbon monoxide, Astrocytes, Cytoprotection, Transcriptome, Oxidative stress,

Cerebral ischemia



SUMARIO

O acidente vascular cerebral (AVC) isquémico € uma das maiores causas de
mortalidade e incapacidade em adultos em paises desenvolvidos, sendo premente a
investigacdo de novas terapias contra lesdes deste tipo. Um crescente nimero de
evidéncias mostra que o monoéxido de carbono (CO), uma molécula produzida
endogenamente, ativa mecanismos protetores e previne danos ao nivel dos tecidos
afetados.

O objetivo deste projeto de doutoramento consistiu na identificacdo de alguns
efetores-chave do CO na inducdo de citoprotecdo em astrocitos. Foram também
avaliados os efeitos do CO na vasculatura em murganhos fémeas e machos saudaveis,
assim como num modelo de AVC isquémico em roedores.

O Capitulo I introduz conceitos gerais sobre o AVC isquémico e a importancia
dos astrécitos no cérebros em condi¢des fisiolégicas normais e em contexto de doenca.
Os processos de morte celular induzida por isquémia sédo igualmente explorados, com
particular atencao ao papel chave dos genes de expressao rapida, nomeadamente
FosB. Neste capitulo sdo também descritos os modelos disponiveis para estudar o AVC
isquémico. Por fim, este capitulo apresenta a biologia do CO e o seu potencial
terapéutico, bem como as vias disponiveis para a administracdo segura do
gasotransmissor.

No Capitulo Il.I sdo reportados os efeitos do CO no transcritoma de culturas
primarias de astrocitos, determinados através de sequenciacdo de RNA. A incubacéo
de astrécitos com CORM-AL1 induziu alteragdes na expressao de 162 genes, e analises
bioinformaticas mostraram que o fator de transcricdo AP-1 é um importante regulador
de varios dos genes identificados. Os genes relacionados com o citoesqueleto estédo
envolvidos em diversos grupos do interatoma, e VArios genes pertencentes a esta
categoria foram identificados como sendo expressos de forma diferencial em astrécitos
expostos a CO.

Os resultados obtidos no estudo da sequenciacdo de RNA necessitam de ser
validados através de outra abordagem, tipicamente qRT-PCR, o que necessita da
identificacdo de genes de referéncia apropriados. No trabalho apresentado no Capitulo
[1.11, foi analisado um grupo de 8 genes relativamente a estabilidade da sua expressao
em astrocitos apés exposicao ao CO. Foram usados quatro algoritmos diferentes,
resultando na validacdo dos genes Gapdh e Ppia como o melhor par para controlo
interno de alteracdes transcricionais. Para melhor entender a importancia das alteracfes
ao nivel do transcritoma apés exposicdo a CO, foram selecionados 7 genes para

aprofundar o estudo das respostas astrociticas a este gasotransmissor.



O Capitulo Il.11l descreve a validacao por qRT-PCR dos genes selecionados com
base nos ensaios realizados no capitulo anterior, assim como o0s estudos com o
objectivo de analisar de que forma o FosB (0 gene com maior indu¢édo) atua como
mediador da citoprotecdo pelo CO em contexto de stress oxidativo. Foram investigadas
duas vias de sinalizacdo envolvidas na inducéo da expressdo de FosB: (i) ativacdo do
P2X7R e (ii) producao de espécies reativas de oxigénio. Os resultados obtidos mostram
que a expresséao de FosB induzida por CO é dependente da activacdo do recetor P2X7.

No Capitulo 1.1V esta descrito o trabalho efetuado com o objetivo de explorar 0os
efeitos in vivo do CO na vasculatura cerebral em murganhos fémeas e machos
saudaveis, usando uma técnica de imagiologia de ressonancia magnética. E
demonstrado que o efeito do CO administrado sistemicamente € dependente da regido
cerebral e do sexo. A vasculatura de cérebro de fémeas é mais suscetivel ao CO e
verificou-se também que este gasotransmissor induz uma vasodilatacdo generalizada e
0 aumento da permeabilidade da barreira hematoencefalica.

Depois de explorar as func¢des vasculares do CO em animais saudaveis, avaliou-
se os efeitos do tratamento de CO num modelo animal de AVC isquémico (Capitulo
I1.V). O potencial efeito do CO como agente terapéutico que promove a protecdo e
recuperacao do tecido cerebral foi testado num modelo de isquémia cerebral transitoria
que consiste na oclusao transiente da artéria cerebral média (tMCAo0) em murganhos. A
administracdo diaria de CORM-A1 durante trés dias apds o enfarte teve os seguintes
efeitos: (i) melhoria parcial na recuperacdo de fun¢des motoras, (i) minimizagéo do
enfraguecimento da barreira hematoencefélica, (i) limitacdo temporaria do tamanho do
enfarte, (iv) reducdo da perda de carga de metabolitos e (iv) aumento da taxa de
sobrevivéncia.

Por fim, uma discusséo geral e integrativa é apresentada no Capitulo Ill desta
dissertagé@o, com o objectivo de enquadrar este trabalho de tese no atual estado da arte
da respetiva area cientifica. O impacto do estudo é discutido, bem como as perspetivas
futuras para dar continuidade & investigacao realizada. Concluindo, esta tese contribui
para melhor perceber os efetores celulares e moleculares do CO, o seu papel
citoprotector em astrécitos, e o seu potencial terapéutico como tratamento clinicamente

relevante para o AVC isquémico.

Palavras-chave

Monoxido de carbono, Astracitos, Citoprotecdo, Transcritoma, Stress oxidativo,

Isquémia cerebral
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AlF, apoptosis inducing factor
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ERK, extracellular signal-regulated kinase
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IL-1, interleukin 1
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STEP, striatal enriched tyrosine phosphatase

TE, tris-EDTA

Thr, threonine

TM, transmembrane domains

TNF, tumor necrosis factor
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TORC, transducer of regulated CREB activity
TTC, triphenyltetrazolium chloride

WT, wild type

Wm, mitochondrial membrane potential
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1. Ischemic stroke

Hypoxia-ischemia and reperfusion (HIR) may result from a transient reduction in
the blood supply to a given tissue, and it is particularly damaging to the brain, heart and
retina. When HIR takes place in the brain, it can be a global (in the case of cardiac arrest)
or focal event (in the case of a blood vessel occlusion). The former type of HIR, more
commonly known as ischemic stroke, is the third cause of death worldwide, presenting
high mortality and morbidity [1]. In Portugal, cardiovascular diseases are the main cause
of death, with stroke contributing to almost twice as much deaths in 2012 (13 020) when
compared with ischemic heart disease (6 605 deaths). In the same year, stroke caused
61.4 deaths per 100 000 persons [2]. In addition to its high incidence, stroke carries an
enormous social and economic burden, since a great fraction of stroke patients suffer
from permanent disabilities [3].

There are two types of stroke: hemorrhagic (a cerebral vessel bursts) and ischemic
(a cerebral vessel gets clothed), being the latter about 4 times more frequent. The origin
of the cloth discriminates the type of ischemic stroke: embolic or thrombotic [4].

Stroke presents a complex pathophysiology, since it involves multiple players
(Figure 1A) which participate in consecutive events (Figure 1B) [5,6]. These entities may
come from within the brain and from the periphery, and affect each other responses.
Thus, signaling range from local to systemic level, and the response involves a cross-
talk between different pathways.

At the cellular level, during the hypoxic period, brain tissue suffers immediately
from the lack of blood flow due to its high demand for oxygen and nutrients. Cells that
were fed by the occluded vessel die in few minutes via necrosis, forming the ischemic
core of the lesion. Meanwhile, the neighboring cells take longer to die. In close proximity
to the necrotic area cells die via apoptosis, forming the penumbra region of the lesion
[7]. Death of the penumbra tissue that survived the acute hypoxic phase can take days
to occur, indicating that cellular dysfunction is reversible if intervention is done timely.
Therefore, the penumbra region comprises the therapeutic opportunity, where
cytoprotective agents can act as cell fate modulators. The tissue within this region can
be rescued, ultimately resulting in lesion size reduction [8]. When the blood flow is
restored, cells sense another alteration of environment, since reperfusion itself gives rise
to a very damaging environment, being oxidative stress a major killer [9].
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Figure 1 - Complexity of stroke pathophysiology. A, cellular and molecular mechanisms of ischemic
cell death in the brain; B, simplified chronology after stroke onset of detrimental and protective
mechanisms in stroke. Adapted from [5] and [230]. AGE, advanced glycosylation products; BBB,
blood-brain barrier; EC, extracellular; ECM, extracellular matrix; HMGB, high mobility group box
protein; HSP, heat shock protein; MMP, matrix metalloproteinase; PCD, programmed cell death;
PDGF, platelet-derived growth factor; TGF, transforming growth factor.

Delayed cell death can occur by two general apoptotic pathways: intrinsic and
extrinsic [10]. Besides the plethora of molecules, mitochondria are a key source of cell
fate determinants belonging to the intrinsic pathway. In addition to the dysregulation in
metabolic control, mitochondria release or expose effectors that may shift the equilibrium
towards survival or ischemic-induced cell death, namely the Bcl-2 family of proteins,
cytochrome c, reactive nitrogen species (RNS) and reactive oxygen species (ROS)
(Figure 2) [11,12].
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Figure 2 - Molecular events triggered by brain ischemia resulting in neuronal cell death. The
extrinsic pathway includes the death signals initiated at the receptor level. The intrinsic apoptotic
pathway is triggered by several stress conditions converging on mitochondria (adapted from [13]).

1.1. Astrocyte biology

For a proper brain function, a multitude of cell types, specific tissue architecture
and cell signaling needs to be well orchestrated. This is essential both in physiologic and
pathologic conditions. Despite the neurocentric perspective of brain research, astrocytes
also play a crucial role in maintaining a fine-tuned cerebral function [14]. In addition to
being the most abundant cell in brain tissue, astrocytes modulate all the other brain cells,
including neurons and cerebral vasculature [15-17]. Astrocytes support neurons
metabolically and structurally, being a key constituent of the tripartite synapse.

To modulate the surrounding environment, astrocytes communicate with
neighboring cells either by contact or by releasing molecules. In particular, astrocyte-
neuron communications require a complex network: on average an astrocyte is able to
enwrap numerous neurons and one neuron interacts with 4 to 8 astrocytes [18].
Furthermore, astrocytic modulation of neurons includes: (i) uptake of neurotransmitters
such as glutamate, (ii) restricting diffusion of neuroactive substances within the
extracellular space, (iii) extracellular ionic homeostasis, and (iv) release of
gliotransmitters able to modulate synaptic transmission, excitability and amino acid
recycling. Moreover, astrocytes regulate water transport in the CNS by aquaporin 4 water
channels, maintain the BBB function and act as the major buffering system for reactive
oxygen species via glutathione and ascorbic acid metabolism [18—20]. Astrocytes are
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also important for neurogenesis, neuronal migration, survival, and differentiation, axonal
growth, normal dendritic maturation, spine formation and elimination, as well as
functional integration of adult-born neurons [17,21]. All these processes depend on a
variety of communication routes, which comprise plasma membrane channels,
receptors, transporters, and mechanisms that mediate the exchange of molecules by
exo- and endocytotic processes [22]. More and more the scientific community realizes
the importance and relevance of astroglial cells, rising the awareness that there is still a
lot to be discovered about these cells.

1.1.1. Importance of astrocytes in disease

Communication between neurons and astrocytes is bidirectional, thus any
dysfunction can affect both cell populations. Astrocytic functions are even more pivotal
in circumstances of injury and disease, where the efficacy of their support can dictate
the neuronal fate [16,19]. Compelling evidence show that astrocytes play important
biological roles in neuroinflammation and neuroprotection, namely in Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral disease,
epilepsy and cerebral ischemia [23,24]. Besides promoting neuroprotection, astrocytes
can mediate microglia response and limit their activation preventing excessive
inflammation [25]. The present awareness concerning the importance of these cells in
brain health and disease, and the idea that these could be considered as therapeutic
targets to indirectly - and more physiologically - protect neurons, is a major step forward.
After the failure of numerous attempts to develop neuroprotective strategies effective in
brain ischemia, it is crucial and urgent to investigate the neuronal cell injury with novel
conceptual and methodological approaches that may eventually lead to novel therapies.
In this work, we investigate strategies for neuronal protection through an indirect
mechanism via astrocytes.

1.2. Ischemia-induced cell death

The common feature of most events, leading to cerebral dysfunction, is the loss of
neurons along with other cell types by diverse cell death mechanisms. Ischemic events
also result in neuronal loss, which occurs very promptly and restricted to the lesion site.
After the ischemic insult, brain cells start immediately to alter their status at the
transcriptional, cytoplasmic and membrane level in a way to avoid functional breakdown.
However, when all the pro-survival strategies fail, cell death pathways take over. This
can take place days after HIR [26,27].

1.2.1. Immediate Early Genes (IEGS)

Activation of the transcription machinery contributes to the survival of brain cells
that do not die within the first instants after HIR [28]. The neuronal genomic response
after HIR is very complex and involves activation of both protective and detrimental
signaling pathways [29]. Immediate early genes (IEGSs) represent the first wave of gene
expression in response to ischemia and are induced in extensive regions, even in non-
injured tissue [30]. In the early phase, IEG activation following ischemic insults occurs at
the ischemic zone; however, it can extend to the entire hemisphere in the case of
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prolonged occlusions. The fast induction of IEGs happens in the absence of de novo
protein synthesis due to pre-existing transcription factors [30]. Therefore, IEG induction
does not rely on ATP consumption, which is a great advantage since ischemia-induced
cell death is accompanied by ATP depletion.

The type of IEGs that are expressed following HIR encode not only transcription
factors but also effector proteins that can directly affect cellular function. The genes
expressed upon ischemia range from trophic factors, synaptic proteins, and metabolic
and signaling enzymes, to genes coding for proteins involved in cytoskeleton
rearrangement and redox response, among others [31].

1.2.1.1. FosB

One of the IEG families whose expression is triggered by HIR is the FBJ murine
osteosarcoma viral oncogene homolog (FOS) protein family. FOS transcripts were found
to be upregulated in stroke patients and belong to a gene cluster able to discriminate
ischemic stroke [32]. This family of leucine zipper proteins is constituted by four main
elements: c-Fos, FosB, Fral and Fra2. Together with the Jun protein family members,
they constitute the Activator Protein 1 (AP-1) transcription factor [33]. FOS family
members were described to participate in adaptation processes, but their expression
was correlated with beneficial and detrimental effects. For example, mitochondrial c-Fos
expression is associated with increased vulnerability to neuronal death due to oxidative
stress [34]. On the other hand, FosB complexed with Nrf2 promotes neuronal survival
against kainate! administration [35]. Therefore, it is important to understand the action of
FOS family members in each context and how do these contribute to the cell fate.

Several studies have addressed the role of c-Fos in the stroke context [34,36,37],
while FosB (FBJ Murine Osteosarcoma Viral Oncogene Homolog B) is still fairly
understudied in ischemic conditions. FosB presents 72% homology to c-Fos [38] and
together with its truncated isoform, AFosB, was first studied in a cancer context [39] and
in response to drugs of abuse [40]. Their function in seizures was also characterized
[41]. As its siblings, FosB expression has a bidirectional result in cell fate. It remains to
be determined what decides whether FosB is going to act in a pro- or anti-survival
manner.

1.2.1.1.1. Gene transcription and alternative splicing

FosB exists in two main isoforms: a full-length with 338 amino acid residues and a
truncated version with 237 residues (AFosB). A third isoform was also reported, known
as A2AFosB, which derives from AFosB by an extra truncation (Figure 3A and B). Under
physiological conditions FosB is generally expressed at low levels, but it is fast and
transiently induced by different types of stimuli in a cell-type specific mode. Its mMRNA is
extremely unstable, as the transcripts half-life is only of 10-15 minutes [42]. The full-
length protein was described to present a half-life of approximately 90 min in vitro. These
FosB isoforms differ from each other in many aspects and sometimes their activation

1 Kainic acid (kainate) is a potent neuroexcitatory amino acid agonist that acts by activating receptors for
glutamate, the principal excitatory neurotransmitter in the central nervous system. Large doses of
concentrated solutions produce immediate neuronal death by overstimulating neurons to death [229].
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even results in opposite outcomes. First, the expression of FosB occurs in a very fast
and transient manner, while AFosB presents a prolonged existence after induction due
to the premature termination of the protein (Figure 3D). The lost portion of the transcript,
which the full-length FosB still contains, codes for degrons (sequences of amino acids
recognized by protein degradation machinery); therefore, AFosB is not polyubiquitylated
and escapes degradation [43].

The FosB splicing phenomenon is associated to the saturation of polypirimidine
tract binding protein (PTB1) with transcripts. Under non-stimulated conditions, PTB1
binds the intronic sequence on the FosB pre-mRNA avoiding access to the splicing
machinery. Thus, under resting conditions, full-length FosB mRNA is preferentially
produced. Following abundant transcription of FosB pre-mRNA, PTB1 is saturated,
releasing FosB pre-mRNA to the splicing machinery [44]. The FosB/AFosB ratio is not
only dependent on the stimuli sensed by the cell, but also depends on the cell type. For
example, HeLa and HEK-293 cells produce much more AFosB than FosB mRNAs when
compared with PC12 cells or neurons [45].

Since AFosB remains in the cells for longer periods, chronic stimulation may lead
to a cumulative expression of this isoform. Indeed, accumulation of AFosB was observed
in response to administration of drugs of abuse, being one of the mechanisms underlying
addiction [40]. FosB and AFosB act in opposition to regulate Jun transactivity [46].
Moreover, AFosB modulates AP-1 transcriptional activity [47].

FosB expression induction was reported in a multitude of events: oxidative stress,
amphetamine, nicotine, stress, growth factor exposure, ischemia, recurrent
hypoglycemia seizures and neurogenesis [45,46,48-50]. The Serum Response Element
(SRE) site of FosB is essential for serum-, platelet-derived growth factor- and phorbol
12-myristate 13-acetate (PMA)-induction of its expression [38]. FosB is a strong
repressor of its own promoter by indirect interactions with the SRE [51]. FosB has a
crucial role in conferring tolerance against methamphetamine [52], resilience to stress
and depressive behavior [53], nurturing [54], among others.

19



INTRODUCTION

A LY \ .. FosB mRNA B FosB [ I I V//,//- ]
T 41 73 141 182 237 308
o AN AN w0 [ T]__7ZZ780]
e | e ] e— (] — \ s A 41 73 141 182 237
pre-mRNA | p—
\2AFosB 77771
! 79 237
P ——— 2 B AFOSB mRNA D Fos-homology domain
basic region
Y . leucine zipper domain
P —"

T e A2 AFosB mRNA

C D Proteasome

1,09 Ubig Degraded
15 M 122 M8 FosB | TTl | ™ s+ .

Ne , (P (P ? _(‘ 1
rAp T o8 J L0 [TTIANTTT FosB koo, N - ©- I N -

E FosB proteasome-dependent degron
D ' FosB proteasome-independont degron

Figure 3 - Alternative splicing of FosB and structure domains of the protein. (A) AFosB is
generated by a 140-nucleotide excision of an “intronic” sequence found in the open reading frame
of exon 4 of full length FosB. This splice event results in a one nucleotide frameshift which creates
a stop codon (TGA, colored red) [44]; A2AFosB is generated from AFosB by the use of an
alternative translation initiation codon. (B) Representation of the domains in each isoform of FosB.
(C) Schematic representation of the FosB protein domains and possible sites sensitive to
alterations in the redox status. Circles indicate the cysteine residues that might participate in the
redox regulation. Open circles represent the cysteine residues located in DBD and LZD of FosB
protein. TAD, transcription-activating domain; LZD, leucine-zipper domain; DBD, DNA binding
domain; N, amino terminus; C, carboxyl terminus (adapted from [55]). (D) Identification of FosB
degron domains and their impact on protein half-life, ubiquitylation capacity and sensitivity to
proteasome degradation [43].

1.2.1.1.2. Protein expression in the brain

The brain is the most studied organ regarding FosB research, but researchers have
also gathered data from lung, heart, bone and several cancers [39,56,57]. From all brain
cells, astrocytes, followed by microglia, are the cells with the highest expression of FosB
[58]. Determination of FosB expression in neurons is a widely used tool to assess
neuronal activity [59,60] and its cerebral expression is strongly induced in mood and
reward regulatory neuronal circuits (Table 1). Other regions, such as the hippocampus,
also present increased FosB levels after ischemia, chemoconvulsant administration or
electroconvulsive seizures [46]. FosB expression was also identified in cerebellar
granule cells under excitotoxic conditions [61]. The few studies of FosB expression at
basal conditions localize it in neuronal populations scattered throughout layers II, IV, V
and VI of the rat cortex, and in the dorsal portion of the dentate gyrus [38].

Concerning the time course of FosB expression in rodent brains, it is known that
FosB protein levels peak at 1h after an acute amphetamine dosage, returning to basal
levels after 12h. Chronic amphetamine administration produces a similar expression
pattern, but with reduced levels of induction [44]. In the case of transient global cerebral
ischemia, FosB protein was detected in the DG at 1h, and in CA2-4 and CA1 at 6h after
reperfusion. Cohorts treated with hypothermia presented FosB protein expression in DG,
CA2-4 and CAl at 1h post reperfusion [62].
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Table 1 — Induction of FosB expression in different brain regions under several contexts.

Clieie Chronic Stereotypic | Morphine
Brain regions variable mild fluoxetine Methamphatamine behaviour | withdrawal
stree
Central & medial amygdala 1 805% N
Dorsomedial bed nucleus of i 767%
stria terminalis
Ventral bed nucleus of stria 1 1013%
terminalis
Oval bed nucleus of stria "
terminalis
Hippocampus, cal 1 146% 1
Hippocampus, ca3 408% 1
Hippocampus, dentate gyrus 1 468% "
Ventral lateral septum 1
Parvo- and magnocellular N
paraventricular nucleus
Lateral periagueductal gray 1 322%
Centrally projecting Edinger- 1
Westphal nucleus
Dorsal raphe " 821%
Ventral part of the lateral "
septal nucleus
Cortex 1590% " 1
Orbital frontal cortex, 1298%
ventrolateral
Nucleus accumbens 297% 1 1
Caudate putamen 420%
Lateral septal nucleus, 390%
ventral
Hypothalamus, dorsomedial 3041%
Hypothalamus, lateral 3445%
Substantia nigra, pars 717%
compacta
Ventral tegmental area 495% 1
Periventricular nucleus 555%
Locus coeruleus 406%
References [63] [60] [52] [64] [65]
1.2.1.1.3. Interactors

FOS family members do not form homodimers as Jun proteins do, but instead they
form stable heterodimers with all Jun family members, constituting the AP-1 transcription
complex. Together with Jun and c-Fos, FosB is a strong transactivator [66]. After
association with the Jun protein, FosB undergoes extensive phosphorylation, being able
to bind to CRE, AP-1 and CRE/AP-1-like elements with high affinity [67]. FosB binds
stably to the TATA box binding protein (TBP) and the multiprotein general transcription
complex TFIID via its C-terminus. Depending on the cell type and stimulus, the FosB
binding partner may change (Table 2). For example, in the rat visual cortex, basal AP-1
consists mostly of FosB and JunD [68]. Carle and co-workers performed an immune-
precipitation of FosB candidate binding partners, which were identified by mass
spectrometry. The results of their study revealed 8 FosB binding candidates: Dynamin,
Drebrin 1, Heat shock protein 70, Actin beta, Tropomodulin 2, JunD, Protein
phosphatase 2a and DJ-1 protein [45].

21



INTRODUCTION

Table 2 - Binding partners of FosB.

c-Jun | JunB | JunD

c-Fos | FosB | Fra-1

Fra-2

+1 + |

- - : Dimerization not yet observed.

ATF-4 | Nrfl | Nrf2

Hsp70| TBP | Hif-1a

+ + +1

1.2.1.1.4.

Signaling pathways

1: Dimerization leads to an increase in DNA-binding affinity.

+ : Formation of dimers has been observed.

|: A decrease in DNA-binding affinity

As mentioned above, the consequences of FosB induction and the upstream
events that result in FosB expression vary between cell type and stimulus. cAMP
response element binding (CREB) and CREB-binding protein (CBP) are the most
common upstream players described in FosB induction (Table 3). In general, in
mammalian cells, Fos family members are triggered in response to extracellular stimuli

via MEK1/2 pathway, which activates ERK1/2 [69].

Table 3 - Compilation of pathways described to induce FosB expression.

Cell type Pathway/stimulus Upstream Downstream Reference
RI% tgg:ﬁgi?:ﬂg Adrenocorticotropic FosB [70]
9 : hormone treatment MRNA
zona fasciculata
12-0O-
. tetradecanoylphorbol- JunD/
Mammalian cells 13-acetate (TPA) CBP FosB - [71]
activation of ERK
. FosB/ .
Osteoblasts fluid shear stress CREB AFosB bone formation [72]
Human Breast MMP-9 and
Cancer Cells CD99 type Il ERK1/2 FosB | motility-related [73]
genes
H295R human Angiotensin Il and 11pB-
adrenocortical cells Forskolin FosB hydroxylase [74]
Primary cultures of serotonin 5-HT2B
y receptor-mediated ERK1/2 FosB [75]
mouse astrocytes
EGF receptor
Human retinal
pigment epithelium H202 FosB [76]
(ARPE-19)
RAW 264.7 cells P2X7 receptor immune
and primary human . P CREB FosB [77]
production of ROS response
monocytes
MC3T3-E1 cells P2X7 ligand-mediated CREB FosB COX-2 [57]
E496A polymorphism FosB/ i i
Human monocytes of P2X7R CREB AFosB IL-1B and IL-18 [78]
Primary human Tenascin C and
y Cyclic Stretch- c-Jun/ Connective
bladder smooth . . [79]
Relaxation FosB tissue growth
muscle
factor
. GDNF-independent Jun/ Ureteric bud
Kidney Wolffian duct budding INK FosB outgrowth [80]
BzATP activated
HEK293 cells POX7R ERK1/2 FosB [81]
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Table 3 (continued) - Compilation of pathways described to induce FosB expression.

Cell type Pathway/stimulus Upstream Downstream Reference
FosB/ L-DOPA-
Rat substancia nigra NO/sGC ERK1/2 induced [82]
AFosB S
dyskinesia
Dominant-active
DREAM transgenic L-DOPA CRCi'\Z’L " | FosB [83]
mice striatum
Human perihilar 500 mW
cholangiocarcinoma | Photodynamic therapy | NFE2L2 FosB | survival genes [84]
(SK-ChA-1) cells regimen
6-OHDA-lesioned FosB/ N
rats striatum L-DOPA ERK1/2 AFosB dyskinesia [85]
1.2.1.1.5. FosB cytoprotective effect

There is evidence supporting both detrimental and cytoprotective effects of FosB.
Nevertheless, since this work addresses cytoprotection, we will focus on the FosB
beneficial pathways. FosB-containing AP-1 was previously reported to be implicated in
protective adaptation in several contexts. Brains of FosB-null mice when exposed to
methamphetamines present increased neurodegeneration, Blood-Brain Barrier (BBB)
leakiness and self-injury, and reduced levels of small neutral amino acids [52]. Kuroda
and colleagues proposed two mechanisms for this thermoregulation-independent
protective functions of FosB against methamphetamine neurotoxicity in postsynaptic
neurons: (l) activation of negative feedback regulation within postsynaptic neurons via
Sprouty and RGK; (Il) supporting astroglial function by BBB maintenance and
metabolism of serine and glycine [52]. Furthermore, the antidepressant result of
fluoxetine treatment was correlated with FosB expression [60]. Furthermore, FosB was
also described to be crucial in adult neurogenesis and its absence results in epilepsy
and depressive behavior [46]. In endothelial cells, hyperbaric oxygen treatment (HBOT)
activated the expression of cytoprotective and growth-promoting genes, among which
was FosB, presenting the highest induction immediately after the treatment [86].
Noteworthy, pituitary adenylate cyclase-activating polypeptide (PACAP) and other
neuroprotective molecules promote FosB expression [87—89]. In addition to the building
body of evidence describing cytoprotective effects of FosB, additional pathways need to
be disclosed, to allow a deeper understanding of the regulatory entities involved in the
control of FosB expression within each context.

1.2.2. Relevance of treatment time

Time is critical in stroke treatment and the only two therapies approved against
acute ischemic stroke are intravenous tPA (tissue plasminogen activator) and
thrombectomy (mechanical retrieval and recanalization), if given within the
recommended time window (< 4.5h and < 8h respectively) [90]. Given later the efficacy
is strongly reduced. Therefore, another potential strategy is conditioning. The concept of
conditioning refers to brief subtoxic stimuli that trigger endogenous protective
mechanisms, which can protect against a later damaging challenge. To act
therapeutically in ischemic stroke, the intervention can be done in three time periods:
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before injury (pre), between occlusion and reperfusion (per) and after reperfusion (post).
Each treatment time targets different populations of patients. For example, prophylactic
stroke therapy, due to its unpredictable nature, can be only performed in a restricted
cohort of patients, namely in surgical interventions with high-risk for ischemia, patients
with transient ischemic attacks (TIA) or patients with multiple vascular risk factors [91].
Ischemic preconditioning is an emerging neuroprotective strategy [92,93], which is also
being evaluated as per- and post-conditioning therapy [94]. Although the majority of
stroke patients arrive at the hospital with a considerable delay after the occurrence of
stroke [95], a small fraction gets medical assistance before reperfusion. Under the latter
conditions, remote ischemic preconditioning may become more relevant as an easy
translational neuroprotective strategy that does not require direct intervention in the brain
[96]. These time-dependent therapeutic strategies share some common pathways, but
further studies are required to accurately understand the mechanisms behind these
interventions and what distinguish them apart.

1.3. Experimental models for ischemic stroke

As mentioned above, stroke presents an extremely intricate pathophysiology, thus
it is crucial to study it at different degrees of complexity. Therefore, researchers in the
stroke field resort to several models, ranging from in vitro cell cultures [97] to in vivo
models. The latter approaches can vary from small rodents to large mammals or even
non-human primates [98]. Each model has its own advantages and limitations; the choice
of the model to be used in stroke research should consider the scientific question to be
addressed and the clinical relevance. Appropriate model choice contributes to overcome
the difficulties in stroke translation from research to bedside [5].

1.3.1. In.vitro

In order to investigate the biology of ischemic stroke, several events known to
occur during this kind of injury are mimicked in vitro, using cell or tissue slice cultures.
The strategy of using simplified model systems is usually followed to address the
molecular mechanisms associated with stroke. In vitro models allow high-throughput
screening, are cost effective and are easy to implement and manipulate. Furthermore,
these stroke models present the great advantage of allowing the usage of human
samples [99]. Nevertheless, the difficulties in mimicking key players in stroke pathology,
such as BBB and inflammation, are still a major disadvantage [100]. In vitro models may
represent tissue architecture by culturing dissociated cells in 3D structures or by culturing
organotypic slices, which resemble to a larger extent the physiologic conditions and were
shown to present different responses when compared to the 2D counterparts or
monolayer cell cultures, respectively [101,102]. Table 4 represents the types of in vitro
models used so far in HIR research.
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Table 4 - Comparison of suitability of cellular platforms for in vitro neurological research [97].

S . . I ral . —
Cellular HT Availability of Physiological stiuctu ? Possible Application to
Complexity Comments
Platform Ready Human Cells Relevance Stroke Research
Modeled
. L . Tissue damage durin
- Extremely . To a high OGD, chemical ischemia, . 9 . 9
Brain slice No - High ) -~ preparation may induce
limited degree excitotoxicity -
abnormal functioning
Organotypic - . To a high OGD, chemical ischemia, Tissue Qamage QUrlng
No Limited High ) -~ preparation may induce
cell culture degree excitotoxicity -
abnormal functioning
e OGD, chemical ischemia,
Artificial . - . . .
. - . excitotoxicity, BBB Limited proliferation
Primary cells No Limited High arrangement . .
. models, thrombosis and capacity
required
leukocyte response
Avrtificial L . Oncogenes present ad
. - OGD, chemical ischemia, nceg P -
Cell lines Yes Unlimited Low arrangement . - high passage may limit
. excitotoxicity, BBB models . .
required physiological relevance
Embryonic . Extremely Potentially Artificial OGD, chemical ischemia, Limited due to ethical
Partial o . arrangement . - .
stem cells limited high . excitotoxicity, BBB models issues
required
. . Artificial L . Single donor models of
. Potentially Potentially OGD, chemical ischemia, g .
iPSCs Yes o . arrangement ; .. the relevant at-risk
unlimited high - excitotoxicity, BBB models . .
required populations are possible
1.3.1.1. Oxidative stress inducers

One of the major consequences of HIR is the oxidative stress sensed by brain
tissue, in particular during reperfusion phase. From the experimental point of view, this
can be mimicked by adding pro-oxidant molecules to cell and brain slice cultures, or
indirectly by activating endogenous mechanisms coupled to the induction of oxidative
stress.

Stimulation of in vitro models with pro-oxidant molecules, such as hydrogen
peroxide or tert-butyl hydroperoxide (t-BHP), is a common strategy to evaluate the effect
of oxidative stress. t-BHP, in particular, induces apoptosis through molecular pathways
shared with ischemia, such as caspase-3 activation and cytochrome c release into the
cytosol [103,104]. Another strategy is the usage of electron transport chain blockers to
induce high levels of ROS production [105].

Indirectly, oxidative stress can also be achieved by promoting excitotoxicity, a
classical in vitro model of cerebral ischemia. Excessive stimulation of nerve cells by
agonists of excitatory receptors triggers a pathological process named excitotoxicity,
which results in neurodegeneration. This can be accomplished in vitro by adding
glutamate receptor agonists to neuronal cultures [106].

1.3.1.2. Oxvygen-glucose deprivation (OGD)

Oxygen-glucose deprivation (OGD) mimics the environmental changes that occur
in stroke. To reach HIR conditions, the cells are incubated in a medium equilibrated with
N2/CO, and lacking glucose, in replacement of the culture medium containing glucose
and equilibrated with O,/CO>, and the cells or slices are placed in hypoxic chambers.
After a transient incubation under OGD, the cells show a classical ischemic injury,
characterized by excessive glutamate release and intracellular calcium overload [107].
A multitude of OGD periods followed by reperfusion time combinations are used. The
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experimental setting depends on the cell type and the percentage of cell death that is
aimed to achieve [97].

1.3.2. In vivo

Since in vitro models present several limitations, in vivo studies are crucial for
stroke preclinical research. First, global, focal and multifocal forms of ischemic stroke
should be discriminated. The global ischemic stroke is generally a result of a major
reduction of blood flow throughout the entire brain, which may be a consequence of
cardiac arrest in humans [108]. On the other hand, focal ischemic stroke is confined to
the area where blockage of blood flow occurred [109]. Multifocal ischemic stroke occurs
in the case of several cerebral vessels being occluded [110]. Second, it is relevant to
distinguish the in vivo permanent models of stroke from those allowing reperfusion of the
tissue. Permanent occlusions, which do not feature the reperfusion phase, can be
attained by electrocoagulation or microaneurysm clips [111]. Conversely, transient
occlusions reproduce the temporary blockage of blood flow, either via an intraluminal
suture [112] or external clamp [98]. Noteworthy, models of focal ischemic stroke have
been tailored to induce injury within the middle cerebral artery (MCA) area to mirror the
clinical situation [113], since approximately 70% of all first strokes occur in this region
[114]. Two other main categories in in vivo stroke models can be based on the fact that
these require or not craniectomy, a procedure that alters intracranial pressure among
other possible damaging consequences [115].

In conclusion, in order to build clinically relevant models to study the complexity of
stroke, a plethora of animal models emerged, which are summarized in Figure 4.
Nevertheless, the stroke models currently used present some key features that may
explain the difficulty in translation, namely the fact that the animals used for these
procedures are healthy young adults, conversely to the diseased elderly human
population that suffers stroke.

- Cardiac rest
- Aortic acclusion
(:“.omp Ie_te - Decapitation
ischemia ) i
- Cephalic artery occlusion
Global = Neck tourniquet or cuff inflation
ischemia
model -
- Hemorrhage/hypotension
Incomplete - Hypoxia-ischemia
ischemia — | - 2-vessel occlusion + hypotension
- 4-vessel ocelusion
- Unilateral CCAQ
- MCADO
Focal - MCAO + ipsilateral CCAQ
ischernia - MCAQ + bilateral CCAQ
Focal - Spontaneous brain infarction
ischemia

model
Multifocal - Autologous bloed clot embolization

ischemia - Microsphere embolization

- Photochemical-initiated multifocal embolization

Figure 4 - Major types of animal models for ischemic stroke [116].
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1.3.2.1. Intraluminal middle cerebral artery occlusion (MCAO0)

Among the transient focal ischemic models that do not require craniectomy, the
intraluminal middle cerebral artery occlusion model (MCAO) is the most used, especially
with rodents. In addition, it has been considered a gold standard reference in mechanistic
studies of ischemic stroke [117]. The method consists of introducing a monofilament into
the internal carotid artery (ICA) and further advancing it until blood flow at the middle
cerebral artery (MCA) is blocked [118]. Later improvements were introduced by
advancing the suture into the MCA via the transected external carotid artery (ECA) [119]
(Figure ), filament guidance by Laser Doppler Flowmetry and increasing the post-
ischemic temperature after MCAo [120]. The occlusion of the MCA and other surrounding
arteries depends on the shape, size and the insertion length of the microfilament [121].
While in rats the most common periods of MCA occlusion are 60, 90 and 120 min [122],
in mice occlusion times as short as 15 min result in infarct [123].

— B aca

/ MCA

Figure 5 - Scheme of filament introduction in MCAo model of focal brain ischemia.

MCAOo presents several benefits as an in vivo model of brain ischemia: it is less
invasive than other methods, allows an easy control of the ischemic duration and
reperfusion, and closely mimics the human cases, exhibiting a penumbra region that is
comparable to the one observed in human stroke cases. However, this MCAo model is
not suitable for testing therapies combined with tissue plasminogen activator [117]. From
the experimental point of view, there is no perfect ischemic stroke model. Therefore, the
advantages and disadvantages of each method must be weighted when considering the
question(s) to be addressed (Table 5).

In conclusion, establishing new and better animal models, which ultimately
consider the various co-morbidities associated with stroke, is a work in progress. In the
end, the goal is to develop safer and more efficacious therapies

1.3.2.2. Qutcome evaluation

The wide assortment of stroke models enables researchers to explore preventive
and neuroprotective strategies for stroke. However, this is only possible if an anatomical,
functional and behavioral assessment can be performed. Besides defining the outcome
assessment tools, the time at which this evaluation is performed is also a relevant
parameter, as well as the analysis of the mortality rate [124].
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Table 5 - Advantages and disadvantages of the most used rodent stroke models [119].

suture MCAo

reproducible « Reperfusion
highly controllable < No
craniectomy

Models Advantages Disadvantages
Mimics human ischemic stroke .
Exhibits a penumbra  Hiahl Hyper-/hypothermia ¢ Increased
Intraluminal P gny hemorrhage with certain suture

types * Not suitable for
thrombolysis studies

High long-term survival rates *

High invasiveness and
consecutive complications

Craniotomy Visual confirmation of . .
Requires a high degree of
successful MCAo . .
surgical skill
Causes early vasogenic edema
Enables well-defined localization that is uncharacteristic for
Photothrombosis of an ischemic lesion * Highly human stroke * Not suitable for
reproducible; Low invasiveness investigating neuroprotective
agents
Duration of ischemia not
Low invasiveness * Induction of controllable « Induction of
. ischemic lesion in cortical or astrocytosis and axonal
Endothelin-I

subcortical regions * Low
mortality

sprounting, which may
complicate the interpretation of
results

Mimics most closely the
pathogenesis of human stroke ¢
Appropriate for studies of
thrombolytic agents

Low reproducibility of infarcts *
Spontaneous recanalization ¢
High variability of lesion size

Embolic stroke

1.3.2.2.1. Tissue examination

The cerebral infarction area can be evaluated in vivo (e.g. Magnetic Resonance
Imaging (MRI)) or post-mortem (e.g. triphenyltetrazolium chloride (TTC)). Since infarct
volume development changes with time and its measurement is methodology
dependent, fresh tissue staining approaches are typically preferred to avoid hemisphere
shrinkage due to fixation steps [122]. Nevertheless, tissue processing for
histopathological staining is still very useful to detect molecular and cell-specific
alterations. TTC staining is still the most common approach to analyze infarct volume.
TTC is reduced by enzymes present in functioning mitochondria (in particular, succinate
dehydrogenase), staining the intact brain regions dark red (formazan), while the lesion
area remains colorless.

Infarct volume correction regarding volume due to brain edema is critical. These
volumetric changes are easily corrected using the indirect measurement: subtracting to
the contralateral hemisphere volume the health volume of the ipsilateral hemisphere
[125]. More recently, brain edema following stroke has gained attention from researchers
and its evaluation is also a readout of stroke outcome [126].

1.3.2.2.1.1. Magnetic Resonance Imaging (MRI)

After the first MRI study on a mouse MCAo model in 1997 [127], noninvasive
imaging methods were developed to study stroke models in small animals. A growing
body of studies can be found where MRI techniques were used in rodent stroke models.
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This exponential usage of MRI in preclinical models of stroke is due to the numerous
advantages that this technique offers: high spatial and time resolution, longitudinal
studies, and multi parameter assessment, among others [128].

1.3.2.2.2. Functional Assessment

Sensorimotor function tests in preclinical stroke models are essential, since
neurological function and quality of life are key readouts of stroke recovery in humans.
This can be achieved by determination of neurologic scores together with the analysis
of behavioral paradigms. Performing more than one behavioral test is recommended to
avoid confounding effects (

Figure ). Accelerated rotarod, pole test, openfield and adhesive removal test are
widely used to evaluate motor coordination and gross motor skills following stroke
[129]. Tests to examine the refined sensorimotor function after focal stroke include limb
placing, beam walking, grid walking, the sticky label test, and the staircase test [130].

- - Appropriate for the model, eliminate
’_'.,,--'"_'___)| The sp and sicin | confounding differences, replicate
Animal ] ; 1 .| Positive and negative genetic manipuolation,
mide | Proposed mechaniem | i potentially cell-specific and inducible

H'""'-—-—-___)| Comaorbid conditions }‘\) Age, hypertension, diabetes,

hypercholesteralemia, heart disease,

smoking, drogs “on board™
- - Focal preferred over global, not too large
——— effecting regulatory structures, reproducible

wﬁtrmi:ég —>| Druration of ischemia l——)l Advantages and disadvantages |

“""--.._______)| Physiological monitoring I_______’ Blood gases, pressure, glucose level,

temperature, cerebral blood flow

Define pharmacokinetics and dynamics,
attempt “cocktail approaches” especially
..-"""'_-__*| Amount and polypharmacology I_,,.-? with “comorbid drugs®

Drug J =
administration ’@‘—\_ﬁ Clinically feasible time points, for example,
“"""“———)| Rowte of administration I.\“ & 3—4.5hrs after injury preferred

Clinically relevant routes, for example, LV, or LE.
preferred over LCV, LT.

TTC up to poststroke day 7, H and EfNisslfCresyl

R ey By M o

O | Trained, blinded individual should use tasks
ome . . - .
Sensorimotor function sensitive to the specific stroke model and
S— I |_----_-ﬂ that minimize experimenter influence and
\H"""-————__) Other(s) uUnnecessary stress to the animal

| Dependent on drug’s proposed mechanism |

Figure 6 — Summary of the factors to take into consideration to increase the potential of
laboratory experimental stroke treatments to be translated to successful clinical trials [131].

2. Carbon monoxide/lhemoxygenase axis

Carbon monoxide (CO) is a gasotransmitter, endogenously produced by
hemoxygenase (HO) as a product of heme degradation (Figure A). Approximately 86%
of endogenous CO is produced via HO, while the other 14% originates from lipid
peroxidation and xenobiotics (Figure B).
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Figure 7 — Carbon monoxide biology. (A) Heme metabolization by the enzyme HO, producing
free iron, biliverdin (rapidly converted to bilirubin) and CO; (B) Interplay among heme, HO, and
CO [132] and CO sources [133].

To date, two HO isoforms have been well characterized: one is inducible (HO-1)
and the other is constitutively expressed (HO-2). HO-1, also known as heat shock
protein-32 (HSP32) [134], is an emergency molecule whose expression is induced in
response to stress stimuli. Therefore, modulation of HO-1 has therapeutic potential [135].
Moreover, the cytoprotective effects of HO-1 under stress conditions caused by a wide
range of stimuli have been described in many tissues and disease scenarios (Table 6).
The effects of HO are typically attributed to its endpoint product CO [136].

CO is the most comprehensively studied of all HO-1 products [137]. More than
being the endpoint product of the enzymatic activity of HO, CO has its own biological
relevance as neurotransmitter, vascular modulator [138], anti-apoptotic agent [139], anti-
inflammatory molecule [140], and modulator of the mitochondrial function [141], among
other functions. CO is capable of influencing its own production by promoting HO
expression (Figure ). Average tissue concentrations of CO is at low nanomolar range,
but the production rate of CO in the human body is 16.4 umol/h, reaching more than 12
ml (500 ymol) daily [142].
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Table 6 - Protective role of HO-1 expression in diseases [135].

Organs Disease
Brain Cerebrovascular accident
Eye Corneal inflammation ¢ Uveitis « Ocular hypertension
Ear Noise-induced hearing loss « Drug-induced ototoxicity
Lung Hyperoxic Injury « Pulmonary hypertension « Pulmonary Fibrosis
Heart Cardiac transplant rejection ¢ Ischemic heart disease
Gastrointestinal | Inflammatory bowel disease
Liver Ischemia/reperfusion injury * Drug-induced hepatotoxicity « Transplantation
Vasculature Transplant arteriosclerosis * Atherosclerosis * Hypertension
Bone marrow Transplantation
Kidney Acute kidney injury ¢ Chronic renal allograft rejection « Polycystic kidney disease

CO is inert and more stable than nitric oxide (NO), due to the absence of unpaired
electrons. It binds exclusively reversibly to its targets, and this interaction occurs
exclusively with metal complexes, either heme iron and nonheme iron complexes, to
inhibit their function. Interestingly, CO does not interact with nonmetal cofactors or amino
acid residues on the protein surface [143,144].

CO is best known for causing asphyxiation, due to its high affinity to hemoglobin
[145]. However, under subtoxic concentrations CO was described to confer several
beneficial effects in a wide range of tissues [146]. CO action is very complex, since it is
time and dose-dependent, the effects are transient and vary with the delivery method
[147].

2.1. Cerebral HO expression

In the brain, HMOX1, the HO-1 coding gene, can be rapidly induced in response
to a big variety of stimuli, predominantly in microglia and astrocytes, while HMOX2, the
HO-2 coding gene, is preferentially expressed in neurons. Both HO isoforms are induced
in the central nervous system (CNS) and in other tissues in response to damaging
events, including oxidative stress, heat shock, hypoxia, heavy metals, and toxins [148].
HO-2 is expressed in a subpopulation of cells in the olfactory bulb, as well as in the
cortex, hippocampus, hypothalamus, cerebellum, and caudal brain stem [149]. Contrary
to the low or undetectable levels of HO-1 protein in the brain, its mMRNA is physiologically
detectable at high levels in the hippocampus and cerebellum, and to a lower extent in
the striatum and cortical type | astrocytes [150,151].

Neuroprotection by the HO system (HO-1/2, CO, Fe and biliverdin) was reported
by several authors in a myriad of pathologic and toxic contexts [152—157]. Soares and
Bach [158] suggested HO-1 system to be a therapeutic funnel; although each molecule
has its own mechanism, the overall protective effect is raised together. Moreover, HO-2-
deficient mice present cerebral dysfunction, such as pronounced brain tissue loss and
compromised motor function after traumatic brain injury [159]. Similarly, HO-1 knockout
mice and primary cultured neurons lacking the enzyme show increased cell death
following N-methyl-D-aspartate-induced acute toxicity [160]. However, detrimental
effects of HO-1 were also described. Glial HO-1 overexpression was implicated in
cerebral iron deposition and oxidative mitochondrial injury in neurodegenerative
diseases such as Alzheimer's disease [161]. Accordingly, conditional GFAP.HO-1
transgenic mice displayed unregulated glial iron in the hippocampus and subcortical
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regions [162]. On the other hand, the upregulation of HO-1 in neurodegenerative
diseases might be a cellular response to free heme associated with neurodegeneration,
and may allow to convert heme into the antioxidant bilirubin [163].

One can hypothesize that HO-1 is a ‘double-edged sword’ in brain tissue: it is either
neuroprotective or neurotoxic [164]. A deeper understanding of HO-1 function is
indispensable to elucidate the exact functions in each context and the mechanisms
underlying the effect of HO-1 in the nervous system.

2.2. Exogenous CO administration

The evidence gathered concerning the beneficial effects of endogenous CO
pushed the development of new delivery methods aiming at exploring its potential as a
therapeutic molecule. For systemic delivery, CO gas can be inhaled or CO-releasing
molecules (CORMSs) or hemoglobin-based CO carriers (HBCOC) can be administrated
intravenously (i.v.) or intraperitoneally (i.p.) [137]. CO/gas mixtures were first used in CO
delivery, but unfortunately this strategy presents several disadvantages, since it is
difficult to bypass the problems related to the effects of CO on oxygen transport and
delivery [142]. To overcome the obvious limitations of this route, efforts have been made
to develop molecules to deliver CO in a controlled, directed fashion, called CORMs
(Figure).

CO Inhalation CO-RM Administration (e.g. oral intake)

%

Gl tract stream
—_—
Demanding —————  Dosecontrol  ——— Noissue
None ——— Tissue specificity ————— Controliable
High —— CO loads —_— Low
Yes —————— Specific Equipment ———— None
Hospital —_ Administration setting Ambulatory

Figure 8 — Comparison between strategies of CO delivery to diseased tissues [165].

The development of CORMSs boosted the CO research field and accelerated the
potential translation of CO into clinics. An array of CORMs was created to answer the
needs of the CO research field. Nowadays, scientists use CORMs to deliver CO in in
vitro, ex-vivo and in vivo experimental models of disease [166]. CORMs are chemical
structures constituted by metal carbonyls to which one or more CO molecules are
covalently bound. The release of CO can be elicited by several triggers: pH [167],
temperature [165], ligand substitutions [168], click-and-release [169], UV light [170,171]
and visible light [172]. In addition, faster or slower CO release can also be achieved
(Table 7).
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Table 7 - Chemical properties and pharmacological activities of the most commonly studied

CORMs [173].

CO release kinetic and

Compound Chemical structure " Pharmacological action
properties
Fast (tz < 1 min)
'i';oo TE&CD CO release is light-
CORM-1 QC—Mr——M—CDO dependent Vasodilator; Reno-protective
D"-"'!:._.M(r Soluble in ethanol and
DMSO
co o Fast (tu2 = 1 min) Vasodilator; Reno-protective;
oc, | o | /GD CO release induced by Anti-inflammatory; Anti-
CORM-2 Fbu,,‘_“‘ A ligand substitution carcinogenic; Pro-angiogenesis;
o-c’/rL =] éﬂ e Soluble in ethanol and Anti-apoptotic; Inhibitor of cell
DMSO proliferation
oy Fast (tlf =1 min atpH = Vasodilator; Reno-protective;
oty | oM 7.4, 37°C) . e
W, | 8 . Cardioprotective; Anti-
CORM-3 Ru CO release induced by . ; o .
o™ | % ; - inflammatory; Anti-ischemic;
I ligand substitution Inhibitor of platelet aggregation
a © Water-soluble P gareg
2 2ngs | SlOW (tyz =21 min at pH =
7.4, 37°C) . . i .
CORM-Al HL\B— CO release is strictly pH- Xﬁ’ﬁgggﬁfaor:{i:?r?tit)a{oge?cl)\t/ii,
H"' dependent ’ bop
Water-soluble

The CORMS’ half-life (ti2) is defined as the time taken to release 0.5 equivalents
of CO [165]. In an attempt to improve some CORMSs, “encapsulation” strategies were
explored, as described in Table 8.

Table 8 - Encapsulated CORMs and their properties [174].

Macromolecular Carriers CORMs Trigger Release Release Rate
Thiol concentration
Micelles CORM-3 Thiol-containing dependent. About 10%
compounds CO release after 60 min
at 10 mM of cysteine
SiOz2 nanoparticles Photo-CORM Light Similar to the parent
CORMs
Nano porous fibrous CORM-1 Light Wavelength dependent
nonwovens
In 1 mg/ml BSA with 50
Proteins (BSA) CORM-3 Proteins eg. CO-RM-3, CO
release finished in 4h

HBCOC [175] usage did not become yet as popular as CORMSs, possibly due to
the unclear pharmacology of polyethylene glycol (PEG, its outer constituent) aggravated
by the fact that it can only be administered intravenously.

2.2.1. CORM-Al

Motterlini and colleagues first described CORM-A1 (Naz[HsBCO]) in 2005 [166].
This CORM, being sodium boranocarbonate, does not contain a transition metal carbonyl
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but a carboxylic group instead. As the threshold for CO toxicity is at 10% of
carboxyhemoglobin in blood stream, CORM dosages have been established to induce
less than the 10% limit. With this in mind, Csongradi found that 5 mg/kg CORM-A1 would
guarantee the nontoxic carboxyhemoglobin concentration in bl6/c57 mice [176].

CORM-AL releases CO under physiologic conditions (37°C and pH = 7.4) in a slow
fashion (tiz~21 min). CO release from CORM-A1 is pH- (as it becomes faster in acidic
conditions) and temperature- (as it becomes slower in colder conditions) dependent. One
of the major advantages of this CORM is its solubility in water, which makes its suitable
for biological applications [166].

Numerous studies have assessed the effect of CORM-Al in many different
biological contexts: neurogenesis [177], obesity [178], intestinal oxidative stress [179],
diabetes [180], experimental autoimmune uveoretinitis [181], seizures [182], BBB
dysfunction [183], antibacterial activity [184], renal vasculature [185] and immune
response [186].

Additional studies are required to characterize CORM-A1l pharmacokinetics.
Before this CORM can be used therapeutically, it is imperative to know where the inactive
CORM-A1 accumulates, and how it is absorbed, metabolized and excreted.

2.3. Binding targets and pathways requlated by CO

CO has a high affinity towards transition metals, such as iron, manganese,
vanadium, cobalt, tungsten, copper, nickel and molybdenum. These metal centers can
be found in structural and functional proteins. Contrary to NO, which accepts electrons
from Fe** and Fe?*, CO only binds to the latter oxidation state, narrowing the possibilities
to target hemeproteins with CO [187]. The molecules targeted by CO in mammals are
not restricted to heme-containing proteins, as several reports present evidence of CO
targeting non-hemeproteins (Table ).

Table 9 - Carbon monoxide targets and function [137].

Hemoprotein Primary location Function
sGC Vascular smooth muscle Vasodilation
Hemoglobin Erythrocytes CO delivery
NOS2 Leukocytes NO generation
NOS3 Endothelial cells NO generation
NPAS2 Neurons Transcriptional regulation
Cytochrome oxidases All cells Bioenergetics
Non-hemoproteins Primary location Function
MAPKs All cells Signal transduction
PPARY All cells Signal transduction
HIF1a All cells Transcriptional regulation
STAT3 All cells Signal transduction
NADPH oxidase Leukocytes Free radical generation

The effects of CO are exerted through multiple pathways [188]. It acts via activation
of soluble guanylyl cyclase (sGC) and nitric oxide synthase (NOS), as well as through
modulation of mitogen-activated protein kinase (MAPK) family members, potassium,
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sodium, calcium and ATP-gated channels and ROS production [143,189]. Moreover, the
mitochondria also plays a central role in CO signaling, since its last electron transport
chain complex, cytochrome c oxidase, is also one of CO targets (

Figure). The first line of CO effectors then activate the transcription of a myriad of
genes, several of them IEGs [190,191].

CO-RMs

Nitro-fatty acid derivates

/ NO,-FAS

Gpld derived aldehydes (LDA)

0/‘

-

Figure 9 - CO modulation of cellular pathways and downstream regulation of gene expression.
Induction of these genes, which include antioxidant and HO-1 genes, contributes to adaptive
responses that enhance the resistance of cells to environmental stresses. Reactive Oxygen
Species: ROS, Reactive Nitrogen Species: RNS, Lipid Derived Aldehydes: LDA, nitro-fatty acid
derivatives: NO2-FAs), antioxidant response element: ARE, Musca domestica antifungal: Maf,
Maf-recognition element: MARE [143].

In addition to the CO cellular targets, CO sensing is also fundamental. In mammals,
neuronal PAS domain protein 2 (NPAS2) is a specific CO sensor [192], as well as
cystathionine B-synthase (CBS) [193]. CO sensor proteins are crucial regulators of CO
cellular response, since different CO concentrations trigger distinct signals. For example,
CBS affinity towards CO is in the physiologically relevant micromolar range, thus
endogenous CO may act as an inhibitor of human CBS [194].

2.4. Effect of CO on mitochondria

The most accepted CO cellular target is the mitochondria. This is not surprising
for three reasons: (i) the leading potential candidates for CO to coordinate with are
mitochondrial hemeproteins, (ii) the biological actions of CO depend on mitochondrial
ROS signaling and (iii) the last step of HO’s substrate heme is located within the
mitochondria [141]. Indeed, one of the best described CO binding candidates is
cytochrome c oxidase (mitochondrial complex IV, COX), at the cytochrome a and a3 (
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Figure 10 — Interaction of carbon monoxide (CO) with mitochondria [195].

CO cytotoxicity is linked to COX inhibition, being dependent on the oxygen levels
[196]. However, low concentrations of CO partially inhibit mitochondrial respiration,
producing innocuous ROS amounts which act as signaling molecules [197]. Reinforcing
the key role of mitochondria in the activity of CO is the fact that it has no cytoprotective
effects in mitochondrial DNA-deficient cells [198]. One may hypothesize that the
reduction in CO-induced mitochondrial respiration can induce a compensatory response,
resulting in mitochondrial biogenesis, which was observed in several studies [199]. One
consequence of CO-triggered ROS signaling is the increased ratio oxidized/reduced
(GSSG/GSH) glutathione [200]. Moreover, mild mitochondrial uncoupling is a cellular
strategy to control oxidative stress, and CORM-3 was reported to protect mitochondria
against oxidative stress by contributing to mild uncoupling [201]. Additionally, in intact
cell-free mitochondria preparations from the brain cortex [200] and liver [202], CO gas
administered in low doses inhibited several processes related with the regulation of
mitochondrial membrane permeabilization (MMP) and cell death, namely (i)
mitochondrial swelling, (i) loss of mitochondrial membrane potential, (iii)
permeabilization of the inner membrane to molecules lower than 800 Da and (iv) the
release of cytochrome c. Furthermore, CO not only modulates the mechanism whereby
Ca?* regulates mitochondrial function and MMP, but also appears to augment the
mitochondrial capacity to uptake Ca?*, thus inhibiting cell death [203]. Moreover, CO is
also able to promote metabolic improvement and increased mitochondrial population
[204].

In conclusion, CO arises as a key gasotransmitter which controls several cellular
functions of mitochondria: metabolism, cell death, Ca?* signaling, among others (

Figure 4). Particularly, the capacity of CO to modulate metabolism might play a key
role in the cellular response to diseases, namely cancer and ischemia.
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Figure 4 - The main described mechanisms of CO on mitochondria [141].

2.5. Carbon monoxide as atherapeutic agent

Introducing CO as a therapeutic agent, alone or in combination with other
strategies, is relatively simple, since it would not involve specialized equipment or
invasive procedures. Furthermore, other gasotransmitters are already applied
therapeutically, such as NO which is chemically similar to CO. Moreover, as CO is
endogenously produced, the organism is fully adapted to it, which is an enormous
pharmacologic advantage.

The cytoprotective effects of CO were previously described in innumerous
biological systems. The gasotransmitter has been studied for its anti-inflammatory and
anti-apoptotic effects, the capacity to maintain tissue homeostasis, the anti-proliferative
and vasodilator properties and its activity in metabolic improvement [147,204-207]. The
cytoprotective effects resulting from CO administration were evaluated in the brain [206],
lung [208], intestine [209], liver [210], pancreas [211], heart [195], kidney [176], lungs
[212], immune system [186], and in the retina [213] among other tissues (Figure 5).

One may hypothesize that these general cytoprotective actions of CO can be an
advantage to achieve effective therapies in the case of patients presenting comorbidities.
For example, in a simplistic scenario, a patient that suffered a stroke and is diabetic
would benefit from a CO-based treatment, since CO is known to be helpful against both
pathologies.

Currently there are nine clinical trials accessing CO gas therapeutic potential,
mainly addressing the respiratory system: severe pulmonary arterial hypertension
(NCT01523548), acute respiratory distress syndrome (NCT02425579), intestinal
paralysis after colon surgery. (NCT01050712), idiopathic pulmonary fibrosis
(NCT01214187), adult respiratory distress syndrome (NCT00094406), stable chronic
obstructive pulmonary disease (COPD) (NCT00122694), mitochondrial biogenesis in
human cardiac muscle (NCT01727167), and ex-vivo lung perfusion reconditionning
(NCT02032082)
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Figure 5 - “Pro” and “anti” physiologic effects of the HO-1/CO system. Overexpression of the
HO-1/CO system may be responsible of several pathological conditions, such as cancer (|,
decreased expression; 1, increased expression) [194].

In the future, the CO dose and administration timing needs to be defined for human
treatment. In parallel, the mechanisms of CO action still urge for deeper understanding.
All parameters influencing the CO mode of action should be disease tailored in order to
guarantee an optimal outcome and here is where the complexity and challenge of CO
research resides.

2.5.1. CO therapy to the CNS

Low doses of CO improve the outcome in several in vivo models of acute and
chronic neurodegenerative diseases [206]. CO gas administrated immediately after
permanent MCAo reduced injury in 30% [214]. Similarly, inhalation of 125 to 250 ppm of
CO given up to 3h after onset of reperfusion also decreased infarct size after 48 h in
transient MCAO models [215]. A rat model of hemorrhagic stroke confirmed the time-
dependence of CO effects. Administration of CORM-3 5 min before or 3 days after
damage decreased the inflammatory responses, in contrast with the results obtained
when CORM-3 was injected 3 h after the hemorrhagic insult [216]. Accordingly, CO gas
also minimized hippocampal apoptosis by 64% in a perinatal rat model of cerebral HIR
[217]. In a piglet model mimicking open-heart surgery procedures, CO gas pretreatment
reduced cell death in the neocortex and hippocampus [218]. Moreover, administration of
CORM-A1 (2 mg/kg, i.p.) prior to chemical seizure-induction protected from neonatal
vascular injury in newborn piglets [219,220]. CO was also shown to be effective in the
alleviation of the symptoms in multiple sclerosis [221]. Furthermore, a single i.p. injection
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of CORM-2 ameliorated the outcome and enhanced opioid effect in a rat model of
neuropathic pain [222].

The observed effects of CO in the in vivo studies described above were also
confirmed in vitro, using neuronal cultures. A recent CORM (ALF 186) protects the SH-
SY5Y neuronal cell line and retinal ganglion cells against rotenone and retinal ischemia-
reperfusion, respectively, via sGC activity and cGMP production [223]. Both endogenous
CO and CORM-2 protected SH-SY5Y cells against AB(1-42) toxicity in a concentration-
dependent manner [224]. CO effects are also extend to glia cells, since CO gas limited
astrocytic apoptosis induced by diamide or t-BHP by preventing mitochondrial
membrane permeabilization and mitochondrial release of pro-apoptotic factors [200], as
well as by improving astrocytic metabolism via oxidative phosphorylation and increasing
the mitochondrial population [204]. Furthermore, BV-2 microglial cells challenged with
CORM-3 decreased their NO production and TNF-a release in response to LPS,
thrombin and IFN-y stimuli [225,226].

Brain tissue is extremely intricate, as it is not only constituted by neural cells, but
also by its own vasculature. Cerebral vessels can also benefit from the effects of CO
[138]. For example, endogenous and exogenous CO modulate Nox4 NADPH activity,
thereby promoting endothelial cell survival [227,228]. Likewise, CORM-A1 prevents BBB
dysfunction by minimizing glutamate-induced apoptosis and oxidative stress in cerebral
microvascular endothelial cells [183].

Taken together, the multiple responses induced by CO in brain cells are effective
against different CNS pathologies; these include the ability of CO to mediate
cytoprotection and modulate cell death, inflammation, cell metabolism, cellular redox
responses and vasomodulation, as well as targeting different neural cells. These positive
effects of CO have an enormous potential as a therapeutic strategy for many cerebral
diseases, as depicted in Figure 6 for stroke.

Figure 6 - Hallmarks of stroke and cytoprotective effects of CO.
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3. Aims and scope of the thesis

The present work aims at contributing to a deeper understanding of the cellular
pathways and effectors involved in cytoprotection by carbon monoxide (CO), focusing
on astrocytes and on ischemic stroke scenarios. More specifically we investigated:

(i)

(ii)

(iii)

CO-induced transcriptome alterations in primary cultures of astrocytes.
This was analyzed using RNASeq (Chapter Il.I). Furthermore, internal
reference genes (Chapter Il.1I) and genes differentially expressed were
validated and one candidate, FosB, was selected for protein and functional
studies (Chapter IL.III).

The impact of a low CO dose at the cerebral vasculature in healthy
animals. The vascular responses to CO were studied in different brain
regions, in male and female mice (Chapter I1.1V).

The anatomical, vascular, metabolic and functional role of CO in a
rodent model of focal cerebral ischemia, when administered in a clinical
relevant timing. Several outcome readouts were assessed and integrated
for further understanding the complex CO biology and its potential in stroke
therapy (Chapter I1.V).

Chapter Il.1
RNASeq

Disclosing CO targets and cellular mechanisms in astrocytic cytoprotection ’

Which are the CO-induced alterations on astrocytes transcriptome?
Chapter ILII
— | aRT-PCR

Chapter ILIII
WB, siRNA, FACs

® |sthere any highlighted pathway among CO triggered alterations?

® What are the key genes for CO-induced cytoprotection?

Depicting Cerebral Vasomodulatory Properties of CO

® How does CO modulate de cerebral vasculature?

Chapter I1.IV
MRI

® Does CO-induced vasomodulation is region and gender specific?

{

Does CO have a therapeutic effect at the functional level? ’ “’( . 45 . Chapter ILV
G *‘; Behavior tests, MRI
° &

At which level CO acts beneficially? Metabolic, vascular and/or other? k‘

Figure 7 - Main questions addressed in this thesis and the techniques used. The column on the
right shows the chapters where each question is discussed and the main method applied.
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ABSTRACT

Carbon monoxide (CO) has been studied as a possible therapeutic agent in several
systems, namely CNS. Low doses of CO are involved in cell death reduction and
metabolic improvement, both in neurons and astrocytes. A wide variety of other
beneficial outcomes have been associated with CO administration, however the detailed
function of this gasotransmitter in neuronal cells remains unknown. Previous work from
our group showed that astrocytes pre-treated with CO could induce cytoprotection in
neurons when in co-culture. To interpret the astrocytic alterations caused by CO, we
performed transcriptome comparison of astrocyte primary cultures after CO exposure.
Cultured astrocytes were treated with the CO-releasing molecule CORM-A1 (12.5 pM)
for 40 min, and transcriptional changes were analyzed through RNASeq. A total of 162
genes were found differentially expressed due to CO exposure, from which 100 were
upregulated and 62 were downregulated. Differentially-expressed genes (DEGs) were
then selected and underwent Gene Ontology annotation and pathway analysis using the
Kyoto Encyclopedia of Genes and Genomes. The most represented transcription factors
were identified and gene-act networks were also constructed. The functional annotation
revealed that the main pathways involved were related to: Hedgehog and basal cell
carcinoma pathways and phosphatidylinositol signaling system. Moreover, the pathway
and network analysis showed that the AP-1 transcription factor and cytoskeleton
organization were intimately involved in the CO effect on astrocytes.

Our work provides valuable information on the transcriptional changes in
astrocytes promoted by CO. This study reveals the diverse regulatory mechanisms of
astrocytes upon a non-toxic CO exposure.

KEYWORDS
Carbon monoxide, astrocytes, RNASeq, transcriptome, differential gene
expression.
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MMP - mitochondria membrane potential

PPARY - peroxisome proliferator-activated receptor gamma
Pl - propidium iodide

gRT-PCR - quantitative real-time reverse transcription-polymerase chain reaction
t-BHP - tert-butyl hydroperoxide

ROS - reactive oxygen species.
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1. INTRODUCTION

Carbon monoxide (CO) is an endogenously produced gasotransmitter, which is
generated by the activity of heme oxygenase (HO). This gasotransmitter has been shown
to confer cytoprotection by boosting cellular resistance against a wide variety of harmful
events [1]. Thus, low concentrations of exogenous CO and/or expression of heme
oxygenase 1 (HO-1) promotes neuroprotection in central nervous system by limiting
neuroinflammation and neural cell death, as well as by inducing vasodilation (for review
see [2]). In cellular models of brain tissue, CO has anti-apoptotic properties in neurons
[3,4] and in astrocytes [5,6], promotes neurogenesis [7], and reduces neuroinflammation
by acting on microglia [8-10]. Likewise, administration of low doses of CO revealed
beneficial properties and improved the outcome in several rodent models of brain
disease, namely ischemic stroke [11,12], hemorrhagic stroke [13] and multiple sclerosis
[14,15]. Although several cytoprotective properties have been described for CO, the
molecular mechanisms underlying the effect of CO are far from being completely
understood. Up to date, the transcriptomic alterations contributing to the cytoprotective
effects induced by exogenous CO have not been investigated.

Because CO holds great potential for therapeutic purposes, several strategies
based on small molecules able to deliver CO gas under controlled conditions have been
developed. These CO-releasing molecules (CORM) [16] present yet several issues to
be addressed before their use in biological systems, namely: water insolubility, toxic
chemical structures, promotion of high levels of carboxyhemoglobin and chemical
instability, among others [17]. The CORM-A1 was developed by Motterlini and
colleagues and presents as main advantages the fact that it is water soluble and a slow
CO releaser under physiological conditions in a pH- and temperature-dependent manner
[18].

Astrocytes are the most abundant cell type in the brain and provide structural,
metabolic and trophic support to other neural cells, in particular to neurons [19]. Recently,
neuroscientists have been giving increasing attention to astrocytes. Due to the tightly
regulated cross talk between neurons and astrocytes, one can suggest that improving
astrocytic function can promote neuroprotection. Astrocytes are enriched in signaling
pathways such as p38/MAPK, ERK, and PPAR [20-22], which are reported to be
modulated by low concentrations of CO [23,24]. Also, astrocytes are metabolically very
active cells, being key players in brain metabolism, in particular in astrocyte-neuron
lactate shuttle [25]. Likewise, some of the biological effects of CO have been attributed
to the regulation of cell metabolism [6,26,27]. Finally, CO-induced modulation of
astrocytic metabolism increased neuronal survival upon challenging neurons to death by
oxidative stress in a co-culture system [28]. Therefore, in the present work, we
investigated the putative alterations on gene expression due to exogenous CO treatment
are studied in primary cultures of astrocytes.

The aim of this work was: (i) to identify the molecular effectors of CO-induced
transcriptomic alteration in astrocytes by mRNA sequencing; (ii) to categorize the most
relevant set of pathways; (iii) to disclose the interaction network and cluster of genes;
and (iv) to find the key transcription factors associated with CO treatment. Finally, the
characterization of CO-induced alterations in gene expression will contribute for better
understanding CQO’s beneficial and detrimental effects and to the potential development
of novel therapeutic strategies against cerebral diseases.
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2. MATERIALS AND METHODS

2.1. Cortical astrocyte cultures

Primary cultures of mouse cortical astrocytes were prepared from the cortices of
P1-P2 BI6/c57 mice pups after mechanical dissociation, as previously described [29].
Briefly, cerebral hemispheres were carefully freed of the meninges and the dissected
cortices were washed in ice-cold PBS, dissociated mechanically and passed through a
70 pm nylon cell strainer (BD Falcon™) into Dulbecco’s minimum essential medium
containing 1 g/L glucose (Sigma) and supplemented with 20% (v/v) fetal bovine serum
(FBS; Gibco® Life Technologies) and 1% (v/v) penicillin/streptomycin (Gibco® Life
Technologies). Single-cell suspensions were plated in cell culture flasks (8 to 10
cortices/75 cm?; Orange Scientific) and maintained in a humidified atmosphere of 5%
CO; / 95% air at 37°C. After 8 days in culture, the phase dark cells growing on the
astrocytic cell layer were detached by vigorous shaking and removed. Culture medium
was replaced twice a week for 3 weeks with gradual reduction in FBS content (2" week
15%; 3" week 10%). The confluent astrocytic cultures were mildly trypsinized (0.05%
(w/v) trypsin/EDTA; Gibco® Life Technologies) and subcultured in 6-well plates until full
confluence.

2.2. Administration of CO to astrocytic culture

CORM-AL, a CO releasing molecule [18], was used to deliver CO to astrocytes.
CORM-AL1 (Sigma) stock solutions were prepared in MilliQ water to a final concentration
of 10 mM and stored at -20°C to avoid loss of released CO, and diluted in PBS just before
use. Cells were exposed to a final concentration of 12.5 uM of CORM-AL for 40 min prior
to RNA extraction. Controls without CORM-A1 were performed in parallel.

The time of CORM-AL treatment was selected based on the cytoprotective effects
of CO in astrocytes subjected to oxidative stress (data not shown).

2.3. Total RNA isolation and assessment of quality and concentration of
RNA

Astrocyte  RNA was purified using RNeasy Qiagen kit accordingly to
manufacturer’s procedure followed by lyophilisation. Samples of 15 pg of dried RNA per
condition were sent for RNA sequencing using lllumina 2000 HiSeq instrument at BGI
Genomics (Cambridge, MA).

RNA quality and integrity was assessed using the Experion RNA StdSens
automated gel electrophoresis system (Bio-Rad). A virtual gel was created for each
sample, allowing the detection of degradation of the reference markers RNA18S and
28S. The system labels each sample with a RNA Quality Indicator (RQI), ranging from 1
to 10. Samples were discarded when showing RQI <7, indicating that they presented
RNA degradation, poor integrity or contamination with DNA.
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2.4. RNAseq and bioinformatics analysis

RNA extracted from 4 primary astrocyte cultures from mice cortices was used to
prepare mRNA libraries using the lllumina’s HiSeq technology. At least 10 million clean
reads were generated per sample. Raw sequencing data were first evaluated by FastQC
[30], and then mapped to the Mus_musculus.GRCm38.73.dna.toplevel genome using
Tophat 2.0 [31] based on Bowtie2 [32]. The read count for each gene was obtained from
the mapping results using Cufflinks [33] and normalized to reads per kilobase of exon
model per million mapped reads (RPKM). The alignment of read counts was analyzed
with Qualimap [34], AligmentQC (samstats) and CummeRbund [35] (Supplementary
Data, Figure S1). Differentially expressed genes (DEGs) between the CO-treated
samples and controls were identified with FDR (false discovery rate) < 0.05 and fold
change = 1. GO analyses were performed with GoMiner and pathway enrichment
analyses were performed with Enrichr [36]. Gene-act network analyses were performed
with STRING [37].
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3. RESULTS

3.1. CO.induces transcriptional requlation in cortical astrocytes

To investigate the transcriptional events in astrocytes exposed to CO, we
performed a transcriptional profiling via RNASeq. Primary cultures of mice cortical
astrocytes were stimulated with CORM-A1 at 12.5 yM (ti2 = 21 min at 37°C and pH =
7.4). Alterations in gene expression due to CO exposure were previously described to
occur at incubation periods ranging from 30 min up to 60 min [38]. Thus, any CO-induced
transcriptional alteration responsible for the acquired tolerance must occur within this
early period after CO exposure. Furthermore, a previous study performed in our
laboratory showed that pre-incubation of primary cultures of astrocytes with CORM-A1
for 1h prior to exposure to the pro-oxidant t-BHP reduced cell death by 50%, when
determined by propidium iodide staining (data not shown). Therefore, a period of 40 min
of CORM-AL exposure was chosen for gene expression profiling studies. A total of 162
transcripts were found to be differentially expressed, being 100 of these genes
upregulated and 62 downregulated by more than 1-fold in the CORM-AL treated cultures,
with a false discovery rate (FDR) < 0.05 (Supplementary Data, Table S1).

Gene ontology analysis using GoMiner showed the 'primary metabolic processes'
as one of the most represented categories regulated upon exposure of astrocytes to CO
(Figure 1), corresponding to 10% of all altered genes (data not shown). This category
includes, for example, the metabolic processes of carbohydrates, cellular amino acids,
lipids, proteins and the tricarboxylic acid cycle. These reactions guarantee the cellular
basic needs, especially the energy status. This result is in accordance with the evidence
showing a role for CO in the modulation of mitochondrial function [6,26,27]. Functional
annotation also showed that genes acting on the control of gene expression and on the
response to stimuli were the biological processes presenting higher amounts of
upregulated genes upon CO treatment (Figure 1). This is not surprising since HO-1 is a
stress response gene, the expression of which contributes to cell response against
deleterious events, boosting cytoprotection and tissue tolerance [39,40]. Likewise, CO
may trigger other cellular pathways to respond to stressful stimuli, thus resulting in an
overall upregulation of genes belonging to the categories of this ontology. Interestingly,
the only biological process presenting higher levels of downregulated than upregulated
DEGs was ‘cell differentiation' (Figure 1).

Concerning the evaluation of DEG molecular functions, protein and ion binding are
the major actions of the upregulated genes, representing 39% of all DEGs. On the other
hand, down-regulated DEGs have mainly catalytic activity functions, which represent a
total of 26% (Figure 2). In addition to the functional annotation of the DEGs, we also
analyzed whether there was any gene family represented by more than 1 gene. A total
of 11 gene families were found, namely: Rho GTPase activating protein (Arhgap#,
downregulated), coiled-coil domain-containing protein (Ccdc#, mostly upregulated),
family with sequence similarity (Fam#, downregulated), FBJ murine osteosarcoma viral
oncogene homolog (Fos, upregulated), interleukin receptors (ll#r, upregulated),
Protocadherins (Pcdh), Protein tyrosine phosphatase (Ptp, downregulated), ribosomal
RNA (Rn#s, downregulated), solute carrier family (Slc#a#, mostly downregulated),
wingless-type MMTV integration site family (Wnt#), and zinc finger proteins (Zfp#,
upregulated). Altogether, these families represent 16.7% of the 162 DEGs.
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Figure 1 — Biological processes represented among the differentially expressed genes (DEGS)
detected following treatment of cortical astrocytes with CORM-AL. Percentage of upregulated and
downregulated DEGs in each biological process identified by GoMiner.

Downregulated Upregulated
Molecular Molecular

Function Function

Figure 2 — Most represented molecular functions among CORM-Al-induced DEGs in cortical
astrocytes. Molecular functions of upregulated(A) and downregulated (B) DEGs, as analyzed by
GoMiner.

3.2.  CO mainly modulates the expression of genes regulated by AP-1, Jun, HNF
and STAT transcription factors in cortical astrocytes

In addition to the functional annotation of the DEGs, we used SABiosciences'
proprietary database DECipherment of DNA Elements (DECODE,
http://www.sabiosciences.com/chipgpcrsearch.php?app=TFBS) to identify transcription

67



RESULTS — RNASeq Analysis

factors acting upstream the identified DEGs, which are therefore likely to be candidate
gene regulators in CO triggered cytoprotection in astrocytes (Table 1). This analysis
identified several targets of the transcriptional mediators of AP-1, Jun, HNF and STAT
as the most significantly enriched among the genes with altered expression. In Figure 3
are depicted which DEGs bind to which TF.

Table 1 — Most represented transcription factors that regulate CORM-A1-induced DEGs in cortical
astrocytes. Enriched transcription factors were identified by the SABiosciences database
(http://www.sabiosciences.com/chipgpcrsearch.php?app=TFBS).
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Figure 3 - Enriched transcription factors with protein-protein interaction with DEGs. Clustergram
obtained by Enrichr [36].
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3.3.  CO alters different pathways in cortical astrocytes

To investigate the regulatory mechanisms induced by CO in astrocytes, the Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed. Genes regulated in astrocytes were associated
with important biological processes (Figure 4A). Transcription and gene expression are
among the biological processes with higher percentage of upregulated genes, which is
in accordance with the majority of the upregulation responses taking place in the nucleus
(Figure 4C). The only biological process with more downregulated DEGs then
upregulated ones is cell differentiation.
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Figure 4 - Gene Ontology (GO) for genes regulated following CO administration. The GO terms
identified by GoMiner and the percentage of down and upregulated genes in each category for
(A) biological process, (B) molecular function and (C) cellular component.

On the other hand, the most enriched pathways in the KEGG pathway analysis
were the basal cell carcinoma and hedgehog signaling pathways, which are related to
cell proliferation and stem cell maintenance (Table 2). Another pathway with low p-value
was the phosphatidylinositol signaling system, which can be related to calcium signaling
and PI3K-Akt signaling pathway. Pathways in cancer is the most represented with 7
DEGs, which is not surprising since this term covers several other pathways.
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Table 2 - Enrichment analysis of DEGs as determined by the KEGG pathway. Pathway terms
with high enrichment scores of DEGs between control and CO-treated cultures of astrocytes. The
pathways shown present p-values < 0.751.

PATHWAY TERM N° OF GENES | P-VALUE
Pathways in cancer 7 0.323
MAPK signaling pathway 5 0.751
Hedgehog signaling pathway 4 0.0756
Basal cell carcinoma 4 0.0756
T cell receptor signaling pathway 4 0.334
Phosphatidylinositol signaling system 4 0.186
Inositol phosphate metabolism 3 0.323
Intestinal immune network for IgA production 3 0.323
Drug metabolism — Cytochrome P450 3 0.508
Fc epsilon RI signaling pathway 3 0.508
Melanogenesis 3 0.748
Aminoacyl-tRNA biosynthesis 2 0.748

3.4. Protein-protein interaction network analysis

Protein-protein interaction networks were built with the genes regulated upon CO
exposure in order to investigate the regulatory relationships between them in astrocytes
(Figure 5). The networks were composed of upregulated and downregulated genes. We
found a central cluster which connected to three other clusters. This central cluster was
composed of genes related to the AP-1 transcription factor (one of the most represented
TF; see Table 1), which includes Fos, FosB, Cish, lI2ra and Gadd45a. The most enriched
genes in the basal cell carcinoma and hedgehog signaling pathways (Gli2, Stk36, Wnt7a,
Wntl6) and DEGs related to cytoskeleton reorganization (Actgl, Rhod, Arhgap27/32
and Cdk14) formed two branches of the network, suggesting that these pathways might
constitute an independent regulatory mechanism in astrocytes upon CO exposure. On
the other hand, the genes regulated in astrocytes belonging to the phosphatidylinositol
signaling system and the inositol phosphate metabolism (Dgkq, Inpp5a, Itpkc, Pik3cd
and Plcbl) formed a third branch with less apparent interactions. This third cluster is
described to be involved in cellular reorganization and locomotion, signal transduction
and modulation of energetic status. This supported the model indicating that astrocytes
modulate their metabolic performance and are more prone to alter their morphology in
response to CO.
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Figure 5 - Network of interaction between the genes regulated by CO in astrocytes. STRING
identified 134 DEGs from the 162. Molecular actions are represented with a minimum required
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presented. Action effects and types are described on the right lower corner.
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4. DISCUSSION

Astrocytes are essential elements participating in the maintenance of numerous
functions of the CNS. A better understanding of the cellular and molecular regulation of
the astrocytic components after CO exposure, to promote neuroprotection, is one of the
critical steps for the development of new therapeutic strategies in several CNS disorders.
In this work, we investigated the transcriptional profiles of astrocyte cultures after CO
administration, and found that these underwent different transcriptional changes.

Transcriptome sequencing showed that CO induces multiple transcriptional
responses in cultured astrocytes. Previous reports have shown alteration in gene
expression in astrocytes upon CO exposure, including changes in the expression of the
Bdnf, Bcl-2 [38] and Nrf-2 [41] genes. In the case of neurons, these effects on gene
expression are crucial for conferring protection against cytotoxicity factors, since
blocking de novo protein synthesis abolished the CO-induced protection [4]. As previous
studies were focused on specific genes, the whole transcriptome analysis was still
required in order to fully understand the diversity of effects of CO.

Functional annotation with GoMiner revealed preferential effects of CO on the
abundance of transcripts coding for proteins with relevance in biological regulation and
in primary metabolic processes in astrocytes. Furthermore, KEGG pathway analysis
showed an enrichment in the hedgehog signaling pathway, basal cell carcinoma, and
phosphatidylinositol signaling system in astrocytes exposed to CO. It is worth noting that
the central clustered genes, observed in the STRING obtained interactome, were found
to be all upregulated and combined into a regulatory sub-network in the protein-protein
interaction network. These DEGs share AP-1 as a common transcription factor, which is
important in the response to a wide range of stimuli, playing different roles in the CNS.
Under normal physiological conditions, AP-1 is involved in many CNS signaling
pathways, including immune response, redox-sensitive first line responses, memory
formation, maturation and differentiation of neuronal cells, circadian rhythm and
plasticity. AP-1 proteins are also triggered in fundamental physiological responses to
injury in non-neuronal cells, such as astrocytes in vivo [42]. The effects of AP-1 activation
are intimately dependent on the dimer constituents forming it. For example, Jun and its
upstream activators JNKs were described to be involved in processes underlying
neuroregeneration or neuroprotection. In the case of protection of ischemic retinal
ganglion cells by intravitreal BDNF, the presence of c-Jun is required [43]. Moreover,
JunD can confer protection by antagonization of the p53 expression; thus, ¢c-Jun might
be involved in neuroprotection as a docking molecule for JNKs, allowing these kinases
to activate JunD [44]. Our results showed that Fos family members were more
represented among DEGs in astrocytes upon CO exposure when compared with the Jun
counterparts, so the former family of genes may have a different expression timing or be
less relevant in astrocytes.

Several genes related to cytoskeleton were also differentially expressed in
astrocytes incubated with CO, and their roles are involved in protrusions formation, cell
motility and morphology. Astrocytes present an increased number of processes when in
a reactive state, and therefore, it is not surprising that the components of the cytoskeleton
machinery show altered expression upon exposure to external stimuli. On the other
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hand, considering that the cancer-related pathways are composed of large gene
networks, perhaps some of these pathways would be beneficial in astrocytes when
activated. The latter group includes genes that allow apoptosis escape, proliferation,
energy maintenance and sensitivity to growth factors and cytokines. In the last few years,
evidence became available for effects of CO on differentiation of neuronal cells [7,27],
T-cells [45] and cardiomyocytes [46]. Nevertheless, one reason for CO to promote
differentiation might reside on its ability to modulate cell metabolism, cell death and redox
responses, rather than triggering specific differentiation pathways.

Although the primary cultures used in this work are enriched in cortical astrocytes,
other cell types may also be present in residual number. Therefore, it cannot be excluded
that the response of the latter population of cells to CO treatment might be greater and
surpass the change in gene expression in astrocytes in some cases. To overcome these
limitations, single-cell RNAseq or qRT-PCR would be performed for further validation.
Moreover, transcriptional alterations may occur due to RNA stability rather than altered
gene expression. To clarify this, validating the RNA sequencing results with nuclear run-
on assay would be an option to collect data independent of RNA stability [47].

To investigate the role of the identified pathways in CO-induced astrocytic
responses, additional studies are required, several key players in each pathway should
be selected for further studies.

Recent studies showed that astrocytes are functionally and morphologically
diverse [48]. Building evidence points to the fact that this heterogeneity is expressed at
different levels, including development, genomes, astrogliosis, and cell-cell interactions
[49]. Each subtype of astrocytes express different markers and play important roles in
several CNS trauma and diseases. For example, the astrocytes located in the
subventricular zone present high expression of GFAP, GLAST, and nestin being able to
migrate towards a lesion site and give rise to new neurons following injury [49].
Therefore, it is possible that different subtypes of astrocytes may respond in a distinct
manner to CO treatment. Characterization of vital genes of different subtypes of
astrocytes may clarify the detailed roles of astrocytes in neuroprotection and in
regeneration and how CO can help in this process.

It is also well-established that the mRNA expression does not always convert into
similar changes in the abundance of the respective protein. As this work was performed
with transcriptome sequencing, it is possible that the protein expression of fundamental
genes might not precisely mirror the gene expression data reported. Thus, future work
should be focused in the validation of the alterations in protein expression and the role
of these changes in the responses to CO.

In conclusion, astrocytes may be an indirect target for neuroprotection upon CO
treatment. This work provides information for a cell-type-specific approach to CO
treatment, while further exploration of the detailed functions and regulatory mechanisms
is required.
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SUPPLEMENTARY DATA

Table S1 — List of genes identified as being differentially expressed. The first two columns list the
100 upregulated DEGs by descending order of log2 (fold change). The last two columns list the
62 downregulated DEGs by descending order of log2 (fold change). All listed DEGs present more
than 1-fold in the CORM-AL treated cultures with a false discovery rate (FDR) < 0.05.

upregulated: 100 downregulated: 62
gene log2(FC) gene log2(FC) gene log2(FC) gene log2(FC)
Ccl27a inf Acigl 1.39 Gsta3 -inf | Alyref2 -1.23
Crybb3 inf Mirg 1.38 Adam3 -inf Zbtb20 -1.22
Gm10029 inf 2310061J03Rik 1.37 Notch4 -6.16 | Inpp5a -1.20
Gm9783 +inf | Dph2 1.35 Dpp4 -5.70 | Srd5al -1.18
Mroh7 6.51 | Sox2ot 1.34 Duspl5 -4.59 | Mettl25 -1.17
Mak 4.84 | Zfp580 1.33 Ccdcl55 -4.33 | A730098P11Rik| -1.15
Vwa3a 4,40 |Plcbhl 1.32 Nkain4 -4.03 | Sapcd2 -1.15
Susd3 4.14 | Wifdc2 1.31 Unc79 -3.91 | Slc4a3 -1.10
Wntl6 3.70 | Gm216 1.31 Impg2 -3.91 | Epstil -1.05
Lrrtm2 3.61 1118rap 1.29 Has3 -3.77 | Ugcg -1.04
Nprl 3.58 | Dgkg 1.29 Wdrl7 -3.62 | Cythl -1.03
Efhb 3.20 | Cntnap2 1.29 Pax8 -3.54 |Famll7b -1.00
Cish 3.16 |CAAA01147332.1| 1.28 Pdel0Oa -3.35
Cdnf 3.11 | Zfp365 1.28 Arhgap27 -3.26
2010001MO6Rik | 3.08 | Dennd4b 1.27 Cdh26 -3.16
Scandl 3.05 |[Pcskln 1.27 Wnt7a -3.06
Fosb 2.98 |[Cdki4 1.26 Ptpn22 -2.90
Cyp2d22 2.68 | Zfp771 1.26 Slc4alo -2.77
Extll 2.66 | Pcdhga8 1.22 Dabl -2.76
9330101J02Rik 2.58 | Cd300If 1.21 Pik3cd -2.42
CbIn3 2.55 |[1810009NO2Rik 1.21 Aass -2.39
Lcp2 2.34 [1810043H04Rik 1.21 Rn28s1 -2.27
A630033H20RIk | 2.32 |E130012A19Rik 1.21 Kdm4b -2.13
Tnfsf13b 2.29 |Ugtlaba 1.20 Lars2 -1.97
I12ra 226 |Lyrml 1.19 Lrrc23 -1.93
Shroom1l 2.20 | Snrnp35 1.18 Bcam -1.87
4930539J05Rik 211 [Gli2 1.17 Rs5-8s1 -1.75
Ccdcl114 2.08 |Crocc 1.17 Rn18s -1.75
Ptchd2 2.05 Slcl5a4 1.16 Pla2g5 -1.74
Gm13238 2.02 |Rarres?2 1.14 Fam126b -1.68
1700030K09RIik 2.02 [ Milit6 1.13 Panx1 -1.67
Angpt2 2.01 |Lhfpl2 1.10 Stk36 -1.64
Ttc25 1.91 Rgsl10 1.09 Pcdhb21 -1.64
Car9 1.88 |ltpkc 1.09 Nphp4 -1.63
Gm14303 1.81 |Edc3 1.09 Csmdl -1.58
Lonrf3 1.76 | Rps6kal 1.07 Ptprt -1.57
Cdc42bpg 1.75 Erdrl 1.07 Rhod -1.52
Sts 1.67 |Aspscrl 1.06 Vnnl -1.49
Trim46 1.65 |Zfp593 1.06 Nudtl -1.48
Uncl3a 1.65 | Ndufb2 1.06 4933427D14Rik | -1.47
Hmgb1-rs17 1.62 | Snapc4d 1.04 Faml02a -1.43
Gm1673 1.59 Mrgpre 1.04 Psmdl13 -1.36
Abch4 155 |[Camtal 1.04 Mtcpl -1.34
Dtwd2 1.55 |PIxndl 1.03 Gpri5s57 -1.33
Pex12 1.44 | Gadd45a 1.03 Nup188 -1.28
Pars2 1.43 Fos 1.02 Fap -1.28
6430548M08Rik | 1.42 [ Mypop 1.01 Ccserl -1.28
TIrl3 1.40 |2310036022Rik 1.01 Rpusd3 -1.28
Map3k14 1.39 [ Ccdc85c 1.00 Zxda -1.24
5430427019Rik | 1.39 |Algl2 1.00 Arhgap32 -1.24
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Figure S1 - Assessment of Alignment quality. Alignment was analyzed by 3 different softwares:
(A) Qualimap, (B) AlignmentQC (samstats) and (C,D) CummeRbund dendrogram and histogram,
respectively. Dendrogram shows the relationship in terms of similarity/closeness among different
samples. Density plots show the expression level distribution for all genes in each sample.
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Chapter I

Validation of Reference Genes

This chapter is based on the following manuscript:

Effect of carbon monoxide on gene expression in
cerebrocortical astrocytes: Validation of reference genes for
guantitative real-time PCR.

Sara R. Oliveira, Helena L. A. Vieira, Carlos B. Duarte, 2015. Nitric
Oxide, 49, pp.80-89
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ABSTRACT

Quantitative real-time reverse transcription-polymerase (QRT-PCR) is a widely-
used technique to characterize changes in gene expression in complex cellular and
tissue processes, such as cytoprotection or inflammation. The accurate assessment of
changes in gene expression depends on the selection of an adequate internal reference
gene. Carbon monoxide (CO) affects several metabolic pathways and de novo protein
synthesis is crucial in the cellular responses to this gasotransmitter.

Herein a selection of commonly used reference genes was analyzed to identify the
most suitable internal control genes to evaluate the effect of CO on gene expression in
cultured cerebrocortical astrocytes. The cells were exposed to CO by treatment with
CORM-Al1 (CO releasing molecule Al) and four different algorithms (geNorm,
NormFinder, Delta Ct and BestKeeper) were applied to evaluate the stability of eight
putative reference genes.

Our results indicate that Gapdh (glyceraldehyde-3-phosphate dehydrogenase)
together with Ppia (peptidylpropyl isomerase A) is the most suitable gene pair for
normalization of qRT-PCR results under the experimental conditions used. Pgkl
(phosphoglycerate kinase 1), Hprtl (hypoxanthine guanine phosphoribosyl transferase
), Sdha (Succinate Dehydrogenase Complex, Subunit A), Tbp (TATA box binding
protein), Actgl (actin gamma 1) and Rn18s (18S rRNA) genes presented less stable
expression profiles in cultured cortical astrocytes exposed to CORM-AL for up to 60min.

For validation, we analyzed the effect of CO on the expression of Bdnf and Bcl-2.
Different results were obtained, depending on the reference genes used. A significant
increase in the expression of both genes was found when the results were normalized
with Gapdh and Ppia, in contrast with the results obtained when the other genes were
used as reference.

These findings highlight the need for a proper and accurate selection of the
reference genes used in the quantification of qRT-PCR results in studies on the effect of
CO in gene expression.

KEYWORDS

Carbon monoxide, astrocytes, reference genes, quantitative real-time reverse
transcription PCR
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ABBREVIATIONS

Actgl - actin gamma 1

Bcl-2 - B-cell leukemia/lymphoma 2

Bdnf - Brain-derived neurotrophic factor

CNS — central nervous system

CO — Carbon monoxide

CORM-AL1 — Carbon monoxide releasing molecule Al
Gapdh - glyceraldehyde-3-phosphate dehydrogenase

Hprtl - hypoxanthine guanine phosphoribosyl transferase |
MAPK — mitogen-activated protein kinase

NO - nitric oxide

Pgkl - phosphoglycerate kinase 1

Ppia - peptidylpropyl isomerase A

PPARY - Peroxisome proliferator-activated receptor gamma
gRT-PCR - Quantitative real-time reverse transcription-polymerase
Rn18s - 18S rRNA

Sdha - Succinate Dehydrogenase Complex, Subunit A
sGC - soluble guanylyl cyclase

Tbp - TATA box binding protein
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1. INTRODUCTION

Carbon monoxide (CO) is a gasotransmitter with a well-documented role in both
inter- and intracellular signaling in the brain as well as in other tissues [1, 2]. Several
studies have addressed the molecular mechanisms underlying the effects of CO in the
treatment of pathologies as diverse as vascular and cerebral diseases, cancer and
inflammation [3—15]. Exogenous administration of CO is beneficial in several pathologies
[3-7,16—20] by acting as metabolic modulator [20], anti-apoptotic molecule [21], anti-
inflammatory agent [22], stemness regulator [23], vasodilator [24], modulator of
proliferation [25] and anti-rejection agent in organ transplantation [26]. The effects of CO,
either from exogenous or endogenous sources, are mediated by multiple pathways,
including mitogen-activated protein kinases (MAPKS), nitric oxide (NO), soluble guanylyl
cyclase (sGC), peroxisome proliferator-activated receptor gamma (PPARY) [3-5,27] and
mitochondrial function (cell death control and cell metabolism) [28]. In the Central
Nervous System (CNS) CO limits neuroinflammation [29,30] and promotes
cytoprotection in in vivo cerebral ischemia [11,31]. In vitro experiments showed that CO
prevents apoptosis in neurons [32,33] and in astrocytes [34,35]. Astrocytes play very
important roles in the brain, conferring physical and metabolic support to neurons,
releasing gliotransmitters and up-taking toxic factors. Astrocytes also modulate the
activity of other brain cells (e.g. microglia) [9]. Therefore, targeting astrocytes is a
promising strategy for promoting neuroprotection and limiting neuroinflammation [36]. In
summary, the effects of endogenous or exogenous CO in astrocytes may also have
secondary beneficial functions in other brain cell types.

Unveiling the cellular and molecular responses to CO, namely at the transcriptional
level, is crucial for further understanding the mechanisms underlying its role in
cytoprotection. The evaluation of changes in transcription activity typically relies in
guantitative real-time reverse transcription-polymerase chain reaction (QRT-PCR), due
to the high sensitivity and accuracy of this powerful tool for measuring specific RNA
levels. To minimize gene and sample variations, an internal control is used to normalize
the entire set of data for proper comparison between experimental conditions. A
multitude of strategies are available for relative quantification of RNA levels, although
the most commonly used is the normalization with a reference gene [37]. A reference
gene is an endogenous control that is exposed to the same manipulations as the target
genes and is measured by the same methodology. An optimal reference gene should
present an invariable expression across tissue, manipulation and/or stimuli. Since this
may not occur, in particular under conditions that induce multiple changes in gene
expression, validation for each specific tissue or cell type and stimulus is needed. For
example, the f-actin, (-2 microglobulin and glyceraldehyde-3-phosphate-
dehydrogenase genes are classically used as reference genes in gRT-PCR studies, but
their expression levels were found to change with cell proliferation and differentiation
[38,39]. Therefore, applying unsuitable reference genes can generate false data. The
multiple effects of CO on gene expression [40] makes difficult the choice of reference
genes for gene expression analysis since some of the genes typically used as internal
controls in other systems may also be affected by the gasotransmitter or simply are not
the most stable genes.
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The aim of this study was to identify accurate endogenous control genes for
normalization of gene expression induced by CO in mouse cortical astrocytes. From all
the available algorithms to evaluate the stability of gene expression, none can be
classified as the optimal, since each of them is based on different assumptions,
parameters and statistical approaches [41]. Therefore, and in order to guarantee the
choice of the best reference gene(s) with the highest confidence possible, data were
processed by four different tools, geNorm [42], NormFinder [43], DeltaCt [44] and
BestKeeper [45]. The first two computational tools were used through the GenEx
software, while the last two were obtained via free online access at the RefFinder
integrative platform. Eight potential internal control genes were selected and changes in
their expression were analyzed in astrocytic cultures treated with CO. Our results
highlight the importance of a cautious assessment of the reference genes in the
particular case of CO treatment.
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2. MATERIALS AND METHODS

2.1. Selection of reference genes

Candidate reference genes evaluated were carefully chosen from the literature,
being the most commonly used and/or suggested to be adequate for studies on the
effects of CO on gene expression or its related pathways (Table 1).

2.2. Cortical astrocyte cultures

Primary cultures of mouse cortical astrocytes were prepared from the cortices of
P3—-P4 BI6/c57 mice pups after mechanical dissociation, as previously described [46].
Briefly, cerebral hemispheres were carefully freed of the meninges and the dissected
cortices were washed in ice-cold PBS, dissociated mechanically and passed through a
70 ym nylon cell strainer (BD Falcon™) into Dulbecco’s minimum essential medium
containing 1 g/L glucose (Sigma) and supplemented with 20% (v/v) fetal bovine serum
(FBS; Gibco® Life Technologies) and 1% (v/v) penicillin/streptomycin solution (Gibco®
Life Technologies). Single-cell suspensions were plated in cell culture flasks (8 to 10
cortices/75 cm?, Orange Scientific) and maintained in a humidified atmosphere of 5%
CO; / 95% air at 37°C. After 8 days in culture, the phase dark cells growing on the
astrocytic cell layer were detached by vigorous shaking and removed. Culture medium
was replaced twice a week for 3 weeks with gradual reduction in FBS content (2" week
15%; 3" week 10%). The confluent astrocytic cultures were mildly trypsinized (0.05%
(W/V) trypsin/EDTA, Gibco®) and subcultured in 6-well plates until full confluence.

2.3. Administration of CO to astrocytic culture

CORM-AL, a CO releasing molecule [47], was used to deliver CO to cultured
astrocytes. CORM-Al (Sigma) stock solution was prepared in PBS to a final
concentration of 10 mM and stored at -20°C to avoid loss of released CO. Time points
for CORM-A1 treatment were selected from the incubation times that were found to
trigger a protective preconditioning effect in astrocytes subjected to oxidative stress (data
not shown). RNA extraction was performed at 30 min, 40 min and 60 min after CORM-
Al addition to the culture medium, at a final concentration of 12.5 uM. Non-supplemented
PBS was added to controls.

2.4, Total RNA isolation and assessment of quality and concentration of
RNA

The full content of a six-well cluster plate, with a density of 4.5x10° cells/well, was
collected for each experimental condition and total RNA from cortical astrocytes was
extracted with TRIzol (Invitrogen Life Technologies), following the manufacturer's
specifications. After addition of chloroform and phase separation, the RNA was
precipitated with isopropanol. The precipitated RNA was washed once with 75% ethanol,
centrifuged, air dried, and resuspended in 20 uL of RNase free water (Gibco Life
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Technologies). The whole procedure was performed at 4°C. RNA concentration and
purity were determined by spectrophotometry (NanoDrop 2000; Thermo Scientific). RNA
quality and integrity was assessed using the Experion RNA StdSens automated gel
electrophoresis system (Bio-Rad). A virtual gel was created for each sample, allowing
the detection of degradation of the reference markers RNA18S and 28S. The system
labels each sample with a RNA Quality Indicator (RQI), ranging from 1 to 10. Samples
were discarded when showing RQI <7, indicating that they presented RNA degradation,
poor integrity or contamination by DNA. Samples were stored at -80°C until further use.

2.5. Reverse transcription PCR

For cDNA synthesis, 1 ug of total RNA was reverse transcribed using iScript™
cDNA Synthesis Kit (Bio-Rad) according to manufacturer instructions. Briefly, the
samples were defrosted on ice, and the PCR reaction mix was added to a 20 pL final
volume. The reaction protocol started with a 5-min step at 25°C, followed by 30 min at
42°C and ended with a 5-min step at 85°C (T100™ Thermal Cycler, Bio-Rad). Samples
were stored at -20°C until further use.

2.6. Primer design

Primers for real-time PCR were designed by Beacon Designer 8.13 software
(Premier Biosoft International). In order to guarantee the optimal primer pair, the
following considerations were taken: (i) GC content close to 50%; (ii) annealing
temperature (T.) between 52°C and 69°C; (iii) secondary structures and primer—dimers
were avoided; (iv) cross homology regions were avoided (database chosen was
RefSegRNA); (v) primer length from 18 to 24 bp; (vi) final product length from 75 to 250
bp. Used primers are detailed described in Table 2.

2.7. Real-time PCR

For the gene expression study, 2 L of 1:10 diluted cDNA was added to 10 pL 2x
SsoFast™ EvaGreen Supermix (Bio-Rad), and the final concentration of each primer
was 250 nM in 20 uL final volume. The thermocycling reaction was initiated with
activation of Sso7d-fusion DNA polymerase by heating at 95°C during 30 seconds,
followed by 40 cycles of a 10-sec denaturation step at 95°C, a 30-second annealing step
at 55°C, and a 30-second elongation step at 72°C. The fluorescence was measured after
the extension step by the iQ™5 Multicolor Real-Time PCR Detection System (Bio-Rad).
After the thermocycling reaction, the melting step was performed, from 55°C up to 95°C,
with an increment of 0.5°C each 10 sec. Continuous measurement of fluorescence
allowed the detection of possible nonspecific products. The assay included a non-
template control and a standard curve (three 1:10 sequential dilution steps) of cDNA for
assessing the efficiency of all primer pairs. The reactions were run in duplicate to reduce
confounding variance and average results were calculated.
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2.8. Gene expression analysis

Since all primer pairs presented efficiency close to 100%, the data was processed
using the 22t method, an adapted version of the 222t method [48], with AC=C: condition x
—Ct contro. The control corresponds to the reference condition representing 1-fold
expression of each gene. The threshold cycle (C;) refers to the cycle at which the
fluorescence signal is detectable above background due to the accumulation of amplified
product. This value is proportional to the starting target sequence copy number. C; was
measured in the exponential phase and, therefore, it was not affected by possible limiting
components in the reaction. For every run performed, the threshold was set at the same
fluorescence value (100 RFU).

2.9. Evaluation of the stability in the expression of reference genes

Data analysis was performed by three different programs and one web-based
comprehensive tool to have a stronger confidence about the variability of the genes
under study. geNorm and NormFinder algorithms were used through GenEx software for
real-time PCR expression profiling (MultiD Analyses;
http://www.multid.se/genex/cnt.htm). geNorm calculates the expression stability value
(M) for each gene, which is the average pairwise variation of a particular gene compared
with the remaining candidate reference genes. The lower the M value, the more stable
is the expression of the gene [42]. NormFinder uses a model-based approach to assess
the overall variation in the expression of the candidate reference gene. Besides
estimating the stability of a particular gene, NormFinder also provides information about
the optimal number of reference genes for normalization purposes [43]. The Delta C;
method evaluates the gene expression stability by comparing relative expression of
“gene pairs” within each sample [44]. The BestKeeper algorithm uses the geometric
mean of the C; values with a standard deviation (SD) [49]. Furthermore, the RefFinder
was used since it combines four different algorithms (geNorm, NormFinder, BestKeeper
and comparative AC: method). This comprehensive tool compares and ranks the
candidate genes by integrating the results from all the four algorithms
(http://www.leonxie.com/referencegene.php).

2.10. Statistical analysis

Data are presented as the mean + standard error of the mean (SEM). A one-way
analysis of variance (ANOVA) test was used to identify significant differences between
experimental conditions for each candidate control gene, followed by Dunnett's Multiple
Comparison Test. Statistical analysis was performed using GraphPad Prism 5
(GraphPad Software, Inc.).
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3. RESULTS

3.1. Evaluation of candidate reference gene expression in astrocytes after
administration of CORM-A1

To characterize the effect of exogenous administration of CO at the transcription
level in cortical astrocytic cultures, cells were treated with CORM-AL for different periods
of time and eight candidate genes were evaluated as putative internal controls. Since
CORM-AL releases CO in a slow manner, with a half-life of 21 min [47], and aiming to
determine early cellular CO effects, the treatment times used in the study were 30, 40
and 60 minutes of CORM-AL exposure. At the concentration used (12.5 pM) CORM-Al
presents cytoprotective effects on cultured mouse astrocytes exposed to oxidative stress
conditions (not shown).

The selection of four of the genes to be studied, Gapdh, Rn18s, Ppia and Pgkl,
was based on previously published work (Table 1). These genes have been used as
internal controls in studies analyzing the effect in gene expression of both exogenous
CO administration and endogenous CO production, across different cell types and
tissues. Hprtl and Tbhp were also tested in the present study as they were proposed as
internal controls for the analysis of gene expression in mouse tissue
(http://www.tataa.com/products-page/gene _expression_assays panels/single-assays-
reference-gene-panel-mouse/). Sdha was included in the present analysis due to
previous evidence validating it as a suitable reference gene for human brain tissue [50]
and for cultured astrocytes after a period of in vitro ischemia [51]. Although it is more
common to use Actb for normalization purposes, Actgl was tested as a novel putative
reference gene since the beta isoform of actin (Actb) was already shown to be altered in
several conditions that are also regulated by CO (e.g.: proliferation, differentiation)
[22,52]. Because - and y-actin are the only cytoplasm actin isoforms, the selection of
Actgl as a reference gene aimed at testing a gene that belongs to the cytoskeleton
machinery while avoiding problems resulting from low stability in the expression of the
Actb gene. Actin isoforms are ubiquitous and crucial for cell survival [49]. Together, the
eight tested genes are involved in a wide range of pathways, including glycolysis (Gapdh
and Pgk1), cytoskeletal architecture (Actgl), regulation of transcription (Tbp), protein
folding and transport (Ppia), purine metabolism (Hprtl), oxidative phosphorylation
(Sdha) and protein synthesis (Rn18s).
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Table 1 - Reference genes used in the literature to evaluate the expression of CO pathway

components or the effect of CO administration.
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(0.01 uM)

Sample ) Genes .
Source Tissue/Cells Studied Treatment Used Controls Article
i NQO1, CORM-2 (50uM),
HepG2 HO-1 CO gas (250 ppm) Gapdh [53]
C57BL/6 . .- CORM-2
mouse HepG2, Liver Hepcidin (20 uM) Gapdh [54]
C57BL/6
. IFNy, IL-10, CORM-2 .
ansln EﬁsLeB/c Tracheal tissue L2, IL-17A (10 mg/kg) B-actin (Actb) [55]
© | Sprague- left ventricular IL-6, IL-10, CO gas o
-_>9< Dawley rat apex TNF-a (250 pm) B-actin (Actb) [56]
2| BALBIC Kidney tissue gypgési’ CORM-2
§ mouse and and UMR106 %IF:)tho ! (20 mg/kg or 20 Gapdh [57]
rat cells . pM)
g FGF23
i NRF-1,
[ Human vastus lateralis NRF-2, CO gas 18S rRNA [58]
O muscle tissue PGC-1a, (100 pm) (Rn18s)
% Tfam
o . . HCN2 CO gas
C 1
o) Wistar rat Heart tissue HCN4 (150 pm) Gapdh [59]
O | Sprague- . CO gas o
|.|>j Dawley rat Cerebellar tissue | Ngb, Cygb (25 ppm) B-actin (Actb) [60]
. cerebellar ) CO gas Cyclophilin A
Wistar rat heurons Bcl-2 (30 uM) (Ppia) [11]
CORM-2
- HUVECs TF, PAI-1 (50 uM) Gapdh [61]
. cortical CO gas Cyclophilin A
Wistar rat astrocytes Bcl-2 (50 uM) (Ppia) [35]
Wistar rat cortical GDNF | CORM-2 (30uM) Gapdh 62]
astrocytes
. cortical bilirubin
o Wistar rat astrocytes GDNF (10 uM) Gapdh [62]
o
é human CCF-STTG1 HO-1, HO-2 PGD:2 (10 uM) Gapdh [63]
S Soraque Cortical
= prag neuron/glia HO-1 METH (5 mM) B-actin (Actb) [64]
Dawley rat
c cocultures
_g Sprague astrocytic
o] prag Cortical microglia HO-1 conditioned Gapdh [65]
O | Dawley rat medium
%)
3 | Sprague S HO-1 ZnPP and CoPP .
o J -
% Dawley rat Cortical tissue AQP-4 0.2 M) B-actin (Actb) [66]
S brain tissue, HO-1
© | Wistarrat | cortical neurons ’ - Pgkl [67]
c HO-2, HO-3
Ll and astrocytes
mouse C26 HO-1 hemin (1 uM), THP B-actin (Actb) [68]
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As expected, the eight putative reference genes tested were differentially
expressed in cultured cortical astrocytes, as determined by the threshold cycle (Cy) for
the same fluorescence intensity in gqPCR experiments (Fig. 1). Rn18s presented the
highest expression level, which is not surprising since it represents the bulk of total RNA.

354 Expression Levels
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Candidate Reference Genes

Figure 1 — Expression levels (C) of eight putative reference genes tested in primary cultures of
cerebrocortical astrocytes. The relative expression values of Gapdh, Ppia, Pgkl, Hprtl, Sdha,
Thp, Actgl and Rn18s were determined in cultured cortical astrocytes, under control conditions
(empty squares) and following incubation with 12.5 uM CORM-A1 for 30 (empty circles), 40 (grey
circles) or 60 min (black circles). The data points are the results of at least 9 independent
experiments, performed in different cell preparations. The horizontal bars indicate the mean C:
values.

The results of gene expression for Gapdh, Ppia, Pgkl, Hprtl, Sdha, Tbhp, Actgl
and Rn18s in cortical astrocytes exposed or not to 12.5 uM of CORM-A1 for 30 min, 40
min and 60 min are presented in Fig. 2. The expression level of Tbp was the only one to
show significant differences among the conditions evaluated, namely after 30 min (p
value < 0.05) and 60 min (p value < 0.01) of exposure to CORM-A1, when compared to
the respective untreated control. As shown in Fig. 2F, CORM-A1 induced a near 2-fold
increase in Tbp expression.
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Figure 2 - Effects of CORM-A1 in the expression of putative reference genes in cultured cortical
astrocytes. Fold change in the expression of Gapdh (A), Ppia (B), Pgkl (C), Hprtl (D), Sdha (E),
Thp (F), Actgl (G) and Rn18s (H) was analysed by the 2-2Ct (see methods for further details). The
results are the mean + SEM of at least 9 independent experiments, performed in different cell
preparations. *p<0.05, **p<0.01 when compared with the control.

3.2 Determination of candidate reference genes expression stability in
astrocytes following administration of CORM-A1

As shown in the scatterplot of Fig. 1, none of the genes under study presented a
constant expression in cortical astrocytes subjected to CO stimulation. The effect of CO
on the expression of Gapdh (A), Ppia (B), Pgkl (C), Hprtl (D), Sdha (E), Tbp (F), Actgl
(G) and Rn18s (H) is shown in Fig. 2. The difference between the minimum and
maximum C; values spanned from 2.5 (Ppia) to 6.8 (Sdha). Therefore, further criteria are
needed to choose any gene for normalization purposes. For an accurate selection of the
internal control genes, we analyzed the expression stability of the selected genes using
four different algorithms: geNorm [42], NormFinder [43], Delta C: [44] and BestKeeper
[45], and merged all the resulting scores in RefFinder.
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Figure 3 - Stability in the expression of putative reference genes in cultured cortical astrocytes
incubated with CORM-1. The stability of gene expression was calculated using GeNorm (A),
NormFinder (B, F), Delta Ct (C), BestKeeper (D) and RefFinder (E). The lowest values correspond
to the most stable genes. The dashed line in the BestKeeper plot represents the SD threshold for
the gene to be considered stable. The empty circle at the NormFinder Acc SD plot indicates the
optimal number of reference genes. The raw data analysed is presented in Fig.1.

From the input list of eight candidate reference genes, geNorm identified Hprtl and
Ppia as the most stable genes, with a shared M value of 0.4. On the other hand, Thp and
Rn18s were recognized as the least stable genes with M values higher than 1 (Fig. 3A).

NormFinder, on the other hand, indicated Gapdh and Hprtl as the most stable
genes, with an average standard deviation of 0.2625 and 0.3841, respectively. In partial
agreement with the results obtained with geNorm, the least stable genes identified by
NormFinder were Thp and Pgk1l (Fig. 3B). Since NormFinder allows considering different
treatment groups, we have also computed gene expression variability under this
restriction. The intragroup variation estimated is the standard deviation for the genes
belonging to each treatment group (0, 30, 40 and 60 min after CORM-A1 addition), while
the intergroup variation is the differential expression and sums to zero for every gene
considering all the groups. Suitable reference genes shall present low intragroup
variation in all groups and negligible intergroup variation. When considering each one of
the groups per experimental condition, NormFinder indicated Gapdh as the most stable
gene (standard deviation of 0.1395) and the best pair was Gapdh and Ppia (combined
standard deviation of 0.1108) (data not shown).

Analysis of the same sets of data using the Delta C; method identified Gapdh,
Actgl and Ppia as the most stable genes, with an average standard deviation of 0.97 for
the first gene and 0.99 for the last two genes. Thp and Rn18s presented the highest
average standard deviation with this method (Fig. 3C).

The BestKeeper algorithm identified Ppia and Hprtl as the most stable genes, with
standard deviation values of 0.594 and 0.700, respectively. On the other hand, Rn18s
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and Sdha genes were found to be the least stable, presenting a standard deviation above
1, which is the recommend threshold [45].

Combining the different outcomes of the four methods with RefFinder, Gapdh and
Ppia were found to be the most stable genes with a geometric mean of ranking values
of 1.32 and 2.00, respectively. The least stable genes are Sdha and Rn18s, presenting
geometric mean of ranking values of 6.12 and 7.74, respectively. When comparing the
result of both GeNorm and NormFinder calculated via GenEx (Fig. 3A and 3B) and via
RefFinder (Fig. 3E), the ranking order is slightly distinct. The differential results obtained
may be due to the fact that RefFinder does not take into account the treatment groups,
while this is considered when GenEx is used to run NormFinder.

Although the different methods used to identify gene expression stability are based
on different assumptions, it is noticeable that the ranking orders of the four algorithms do
not differ much, giving a strong confidence in the obtained results concerning the
reference genes to be used for normalization purposes.

3.3. Validation of reference genes with known CO-induced alterations on
gene expression

To validate the chosen reference genes, we analyzed the changes in expression
of two genes known to be regulated by CO. Administration of CO at low doses or
manipulation of its producing enzyme HO-1 was shown to upregulate Bdnf (Brain-derived
neurotrophic factor) gene expression in several cell types, including diverse populations
of neurons, microglia and astrocytes [9,10,62,69]. Similarly, the effect of CO in the
upregulation of Bcl-2 (B-cell leukemia/lymphoma 2) gene expression has been described
in different cellular systems, namely brain, retina and kidney [11,35,70-72]. Bdnf and
Bcl-2 mRNA levels were evaluated in cultured cerebrocortical astrocytes treated with
CORM-AL, and their expression levels was normalized with different groups of the
studied reference genes. Prior validation, it is relevant to choose the optimal number of
reference genes to use for normalization, in order to minimize costs without
compromising accuracy. This can be achieved by using no more than the strictly
necessary reference genes, besides being advisable to combine two or more genes to
compensate for fluctuations on gene expression in response to CO exposure. For that,
since the NormFinder algorithm also calculates the recommended number of reference
genes, this information was used to support the decision regarding the number of
reference genes used. NormFinder computes this number by accumulated standard
deviations. The minimal value corresponds to the result obtained, which was 0.1846 (Fig.
3F), consisting on the combination of the four most stable genes (Gapdh, Hprtl, Ppia
and Actgl).

Since Gapdh and Ppia were among the three most stable genes identified by every
algorithm tested, we compared results for CO-induced expression of Bdnf and Bcl-2 after
normalization with Gapdh and Ppia versus Gapdh, Hprtl, Ppia and Actgl (Fig. 4). When
Gapdh and Ppia were used as reference gene pair for assessing the expression of Bdnf
and Bcl-2, a significant increase in the expression of both genes was observed in
cerebrocortical astrocytes stimulated with CORM-A1 (p<0.01 and p<0.05, respectively)
(Fig. 4A). The same results were obtained when performing the normalization with
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Gapdh, Ppia, Hprtl, and Actgl, the genes recommended by the analysis with
NormFinder (Fig. 4B). This supports the decision of using only two reference genes
instead of four, saving time and reducing expenses without losing statistical power. To
further investigate the impact of the number of reference genes used in the normalization
procedure, we performed a normalization using only Gapdh. The results obtained for
Bdnf expression were similar to those obtained when the normalization was performed
with Gapdh and Ppia together. In contrast, the effect on Bcl-2 expression was not
statistically significant (Fig. 4C).

To further investigate the importance of selecting appropriate control genes, the
effect of CO on the expression of Bdnf and Bcl-2 was analyzed using as reference the
two least stable genes identified in this study, Pgkl and Rn18s (Fig. 5). In contrast with
the results obtained when Gapdh and Ppia were used as reference genes, normalization
with the two least stable genes showed no significant increase in the expression of Bdnf
and Bcl-2 when cerebrocortical astrocytes were treated with CORM-A1 (Fig. 5A). Finally,
when Rn18s was used alone in the normalization, no significant effect of CORM-AL on
Bcl-2 expression was observed. Furthermore, the levels of BDNF mRNA at 30 and 40
min after CORM-Al addition were almost 1-fold lower when compared with those
obtained with the best reference genes (Fig. 5B).

In summary, our results identified Gapdh and Ppia as the most suitable
endogenous reference genes to evaluate the effects of CORM-A1 treatment on gene
expression in cultured murine cerebrocortical astrocytes. Actgl, Hprtl, Thp, Pgkl, Sdha
and Rn18s were identified as the least stable genes and therefore should not be used
as a reference.
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with the lowest accumulated Standard Deviation (acc SD) as determined with NormFinder and
(C) the best gene. The results are the mean + SEM of the indicated number of independent
experiments, performed in different cell preparations. *p<0.05, **p<0.01 when compared with
control.

97



RESULTS - Validation of Reference Genes

o
Axd BDNF Bsa BDNF
6 = [SI7)] 4
g&? eg g
I o

2 ke >X3
T o2 85
°a 2z,
o= n=8 273
2z 2N .
= =
£3 £ g
T ®o T T S
g E 0 30 40 60 2< 0 30 40 60

g time (min after CORM-AL addition) time (min after CORM-AL addition)
.3 Bcl-2 _ Bcl-2
o&3 ods3
- -
o % °© S
22, 2K
T o S 2
st e

< — =8 =
o= - n=9 n=9 n 0T
2% n=9 = ISt
£3 A

<

O N c E
T R o . T G
g E 0 30 40 60 2 =

£ time (min after CORM-A1 addition) time (min after CORM-A1 addition)

Figure 5 - Effect of different sets of normalization genes in in the evaluation of CORM-A1l-induced
expression of Bdnf and Bcl-2. Cerebrocortical astrocytes were treated or not with 12.5 uM CORM-
Al from 30, 40 or 60 min. Normalizations were performed with (A) the least stable pair and (B)
the gene showing the lowest stability. The results are the mean + SEM of the indicated number
of independent experiments, performed in different cell preparations. *p<0.05 when compared
with the control.
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4. DISCUSSION

Endogenous reference genes are commonly used to normalize gRT-PCR data,
nevertheless they need to be carefully selected since classically used reference genes
have already been reported to vary depending on a multitude of variables [37]. In the
present work, the variability in the expression of a set of eight putative reference genes
was studied in mouse cerebrocortical astrocytes following CORM-AL treatment. CORM-
Al is a well-established and accepted CO releasing molecule. The optimal conditions at
which the CO is released from the chemical backbone structure of CORM-A1 are fully
characterized [47], and are similar to those used in the present work to incubate cultured
astrocytes (pH = 7.4 and 37°C). Four distinct algorithms were used for data analysis,
giving rise to distinct results. However, Gapdh and Ppia were among the top three most
stable genes in all tested methods. It is interesting to notice that the three most stable
genes selected by the applied algorithms (Gapdh, Ppia and Actgl) present a similar
expression level, with an average Cycle Threshold of 17.85 + 0.65.

The NormFinder algorithm recommended the usage of four of the putative
reference genes tested to normalize the results on the effect of CORM-A1l on gene
expression. However, analyzing such a large number of genes is cost ineffective and
time consuming. Therefore, the degree of improvement and the overall noise contributed
by the reference genes should be considered when making a decision about the total
number of reference genes to be used. In general, it is a good policy to perform the
normalization with at least two genes, since they may compensate each other variation,
in particular when the mRNA level of one gene presents more copies at one condition
and the other gene presents less copies at the same condition. In fact, in the present
study the largest improvement was observed when including the second reference gene
(Acc. SD variation of 0.03).

Analysis of the effect of CORM-AL treatment on the expression of Bdnf and Bcl-2
in astrocytes gave statistically significant differences when the most stable genes were
used as a reference, while no effect was observed when the same analysis was
performed using the least stable genes. These results show the importance of a careful
choice of the reference genes used in gene expression studies testing the effect of CO.
In particular, using genes that are upregulated under the same experimental conditions
as reference, leads to an underestimation of the effects of CO and vice-versa. The CO-
induced upregulation of Bdnf expression, with a consequent increase in the signaling
activity by TrkB receptors expressed in astrocytes [73], it is likely to affect transcription
activity [74,75]. This includes the expression of genes that are often used as reference,
being Rn18s among the genes which expression is affected by BDNF in cultured
hippocampal neurons [76]. Therefore, the activation of neurotrophin receptors may have
contributed to the changes in the expression of Rn18s observed in this study, particularly
for longer incubation periods with CORM-A1.

The use of suitable and unsuitable reference genes was more dramatic in the case
of bcl-2 induction, since the significance was completely lost under the latter conditions
(Fig. 5), which would lead to an erroneous conclusion that CO could not induce bcl-2
gene expression in the present conditions. This problem may occur with other target
genes presenting small fold change of their expression. This is particularly critical in
cases of fine-tuning complex events or when the concentration and mode of treatment
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delivery confers different responses, which is the case of CO. For example, the level of
induction of bcl-2 obtained in the present study is consistent with the previous reported
results [35], although an earlier time point was studied here. This difference may be
caused by the slower and controlled CO deliver, prompted by the CORM-A1 used in this
work, which is distinct from the effects resulting from the use of CO-saturated solutions
[35]. The latter method delivers a bolus of CO, to which cells are exposed for a shorter
period of time, because CO rapidly diffuses to the atmosphere.

The CORM-2 was shown to upregulate HO-1 gene expression and protein levels
in RBA-1 cells, which are derived from primary cultures of neonatal rat astrocytes [77].
The effects of CORM-2 on gene expression were observed upon 2 h of incubation, and
were sensitive to inhibitors of reactive oxygen species and protein kinases. Since CORM-
Al releases CO at a slower rate, the rapid effects of this CO donor on gene expression
reported here cannot be attributed to the upregulation of HO-1 protein levels. Whether
DNA methylation contributes to the effect of CORM-A1 on gene expression in cultured
astrocytes remains to be investigated.

To our knowledge, this is the first time that a careful analysis is performed for
assessing the impact of a gasotransmitter at the gene expression level. Since CO shares
several signaling pathways with other gasotransmitters, namely Nitric Oxide (NO) and
hydrogen sulfide (H2S) [78], it would also be of interest to validate appropriate reference
genes in the case of NO or H,S cell treatment. In fact, since CORM-A1 was previously
shown to induce the expression of the inducible and endothelial isoforms of nitric oxide
synthase (NOS) [79], thereby increasing NO production, this pathway may also
contribute to the delayed responses in gene expression. Whether CORM-A1 regulates
H.S production remains to be determined.

In conclusion, the results from our work emphasize the importance of proper
selection of reference genes and the need for validation of their stability in studies where
changes in the levels of CO are observed. Furthermore, the results point to the
importance of using different algorithms in this type of analysis to guarantee strong
confidence in the correct choice of the reference genes.
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CHAPTER IL11I

ABSTRACT

Carbon monoxide (CO) is an endogenous gasotransmitter produced by heme
oxygenase-mediated cleavage of the heme group, which has been shown to limit
inflammation and to prevent apoptosis in several tissues, including brain. Likewise, small
amounts of exogenous CO are cytoprotective in astrocytes, neurons and microglia.
Nevertheless, the molecular mechanisms underlying CO’s beneficial role remain poorly
understood.

This work aims at identifying the molecular effectors that may account for CO-
induced cytoprotection by assessing the gene expression alterations conferred by CO in
primary cultures of cortex astrocytes. Cultured astrocytes were treated with the CO-
releasing molecule CORM-A1 (12.5 uM) for 40 min, and transcriptional changes were
analysed using RNASeq. A total of 162 genes were differentially expressed due to CO
treatment, which were systematically selected up to 7 genes: FosB, Scandl, Rgsl0,
Actgl, Panxl, Pcbhdh21, Rn18s. This selected group of differentially expressed genes
were further validated using qRT-PCR at 30, 40 and 60 min following CO treatment.
According to RNAseq, FosB mRNA increase was validated by qRT-PCR and showed
the highest expression following CO treatment at 30 - 60 min. Likewise, western blot
analysis also showed a transient increase in FosB protein levels in cortical astrocytes
after 40 min of incubation with the CO donor. The increase on FosB mRNA expression
revealed to be dependent on activation of the ATP receptor P2X7 and independent on
reactive oxygen species (ROS) generation.

The functional importance of FosB in CO-induced survival in astrocytes was
investigated by knocking down its expression with FosB siRNA. Astrocytes were
challenged to death with oxidative stress (pro-oxidant tert-butylhydroperoxide) and cell
viability was assessed by flow cytometry 24h later. Down-regulation of FosB did not
affect the CO-induced cytoprotection of cortical astrocytes exposed to CORM-AL,
suggesting that FosB is not essential for CO to prevent cell death. Nevertheless,
generated transcriptomic data related to CO treatment open new opportunities for further
studies about CO-induced cytoprotective pathways.

KEYWORDS

Carbon monoxide, astrocytes, FosB, cytoprotection, ROS, transcriptome
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ABBREVIATIONS

Actgl - actin gamma 1

AP-1 - activator protein 1

ATF - activating transcription factor

Bcl-2 - B-cell leukemia/lymphoma 2
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1. INTRODUCTION

Carbon monoxide (CO) is a gas produced endogenously due to the breakdown of
heme by heme oxygenase (HO) and is able to cytoprotect different cell types by boosting
cellular resistance against a wide variety of harmful events [1]. In central nervous system,
low concentrations of exogenous CO and/or expression of heme oxygenase-1 (HO-1)
promotes neuroprotection by limiting neuroinflammation and neural cell death, as well
as by modulating vasodilation (for review see [2]). In cell models of brain tissue, CO has
anti-apoptotic properties in neurons [3,4] and in astrocytes [5,6]; promotes neurogenesis
[7], and reduces neuroinflammation by acting on microglia [8-10]. Likewise,
administration of low doses of CO revealed beneficial properties and improved the
outcome in several rodent models of brain diseases, namely ischemic stroke [11,12],
haemorrhagic stroke [13] and multiple sclerosis [14,15].

Historically, the effect of CO in cerebral ischemia was tested in preconditioning
studies (therapy administration prior to injury) and some of the molecular changes
underlying the protective effects of CO were characterized. The neuroprotective effects
of CO were associated with the modulation of HO-1, ROS and BDNF [17]. Later, the
therapeutic potential of CO was tested during the hypoxic phase and after starting
reperfusion. Its neuroprotective effects were demonstrated in different animal models of
stroke and other diseases [2], [18]. The growing body of evidence pointing to a possible
therapeutic application of CO led to the development of CO releasing molecules, which
allow the control of CO release. From the clinical point of view these molecules allow
minimization of adverse effects and local release, among other advantages ([6], [19],
[20]).

Astrocytes are the most abundant cell type in the brain and provide structural,
metabolic and trophic support to other neural cells, in particular to neurons [16]. Recently,
neuroscientists have been given increasing attention to astrocytes. Because the tightly
regulated cross talk between neurons and astrocytes, one can suggest that by improving
astrocytic function neuroprotection could be promoted.

From the data presented in Chapter Il.I, several validations were needed to gather
further evidence for the CO effect on astrocytes. Moreover, with the validated reference
genes presented in Chapter IL.II, a qRT-PCR approach was possible. Thus, the aim of
this work is: (i) to validate a set of these differentially expressed genes (DEGs) at mMRNA
and protein levels and finally (ii) to functionally validate the most promising found gene:
FosB and (iii) to verify the importance of FosB mediating CO-induced cytoprotection in
astrocytes subjected to oxidative stress. Finally, the characterization of CO-induced
gene expression alterations will contribute to better understanding CO’s cytoprotective
pathways and to the potential development of novel therapeutic strategies against
cerebral diseases.
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2. MATERIALS AND METHODS

2.1. Cortical astrocyte cultures

Primary cultures of mouse cortical astrocytes were prepared from the cortices of
P1-P2 BI6/c57 mice pups after mechanical dissociation, as previously described [17].
Briefly, cerebral hemispheres were carefully freed of the meninges and the dissected
cortices were washed in ice-cold PBS, dissociated mechanically and passed through a
70 pm nylon cell strainer (BD Falcon™) into Dulbecco’s minimum essential medium
containing 1 g/L glucose (Sigma) and supplemented with 20% (v/v) fetal bovine serum
(FBS; Gibco® Life Technologies) and 1% (v/v) penicillin/streptomycin (Gibco® Life
Technologies). Single-cell suspensions were plated in cell culture flasks (8 to 10
cortices/75 cm?, Orange Scientific) and maintained in a humidified atmosphere of 5%
CO. / 95% air at 37°C. After 8 days in culture, the phase dark cells growing on the
astrocytic cell layer were detached by vigorous shaking and removed. Culture medium
was replaced twice a week for 3 weeks with gradual reduction in FBS content (2" week
15%; 3" week 10%). The confluent astrocytic cultures were mildly trypsinized (0.05%
(w/v) trypsin/EDTA, Gibco® Life Technologies) and subcultured in 6-well plates until full
confluence.

2.2. Administration of CO to astrocytic cultures

CORM-AL, a CO releasing molecule [18], was used to deliver CO to astrocytes.
CORM-AL1 (Sigma) stock solutions were prepared in MilliQ water to a final concentration
of 10 mM and stored at -20°C to avoid loss of released CO, and diluted in PBS before
use. Time points for CORM-A1 treatment were selected based on the cytoprotective
effects of CO in astrocytes subjected to oxidative stress (data not shown). RNA
extraction for RNASeq experiments was performed after 40 min of incubation with
CORM-AL1 (12.5 uM); for gRT-PCR experiments, the cells were incubated with CORM-
Al for 30 min, 40 min and 60 min at a final concentration of 12.5 uM. Protein extracts
were prepared at 40 min, 1h, 2h, 3h, 4h, 5h, 6h, 8h, 24h following CORM-Al
administration. Non-supplemented PBS was added to control points without CORM-A1
treatment.

2.3. Total RNA isolation and assessment of quality and concentration of
RNA

For RNA sequencing, astrocytes were cultured at 75cm? cell culture flasks for each
condition. RNA was purified using RNeasy Qiagen kit accordingly to manufacturers
procedure, followed by lyophilisation, and 15 pg of dried RNA per sample was sent to
BGI for RNA sequencing using Illlumina 2000 HiSeq instrument.

For gRT-PCR experiments, the full content of a six-well cluster plate, with a density
of 4.5x10° cells/well, was collected for each experimental condition and total RNA from
cortical astrocytes was extracted with TRIzol (Invitrogen® Life Technologies), following
the manufacturer’s specifications. After addition of chloroform and phase separation, the
RNA was precipitated with isopropanol. The precipitated RNA was washed once with
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75% ethanol, centrifuged, air dried, and resuspended in 20 pL of RNase free water
(Gibco Life Technologies). The whole procedure was performed at 4°C. RNA
concentration and purity were determined by spectrophotometry (NanoDrop 2000;
Thermo Scientific). RNA quality and integrity was assessed using the Experion RNA
StdSens automated gel electrophoresis system (Bio-Rad). A virtual gel was created for
each sample, allowing the detection of degradation of the reference markers RNA18S
and 28S. The system labels each sample with a RNA Quality Indicator (RQI), ranging
from 1 to 10. Samples were discarded when showing RQI <7, indicating that they
presented RNA degradation, poor integrity or contamination by DNA. Samples were
stored at -80°C until further use in qRT-PCR.

2.4, Reverse transcription PCR

For cDNA synthesis, 1 ug of total RNA was reverse transcribed using iScript™
cDNA Synthesis Kit (Bio-Rad) according to manufacturer’s instructions. Briefly, the
samples were defrosted on ice, and the PCR reaction mix was added to a 20 pL final
volume. The reaction protocol started with a 5-min step at 25°C, followed by 30 min at
42°C and ended with a 5-min step at 85°C (T100™ Thermal Cycler, Bio-Rad). Samples
were stored at -20°C until further use.

2.5. Primer design

Primers for real-time PCR were designed with Beacon Designer 8.13 software
(Premier Biosoft International) as described in previous work [19]. The primers used are
described in detail in (Supplementary Data, Table S1).

2.6. Real-time PCR

For the gene expression studies, 2 yL of 1:10 diluted cDNA were added to 10 L
2x SsoFast™ EvaGreen Supermix (Bio-Rad), with a final concentration of each primer
of 250 nM in 20 pL final volume. The thermocycling reaction was initiated with activation
of Sso7d-fusion DNA polymerase by heating at 95°C during 30 seconds, followed by 40
cycles of a 10-sec denaturation step at 95°C, a 30-sec annealing step at 55°C, and a 30-
sec elongation step at 72°C. The fluorescence was measured after the extension step
by the iQ™5 Multicolor Real-Time PCR Detection System (Bio-Rad). After the
thermocycling reaction, the melting step was performed, from 55°C up to 95°C, with an
increment of 0.5°C each 10 sec. Continuous measurement of fluorescence allowed the
detection of possible nonspecific products. The assay included a non-template control
and a standard curve (three 1:10 sequential dilution steps) of cDNA for assessing the
efficiency of all primer pairs. The reactions were run in duplicate to reduce confounding
variance and average results were calculated.
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2.7. Gene expression analysis

Since all primer pairs presented an efficiency close to 100%, the data were
processed using the 22t method, an adapted version of the 222t method [20], with AC;
= Ct condition x — Ctcontrol. The control corresponds to the reference condition representing 1-
fold expression of each gene. The threshold cycle (Cy) refers to the cycle at which the
fluorescence signal is detectable above background due to the accumulation of amplified
product. This value is proportional to the starting copy number of the target sequence.
Ci:was measured in the exponential phase and, therefore, it was not affected by possible
limiting components in the reaction. All C; values were normalized to two internal control
genes, Gapdh and Ppia, which were already validated to be the most suitable ones for
the conditions used in this study [19]. For every run performed, the threshold was set at
the same fluorescence value (100 RFU).

2.8. Total protein isolation and concentration calculation

After washing the astrocytes twice with ice-cold PBS (137 mM NacCl, 2.7 mM KCl,
1.8 mM Kz;HPO4, 10 mM NaH:PO.-2H,0), total protein was extracted using RIPA lysis
buffer (150 mM NacCl, 50 mM Tris-HCI, 5 mM EGTA, 1% Triton X-100, 0.5% deoxycholic
acid, 0.1% sodium dodecyl sulfate) freshly supplemented with 1X cocktail protease
inhibitor (Roche, pH 7.5). Cells were then scraped and samples were stored at -20°C
until further use. Protein concentration was quantified using a bicinchoninic acid (BCA)
protein assay kit (Pierce®) using the manufacturer's specifications. Absorvance was
measured using a TECAN infinite F200PRO microplate reader.

2.9. Immunoblotting

Samples from cell extracts were separated under reducing electrophoresis on a 1
mm thick 12% sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel. Samples were
transferred to a nitrocellulose membrane (HybondTMC extra, GE Healthcare). FosB
protein was stained with an anti-FosB antibody (Santa Cruz Biotechnology) at 1:333
dilution, overnight at 4°C. Blots were developed using the ECL (enhanced
chemiluminescence) detection system after incubation with HRP-labelled anti-rabbit IgG
antibody (1:5000 dilution) (GE Healthcare), for 1h at room temperature.

2.10. siRNA Transfection

FosB expression was silenced by FosB coding siRNA transfection according to the
manufacturer’s instructions (Invitrogen). Astrocytes at 40% of confluence were
transfected using Lipofectamine TM RNAIMAX and OptiMEM® medium (Invitrogen); for
2 cm? of astrocytic culture area, 6 pmol of siRNA were used. siRNA and culture medium
were mixed gently with Lipofectamine at room temperature, to form liposomes, and the
astrocytes were then transfected in the absence of antibiotics.
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2.11. Viability analysis by Flow Cytometry

To detect apoptosis induced by tert-butyl hydroperoxide (t-BHP), cell samples were
collected by trypsinization, and the cells were gated by the forward and side scatter. Two
dyes were used: 3,3-dihexyloxacarbocyanine iodide (DiOCs(3); 20 nM) (Invitrogen) to
guantify the mitochondrial transmembrane potential, and propidium iodide (1 uM)
(Invitrogen) to determine cell viability, based on plasma membrane integrity. A flow
cytometer (Canto Il, Becton Dickinson) was used to analyze apoptosis-associated
parameters. This cytometer contains a blue solid-state laser (488 nm) with FL1 green
fluorescence channel for DiIOCs(3) at 530 nm, and a FL3 red fluorescence channel for
propidium iodide detection at 650 nm. The acquisition was performed with Diva software
and data analysis was performed with Flowing software
(http://lwww.uskonaskel.fi/flowingsoftware/).

2.12. Administration of chemical compounds to astrocytic cultures

The stock solution of A-438079 (Sigma), a specific P2X7 receptor inhibitor [21,22],
was prepared in PBS to a final concentration of 2.5 mM and stored at -20°C. Astrocytic
cultures were incubated with 10 uM of A-438079. Non-supplemented PBS was added to
controls. Two antioxidants, N-acetylcysteine (NAC; a precursor of Glutathione) and [3-
carotene (prepared in DMSO), were applied to astrocytes to a final concentration of 1
MM,

2.13. Measurement of ROS generation

Hydrogen peroxide (H202) production was assessed by the conversion of 2’,7’-
dichlorofluorescein  diacetate  (H.DCFDA, Invitrogen) to fluorescent 2',7’-
dichlorofluorescein (DCF). Superoxide anion generation was monitored using MitoSOX
Red mitochondrial superoxide indicator (Life Technologies). Astrocytes cultured in 96-
well plates (8000 cells/well) were incubated with 5 yM of H.DCFDA or MitoSOX for 20
min. After being washed twice, astrocytes were treated with 12.5 or 25 yM of CORM-A1
or 230 uM t-BHP in PBS, as a positive control. Fluorescence (Aex 485 nm/Aem 530nm and
Aex 510 nm/Aem 580nm, respectively) was measured using a TECAN infinite F200PRO
Spectrofluorometer for 30 min at 37°C. ROS generation was calculated as an increase
in fluorescence intensity over baseline levels (determined for untreated cells) and
considering 100% the ROS generation in the presence of t-BHP. Where indicated, [3-
carotene or NAC (1 uM) were added to astrocytes 1h prior to CORM-A1 treatment.

2.14. Statistical analysis

Data are presented as the mean + standard error of the mean (SEM). Student’s t-
test, one-way or two-way analysis of variance (ANOVA) test was used to identify
significant differences between experimental conditions. ANOVAs were followed by the
Dunnett's Multiple Comparison Test. Statistical analysis was performed using GraphPad
Prism 6 (GraphPad Software, Inc.).

115


http://www.uskonaskel.fi/flowingsoftware/

RESULTS - Altered Genes Validations — FosB Role

3. RESULTS

3.1. CO-induced differential gene expression in cortical astrocytes

In order to filter down the 162 DEGs to a workable number, we applied sequential
filters to reduce down to 7 the number of DEGs used in additional validation steps (Figure
1). The first 59 DEGs (33 up-regulated and 26 down-regulated) were shown to have
relevant roles in the brain, both under physiological or pathological conditions, namely
ischemia, inflammation, neurogenesis, energy balance and redox response. From this
smaller group of DEGs, we further selected the ones common to at least two of the three
algorithms applied in DEGs screening. This filtering step ensures a higher confidence on
the candidate genes under analysis. The latter filter resulted in a group of 14 potential
candidate DEGs (9 up-regulated and 3 down-regulated). Finally, a pool of 7 DEGs out
the previous 14 was selected based on their function, which might be important in
previously described effects of CO such as neuroprotection and calcium signaling [23].
In summary, we identified 162 DEGs in astrocytes treated with CO; metabolic and
signaling pathways were found to be the most affected by CO treatment.

Raw reads

l fastQC /

Aligment with Genome

62 DEGs (100 upregulated + 62 downregulatem

J4 J Functional
Soap (BGI) Tophat Annotation 59 (33 upregulated + 26 downregulate%
. oo Interesting candidates
ualimap Blast2GO PubMed

AlignmentQC (samstats) /
CummeRbund

Screening of Differentially Expressed Genes

7 (4 up + 3 down)

4 ooy i
Poisson Distribution Model (BGI) Cuffdiff DESeq to validate
average

gene Function relevant in HIR

Afold
IScandl | 7.01 |protective, iron homeostasis, zinc finger protein

FosB 6.54 |IEGPs protective, AP-1 activation, neurogenesis

IActgl 2.62 |dysregulation implicated in neuro disorders, fibrosis, linked to HIF1a

Rgs10 2.13 |neuroprotective in Parkinson, via CREB and J-NFkB

Rn18s -3.71 [expression levels increase with BDNF treatment

Panx1 -3.18 |activation of inflammassome which activates caspases, channel of ATP release
Pcdhb21| -2.72 |Ca?*- dependent; adhesion, astro-neuro contact, synapse formation

Figure 1 — Analysis and filtering steps applied to the RNASeq data for the effects of CO on gene
expression in astrocytes. The upper left corner depicts the processing and quality control steps
applied to obtain the 162 DEGs. The upper right corner represents the different filters used to
obtain the final 7 DEGs to validate: from the 162 DEGs, 59 candidates were interesting for being
relevant in brain; these 59 candidates were further filtered to 14 candidates due to their high
potential in CO action involvement. The table presents the 7 DEGs selected for RT-PCR
validation, their fold change and some relevant functions
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3.2. CO induces FosB, Rgsl0 and Scandl transcription in cortical
astrocytes

From the 162 DEGs, 7 genes were selected to be validated by gqRT-PCR. As
mentioned above, this subset of DEGs were chosen based on two main criteria: (i) their
expression was identified to be significantly altered by two of the 3 algorithms used and
(ii) the candidate DEGs were relevant in the context of this study (Figure 1). Thus, FosB
(FBJ osteosarcoma oncogene B), Rgs10 (regulator of G-protein signaling 10), Scandl
(SCAN domain-containing 1), Rn18s (18S ribosomal RNA), Actgl (actin, gamma,
cytoplasmic 1), Pcdhb21 (protocadherin beta 21) and Panx1 (pannexin 1) mRNA levels
were quantified in cultured cortical astrocytes incubated with CORM-A1 (12.5 uM) for 30
to 60 min. We validated the results obtained for 3 DEGs from the 7 selected: FosB,
Rgs10 and Scandl (Figure 2 A, B and C). The Rn18s qRT-PCR data (Figure 2 D)
showed a 2-fold increase in gene expression following incubation with CORM-AL, which
contrast with the results obtained in the RNASeq experiments (3.71-fold decrease). This
discrepancy may be due to the fact that these two techniques identify alterations in gene
expression based on different assumptions and algorithms. The other 3 DEGs did not
present a significant variation in expression when analyzed by gRT-PCR: Actgl,
Pcdhb21 and Panx1 (Figure 2 E, F and G). Since FosB showed the strongest alteration
in MRNA expression among the 3 genes validated, this gene was chosen for protein and
functional validation. Interestingly, FosB is one of the constituents of AP-1, one of the
most represented transcription factors identified based on the analysis of the changes in
gene expression resulting from the incubation of astrocytes with CO (Figure 3, Chapter

).
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Figure 2 - Effects of CORM-A1 on gene expression in cultured cortical astrocytes. Fold change
in the expression of FosB (A), Rgs10 (B), Scandl (C), Rn18s (D), Actgl (E), Pcdhb21 (F) and
Panxl (G) was analyzed by qPCR (see methods for further details). Cortical astrocytes were
incubated with CORM-A (12.5 uM) for 30 to 60 min. The results are the mean = SEM of at least
9 independent experiments, performed in different cell preparations. *p<0.05, **p<0.01,
***n<0.001 as compared to the control with one-way ANOVA.

3.3. CO induces cytoprotective AP-1 products expression

The activator protein-1 transcription factor (AP-1) is formed by FosB paired with
Jun family members [24]. To better understand the consequences of FosB induction,
and ultimately AP-1 activation, the regulation of several downstream targets was
analysed (Figure 3). AP-1 induction is an important cellular response to several stimuli,
particularly redox response, cell cycle, cell death control and inflammation. Besides
controlling a wide variety of biological processes, AP-1 expression may induce
bidirectional responses [25]: its negative or positive regulation of a specific pathway
depends on the type of dimers formed within the cellular context [26,27].

Alterations in the expression of several AP-1 target genes following stimulation of
cortical astrocytes with CORM-A1 (12.5 pM for 30 to 60 min) were confirmed by qRT—
PCR. These AP-1 target genes are: BDNF [28], Bcl-2 [29] and Gria2 (gene coding for
glutamate ionotropic receptor AMPA type subunit 2) [30], (Figure 3 B, C and D,
respectively). Importantly, the expression of two classical genes of cell survival signaling
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was up-regulated: Bdnf and Bcl-2 (Figure 3 C and D) [31,32]. An increased membrane
availability of GluA2-containing AMPAR was also proposed to provide protection against
excitotoxic damage [33—35]. Since it was observed that Gria2 is up-regulated after 40
min of incubation with CORM-AL, ultimately this event may also contribute to an
increased tolerance.

Because mitochondria play a critical role in cell fate [36,37] and are involved in CO-
induced pathways [38,39], a gene involved in mitochondrial function was studied. Sdha
is a gene coding for a major catalytic subunit of the complex Il of the electron chain and
its levels were quantified following CO treatment (Figure 3 A). As Sdha inhibition was
described to be protective in an ischemia context [40—42], the observed down-regulation
in Sdha expression after 60 min of CO treatment may also contribute to the overall
tendency for cell survival.

In conclusion, incubation of cortical astrocytes with CORM-A1 may induce multiple
pathways, including the AP-1 transcription factor, which protects cells against stress
conditions.
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Figure 3 - Effects of CORM-Al on the expression of AP-1 target genes in cultured cortical
astrocytes. The cells were incubated with 12.5 uM CORM-AL for the indicated periods of time.
Fold change in the expression of AP-1 target genes (Sdha, Bdnf, Bcl-2 and Gria2) was analyzed
by the 2-2Ct (see methods for further details). The results are the mean + SEM of at least 8
independent experiments, performed in different cell preparations. *p<0.05, **p<0.01 as
compared to the control with one-way ANOVA.
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3.4. CO-induced FosB protein production

Validation of CO-induced FosB expression was performed by quantification of
protein expression following CORM-Al1 (12.5 uM) treatment of astrocytes. The
immunoblotting results showed a transient increase of FosB protein expression following
40 min of CO treatment. While, FosB protein levels returned to the baseline 20 min later
and maintained at basal levels up to 5h (Figure 4). Thus, CO does promote FosB
expression in a transitory manner.

A 0 40min 1h -Timeafter CORM-Aladditon- 0 1h 2h 3h 4h 5h

e . FosB(45kpa)- WRSESSSEEES

- Total Protein (45 kDa) -
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Figure 4 - Effect of CORM-Al on the expression of the FosB protein in cultured cortical
astrocytes. (A) Representative blots of immune detection of FosB and respective loading control
with Rouge Ponceau. The first image corresponds to astrocytes treated with CORM-A1 after
Omin, 40 min and 1h (early effects) and the second image corresponds to astrocytes treated with
CORM-AL1 after 0 min, 1h, 2h, 3h, 4h and 5h (later effects). (B) Fold change in the expression of
FosB was analyzed by western blot. The results are the mean + SEM of at least 3 independent
experiments, performed in different cell preparations and normalized to total protein. Total protein
was evaluated by Rouge Ponceau staining. **p<0.01 as compared to the control with one-way
ANOVA.

3.5. CO-induced FosB expression is dependent on P2X7 receptor
activation

Recent studies showed that activation of the P2X7 receptor (P2X7R) results in a
robust induction of FosB [43,44]. Considering that (i) activation of P2X receptors is
implicated in the role of CO in astrocyte-neuron paracrine neuroprotection [45] and (ii)
P2X7R astrocytic expression was reported to be essential in ischemic preconditioning
and cytoprotection [46], we investigated whether CO-induced FosB expression is
mediated by P2X7R activation. Primary cultures of cortical astrocytes were treated with
A-438079, a specific P2X7R inhibitor, for 10 min prior to CORM-A1 addition, and FosB
protein levels were quantified after 40 min of incubation with CORM-A1 (Figure 5). The
P2X7R inhibitor abrogated the effect of CORM-Al on increasing FosB protein
expression. One can suggest that CO promotes an autocrine effect, which could be
mediated by the release of ATP from cortical astrocytes. Indeed, CO increases ATP
production in astrocytes [6], which can be released to the extracellular environment [45].
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Figure 5 - Role of P2X7R in CORM-A1-induced expression of FosB in cultured cortical astrocytes.
(A) Representative blot of immune detection of FosB and respective loading control with Rouge
Ponceau. The lanes correspond respectively to astrocytes without treatment, treated with CORM-
Al for 40 min, treated with P2X7R inhibitor (A-438079) and treated both with P2X7R inhibitor and
CORM-AL1 (B) Fold change in the expression of FosB 40 min after CORM-A1 (12.5 uM) addition
was analyzed by western blot. The results are the mean + SEM of at least 3 independent
experiments, performed in different cell preparations and normalized to total protein. Total protein
was evaluated by Rouge Ponceau staining. *p<0.05 as compared to the control with one-way
ANOVA.

3.6. CORM-A1 induces mitochondrial ROS production

A strong link between P2X7, ROS and FosB was reported on a study using
macrophages, where P2X7 stimulates ROS production, which then activates FosB [47].
Furthermore, ROS signaling plays an important role in CO mediated cytoprotection
[7,23,38]. Therefore, we assessed whether ROS signaling is activated downstream of
the P2X7R following CO treatment of cortical astrocytes. The H,O; sensitive H,DCFDA
fluorescent probe was used to determine whether CORM-AL induces ROS generation
under physiological conditions, which may be relevant to FosB induction. No increase on
H20- production was found upon 12.5 and 25 uM of CORM-AL treatment after 45 min.
In contrast, it was observed a significant increase in H>O, generation in cortical
astrocytes incubated with t-BHP concentrations for 25 or 45 min, which were used as
positive control (Figure 6A).

In contrast with the results obtained for H,O, generation, CORM-AL significantly
increased mitochondrial anion superoxide, which was quantified by the specific
mitochondrial probe (MitoSOX). CORM-AL1 increased mitochondrial generation of anion
superoxide in a dose dependent manner after 25 min (Figure 6B). For a longer period of
CORM-AL treatment (45 min), an increase in mitochondrial superoxide anion production
was only observed for the higher concentration of the CO donor tested (Figure 6B).
These results are in accordance to the fact that CO targets mitochondrial and ROS are
important signaling molecules. Moreover, since CO-triggered ROS signaling was
observed following 25 min of CORM-AL treatment, this may account for the up-regulation
of FosB expression, which was detected after 40 - 60 min of incubation with the CO
donor (Figures 2A and 4). In conclusion, these results suggest that the formation of ROS
may contribute to the up-regulation in FosB expression observed in cortical astrocytes
incubated with the CO donor CORM-AL. Likewise, FosB expression induced by ROS
has been reported in several contexts [48,49].
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Figure 6 - CORM-Al-induced superoxide anion production in cultured cortical astrocytes. Fold
change in the production of ROS was analyzed by (A) H:DCFDA and (B) MitoSOX. Data was
normalized to dye-free samples and quantified relative to control samples. The results are the
mean + SD of at least 3 independent experiments, performed in different cell preparations.
*p<0.05, **p<0.01, ***p<0.001 as compared to the control with two-way ANOVA with Bonferroni
post-test.

3.7 — CO-induced FosB expression is independent of ROS production

Because CO-induced early accumulation of ROS in cortical astrocytes, which is
before up-regulation of FosB, it was assessed whether CO-induced FosB expression is
mediated by ROS production. To address this question cultured astrocytes were
incubated with two antioxidants (N-acetylcysteine, NAC and B-carotene) 1 h prior to
CORM-AL treatment, and FosB expression was evaluated by Western blot technique.
FosB expression is not dependent on ROS production (Figure 7). At 60 min after CORM-
Al addition, no alteration on FosB protein level was observed in all conditions.
Interestingly, astrocytes incubated with NAC alone for 40 min showed a strong and
transient up-regulation in FosB expression. The same was observed for (-carotene,
although to a minor extent. Nevertheless, it was not observed a cumulative effect
between the antioxidants and CORM-AL. Further studies are necessary to disclose the
anti-oxidant effect on FosB expression. Taken all together, the results show that although
the CORM-Al-induced FosB expression might be initiated by P2X7R activation, the
effect is independent on ROS production.
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Figure 7 - Role of ROS in CORM-A1l-induced expression of the FosB protein in cultured cortical
astrocytes. (A) Representative blots of immune detection of FosB and respective loading control
with Rouge Ponceau. The lanes correspond respectively to astrocytes without treatment, treated
with B-carotene, treated with NAC, treated with CORM-AL alone, treated with CORM-AL1 together
with B-carotene and treated with CORM-A together with NAC. The leftimages correspond to FosB
levels after 40 min of CORM-A1 addition, and the right images correspond to FosB levels after
60 min of CORM-A1 addition (B). The cells were incubated with CORM-A1 (12.5 uM) and fold
change in the expression of FosB was analyzed by western blot. The results are the mean + SEM
of at least 5 independent experiments, performed in different cell preparations. *p<0.05, **p<0.01,
***n<0.001 as compared with the vehicle with the Student’s t-test.

3.8 — CO-induced cytoprotection is independent on FosB expression in
astrocytes

Astrocytes, followed by microglia, are neural cells presenting the highest levels
of FosB expression [50]. This high expression in glia cells may indicate that FosB is
particularly important for their function, both under physiologic and pathologic conditions
[51-54]. To determine whether FosB is essential in CO-induced cytoprotection, its
expression was down-regulated using a specific SiRNA. To verify gene silencing, FosB
expression was analyzed by Western blot at 12, 24 and 48 h after siRNA transfection
(Supplementary Data, Figure S1). Since FosB downregulation was more efficient at 48
h, FosB silenced astrocytes were used within this time frame.

Astrocytic cell death induced by the pro-oxidant t-BHP (156 uM) was assessed by Pl
internalization and by measuring mitochondrial membrane potential (DIOC dye).
Astrocytic cultures that were pre-treated with CORM-A1 showed a significant decrease
in cell death when exposed to 160 uM, as expected (Figure 8). Nevertheless, knocking
down FosB did not affect the cytoprotective effect of CO, which suggest that despite
being up-regulated by CO, FosB is not essential for CO to promote cytoprotection.
Surprisingly, a significant cytoprotective effect was observed upon knocking down FosB
expression (Figure 8).

Thus, these data open new possibilities for the CO cytoprotective mode of action:
(i) CO-induced FosB expression is not relevant in the protection of astrocytes by CO; (ii)
astrocytes may up-regulate other components of AP-1 to compensate for the lack of
FosB; (iii) a prolonged blockage of AP-1 activation is beneficial and further protection is
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achieved when CORM-AL is added by activating antiapoptotic pathways (e.g. Bdnf, Bcl-
2); (iv) upon downregulation of FosB, its truncated isoform may be expressed in a
compensatory form to contribute to cytoprotection. Taken together, the results presented
in this section suggest that the cytoprotective properties of CO are independent of FosB
expression.
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Figure 8 - Role of FosB in CORM-ALl-induced protection of cortical astrocytes exposed to t-BHP.
Astrocyte viability was assessed by Pl internalization and assessment of mitochondrial membrane
potential with DIOC. Cortical astrocytes were stimulated with t-BHP 20 h, and cell viability was
evaluated then. (A) The viability of cortical astrocytes incubated with t-BHP (120 pM or 160 pM)
was assessed by evaluating the uptake of Pl and (B) mitochondrial membrane potential was
assessed by staining with DIOC. Where indicated, cells were pre-treated with an siRNA against
FosB. The effect of CORM-A1 was tested by pre-incubating the cells with the CO-donor for 60
min before stimulation with t-BHP. The results are the mean + SD of at least 3 independent
experiments, performed in different cell preparations. *p<0.05, **p<0.01, ***p<0.0001 as
compared to the respective scramble with two-way ANOVA.
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4. DISCUSSION

In order to characterize the CO-induced alterations in gene expression, the whole
transcriptome from cultured cortical astrocytes was sequenced using the RNASeq
technique and DEGs were identified with Poisson Distribution Model, Cuffdiff and DESeq
programs. Applying RNASeq in CO research brings novelty to the field since it allows
the discovery of unmapped effectors of the gasotransmitter, for example transcripts
resulting from alternative splicing or novel isoforms. Additionally, another advantage of
RNASeq regarding microarrays is the fact that this technique is quantitative and allows
the identification of transcripts with lower abundance. Furthermore, since we addressed
this question at a fairly early time point following CO exposure the approach used is
expected to identify initial players contributing to CO-induced cytoprotection. Pathway
analysis and functional annotation were performed via GoMiner and DAVID. Several
genes were identified (Chapter 1.1, Table S1), opening future and novel potential lines of
research in CO’s Biology field. Following a careful DEG data analysis, an important
candidate gene was pointed out: the FBJ murine osteosarcoma viral oncogene homolog
B (FosB). Indeed, CO treatment did increase the expression of FosB gene at mRNA and
protein levels in astrocytes, which were assessed by qRT-PCR and Western blot
techniques, respectively (Figures 2A and 4).

The CO-induced upregulation of FosB protein expression in cultured astrocytes
was found to be transient, reaching its maximal at 40 min and going back to basal levels
after 1h of treatment. As FosB is an immediate early gene, its expression occurs within
a short time window, and presents a short half-life, upon a wide range of stimuli
[26,55,56]. The FosB C-terminus contains two degron domains (amino acid sequences
that regulate its own degradation rates), which are recognized as a signal for
ubiquitination and proteasome-mediated degradation [57]. Herein we report a very
transient effect of CORM-AL on the expression of the FosB protein. Upon CO treatment
the abundance of FosB protein decreased back to control levels at a faster rate than
FosB transient induction by drugs of abuse [58]. This difference can be explained by
several factors: (i) the majority of FosB studies in brain tissue were performed in neurons,
and the machinery involved in the regulation of the protein half-life in astrocytes may be
distinct; (ii) differences in the nature of the stimulus; (iii) CO may modulate the major
pathways involved in FosB degradation. Indeed, CO decreases iNOS protein levels in
hepatocytes by inducing autophagy and the ubiquitin-proteasome system [59].

In the present study, CORM-A1 was found to induce the expression of FosB by a
mechanism dependent on the activation of P2X7 receptors (Figure 5). P2X7R activation
has been shown to trigger FosB expression in different models [44,60]. Furthermore,
P2X7Rs are implicated in cell death signaling, both in astrocytes [61,62] and other cells
[63,64]. P2X7R-induced cell death can be triggered by different stimuli, in particular
ischemia [65,66]. The presence and function of P2X7R in cortical astrocytes has been
largely documented [60,67—69], and these receptors have a protective role in brain
ischemia [46,70].

CO has been shown to induce the production of small amounts of ROS, which may
function as signaling molecules to promote cytoprotection (for review see [71,72]).
Indeed, herein CORM-A1 did promote mitochondrial generation of ROS (Figure 6).
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Nevertheless, CO-induced increased on FosB expression was shown to be independent
on ROS generation (Figure 7).

Finally, despite CORM-AL cytoprotective role, the decreased FosB expression did
not prevent the cytoprotective effects of the CO-donor in cultured cortical astrocytes
subjected to oxidative stress conditions (Figure 8). These data open new possibilities for
the CO cytoprotective mode of action: (i) CO-induced protection of astrocytes may
depend on the combined activity of different pathways and, therefore, inhibition of one of
the mechanisms involved does not change the effect of the gasotransmitter on cell
survival; (i) astrocytes may up-regulate other components of AP-1 to compensate for the
lack of FosB; (iii) a prolonged blockage of AP-1 activation is beneficial and further
protection is achieved when CORM-A1 is added by activating antiapoptotic pathways
(e.g. Bdnf, Bcl-2); (iv) upon downregulation of FosB, its truncated isoform may be
expressed in a compensatory form to contribute to cytoprotection; (v) CO-induced FosB
expression may not be relevant in the protection of astrocytes by CO. Taken together,
the results presented in this section suggest that the cytoprotective properties of CO are
independent of FosB expression. The role of FosB and its isoforms has been studied
most comprehensively in the context of drug addiction, but a building body of evidence
also points to an important beneficial role for FosB in several pathologies, namely
seizures [73], ischemia [74-76], hypoglycemia [77], nurturing defect [78,79] and
Parkinson’s disease [80]. However, further studies are required to understand the role
FosB role and its mechanisms of action in these pathologies.

The AP-1 transcription factor is mainly composed of heterodimers of c-Jun/c-Fos
or homodimers of c-Jun. It has been reported that ERK signaling pathway leads to
activation of c-Fos, while JNK leads to c-Jun activation. The ERK pathway induces cell
proliferation and differentiation, whereas the JNK pathway mediates inhibition of
proliferation or cell death [26,30,43,81]. The results obtained in the RNASeq experiments
suggest that Jun family members are not regulated by CO treatment, since no members
of this family were identified in the DEGs list (Chapter Il.1, Table S1), at least after 40 min
of incubation with CORM-A1. Nevertheless, the cytoprotective effects of CO/HO-1 have
been partially linked to AP-1 modulation via c-Fos-Jun [81—-84]. Thus, it remains to be
determined whether CO modulates FosB containing AP-1 and its potential role in CO-
induced cytoprotection. Likewise, in the TGF-B1-dependent apoptosis, only the JunD
and FosB components of AP-1 are significantly induced [85]. The same might occur in
CO-dependent AP-1 induction. In the present study we found that CORM-A1 enhances
the expression of FosB in cortical astrocytes. Other AP-1 components, such as the c-
Jun, are known to be expressed after CO treatment, as in the case of astrocytes exposed
to CORM-2 [86]. Additional studies are required to identify FosB binding partners in this
context. Besides ¢c-Jun, JunB is a probable candidate as it presents a similar induction
profile to FosB in astrocytes after glutamate treatment [87].

The observed CO-induced increase in the expression of Bdnf (Figure 3) is in
accordance with previous results reported by others [19,88]. Similarly, the Bcl-2 induction
following CO administration was also previously described [6,7,12,89,90]. These pieces
of evidence support the data showing CO as a molecule with beneficial effects, since
both Bdnf and Bcl-2 are anti-apoptotic players and can contribute to the cytoprotective
actions of CO. Moreover, inhibition of TrkB receptors was shown to abrogate
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neuroprotection prompted by CO in astrocytes [45], further corroborating the key role of
Bdnf in the protective effects of the gasotransmitter.

In conclusion, the current study indicates that CORM-A1 reduces the apoptotic
death of cortical astrocytes subjected to oxidative stress conditions through a FosB-
independent pathway. Whether P2X7R play a role in CO-induced protection of cortical
astrocytes should be further investigated. Furthermore, the new DEG identified in
astrocytes treated with CO open new opportunities for studying pathways mediating the
cytoprotection role of the gasotransmitter.
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Table S1 — Detailed description of the primers used.
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: TTTGGGAAGGTGAAAGAAGGC Protein folding and
Ppia BC059141 Rat tidylprolyl isomerase A
3 PPt ACAGAAGGAATGGTTTGATGGG transport
Mouse glyceraldehyde-3- |ACAATGAATACGGCTACAG 3
008084, I I
gapdh e . phosphate dehydroienase GGTCCAGGGTTTCTTACT i
Mouse FBJ osteosarcoma |ACACAGTGAAGTTCAAGTC -
fi 2 T fi
osB NM_008036.2 oncogene 8 GTGA CGAG ranscription factor
rgs10 NM_026418.2 Mouse regulato.r of G-protein |TGGACTCTTAGGACTGTA TPase deactivating proteir
signalling 10 AGTATTGGCAGAATCTCA
scandl NM_020255.3 Mouse 5‘5"_ damain: DERCATOCTTAGTGTCAGTA Transcription factor
containing 1 GCCTCCTCTACCAGTCAC
rmis8s NR_003278.3 Mouse 18S ribossomal RNA ACAGGATIGACAGATIGA Ribosomal protein
TATCGGAATTAACCAGACA
Mouse actin, gamma, CTGGAATAAGCCTTTGAAA Cytoskeletal structural
acgl NM_009609.2
g = cytoplasmic 1 GCACAGGGTATTAAACATAT protein
x TTAGCAATTTGTTGACTCTC - X
. ]
pcdhb2l| NM_053146.2 | Mouse protocadherin beta 21 GAAAGTTATCTACT TTAGGA Cell adhesion protein
CTGTTGGATCTGTAGTTAGTT Gap junction component,
panxl NM_019482.2 Mouse pannexin 1 TTCTTCTATGACGCTGTTG Hemichariel
Sdha NM_023281.1 Mouse succinate CTCATCAACAGTCAAGGT Glycolytic enzyme, .
dehydrogenase complex, TCATGGATCGAGACACAA oxidative phosphorylation
Gria2 Rat Glutamate receptor, TTTAGCACCGCGGACAGCGCT
ionotropic, AMPA2
BDNF NM_007540.4 Rat brai n-c_!enved TAACCTCGCTCATTCATTA Cell Survival
neurotrophic factor TCAACTCTCATCCACCTT
Bcl-2 NR_009741.4 pat B cell leukemia/lymphoma 3 GGTGGAGGAACTCTICAGES Programmed cell death
GAGACAGCCAGGAGAAATCA

NOTE: The database source is the NCBI Reference Sequence (http://www.ncbi.nim.nih.gov).
Annealing temperature (Ta), melting temperature (Tm) and product length were determined by
Beacon Designer software. Primer efficiency was determined by a standard curve of cDNA
samples (see Materials and Methods).
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Figure S1 — Efficacy of FosB siRNA in cultured cortical astrocytes. (A) Representative blots of
immune detection of FosB and respective loading control with Rouge Ponceau. The lanes
correspond respectively to astrocytes with scramble for 12h, with FosB siRNA for 12h, with
scramble for 24h, with FosB siRNA for 24h, with scramble for 48h and with FosB siRNA for 48h.
(B) fold change in the expression of FosB was analyzed by western blot. The results are the mean
+ SEM of at least 3 independent experiments, performed in different cell preparations. *p<0.05,
as compared with the respective scramble with the student t-test.
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Cerebrovascular Effects of CO

This chapter is based on the following manuscript:
Cerebral Vascular Response to systemic Carbon monoxide
administration —regional and gender differences

Sara R. Oliveira, Jodo Castelhano, José Sereno, Carlos B Duarte and
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ABSTRACT

It is well established that the endogenous gasotransmitter carbon monoxide (CO)
modulates the vascular tone. This property presents an enormous therapeutic potential
in a wide variety of diseases. In particular, the activity of the brain tissue is highly
dependent of the vascular capability to supply its energetic needs. A fine-tuned crosstalk
between cerebral vasculature and function of neuronal cells is crucial both in
physiological and in pathological conditions. Previous studies where CO effect in the
vasculature was addressed, have been performed exclusively in male or sexually-
immature animals.

Understanding the gender differences regarding systemic drug processing and
pharmacodynamics is an important feature for safety assessment of drug dosing and
efficacy. In this work, we used CORM-AL1 as source of CO to examine the effects of the
gasotransmitter on brain perfusion and the gender-dependent differences. The dynamic
contrast-enhanced imaging (DCE) based analysis was used to deeper characterize the
properties of CO in the modulation of cerebral vasculature. Perfusion of the temporal
muscle, middle cerebral artery and three brain regions (hippocampus, cortex and
striatum) were calculated with and without CORM-A1 administration.

Prior to CO exposure, females presented 3-fold less brain perfusion than males.
Under CO treatment, they showed an enhanced responsiveness with an overall
reduction in perfusion. The results showing a simultaneous vasoconstriction in the
hippocampus and striatum following administration of CO can be relevant regarding
memory, since these two regions are implicated in memory formation [1].

Future studies should address the molecular players involved in the regional and
gender differences observed upon CO administration.

KEYWORDS

Carbon monoxide, vasomodulation, brain, gender, MRI.
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ABBREVIATIONS

AUC — Area under the curve

CA — Contrast agent
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1. INTRODUCTION

Several studies have reported anti-inflammatory and anti-apoptotic effects of the
gasotransmitter carbon monoxide (CO) ([2,3]), as well as the modulation of cell
metabolism ([4]). Furthermore, CO has strong but transient effects at the level of vascular
tone in many different disease models and tissues [5—11]. The studies of CO-induced
responses on brain vasculature have been focused on the cortical region, by performing
cranial windows, and reported CO-induced vasodilation in the pial arteries [12-15].
However, other reports showed that CO inhibits nitric oxide-induced vasodilation [16].
Furthermore, in the hypothalamus, CO had dual indirect effects: vasodilation mediated
by prostaglandin E2 and vasoconstriction as a result of nitric oxide synthase (NOS)
inhibition [17]. The diversity of vasculature changes induced by CO makes difficult the
characterization of the effects of this gasotransmitter. In particular, it is important to
understand the regional differences in the physiological response to low doses of CO.
Moreover, given the importance of blood perfusion to the brain, it is critical to understand
how CO can be modulated and to develop the appropriate tools to modulate brain blood
perfusion. A deeper understanding of the effects of CO on the cerebral vasculature can
ultimately facilitate drug delivery to the brain, improve oxygenation and nutrient supply,
and may contribute as well to CO translation to clinical practice as a therapy.

It is known that cerebrovascular modulation is a complex and multifaceted action,
being gender one of the influencing factors. Accordingly, the vascular production of ROS
differs among genders and this may be a crucial feature for gender-dependent responses
[18]. In addition, it was recently reported that vascular smooth muscle cells from males
and females respond differently to stressful stimuli, and mitochondria are the main cell
fate orchestrators [19]. These findings are particularly relevant in the study of the
vascular role of CO, since this gasotransmitter is able to promote ROS signaling and to
modulate oxidative stress [20,21].

Although isolated non-tumor cultured cells or tissue grafts maintained in vitro were
shown to keep a sort of sexual dimorphism [22], in vivo studies continue to be needed
and essential. In vivo studies regarding vascular sex differences are still scarce, specially
using noninvasive methodologies [23,24]. In this work, we used dynamic contrast
enhanced (DCE) magnetic resonance imaging (MRI) to evaluate the effects of CORM-
Al on mouse vasculature and its permeability to small molecules in different brain
regions. The effects were compared in healthy adult male and female mice, with the aim
of characterizing the role of CO on cerebrovascular tone. DCE-MRI is a noninvasive
technique that is often used clinically, which provides physiologically meaningful semi-
guantitative and quantitative assessment of vascular parameters. DCE-MRI data
showed a general decrease in signal intensity (SI) on mice under CORM-AL1 effect. This
result suggests an overall reduction in the CBF following CORM-A1 treatment. However,
sex dimorphism was observed when data was analyzed by gender. Moreover, responses
to CORM-A1 were also found to be brain region dependent.
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2. MATERIALS AND METHODS

2.1. Animals and experimental design

Healthy adult male (n=4) and female (n=5) BI6/c57 mice (10-16 weeks-old) were
used in the experiments. Animals were maintained with 12 h light/dark cycles and kept
on a standard laboratory diet with food and water ad libitum. Animal experiments were
conducted according to the European Council Directives on Animal Care and were
reviewed and approved by DGAV, Portugal.

2.2. Administration of CO to adult mice

CORM-AL, a CO releasing molecule [25], was used to systemically deliver CO in
mice. CORM-A1 (Sigma) stock solution was prepared in 0.9% NaCl solution and stored
at -20°C to avoid loss of released CO. The period of image acquisition to evaluate the
effect of CORM-A1 on brain perfusion was selected based on the work of Zimmermann
and colleagues [13]. DCE acquisition was performed for 12 min prior and 108 min after
CORM-AL i.p. administration, at a final concentration of 3 mg/kg and 5 mg/kg.

2.3. MRI protocols

MRI was carried out first without CO treatment and then with CO treatment in the
same animal one week later. Anesthetized mice were scanned before and after
administration of CORM-A1. Mice were anesthetized with 1.5% (v/v) isoflurane in air,
and placed on controlled temperature beds through water baths (Haake SC 100, Thermo
Scientific, USA) with tooth bar and head restraint to reduce motion artifact. Body
temperature was maintained at 37°C and assessed cardiorespiratory function (1030, SA
Instruments Inc., NY, USA). MRI was performed on a 9.4T MR pre-clinical scanner
(Bruker Biospec, Billerica MA, USA) equipped with a standard Bruker crosscoil setup
using a volume coil for excitation (86/112 mm of inner/outer diameter) and quadrature
mouse surface coil for detection (Bruker Biospin, Ettlingen, Germany). The system was
interfaced to a Linux PC running Topspin 3.1PV and Paravision 6.0 (Bruker Biospin).
High resolution morphological images were acquired with a 2D T2-weighted turbo RARE
(rapid acquisition with relaxation enhancement) sequence with with TR = 3.6 ms, TE =
33.0 ms, matrix 256 x 256 and field of view 20.0 x 20.0 mm reaching an in plane spatial
resolution of 78*78 um?, rare factor 8, axial slice thickness 0.5 mm and 5 averages
resulting in 9 min 36 sec of scan time.

Brain permeability was evaluated after injection of Gadovist® (0.1 mmol/kg) using
the dynamic contrast-enhanced magnetic resonance imaging technique. The following
parameters were used in 2D DCE-FLASH: TE/TR = 2.5/191.145 ms, flip angle = 70°,
FOV = 20 x 20 mm, matrix = 156 x 85, slice thickness 0.5 mm, number of slices = 18,
number of repetitions = 80 and time acquisition of 2 h 6 min 40 s. After the first 8
repetitions, a bolus injection of the solutions (saline 0.9% or CORM-A1 and contrast
agent) was administered via the catheter.
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2.4. Offline processing of imaging data

DCE data were pre-processed (e.g. rescaled) and filtering (e.g. excluding voxels
outside the brain) and movement corrections were applied.

Image analysis was performed within the Regions-of-Interest (ROI). These regions
were draw for each animal in a semi-automatic procedure, using MRICron (2015) and
custom made Matlab (R2013b) functions. Other in-house Matlab functions were used for
further analysis and extraction of perfusion measurements. The perfusion curve
(accumulation of contrast agent) was extracted per ROI and animal, and normalized to
the baseline (time-window before injection). From these curves, we calculated the Time
to peak (TTP; time delay between injection and perfusion peak), the peak amplitude (max
perfusion value) and the area under the curve (AUC). Note that the AUC parameter is
the overall accumulation of contrast agent in the ROI. These parameters were used for
statistical group comparisons as described next.

2.5. Statistical analysis

Data are presented as the mean + standard error of the mean (SEM) and were
calculated using GraphPad Prism 6 (GraphPad Software, Inc.).
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3. RESULTS

3.1. CORM-A1 induces specific perfusion differences detectable by
DCE

Two doses of CORM-A1 were tested, 3 and 5 mg/kg, which were reported to be
non-toxic in BI6/c57 mice, giving rise to the production of less than 10% COHb [26]. The
latter concentration is the highest CORM-A1l dose that can be administered to mice
without exceeding the 10% COHDb threshold; a dose of 7.5 mg/kg surpasses that toxic
concentration [26]. In a previous study characterizing the effect of 2 mg/kg CORM-A1 on
cortical pial dilation over time in newborn piglets, a peak of dilation at 40 min was
observed after i.p. injection of the CO donor [13]. Therefore, our experimental design
was implemented to estimate the effect of CORM-A1 up to 50 min after i.p. injection
(Figurel). Herein the effects observed in the brain were compared with the response in
the temporal muscle and in the middle cerebral artery (from now on referred to as vessel).
Whole brain analysis showed that after the 20" dynamic, both CORM-A1l doses
presented similar signal intensity (SI) values, which were above the control (Figure 1B).
In animals injected with 5 mg/kg CORM-AL, the Sl of the hippocampus and cortex was
lower than that observed upon administration of a lower dose of CORM-A1, but above
the SI determined under control conditions. The absence of a dose-response in the
hippocampus and cortex suggests that the vasomodulatory effects of CORM-ALl may
show a bell-shaped profile. This is not surprising since a bell-shaped profile was already
described for CO in cancer modulation [27]. The striatal tissue did not seem to respond
significantly to CORM-AL at the tested doses. In contrast with the brain tissue, the
temporal muscle and the middle cerebral artery showed a clear dose-dependent
response to the administration of CORM-A1.
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Figure 1 — Effect of CORM-A1 administration on blood perfusion in the brain. Green circles
represent the signal intensity under physiological perfusion levels. Red and blue circles represent
perfusion after systemic administration of CORM-A1 (3 mg/kg and 5 mg/kg, respectively). (A)
Representative images of the drawn ROIs for the tissues under study. ROIs 4 and 5
corresponding to striatum and hippocampus, respectively, where not drawn from the same slice
as these two brain structures do not appear in the same representative image. For explanatory
reasons and simplicity, these are here represented in the same image. (B) Representative signal
profiles for each tissue analyzed. Signal intensity was normalized to the first 8 dynamics obtained
without CA injection. Hippoc: hippocampus.
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In conclusion, low doses of CO induce alterations in brain vasculature that are
detected by DCE in the brain regions studied.

3.2 CORM-A1-induced reduction in brain perfusion

We first evaluated the vascular impact of CORM-AL1 administration in a mixed-
gender cohort of mice (5 females and 4 males). In control tissues (muscle and vessel),
CO did not produce any significant alteration in the perfusion rate (Figure 2A). In contrast,
CORM-AL1 reduced significantly the blood perfusion in the striatum and hippocampus
(Figure 2B). Both areas contributed to an overall reduction in the perfusion rate when the
entire brain was analyzed. The cerebral cortex followed the tendency of the other two
brain regions evaluated, but the effect was not statistically significant. These results are
in contrast with the vasodilation of the cortical area upon CO treatment reported by others
[12-16].
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Figure 2 - CORM-A1 decreases general perfusion in the brain of a mixed gender cohort of mice.
Grey bars represent physiological perfusion levels. Stripped bars represent perfusion after
systemic administration of CORM-A1 (3 mg/Kg). Blood perfusion was analyzed in (A) non-brain
tissues (temporal muscle and maxillary vein) and in (B) brain tissue. The area under the curve
(AUC) of the signal intensity profile obtained during 2 h of acquisition was calculated. The results
are the average = SEM of 9 animals (5 females and 4 males). Statistical analysis was performed
using the unpaired Student’s t-test. *p<0.05 as compared to the control (untreated).

Together, these results show that CO induces a reduction in brain perfusion, with
a major impact in the striatum and hippocampus.

3.3. Physiological and CO-induced gender differences in perfusion

In additional studies, we analyzed the basal perfusion rate in non-brain tissues
(muscle and vessel), distinguishing male and female mice (Figure 3A). A lower regional
perfusion rate was observed in female mice upon analysis of the ROl when compared
with the male counterparts. The perfusion in the female muscle is less than half of the
rate determined in the male muscular tissue. This difference is maintained at the
maxillary vein, where the rate of perfusion in males was almost 2 times higher when
compared with females. None of regions studied showed higher perfusion in females
than in males.
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CO strongly reduced perfusion in the temporal muscle and maxillary vein of female
mice (Figure 3A). In contrast, in male mice there was an increase in the rate of perfusion
in the temporal muscle (but not in the maxillary vein) after administration of CORM-AL,
which however was not statistically significant. Brain tissues of both genders showed a
decrease in the rate of perfusion upon systemic administration of CORM-A1 addition (not
statistically significant), being the only exception the cerebral cortex of male mice. This
brain area showed the opposite response to CO when compared to the other brain areas
(Figure 3B).
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Figure 3 — Gender-dependent effects of CORM-A1 on the rate of perfusion in different tissues.
White bars represent perfusion levels under control conditions. Striped bars represent perfusion
after systemic administration of CORM-A1 (3 mg/Kg). Blood perfusion was analyzed in (A) non-
brain tissues and in (B) the brain tissue. The results show the area under the curve (AUC) of the
signal intensity profile of 5 females and 4 males obtained during 2 h of acquisition. *p<0.05
**p<0.01 as compared between genders or to the respective untreated area with unpaired
Student’s t-test. Hippoc - hippocampus

The overall analysis of the results obtained regarding the rate of perfusion in the
different brain regions, and the effect of CO administration in both genders (Figure 3),
shows that individual responses follow the same pattern, but there is considerable
variability in the absolute values. Therefore, from the results of Figure 3, it was calculated
the CORM-Al-induced alteration in the rate of perfusion for each animal, and the
average results are plotted in Figure 4. With the AUC fold change representation, it is
evident that the cortical region is the only brain ROI with a similar response to the non-
cerebral ROIs due to CO administration. In these 3 ROIs (Muscle, Vessel and Cortex),
males tend to present an increase of AUC, while females show the opposite CO-induced
effect. In both genders, CO contributed for a striatal and hippocampal AUC reduction
(Figure 4).
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Figure 4 — Effect of CORM-A1 on the rate of perfusion in different tissues. The response to
CORM-A1 was expressed as fold change when compared with the control condition. The AUC
for the selected ROI was calculated before and after administration of the CO donor. The results
correspond to the signal intensity profile (area under the curve [AUC]) obtained during 2 h of
acquisition). The results are the average £ SEM (all = 9 animals, females = 5 animals, males =4
animals). *p<0.05, **p<0.01, **p<0.001, ****p<0.0001 were calculated with unpaired Student's t-
test.

Altogether, these results show that CO promotes a regional and gender-dependent
response in the cerebral vasculature.

3.4. Semi-quantitative analysis of gender differences in cerebral blood
flow

Alteration of the vascular density and/or permeability can be quantified by several
DCE-MRI metrics. For example, it is widely accepted that an increase in vascular
permeability is accompanied by an increase of the wash-in slope (how fast the contrast
reagent reaches its maximum), AUC and peak amplitude. A decrease of the time to reach
the maximal signal form the contrast agent administered (‘time to peak' - TTP) is also
observed under the same conditions (for a review, see [28]).

One of the semi-quantitative parameters extracted from a DCE acquisition is the
'time to peak' (TTP), which is inverse to cerebral blood flow (CBF). Administration of
CORM-AL significantly delayed the time to peak in the female hippocampus as well as
in non-brain tissues (Figure 5A). This result is in accordance with the AUC data,
reinforcing the capacity of CO to reduce CBF in females.

Another semi-quantitative parameter is the amplitude of the change in the signal
from the contrast-reagent (‘peak amplitude', which can be directly correlated with CBF).
Acquisitions performed under the effect of CORM-A1 showed a significant decrease of
the peak amplitude in the striatum of female mice (Figure 5A). A decrease was also
observed in all the other female ROIs; however, it was not statistically significant.
Similarly, analysis of the whole female brain did not show significant effects of CO on the
peak amplitude of the response to the administration of the contrast agent. Furthermore,
administration of CORM-A1 did not affect significantly the amplitude of the peak after
administration of the contrast reagent in the brain of male mice (Figure 5C), and similar
results were obtained in the temporal muscle and maxillary vein (Figure 5B).
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In conclusion, the results of the DCE-MRI experiments showed that CO impacts
the cerebral blood flow of female mice, with no effect on the male counterparts (Figure
5).
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Figure 5 - Effect of CORM-A1 on the cerebral blood flow. (A) Variation of the time to peak after
administration of Gadovist® was calculated by subtracting the number of dynamics acquired until
the peak was reached in CORM-AL treated mice from the value obtained under control conditions
for each animal. Statistical analysis was performed using the unpaired Student's t-test. *p<0.05,
***pn<0.001, ***p<0.0001 as compared to the control condition. (B, C) Effect of CORM-A1 on the
amplitude of the signal resulting from the administration of the contrast reagent (‘'Peak amplitude’).
Panel (B) shows the signal intensity at the peak in the temporal muscle and in the maxillary vein,
while panel (C) shows the effects in different brain regions. The results are the average + SEM
for n=4. Statistical analysis was performed using the unpaired Student's t-test. *p<0.05, as
compared to the respective control.
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4. DISCUSSION

In this work, it was found that systemic administration of CORM-Al induces
vasoconstriction in the cerebral cortex of female mice, while the opposite effect was
observed in male mice, although the results were not statistically significant in the latter
experiments. Similar evidences were obtained when the rate of perfusion was analyzed
in the temporal muscle. In contrast with the results obtained in the cerebral cortex,
CORM-AL reduced the rate of perfusion in the striatum and in the hippocampus of male
and female mice. Taken together, the changes in brain vascular parameters identified
by DCE MRI established that CORM-A1 induces vasomodulation in the brain, in a region
and gender-dependent manner. The effects of CO in the vasomodulation are more
robust in female than in male mice, since 4 out of the 6 evaluated regions presented
significant alterations in the rate of perfusion in females after exposure to the
gasotransmitter. In male mice, only 2 out of the 6 regions assessed showed significant
changes in the rate of perfusion upon treatment with CO. Furthermore, the results of this
study show that systemic CORM-A1 administration robustly reduced cerebral blood flow,
especially in females. Only the male cortical tissue did not follow this trend.

The differential effects of CORM-AL observed in this work may explain, at least in
part, some gender differences in the susceptibility to several diseases with a vascular
component, such as stroke [29]. Females typically have higher levels of endogenous HO
[30], the enzyme that produces CO. Therefore, their sensitivity to this gasotransmitter
may vary from that of males and this may account, at least in part, for the gender
differences in the response to CO. The vascular response is mediated by many
contributors: potassium and calcium channels, astrocyte end feet, hormones and many
more [31-33]. As these contributor’s function in a gender-dependent manner, it is not
surprising the differences observed.

Sexual dimorphism of the brain occurs at different levels, both in rodents and in
men. For example, hippocampi of men and women are anatomically and
neurochemically distinct, and differences have also been reported in the molecular
mechanisms involved in long-term potentiation [34]. Likewise, women have a larger
cortical thickness and higher percentage of grey matter, whereas men have a higher
percentage of white matter and of CSF [35,36]. Moreover, male rat amygdala has about
80% more excitatory neurons than females. The molecule that has been more
associated to gender differences in brain vasculature is perhaps estrogen. Its receptors
have been found in the hypothalamus, pituitary gland, hippocampus, and frontal cortex
of females, and therefore it may contribute to regional differential reactivity [37]. Human
preterm neonate males were also reported to have higher levels of CO [38]. It is also
known that cerebral vasoreactivity to several molecules (e.g. L-NAME, phenylephrine,
NO) differs between genders [39] and it is a predictable marker of acquired dementia
[40]. Thus, the differential vasoreactivity to CO in the two genders may also be related
with a distinct a susceptibility to neurodegenerative diseases.

We hypothesize that the gender-dependent effects of CO on brain vasculature may
be due to a differential expression of CYPs (Cytochrome p450) or through modulation of
gender specific CYP pools. A different target of CO may be the soluble epoxide
hydrolase (sEH), a key enzyme in the metabolism of vasodilatory epoxyeicosatrienoic
acids (EETs). This enzyme is sexually dimorphic, being suppressed by estrogen, and
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contributes to the gender differences in cerebral blood flow and injury after cerebral
ischemia. CYP-independent pathways responsible for vasomodulation were also
described to be gender biased. For example, substance P (a neuropeptide) and shear
stress-induced dilation of skeletal muscle arterioles was greater in female than male rats,
as a result of the enhanced release of NO in females [41].

DCE-MRI results showed that CO causes an average 2-fold decrease in both
control and brain tissues of mice, indicating vasodilation and increase in the blood brain
barrier permeability. These vascular changes may contribute to the CO induced
cytoprotection reported in several animal models of brain pathologies [12,42,43]. This
vasodilatation following administration of CORM-A1 may be exploited in the
development of drug delivery strategies.

In conclusion, striking differences were found between the healthy male and
female brains after exposure to low doses of CORM-AL. Differences in the vasoreactivity
likely play a key role in this dichotomy, as was depicted by the DCE-MRI analysis (Figure
5). These important observations challenge the fundamental assumption that the effects
of CO are generally vasodilatory and are not influenced by gender. It is likely that these
results also provide a regional clue as to how CO protects the brain during injury.
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CHAPTER IV

ABSTRACT

Although stroke is the main cause of brain damage worldwide, stroke therapies are
still scarce. Ischemic stroke (representing 87% of all strokes) causes cerebral damage
due to oxygen and tissue energy depletion, which lead to acidosis, inflammation,
excitotoxicity and excessive generation of ROS (reactive oxygen species). Carbon
monoxide (CO) is an endogenous gasotransmitter produced by heme oxygenase
cleavage of the heme group, which promotes cytoprotection. CO limits inflammation in
different diseases and prevents apoptosis in several tissues. In the case of brain injury,
exogenous CO prevents astrocytic and neuronal cell death by limiting mitochondrial
membrane permeabilization and the release of pro-apoptotic factors to the cytosol, in
addition to stimulating mitochondrial metabolism and oxidative phosphorylation.

This work aims to explore the putative role of CO in brain cytoprotection following
stroke in an in vivo model of transient focal ischemia in adult mice, middle cerebral artery
occlusion (MCAO0). By evaluating the effects of CO with live imaging techniques we aim
to elucidate the effect of this gasotransmitter at the metabolic, vascular and anatomic
levels. Behavioural tests aimed to further characterize the effects of CO at motor
functional level. Additionally, a parallel study was conducted to identify metabolite levels
predictive of stroke outcome.

The putative neuroprotective effects of CO were assessed after 45 min of MCAo,
by injecting i.p. 3 doses of the CO-releasing molecule CORM-A1 (3 mg/kg), administered
after 6 h of reperfusion and daily for the next 2 days. Magnetic Resonance Imaging was
performed 1 day and 7 days after reperfusion using T2-weighted, diffusion weighted
images, proton spectroscopy (*H-MRS) and perfusion (dynamic contrast enhanced
images). *H-MRS also allowed the comparison between metabolite signatures at day 1
versus 7 day following MCAo. The CO-induced cytoprotection was further evaluated by
behavioural analysis every 2 days, starting 1 day after the lesion until the 5" day.
Evaluation of motor performance comprised the openfield, accelerated rotarod and pole
tests.

A locomotion and motor coordination improvement was observed in CORM-Al
treated cohorts, both MCAo and Sham when compared with the respective untreated
controls. Also, CORM-A1 limited the loss of blood-brain barrier (BBB) integrity as it
reduced the edema formation. Furthermore, the CO donor minimized the metabolite load
loss at an early stage after MCAO, both in striatum and cortex.

By integrating data from behaviour and MRI analysis we concluded that CO has a
protective effect in the recovery from stroke injury, mainly by acting on metabolism and
on the BBB.

KEYWORDS

Carbon monoxide, brain, ischemia, therapy, behaviour, metabolism, MRI.

157



RESULTS - Therapeutic Potential of CO Against Stroke

ABBREVIATIONS

BBB — Blood-brain barrier

ECA - External carotid artery

FID - Free induction decay

GABA - y-aminobutyric acid

GIx — Glutamine and glutamate

I.p. - Intraperitoneal

MRI — Magnetic Resonance Imaging
NAA - N-acetylaspartate

rCBF — Regional cerebral blood flow
Tau - Taurine

tMCAOo - Transient middle cerebral artery occlusion
tPA - Tissue plasminogen activator
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1. INTRODUCTION

Carbon monoxide (CO) is a gasotransmitter endogenously produced in many
organs. The brain is one of the tissues with the highest activity of heme oxigenase, the
enzyme that produces CO [1]. A wide range of physiological roles are played by CO in
the brain, including cytoprotective effects such as anti-apoptotic and anti-inflammatory,
metabolic improvement, vasomodulation, and promotion of neurogenesis [2,3].
Neuroprotective actions of CO were described in in vivo models of Alzheimer’s disease
[4], epilepsy [5], and in perinatal ischemia [6], among others. However, the mechanisms
underlying the neuroprotective effects of CO are still poorly understood. From the
molecular point of view, the gasotransmitter binds to heme-containing proteins and
induces heme oxygenase, which accounts, at least in part, for neuroprotection in different
models [7-9].

Ischemic brain injury is a leading cause of mortality and morbidity in western
countries. Tissue plasminogen activator (tPA) and thrombectomy are the only approved
therapies for acute non-hemorrhagic stroke [10,11]. However, these therapeutic
strategies can only be used in the first 4.5 h and 6 h, respectively, after symptoms onset,
making it available for only 4—7 % of these patients [12]. Despite the failure of the
previous generation of drugs, new approaches have been pursued for stroke therapy,
namely the stimulation of endogenous cytoprotective mechanisms. To overcome the
complexity of stroke, one may hypothesize that a molecule that targets as many stroke
hallmarks as possible can be a promising therapeutic candidate. Studies have been
performed to evaluate the therapeutic potential of CO in stroke models, mainly by
administration of CO in a prophylactic manner. A few studies have tested the effect of
CO administered after injury at different time points (from several days before injury to 3
days after reperfusion) [6,13—15]. A drawback in most of the studies described above is
the choice of the time point of CO administration; treatment with CO before the ischemic
insult has a limited clinical relevance. Moreover, since the protective readouts were often
collected soon after injury, the long-term effects remain uncharacterized.

In the present study, we investigated the cerebral effects resulting from systemic
administration of low doses of CO after brain ischemia, using a mice model of transient
middle cerebral artery occlusion (tMCAo0). This approach evaluates the therapeutic
potential of CO in a clinically relevant scenario: the effect of the gasotransmitter was
tested at time periods longer than 4.5 h after the ischemic injury as an effort to overcome
the limitation of tPA’s short therapeutic window. The route of CO administration, i.p.
injection, was also chosen to be easily translated into the clinical practice. As CO
presents a complex biology, the effects of this gasotransmitter were evaluated in an
integrated manner, characterizing the effects on the vasculature, metabolism, behaviour
and histology, in a longitudinal study. We found that 3 intraperitoneal CO injections given
within 6h to 48h after the stroke onset promote motor improvement and a robust
reduction in BBB permeability. Moreover, CO-treated mice subjected to tMCAo0
presented a tendency to a reduction in infarct volume measured by MRI at day 1, which
was correlated with a limited metabolite loss, in particular in the cortical region.
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2. MATERIALS AND METHODS

2.1. Experimental procedure

The mice were randomly divided into four groups (n=5/6 per group): i) Sham group,
mice were treated with saline; ii) Sham treated with CORM-AL,; iii) tMCAo0 group, mice
were treated with saline and iv) tMCAo treated with CORM-A1. The treated groups
received CORM-AL via i.p. injection (3 mg/kg in saline) at 6 h, 1 day and 2 days after
MCAo. The behavior tests were conducted for 7 days, once every two days. Mice were
sacrificed by anesthetic overdose following the behavioral tests on day 7, and the brains
were harvested for histochemical analyses (Supplementary Data, Figure S1).

2.2. Transient middle cerebral artery occlusion (tMCAQ)

Surgical procedures were performed according to the protocol published as the
latest Standard Operating Procedure (SOP) [16]. The national and local animal welfare
authorities approved all animal experiments. Male C57BL/6 mice were obtained from
Charles River at the age of 7-8 weeks and were used in the experiments at the age of
8—10 weeks. All animals had access to food and water ad libitum, and were kept under
a 12 h light/dark cycle. No specific exclusion criteria were set.

The right middle cerebral artery (MCA) was occluded for 45 min. In summary, mice
were initially anesthetized by inhalation of 2.5% isoflurane in O2:N2O (30:70). Thereatfter,
mice were placed on a heating pad and anesthesia was subsequently reduced and
maintained at 1.5-1.8% (using an open mask). A rectal temperature probe was used to
monitor body temperature, which was kept at 37°C (see Figure S2). An optical fiber probe
(Probe 318-I, Perimed, Sweden) was firmly attached to the skull and connected to a laser
doppler flow meter (Periflux System 5000, Perimed), to monitor changes in regional
cerebral blood flow (rCBF). A 6-0 silicon-coated (about 9-10mm is coated silicon)
monofilament suture (602334PK10, Doccol Corporation) was introduced into the ECA
(external carotid artery), which was monitored by a sudden drop in rCBF (Supplementary
Data Figure S2). Bupivacaine (0.150 pL, 0.05%, Marcain™, AstraZeneca, Sweden) was
injected around the wound to reduce pain. In order to avoid post-surgical hypothermia,
animals were placed in an incubator at 35°C for the first 2 h after the procedure and then
transferred to an incubator at 33°C (overnight). 30 min we administered 0.5 mL of 5%
glucose in saline subcutaneously. As animals were allowed to recover for 7 days, we
further administered 0.5 mL of 5% glucose subcutaneously daily, up to day 4 post-
surgery (which is when weight loss ceases). Body weight was controlled daily up to the
experimental endpoint (Supplementary Data, Figure S3). In sham-surgeries, the filament
was advanced up to the internal carotid artery, and was withdrawn before reaching the
MCA.

2.3. CO administration

CORM-AL, a CO releasing molecule [17], was used to systemically deliver CO in
mice. The CORM-A1 (Sigma) stock solution was prepared in 0.9% NacCl solution and
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stored at -20°C to avoid loss of released CO. 3 mg/kg of CORM-A1 were administered
i.pat6 h=0.2h, 32 h 39 min + 5h and 56 h 08 min £ 6 h.

2.4, Histology

At the end of the experiment, all animals were sacrificed and subjected to
transcardial perfusion with PBS, followed by brain collection. After fixation with 4 %
paraformaldehyde for 48 h, samples were saturated in 30 % sucrose (Sigma) in PBS,
then embedded in 7.5 % gelatin (Sigma)/15 % (m/v) sucrose in PBS and subsequently
frozen in liquid nitrogen. Transversal sections (starting approximately at 1.70 mm from
the Bregma and slicing until -4 mm from Bregma) were cut using a Leica cryostat at 20
um thickness for Hematoxylin Eosin (H&E) staining, and directly placed on a slide.
Sections were cut at 50 um thickness for immunohistochemistry in a free-floating system
and maintained at 4°C afterwards. Three free floating brain slices were placed per well
in 24-well plates and kept in PBS with 0.02% (m/v) sodium azide until further use. After
cutting 9 slices for immunohistochemistry, 1 slice was collected for H&E staining
(Supplementary Data, Figure S4).

2.5. Infarct volume quantification by MRI

Stroke volume was quantified by T2-weighted magnetic resonance imaging (T2*-
MRI). For stroke volumetry, hyperintense areas of ischemic tissue in T2-weighted images
were assigned with a region of interest tool. This enabled a threshold-based
segmentation that was performed by connecting all pixels within a specified threshold
range around the selected seed pixel and resulted in a 3D object map of the whole stroke
region. The total volume of the whole object map was calculated automatically. For
guantification of the regional ischemic lesion volumes, axial MR images were divided into
three equal slices from medial to lateral with NIH ImageJ. The volume of hyperintense
areas in each brain section was calculated with the Analyze 5.0 software. Brain
parenchyma was cropped for presentation purposes.

2.6. Quantification of the infarct volume by hematoxylin and eosin staining

Every 10" brain section (20 um thick; prepared in a cryostate) was stained for
hematoxylin and eosin (H&E). Images of H&E-stained brain slices from mice at day 7
after tMCAo0 were collected using a Zeiss Lumar V12 microscope equipped with a Zeiss
MR3 Colour camera. Lower density tissue areas were manually drawn. Direct lesion
volumes were calculated from 12 coronal brain sections to allow correlation with the MRI-
based quantification.

2.7. Cerebral perfusion gquantification by MRI

Mice were anesthetized with 1.5% isoflurane in air, and placed on controlled
temperature beds through water baths (Haake SC 100, Thermo Scientific, USA) with
tooth bar and head restraint to reduce motion artifact. Body temperature was maintained
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at 37°C with assessment of cardiorespiratory function (1030, SA Instruments Inc., NY,
USA). MRI was performed on a 9.4T MR pre-clinical scanner (Bruker Biospec, Billerica
MA, USA) equipped with a standard Bruker crosscoil setup using a volume coil for
excitation (86/112 mm of inner/outer diameter) and quadrature mouse surface coil for
detection (Bruker Biospin, Ettlingen, Germany). The system was interfaced to a Linux
PC running Topspin 3.1PV and Paravision 6.0 (Bruker Biospin). High resolution
morphological images were acquired with a 2D T2-weighted turbo RARE (rapid
acquisition with relaxation enhancement) sequence with TR = 3.6 ms, TE = 33.0 ms,
matrix 256 x 256 and field of view 20.0 x 20.0 mm reaching an in plane spatial resolution
of 78*78 um?, rare factor 8, axial slice thickness 0.5 mm and 5 averages resulting in 9
min 36 s of scan time.

Brain permeability was evaluated after injection of Gadovist® (0.1 mmol/kg) using
the dynamic contrast-enhanced magnetic resonance imaging technique. The following
parameters were used in 2D DCE-FLASH: TE/TR = 2.5/191.145 ms, flip angel = 70°,
FOV= 20 x 20 mm, matrix= 156 x 85, slice thickness 0.5 mm, number of slices= 18,
number of repetitions= 40 and time acquisition of 1 h 3 min 20 s.

2.8. !H-MRS

Data were collected on a volume of interest selected in accordance with coronal,
sagittal and axial T2-weighted images, and adjusted to fit the anatomical structure of
interest and to minimize partial volume effects. The BO map was acquired and MAPSHIM
was employed to automatically adjust first and second-order shim coils, with iterative
correction. Spectral line widths of water around 13-18 Hz were obtained. A PRESS
sequence was used in combination with outer volume suppression and VAPOR water
suppression. The following parameters were used: TR = 2500 ms, TE = 16.225 ms,
number of averages = 720, number of acquired points = 2048, yielding a spectral
resolution of 1.22 Hz/point. For each animal, an unsuppressed water signal (TE = 16.225
ms, TR = 2500 ms, 16 averages, scanning time = 40 sec and none water suppression)
was acquired immediately before acquiring the water-suppressed spectrum.

Data were saved as Free Induction Decays (FIDs) and corrected for the frequency
drift and for residual eddy current effects using the reference water signal. The *H NMR
peak concentrations for major metabolites (e.g., N-acetylaspartate (NAA), vy-
aminobutyric acid (GABA), taurine, glutamine and glutamate (GIx)) was then analyzed
using the LCModel software package (Stephen Provencher Inc., Oakville, Canada;
Provencher 1993), and the results were given in relation to the water content in the
tissue. Briefly, the LCModel analysis calculates the best fit to the acquired spectrum as
a linear combination of a model based on a set of brain metabolites from the LCModel
basis set. The Cramer-Rao lower bound provided by LCModel was used as a measure
of the reliability, and metabolite concentrations with Cramer-Rao lower bound higher than
24% were not included in the analysis.
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2.9. Behavioral Assessment

Mice were subjected to locomotor tests before and 1, 3, 5 and 7 days after tMCAo0.
Animals were habituated to a quiet room with controlled temperature and ventilation,
dimmed lighting (illuminance between 2 and 6 lux) for 1h, and handled prior to behavioral
testing.

2.9.1. Openfield

The arena (51 x 30.6 cm) was divided into 15 sub-squares (3 x 5). The mouse was
placed in the center of the arena and the behavior of the mouse was observed for 15
min. The number of crossings (a crossing was recorded as each time the mouse crossed
the boundary of a sub-square with at least their two forepaws), grooming behaviors
(rubbing the body with the paws or mouth and/or rubbing the head with the paws), rearing
behaviors (standing on the hind paws), the duration of immobility and the number of fecal
pellets excreted were determined.

2.9.2. Pole test

The pole test was performed to analyze sensory motor function. Mice were
habituated to the procedure prior to tMCAo0. They were placed head upward near the top
of a vertical rough-surfaced pole (1 cm diameter, 50 cm height) and then allowed to
descend five times during one experimental session, intercalated with 1 min resting time.
The total time needed to turn completely head downward (“time-to-turn”) and the time it
took the mouse to reach the base with all four paws (“time-to-descend”) were recorded.

2.9.3. Accelerated rotarod

Motor coordination and balance were assessed using rotarod (LE 8200, PanLab,
Harvard) as described previously [18]. Sessions consisted of four trials per day with a
20-min interval between the second and third run to allow animals to rest. The mean of
the three best trials out of four at a given day was used for statistical analysis. The
apparatus velocity started at 4 rpm and increased up to 40 rpm over 5 min. The time
during which mice remained walking in the rotation drum was recorded.

2.10. Statistical Analysis

Two-way repeated-measures (RM) ANOVA with Bonferroni’'s post hoc tests for
comparison of sample treatment effects within Sham or tMCAo0 was used. Two-way RM
ANOVA, followed by Tukey’s post hoc analysis, was performed for statistical analysis of
the results obtained in the MRI stroke volume assessment at 1 and 7 days after tMCAo.
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2.11. Methods to prevent bias

In summary, out of the 52 animals used, 2 were excluded due to a hemorrhage
during surgery and 2 were excluded as they died during MRI acquisition. 48 animals
were included in the study from which 21 reached the end point (Supplementary Data,
Figure S1).

Animals were randomized before the experiments by a scientist who was not
involved in the tMCAo0 experiments, in the administration of CO or in the behavioral tests.
MRI and behavior data analysis were performed blind for the grouping, and the treatment
allocation was secret. MRI data acquisition was also performed by scientists who were
not involved in the surgery experiments, CO administration or behavioral analysis, and
both the grouping and the treatment allocation were concealed.
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3. RESULTS

3.1. CO improves motor activity after tMCAO0

The putative effects of CO in neuroprotection were evaluated by i.p. injection of the
donor CORM-Al1 (3 mg/kg) 6 h after tMCAo (45 min occlusion), followed by
administration of the same dose 1 and 2 days later. The use of this concentration of
CORM-AL ensures that carboxyhemoglobin was not significantly increased compared to
baseline [19], thus avoiding any toxicity.

Neuroprotection by CO administered after tMCAo was first investigated by
analyzing the motor behavior of mice 7 days after the lesion. Mice were tested under
free and forced-moving paradigms. Free movements were assessed using the open field
test, by scoring the number of crossings (the number of times the mice crossed the
boundary of a sub-square) and the grooming and rearing behaviors. tMCAo0 for 45 min
did not change the cumulative number of crossings, when tested 7 days after the lesion
(Figure 1A), but significantly reduced the exploratory behavior as expected (Figure 1B).
However, the latter changes were not significantly affected by administration of CO.
Nevertheless, CO treatment restored the grooming behavior to sham levels (Figure 1C).
Overall, it was observed that CO partially alleviates motor deficits due to tMCA0 in mice.
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Figure 1 — Open field assessment of motor performance in mice subjected to tMCAo. Where
indicated, the animals were treated with CORM-A1 (3 mg/kg) in 3 doses (6 h, 1 day and 2 days
post injury). Mice were placed at the center of the arena and behavior was recorded for 15 min.
The sum of each parameter observed during all open field sessions was calculated: (A) number
of crossings; (B) number of rearings and (C) number of groomings. Circles represent sham-
operated mice and triangles represent MCAO-operated mice. Filled and empty symbols represent
control and CO-treated mice, respectively. *p<0.05 **p<0.01 calculated with unpaired one-way
ANOVA with Bonferroni post-test. n.s. — not significant.
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The vertical pole test and rotarod were used as forced-moving tests to evaluate
motor alterations induced by tMCAo0, and the putative effects of CORM-AL. In the former
test, tMCAo increased the cumulative total descending time, when analyzed 7 days after
injury, but this effect was not statistically significant. Furthermore, animals treated with
CORM-AL1 after tMCAo0 showed a cumulative total descending time that was similar to
the control (Figure 2A). The effects of tMCAo0 on the performance of mice in this test
resulted from a deficit in the ability to turn when placed at the top of the pole (Figure 2B),
and a reduced performance when descending the pole was also observed (Figure 2C).
Administration of CORM-A1 decreased the rate of turning (Figure 2B) but did not change
significantly the performance when descending the pole.
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Figure 2 — Vertical pole test assessment of motor performance in mice subjected to tMCAo.
Where indicated, the animals were treated with CORM-A1 (3 mg/kg) in 3 doses (6 h, 1 day and 2
days post injury). Mice were placed on the top of the pole facing upwards and 5 trials were done
per day. (A) The sum of total time to reach the pole base during all sessions was calculated. Panel
(B)shows the longitudinal evolution of the Turning time and (C) shows the longitudinal evolution
of descending time. Black circles represent sham-operated mice and grey triangles represent
MCAOQO-operated mice. Filled and empty symbols represent control and CO-treated mice,
respectively. In (A) unpaired Student’s t-test was applied. In (B) and (C) statistical analysis was
performed comparing all time points with baseline for each cohort, *p<0.05, **p<0.01, ***p<0.001,
n.s. — not significant, for MCAo and #p<0.05 MCAo + CORM. Statistical analysis was performed
with two-way ANOVA with Bonferroni post-test.

In the accelerated rotarod, which evaluates coordination and balance, no
significant differences were observed between control and CO-treated cohorts, under
sham conditions or after tMCAo, when analyzed 7 days after tMCAo (Figure 3). This
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result follows the same pattern observed when the number of crossings was evaluated
in the open field test.

Overall, these results suggest that CO administration improves motor activity to
some extent, with the best results obtained in the grooming assessment and in the
performance in the pole test.
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Figure 3 — Effect of tMCAo0 on motor performance as assessed by the accelerated rotarod
method. Where indicated, the animals were treated with CORM-A1 (3 mg/kg) in 3 doses (6 h, 1
day and 2 days post injury). Circles represent sham-operated mice and triangles represent
MCAOQO-operated mice. Filled and empty symbols represent control and CO-treated mice,
respectively. Statistical analysis was performed using the unpaired Student’s t-test. n.s. — not
significant.

3.2. CO reduces BBB leakiness

Blood-brain barrier (BBB) leakiness plays a major role in neuronal damage after
transient brain ischemia, enhancing tissue damage [20,21]. There are multiple evidence
for modulatory and protective effects of CO on the vasculature [22,23]. Therefore, we
hypothesized that the CORM-Al-induced motor improvement in mice subjected to
tMCAOo could be mediated by alterations on the BBB. To address this question, a MRI-
based technigue was used. A gadolinium-based contrast agent was given i.p. and its
signal was quantified in brain tissue [24,25]. Since under normal physiological conditions
the BBB excludes the contrast agent, any increase in signal intensity is interpreted as
BBB breakdown. The results of Figure 4 show a significant increase in the permeability
of the BBB when evaluated 1 day or 7 days after tMCAo0. Under the latter conditions,
CORM-AL1 administration significantly reduced BBB damage in mice subjected to tMCAo
(Figure 4B), which was very clear when the cumulative signal of the contrast agent was
represented with a color code (Figure 4A). The total accumulation of the contrast agent
at day 7 in animals exposed to focal ischemic injury followed by administration of CORM-
Al was similar to that observed after tMCAo0 at day 1, suggesting that CO prevents the
delayed increase of BBB permeability, rather than the initial alterations. The untreated
MCAo cohort showed a 3-fold increase in the accumulation of contrast agent in the same
period of time (Figure 4B).

Taken together, the results show the prolonged effects of CO in the protection of
the BBB after ischemic injury, which resulted in preservation of the BBB integrity.
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Figure 4 — Alterations in the BBB permeability after tMCAo. Where indicated, the animals were
treated with CORM-AL (3 mg/kg) in 3 doses (6 h, 1 day and 2 days post injury). Accumulation of
contrast agent in the brain tissue occurs in regions where the BBB in compromised. (A)
Representative images showing accumulation of the contrast agent 7 days after tMCAo in mice.
(B) Quantification of the signal intensity resulting from the accumulation of the contrast agent.
White bars represent sham-operated mice and grey bars represent MCAO-operated mice. Clear
and striped bars represent control and CO-treated mice, respectively. **p<0.01, ****p<0.0001,
n.s. — not significant, determined with unpaired Student’s t-test.

3.3. CO limits infarct lesion 24h after MCAO0

To determine whether the preservation of the BBB integrity in CO treated mice
correlates with a smaller infarcted area, two independent methods were used to quantify
the ischemic brain tissue: MRI and H&E staining. When total lesion volume was
evaluated by MRI, CO treated animals presented a slightly smaller infarct size at day 1
compared to the untreated group (Figure 5A), but the results were not statistically
significant. Since the cerebral cortex and striatum are the most affected brain regions in
the MCAo model of transient focal ischemia [26], the ischemic injury was also specifically
quantified in these two areas. This categorization showed that the cortical lesion, but not
the striatal injury, was slightly reduced when the animals were treated with CORM-A1
after MCAo, but the results were not statistically significant (Figure 5B, C). Analysis of
the lesion volume at day 7 after MCAo showed no effect of CORM-A1 administration.
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Figure 5 — MRI quantification of infarcted brain volume in mice subjected to tMCAo. Where
indicated, the animals were treated with CORM-A1 (3 mg/kg) in 3 doses (6 h, 1 day and 2 days
post injury). Anatomic volumetries were measured at day 7. The results obtained in untreated
mice subjected to MCAo are represented by filled circles, while empty circles showed the results
obtained in animals subjected to the ischemic insult followed by CORM-A1 treatment. (A) Total
lesion volume; (B) representative image of the infarcted mouse brain with the hyperintense
lesioned tissue limited with a dashed red line; (C) lesion volume affecting the cerebral cortex; (D)
lesion volume affecting the striatum. The results are the average + SEM n = 5. Statistical analysis
was performed using the two-way ANOVA followed by the Bonferroni post-test.

In additional experiments, we quantified the lesion volume in H&E stained brain
slices prepared 7 days after MCAo. The results showed no significant effect of CO
treatment on the tMCAo-induced brain lesion (Figure 6).

In summary, the CO dosage given was insufficient to decrease the infarct volume
in mice subjected to tMCAo, specially at day 7 after the lesion. Although a slight
protection was observed in the cerebral cortex at day 1 post-MCAOo, the effect was not
statistically significant and was not observed at a later point.
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Figure 6 - Quantification of the infarct area by H&E staining in mice subjected to tMCAo0. Where
indicated, the animals were treated with CORM-A1 (3 mg/kg) in 3 doses (6 h, 1 day and 2 days
post injury). The total area and lesion area were quantified manually in each of the 12 coronal
sections. (A) Quantification of the lesioned area (normalized with the total slice area) at day 7,
and representation of the area from which slices were collected. Filled circles represent the results
obtained in untreated mice subjected to MCAo and empty circles correspond to the quantification
of the injury in mice subjected to MCAo followed by administration of CORM-Al. (B)
Representative images from a rostrocaudal series of brain sections from untreated and treated
MCAO groups. Values are expressed as a ratio of the total brain structure (means + SEM; n = 5).
Statistical analysis was performed using the two-way ANOVA followed by the Bonferroni post-
test. No statistical difference was found.

3.4. CO minimizes cortical metabolic loss 24h after tMCAo0

To further characterize the differential effects of CO when tested at day 1 and day
7 after tMCAo0 (e.g. in the BBB permeability), metabolic profiles (Figure 7A) were
obtained at both time points. *H-MRS was applied in a voxel placed in the cerebral cortex
(Figure 7B) to determine whether CORM-Al1 administration prevents the ischemia-
induced metabolic changes, as previously describe in other contexts [27—29]. Nine
metabolites were analyzed by this method (hamed here as metabolic load) in order to
have a general assessment of the alterations in brain metabolism: alanine,
phosphocholine, phosphocreatine, lactate, taurine, myo-inositol, glutathione, glutamate,
glutamine, GABA, N-acetylaspartate. tMCAo reduced the metabolite load in the
ipsilateral hemisphere, when assessed 1 day after the ischemic injury, while no effect
was observed in the contralateral hemisphere. Administration of CORM-AL1 significantly
reduced the metabolic changes in the ipsilateral hemisphere at this time point, to levels
similar to the sham cohorts (Figure 7C), in contrast with the results obtained at day 7,
when CO had no effect on MCAo-evoked metabolite loss (Figure 7D). Under the latter
conditions both MCAo0 subjected groups presented the same metabolite load loss.

CO treatment also reduced the metabolite load in the Sham group at day 1 after
ischemia, which however did not have functional consequences since treatment with
CORM-AL did not affect the motor performance (see Figures 1-3).
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Figure 7 — Modulation of the MCAo-induced alterations in the metabolic profile in the cerebral
cortex by CORM-A1. Metabolite load includes the following metabolites: alanine, phosphocholine,
phosphocreatine, lactate, taurine, myo-inositol, glutathione, glutamate, glutamine, GABA and N-
acetylaspartate. Where indicated, the animals were treated with CORM-A1 (3 mg/kg) in 3 doses
(6 h, 1 day and 2 days post injury). (A) Representative plot of distribution of metabolites in control
conditions and at days 1 and 7 after MCAo0, as determined by *H-MRS quantification. (B) Voxel
placement in the ipsi- and contralateral hemispheres. (C) Ratio of metabolite load at day 1 after
MCAo. (D) Ratio of metabolite load at day 7 after MCAo. White bars represent sham-operated
mice and grey bars represent MCAO-operated mice. White and striped bars show the results
obtained in control conditions and in mice treated with CORM-Al, respectively. **p<0.01,
***n<0.001, ***p<0.0001 calculated with one-way ANOVA with Bonferroni post-test calculated as
a percentage of the control, determined before the surgery (mean + SEM). # p<0.05 determined
using the unpaired Student’s t-test.

These data clearly indicate that CO treatment decreases the early (1 day)
metabolic changes that occur in the cerebral cortex after tMCAo. However, this was a
transient effect since no effect was observed when the metabolic load was evaluated at
day 7 after tMCAo0.

3.5. CO administration is beneficial for the maintenance of the metabolite
load in the neuronal and astrocytic populations in the cerebral cortex

To determine whether CO treatment has a differential effect on the metabolism of
neurons and astrocytes, a group of metabolites relevant for neuronal survival (N-
acetylaspartate (NAA), glutamate (Glu) and taurine (Tau)) [30,31] and a metabolite
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enriched in astrocytes (myo-inositol) [32] were evaluated in the cerebral cortex at day 1
after tMCA0. As proposed by others [33], the composite score NAA + Glu + Tau predicts
better the outcome of an ischemic insult than NAA or lactate alone. In the scatterplot
representing glutamine versus the composite score, a good separation between Sham
and MCAo subjected cohorts was obtained (Figure 8A). In accordance with the metabolic
load and infarct volume at day 1, mice subjected to tMCAo followed by administration of
CORM-A1 are more similar to the Sham cohorts than to untreated mice subjected to
transient focal ischemia. Moreover, as this composite score is constituted by a group of
metabolites relevant to the neuronal population, we may hypothesize that this score may
account for an increased survival of the neuronal population.

When evaluating the correlation between the levels of myo-inositol and glutamine,
two metabolites that are enriched in the astrocytic population, mice subjected to tMCA0
followed by treatment with CORM-A1 presented a correlation very similar to sham
treated groups (Figure 8B). In contrast, untreated mice with an ischemic lesion showed
a distinct profile when compared with sham groups. In conclusion, administration of CO
after the ischemic injury has a beneficial metabolic effect on both the neuronal and
astrocytic populations, decreasing the severity of the lesion.

Taken together, these results reinforce the idea that CO acts in different cell
populations, protecting both neurons and astrocytes, at least in part by maintaining the
levels of key metabolites.
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Figure 8 — Severity of the lesion after tMCAo and astrocytic metabolic status in the cerebral
cortex. Data were obtained from H-MRS at day 1 post tMCAo, and where indicated the animals
were treated with CORM-A1 (3 mg/kg) in 3 doses (6 h, 1 day and 2 days post injury). (A) The
distribution of NAA + Glu + Tau is plotted vs glutamine levels. (B) The relation between the levels
of two metabolites enriched in astrocytes, glutamine and myo-inositol.
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3.6. CO ameliorates survival

Mortality reduction is also an important feature when evaluating the effect of
putative therapeutic strategies for stroke. Administration of CORM-A1 after tMCAo0, at 6
h, 1.3 d and 2.3 d after injury, during the therapeutic window, reduced the rate of mortality
(Figure 9). However, the protective effects decreased after the last dose of CO (after day
3), and at day 7 following MCAo mice treated with CORM-A1 showed a survival rate
similar to the non-treated controls (Figure 9). Survival data correlates very well with the
lesion volume and metabolic load variations, since a certain degree of protection was
observed during the therapeutic window (0-2 days after lesion).

In conclusion, the CO dose given has potential to improve outcome after ischemic
stroke. However, the CO therapy needs to be optimized, including the timing of
administration and the number of CO doses.
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Figure 9 — Effect of CO treatment on the survival rate of mice subjected to MCAo. CORM-AL (3
mg/kg) was administrated in 3 doses (6 h, 1 day and 2 days post injury). The grey rectangle
represents the therapeutic window applied. Black lines represent sham-operated mice and blue
lines represent MCAO-operated mice. Full and dashed lines represent control and CO-treated
mice, respectively.
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4. DISCUSSION

In this integrative study, we investigated the putative neuroprotective effects of CO
in a mouse stroke model. The results showed protective effects of CO at different levels,
when administered from 6 h after injury: i) a significant improvement in motor function
and brain connectivity was observed in what concerns self-grooming behavior; ii)
improved limb strength and coordination was observed in CO treated mice when
evaluated with the vertical pole test; iii) strong reduction of BBB leakage; iv) serial MRI
data showed a tendency for smaller brain infarction in the cortical area of CO treated
animals at day 1 post MCAo; v) at day 7 post MCAo, CORM-AL treatment did not affect
the lesion volume as determined by serial histological sections and MRI; vi) minimization
of metabolite load loss in the cerebral cortex at day 1 after MCAo; vii) CO reduced the
mortality only when administered during the therapeutic window. Together, the evidence
gathered in the current study indicates that CO has therapeutic potential as a post-stroke
treatment.

The evaluation of motor performance showed an effect of CO in preventing the
loss in grooming activity in mice subjected to MCAo. Self-grooming is a complex innate
rodent behavior and its assessment can be useful in neuronal circuitry studies, as it has
been done in translational psychiatry research [34]. Grooming initiation and sequence is
mainly linked to striatal functions and connectivity [35]. However, cortical lesions can
also induce a mild disruption in grooming activity since corticostriatal connections can
modulate self-grooming behavior [36]. Stroke is known to reduce grooming bouts, but
grooming in stroke contexts still lacks full characterization. MCAo produces a lesion that
affects the cortex and striatum; thus, the effect of CO in preserving self-grooming activity
may be reasoned as a protection of the corticostriatal connections responsible for this
innate behavior. Moreover, in order for mice to display grooming activity after stroke, they
need a proper balance and hind limb strength to sustain itself upright. This fact adds
more importance to the effect of CO in the maintenance of grooming behavior.

Motor assessment using the vertical pole test also showed a functional
improvement in mice treated with CO after the ischemic lesion when compared with the
untreated counterparts. Pole test evaluates simple motor function, such as forelimb
strength, ability to grasp and balance in mice [37]. There are some evidence for striatal
involvement in the pole test performance [38]. This test showed a motor dysfunction from
day 2 after tMCAo0 up to day 8, with cumulative worsening of the performance up to day
8 after surgery [37]. It is also one of the most reliable tests, remaining sensitive to the
severity of ischemic injury up to 4 weeks after ischemia [39]. In the current study,
administration of CO prevented the poor performance at day 7 after stroke. At this time
point, the treated cohort took the same time to turn as Sham groups, and descending
time was not significantly different when compared with sham treated animals, in contrast
with untreated injured mice. Overall, the results show that CO treatment ameliorated the
balance, limb strength and coordination. This suggests that CO protects striatal function,
as it confers functional recovery, in particular to striatum dependent tasks.

BBB experiences several types of damage in a stroke context, with its cellular
constituents (astrocyte end feet, pericytes, endothelial cells, smooth muscle cells and a
variety of basement membranes) presenting different susceptibilities to the ischemic
insult. The contribution of BBB for stroke pathogenesis has recently emerged as a focus
for new therapeutic strategies [21]. The results obtained in this work showed that CORM-
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Al administration significantly prevents the early increase in BBB permeability after
tMCAOo, as evaluated 1 day after the lesion. The protective effects of CO on the integrity
of the BBB function resemble the effects previously described for this gasotransmitter in
several of its components, namely astrocytes [40,41], pericytes [42] and vasculature [22].
These observations were performed both in ischemic and non-ischemic conditions.
Therefore, effects of CO in the stabilization of the BBB may arise from the combined
effects on several of its components. However, it remains to be determined whether CO
preserves the crosstalk between the different BBB components, acts through its anti-
oxidant capacity and/or simply promotes vasodilatation. The latter effect of CO was
reported in several other contexts [43—45] and when induced at the right timing after
stroke, vasodilation can be crucial in protecting the brain as it allows the supply of energy
and nutrients which are in need in the ischemic tissue. The increase of regional blood
flow due to cerebral vasodilation was previously found to be protective in stroke [46,47].
The enhancement in the reperfusion of the lesioned tissue can be decisive for the final
outcome after focal brain ischemia, and CO may be a good candidate therapeutic
strategy acting at this level.

Leakage of the BBB was recently observed as early as 30 min after stroke [48].
However, small and large molecules (150 kDa) only cross the BBB 3 h and 6 h after
tMCAo0. Moreover, permeability to very-large molecules (2000 kDa) was not detected
until 24 h after injury [48]. Furthermore, the infarct was found to expand from the striatum
to the cerebral cortex within 6 h to 24 h, being the striatum the first brain region to suffer
from BBB dysfunction [48]. This body of evidence helps to understand the impact of
CORM-A1 administration at 6 h after cerebral ischemia, and may explain the strong
effects of CO in protecting the BBB. We might hypothesize that minimizing the BBB
leakage to molecules with a size close to 2000 kDa is crucial for a better recovery, and
CO may act on this mechanism. Further research is required to characterize whether CO
can in fact prevent the stroke-induced increase in the permeability of the BBB to very-
large molecules. The fact that CO fully protected the BBB, in contrast with the partial
protection of the brain tissue under the conditions of this study, suggests that the
vascular system and/or the glio-vascular unit is more responsive to CO treatment.

Functional preservation, rather than histological assessment, is presently
considered the best approach to evaluate the outcome of the ischemic injury and the
effect of putative protective strategies [49]. In this work, we evaluated the metabolic
status of the cortical and striatal regions as an indirect measure of functionality after
ischemic injury. At day 1 after MCAo we observed that CO administration promoted the
maintenance of the metabolic load in the cerebral cortex, which is in accordance with the
MRI results showing a reduced infarct area under the same conditions, although the
results were not statistically significant in the latter experiments. At day 7 post injury,
metabolic and histologic data were also in accordance since no protection was observed
when the metabolite load was analyzed, and both cohorts presented a similar infarct
volume. The time-dependence of the protective effect of CO is further reinforced by the
evidence regarding the effect of CORM-A1 administration on the survival rate. A low rate
of mortality was observed in mice subjected to MCAo while the CO-mediated responses
were active. From day 3 onwards, when CORM-A1 was no longer administered, the
difference between the two mice cohorts decreased, and at day 7 the survival rates were
equal.
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Quantification of the infarct volume using MRI suggests that the effects of CO are
restricted to the cerebral cortex and limited to the early period after tMCAo0. Region-
specific effects of CO were previously described in the brain, either with low or high
doses of CO [50-52]. However, the mechanisms underlying the differences in the
regional responses to CO in the brain (e.g. cerebral cortex vs striatum) remain to be
elucidated. The cortical lesion accounted for more than half of the total lesion under the
conditions used in the present work. Therefore, the preferential effects in the cortical
region are also reflected in the results obtained when the total lesion volume was
analyzed. The fact that there is no significant lesion reduction when the BBB protection
was so robust, points out for the need of further studies regarding the effect of CO on
stroke.

In conclusion, the present work provides an integrated assessment of the time
course of brain tissue and vasculature responses to CO in mice subjected to transient
MCAo0. Motor activity and metabolic homeostasis were analyzed to characterize the
effects of CO from the functional point of view. Damaged tissue responded to CO in a
spatiotemporal dependent manner, which highly correlated with the effects in minimizing
the loss in metabolic load. Moreover, the results suggest that a strong protection of the
BBB and a slight metabolic preservation might contribute to effects of CO in re-
establishing the brain and neuronal network and functional recovery after stroke. Causal
effects of CO-mediated protection of the BBB on the metabolic stabilization needs to be
address in the future. It is also important to determine whether CO prevents the infarct
expansion and BBB extravasation from striatum to the cerebral cortex. With the first CO
dose administered at 6h post-stroke, the present study shows that this strategy has a
strong therapeutic potential for later treatments and ultimately may constitute an
alternative for those patients that are not qualified for tPA administration. Longer CO
treatments might overcome the loss of protection observed at 5 days after the last CO
dose. In addition, CO administration may also be a good therapeutic option to minimize
the risk of hemorrhagic transformation after tPA treatment, which is a major concern in
clinical practice [53].
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SUPPLEMENTARY DATA
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Figure S1 — Schematic representation of the experimental design. Doses of CO (3 mg / kg) were
given i.p. at 6 h, 1 day and 2 days after injury. Baseline MRI and motor behavior data were
collected. MRI was performed at day 1 and day 7 post-tMCAo. Behavior studies were performed
every 2 days. Animals were euthanized at 7 days post-tMCAo0. Brains were collected and
analyzed, as described in the methods section.
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Figure S2 — Laser Doppler microtip placement and representative profile of laser doppler flux and
changes in body temperature in a tMCAo experiment. (A) lllustration of the location where the
microtip was glued (open circle), approximately 2 mm posterior and 6 mm lateral to the bregma.
(B) Laser-doppler flux profile measured over the right lateral parietal cortex during 45 min of
middle cerebral artery occlusion (MCA0). Body temperature was measured with a rectal probe.
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Figure S3 — Longitudinal body weight loss measurements. Black lines represent sham-operated
mice and blue lines represent MCAO-operated mice. Full and dashed lines represent control and
CO-treated mice, respectively. Values are expressed in grams (means = SEM; n 2 5). Statistical
analysis was performed using the two-way ANOVA followed by the Bonferroni post-test. No
statistical difference was found between treated and untreated groups.
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Figure S4 — Histological references and sampling scheme. Mouse Brain Atlas representation of
the anterior (A) and the posterior (B) reference of slicing. (C) Scheme followed for histological
sampling: 9 slices were cut for immunohistochemistry followed by one slice cut for H&E staining.
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DISCUSSION

Stroke carries a huge social and economic burden and it is predicted to become
even worse as ischemic stroke events are occurring to younger people and the
population is aging [1]. Progress has been made regarding cytoprotective strategies and
physiotherapy efficiency, but major improvements are still urgently needed. So far, tPA
is the only approved drug against ischemic stroke, but this approach has critical
limitations since it presents a therapeutic window of 4.5h maximum and it can only be
administered to 4-7% of the stroke patients [2]. Concomitantly with tPA treatment,
patients can still undergo endovascular mechanical thrombectomy. This procedure gives
good results however is intrusive and carries the anesthesia risks and also present a
short time window similar to tPA [3]. Both therapeutic options aim to promote reperfusion
and do not target directly tissue protection.

Most commonly, stroke results in unilateral motor dysfunction and epilepsy [4]. As
stroke patients suffer very limiting injuries, the urgency for novel therapies is massive.

Stroke is characterized by the involvement of many different players in its
pathology, namely the vasculature, neuronal counterparts and inflammatory responsive
cells. But the role of each contributor is still poorly known. Moreover, the timing at which
neurons, astrocytes and other brain cells, as well as blood vessels critically act in cell
fate decision is not fully described yet. Studying such a complex disease to discover
efficient treatments able to tackle all the players is truly intricate and takes a very long
time. Thus, a good alternative is to study compounds already known to have beneficial
effects in many of the stroke contributors and evaluate their overall effect in the system.
An example of these multifaceted compounds is carbon monoxide (CO), with proven
therapeutic potential regarding neurons, astrocytes, vasculature and inflammation [5,6].

The current study helped in further understanding the cellular and systemic
responses to a low dose of CO in a clinically relevant administration timing after the
ischemic insult. As represented in Figure 13 (Chapter I), this thesis aimed at unveiling
the CO effects at a cellular and systemic level, both in pathologic and physiologic
contexts.

First, CO acts in a multitude of different pathways in a short time window (Chapter
I1.III). By performing RNASeq to study CO effect on astrocytes, we identified DEGs
related to pathways as different as cell differentiation, cell communication, metabolic
process, gene expression and transport among others. This observation confirms that
CO, not only is able to act on different cell type, but also trigger different pathways within
the same cell. Fine tuning the CO dose is key since it will determine the balance between
all the pathways activated, resulting either in a beneficial or detrimental consequence.

Furthermore, it was investigated the putative role of FosB as a player in CO-
induced astrocyte protection (Chapter ILIII). Then, an animal model was used to
scrutinize the vasomodulatory properties of CO (Chapter 11.1V) and the therapeutic effect
of CO against stroke (Chapter I1.V). It is worthy of note that the timing of CO application
in animal models were clinically relevant, since CO was administered after ischemic
stroke and not before or during as most of the previously performed studies [7-9].
Furthermore, in a cerebral ischemia context, this work disclosed crucial information
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regarding the contributions of some players, in particular the importance of
therapeutically addressing the BBB for improved stroke outcome (Chapter I1.V). In fact,
CO was able to improve motor performance, accompanied by a reduction in the infarct
lesion and metabolite load loss at an early phase. Using an integrated approach
correlating data from MRI, and behavior and tissue analysis, allowed us to have a more
complete awareness of the effects of CO and it has been a pioneer approach in CO’s
biology field. Importantly, the longitudinal characteristic of the study reinforced the
importance of time window of CO treatment in stroke recovery.

In accordance with previous reports, in the present work we found that CO induces
vasodilation in the cortical vasculature, using a non-invasive technique (Chapter IV).
Nevertheless, this observation was strictly limited to male cortices. In addition, the other
brain regions analyzed in males presented the opposite response to CO. Our study
addressing non-cortical regions and gender dimorphism in the vasculature response to
CO treatment highlights the importance of including region and sex variables in
therapeutic studies. In CO research field these subjects have been largely neglected.

Moreover, we also concluded that CO presents a systemic therapeutic potential
when administered in clinical relevant timing (Chapter V). In an integrative approach, a
novelty in the CO field, behavior paradigms and MRI analysis were performed in tMCA0
subjected mice to truly understand the complexity of CO effects. CO presented
particularly protective results regarding BBB integrity maintenance and limb strength and
coordination. This study also collected evidences of a transient metabolites preservation
upon CO administration, nevertheless further studies are needed to better understand
metabolites load management after an ischemic stroke.

Each section of the present study provided relevant contributions to the present
knowledge regarding the potential use of CO as a therapeutic molecule in stroke
treatment. The combined results raised new questions and opened new possibilities to
fasten CO transition from bench to bedside. More integrative studies are needed to
address CO effect, since a wide range of effects are known to occur due to this
gasotransmitters administration.
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FUTURE STEPS

This thesis confirmed that CO may induce very fast responses (as fast as 30 min,
Chapter II.1II) which can be maintained long after CO administration (as long as 7 days,
Chapter 11.V). This was observed both in vitro or in vivo, and several questions were
answered in the present work. Nevertheless, the present work also raised several
guestions which can be addressed as follows:

e CO target disclosure or molecular & cellular studies

a)

b)

Since a wide variety of potential CO target candidates were identified in this
work (Chapter 1.1 and IL11I), more functional validations are needed. It will be
of interest to further investigate the putative role of groups of candidates
related to different cellular functions, as there is a great potential of CO acting
by regulating more than one target/pathway. This strategy would disclose
which biological processes have a major role in CO-induced cytoprotection.
Downregulating a number of target candidates (Chapters Il.I and Il.11I) and/or
inhibiting the activation of some of the most represented transcription factors
among the identified DEGs (Chapter I.1) would be a great effort contributing
to understanding of CO intracellular impact.

With the finding that CO triggers different responses depending on brain
region and gender, it will be important to characterize the molecular and
cellular players responsible for the differential CO action in such contexts.

e Systemic animal studies

a)

b)

d)

In the case of validating a gene as a crucial effector of CO-induced
cytoprotection in vitro, a pre-clinical study subjecting genetic modified mice
to tMCAo0 would ultimately confirm the identified gene as a key player in CO
axis.

As gender modulates the effect of CO on neurovascular dilation (Chapter
II.IV), a detailed evaluation needs to be performed. Synchronized and
postmenopausal females, as well as dominant and submissive males should
be tested to determine the influence of hormones in CO effects in the brain
vasculature.

Since grooming behavior was rescued upon CO administration in stroked
mice (Chapter 11.V), a comprehensive study of the effects of CO on grooming
should be performed, including modulation of the stereotyped pattern, as well
as initiation and duration of the self-grooming behavior.

Different CO dosage conditions should be tested, including the number of
CO doses and timing, with the aim of achieving full recovery or prolonging
the benefits observed in some of the parameters evaluated at day 1 on CO
treated mice (Chapter I1.V).

In the case of validating the therapeutic efficacy of CO administration 6h or
longer after the ischemic event, a pre-clinical study subjecting mice to tMCAo
would be required. First, determining the therapeutic concentration in plasma
with a single dose would be necessary. Then administering multiple CO
doses separated by increasing intervals and verify if a cumulative effect
occurs.
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CONCLUSIONS

The plethora of pathways modulated by CO is very diverse. Therefore, to fine
tune the CO dosage in order to deviate the cell fate to survival is not trivial.

The current thesis contributed to strength the potential of CO as a therapeutic
molecule. CO was found to activate an array of stress responses in astrocytes.
Moreover, given systemically, CO enabled the BBB to better cope with an ischemic
injury and time resolution of its action was characterized. Several motor benefits were
described in a mouse model of ischemic stroke. The possible enlargement of the
therapeutic window from the current 4.5 h to 6h is of critical importance, since timing is
crucial in stroke treatment. For that to happen, several optimizations are still needed,
such as specific CNS-targeting of CO releasers, CORMs with backbone structures
easier to be eliminated or absorbed by the organism, amongst other properties.

In conclusion, the knowledge gathered contributed to further advance CO into
clinical usage, in particular in stroke therapy.
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