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Aims of the study

Ischemic stroke (IS), which occurs when a cerebral artery is occluded, is the second
cause of death worldwide and the major cause of disability (Feigin et al., 2021). The
proven treatment of acute IS includes alteplase thrombolysis and endovascular
thrombectomy (Phipps and Cronin, 2020, Prabhakaran et al., 2015). However, there is
still an urgent need for new therapies as most of the patients are not eligible due to the
limited treatment time windows and strict inclusion criteria (only 10-20%) (McMeekin
et al., 2017, Boode et al., 2007). A large number of studies were aimed to exploring new
therapies for IS, however, bench to the bedside translation has been rather disappointing.
Two factors can account for that: on the one hand, the underlying pathological
mechanisms are still ill-defined, and on the other hand, it has been shown that some of
the most important players have a biphasic nature, detrimental or beneficial depending
on the time after stroke (Lo and Ning, 2016). Therefore, the spatiotemporal study of
stroke pathology is of utmost importance in the search for new therapeutic tools. The
brain functional network is bricked up by neurons and bridged by synapses (Batool et
al., 2019). Synapse is the weakest link of the brain network under energy deprivation
(Hofmeijer and Van Putten, 2012). IS destroys 14 billion synapses every minute. To
compensate for the functional loss, a structural remodelling of the viable tissue
surrounding the core of the stroke is settled up (Balbinot and Schuch, 2019), indicating
that there are intrinsic surviving pathways that promote neuronal recovery through
synaptic dynamics. As synaptic functions are mediated by their protein activities, we are
interested in the temporal synaptic protein expression after stroke to gain insight into
their intrinsic survival mechanisms. The aims of the present study are: (i) to analyze the
dynamics of the synaptic proteomic profile at different time points after stroke in a
mouse model. (ii) to identify potential candidates implicated in synaptic survival. (iii) to
confirm the candidate(s) potential beneficial role in an in vitro and in vivo model of

stroke.



Introduction

The onset of IS is caused by the formation of a thrombus or an embolism in the brain
vessels, which suddenly blocks the blood flow leading to energy deprivation in the
corresponding brain area, eventually causing brain cell death and neurologic function
defects. During the vascular obstruction, the damage to the brain in the central area of
the infarction is irreversible, while the brain area surrounding the infarct core (the
penumbra) is functionally depressed due to reduced blood flow, but the damage is still
reversible within a limited time window (D’Ambrosio et al., 2001). Among patients
with acute stroke, for those who still show perfusion-diffusion mismatch on
neuroimaging (meaning tissue that is still viable, thus looks normal on diffusion-
weighted imaging, but shows blood hypoperfusion on perfusion-weighted imaging), the
most urgent goal of treatment is to rescue the penumbra as much as possible, which can
directly decrease long term disability (Lin and Liebeskind, 2016). There are some
inherent neuronal repairing mechanisms after stroke, however, how they exactly work is
still elusive. It is of utmost clinical significance to find novel therapeutic methods
through further investigation of the pathophysiologic changes in the penumbra area, in

order to make up for the insufficiencies of current treatments.

Stroke pathophysiology

Stroke pathophysiology is very complex and involves several players. Briefly, the lack
of glucose and oxygen leads to a decrease in cellular ATP and an increase in the
intracellular calcium concentration increase, leading to a release of glutamate, which
will cause excitotoxicity and spreading depression all over the affected area. The blood
brain barrier (BBB) is disrupted because of the activity of metalloproteinases activated
by free radicals, the ionic imbalance, and the modification of the tight-junction proteins,
leading to brain edema thus negatively influencing perfusion. As a consequence of the
upregulation of nitric oxide synthases activity in brain cells and the disruption of the
mitochondrial electron transport chain after brain ischemia, there is oxidative stress

inducing the production of free radicals including reactive oxygen species (ROS) and



reactive nitrogen species (RNS), which break cell membranes, mitochondria, and DNA
(Love, 1999). Furthermore, molecules released from damaged cells, such as ATP,
behave as danger associated molecular patterns (DAMPs) recruiting the inflammatory
cells to the affected brain area, leading the ischemic cascade into the neuroinflammatory
phase. Finally, in the chronic phase of stroke, it starts the tissue repair and regeneration
and determines the outcome of stroke (Ceulemans et al., 2010). Thus, multiple players
are involved in the stroke pathophysiology, such as excitotoxicity, inflammation,
mitochondrial stress, free radicals release, protein misfolding, etc. However, some
molecules are involved in both stroke pathology and recovery. To design a
neuroprotective therapy we may promote internal recovery mechanisms, and interrupt
the self-damaging cascade (George and Steinberg, 2015). To accomplish that goal, it is
imperative to get a deeper understanding of the stroke pathophysiology. In the following
paragraphs, I will describe in more detail what is known about the pathological

mechanisms of stroke.

Excitotoxicity

NMDA receptor (NMDAR) is, together with the AMPA (a-Amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid) and the kainate receptors, the ionotropic glutamate receptors
of the central nervous system (CNS). They mediate excitatory postsynaptic transmission.
NMDAR activation requires two coagonists (glutamate and glycine) (Benveniste and
Mayer, 1991), they are composed of subunits, GluN1/2/3, and each has different
isoforms (e.g., GIuNI-1b; GluN2A-D; GIuN3A-B), modulating the structure and
function of NMDAR. Functional NMDA receptors are the combination of two
obligatory glycine-binding GluN1 subunits and two glutamate-binding GluN2 and/or
glycine-binding GIluN3 subunits. GIuN1 and GIuN2 subunits mainly affect the
intramolecular domain structure, the potency of glutamate, and the duration of
excitatory postsynaptic current (EPSC). The physiological significance of GIuN3

remains elusive (Vyklicky et al., 2014).

NMDARs can be localized either at the synapsis or extra-synaptic. Synaptic NMDARs



activate cellular defense against oxidants and suppress pro-apoptotic pathways, while
the extra-synaptic NMDARs promote pro-apoptotic pathways (Léveillé et al., 2010).
These two types of localization also exert opposing functions in stroke. The synaptic
NMDAR activity promotes neuronal survival in stroke through promoting cAMP-
response element binding protein (CREB) dependent gene expression, which in turn
suppresses the expression of pro-apoptotic genes. Whereas extra-synaptic NMDAR
activation inhibits CREB activation (Kaufman et al., 2012). Moreover, the subunits
composition of NMDARs also determines their role in stroke. The activation of
GluN2A-containing NMDAR activation tends to promote ischemic tolerance by
inducing CREB activation and thereby alleviating ischemic injury, whereas GluN2B-
containing NMDAR activation activates the necrotic cell death program and thus
aggravating stroke damage (Y. Liu et al., 2007, Chen et al., 2008, Terasaki et al., 2010,
X. Zhang et al., 2015). During the acute phase of ischemia, a sudden rise of the
extracellular glutamate concentration and stimulation of the GluN2B-containing
NMDARSs in the extra-synaptic sites triggers excitotoxic neuronal death (Lai et al.,
2014). The specific coupling of GIuN2B with postsynaptic density-95 (PSD95)
mediates the neurotoxicity of NMDAR through Ca®" influx-induced nitric oxide (NO)
production (Sattler et al., 1999). These opposite roles could be explained because
GluN2B-containing NMDARs preferentially localize at the extra-synaptic sites, which
is in agreement with the finding that in the adult brain, GluN2B-containing NMDARs
are enriched in the extra-synaptic sites, whereas GluN2A-containing NMDARSs are
mainly expressed at the synapse (Wu and Tymianski, 2018). The complexity and dual
effects of NMDARSs activation might be the explanation for the invalidation of a long
list of drugs targeting glutamate receptors when assessed in clinical trials (Chamorro et
al., 2016). However, the PSD95 inhibitor, NA-1 (tat-NR2B9c), which selectively
perturbs the downstream mechanism of NMDAR neurotoxicity without affecting
normal glutamate receptor function, seems to be promising in protecting against stroke

injury (Ballarin and Tymianski, 2018, Xu et al., 2016).



Spreading depolarizations

Microinjection of 3.4*10® mol KCL solution to around 1 mm?® in the rodent cerebral
cortex is enough to trigger neuronal depolarization that leads to K" and glutamate
neuronal efflux, while Na* and Ca?" influx to the cell (Matsuura and Bures, 1971). The
transmembrane ion shifts initiate the same depolarization cycle in adjacent cells and
thus spreading the depolarization propagation from the center of the stimulus to the
peripheral tissue. This process is termed spreading depolarization (SD) and propagates
at a rate of 2-9 mm per minute (Woitzik et al., 2013). Due to the fact that self-correction
mechanisms for this ion homeostasis disturbance are energy-consuming, as it needs the
activity of the Na'-K'-ATPase activity and reuptake of excitatory neurotransmitters by
astrocytes, in the penumbra, this depolarization will become sustained and the energy
supply-demand mismatch will be aggravated (Ayata and Lauritzen, 2015). Thus,
elevated intracellular Ca** concentration and excessive glutamate receptor activation
leading to SD cause cell death. In turn, spreading depression of neuronal
electrochemical activity will happen as a secondary epiphenomenon to SD, leading to
corresponding neurological deficits (Dreier, 2011). In ischemic cerebral tissue, SD
could lead to a dramatic elevation of extracellular K* concentration, which is
vasoconstrictive (Golding et al., 2001). As a result, it forms a vicious cycle where stroke
causes spreading depolarization, while in the penumbra area, spreading depolarization
tends to be sustained because of energy-deprivation, and leads to spreading ischemia

due to its vasoconstrictor effects, finally causing cell death.

Cerebral edema

As cell depolarization happens, the ion transporters on endothelial cells fail to maintain
ion and water homeostasis, and the influx of Na* and Ca’?" will absorb water into
intracellular space, leading to cytotoxic edema. Shortly after that, the activation of
matrix metalloproteinases (MMPs) and reactive oxygen species (ROS) production
initiate the degradation of endothelial glycocalyx and the reduction and redistribution of
endothelial junctional proteins such as occludins and claudins, disrupting the BBB

(Nian et al., 2020). Increased BBB permeability leak fluid from blood vessels into the



brain extracellular compartment, causing vasogenic cerebral edema. Increased
intracranial tissue volume dramatically increases intracranial pressure resulting in
further cellular damage caused by brain tissue compression, and brain stem dysfunction
caused by transtentorial and uncal herniation, which might need surgical cranial
decompression to relieve the effects of increased intracranial pressure (W. D. Heiss,
2016). Due to the brain damage produced in severe ischemic edema, therapies that
target relieving brain edema have been explored. Aquaporin-4 (AQP4) distributes all
over the astrocytic foot processes that are part of the BBB and the ependymal cell
membranes in the brain, it allows bidirectional water transportation through cellular
membranes. It plays an important role in brain edema, which is consisted of two parts,
initial cytotoxic edema (cellular edema) and vasogenic edema (the volume increase of
extracellular fluid, caused by BBB damage). Phenotypic analysis of AQP4-deficient
mice demonstrated that AQP4 aggravated cytotoxic edema but helped to relieve
vasogenic edema in IS. Interfering with the expression of AQP4 on astrocytic foot
processes seems to be a rather promising therapy since it avoids changing AQP4
expression in other tissues (Manley et al., 2009). Drugs like Goreison and Avorvastatin
have been tested to suppress AQP4 expression and therefore to decrease the brain
edema in the early phase of IS, with positive results in a mouse model (Nakano et al.,
2018, Cheng et al., 2018). Besides, therapeutics aiming at restoring BBB structure and

function are also explored but they still need further investigation (Nian et al., 2020).

Oxidative stress

Shortly after ischemia happens, the mitochondrial respiratory chain is inhibited due to
the lack of oxygen and glucose, leading to ATP depletion and membrane depolarization.
To obtain energy, glycolysis is put in place, leading to the production of lactic acid and
acidification of the cytoplasm. As a consequence, some physiological metabolism
reactions are inhibited and ROS generation is increased . Reperfusion will worsen the
damage as it will induce large amount of ROS generation due to oxygenation increment
(Orellana-Urzaa et al., 2020). Oxidative stress is also partially the consequence of

excitotoxicity, as glutamate-induced Ca®>" influx can activate cyclooxygenase,



phospholipase, and nitrite oxygenase, fostering free radicals production (Chamorro et al.,
2016). The radicals generated (e.g., hydrogen peroxide, hydroxyl radical, nitric oxide,
and peroxynitrite) can cause direct damage to all components of cells, including DNA,
proteins, and lipids, leading to massive cellular autophagy, apoptosis, and necrosis (P. Li
et al., 2018). It can also promote the release of many proinflammatory cytokines and
chemokines and the expression of adhesion molecules on the endothelial cell surface,
which eventually leads to leukocytes’ migration to the brain parenchyma (Orellana-
Urzua et al., 2020). Antioxidant agents, such as NADPH oxidase inhibitors, xanthine
oxidase inhibitors, and polyphenol have been proven to reduce ischemic damage in
rodent stroke models. Vitamin C and E, two potent antioxidants in humans, have been
proved to be protective in clinical treatment for IS by scavenging ROS, with vitamin E
being more effective as it is lipid soluble and thus has better absorbance by the brain

(Rodrigo et al., 2013).

Inflammation

In general, following acute IS, resident microglia and astrocytes are activated by
DAMPs and cytokines released from damaged cells, and subsequently produce pro-
inflammatory mediators, which attract inflammatory neutrophils, lymphocytes, and
monocytes into the ischemic tissue (Ceulemans et al.,, 2010). Interestingly, this
secondary neuroinflammation promotes further ischemic injury but also plays a
beneficial role (Jayaraj et al., 2019). Shortly after stroke onset, activated macrophagic
microglia migrate towards the ischemic lesion to clear necrotic debris and harmful
components. However, excessive microglia activation also leads to severe secondary
inflammatory injury causing BBB disruption, oxidative stress, and neurogenesis
(neuronal formation) inhibition (T. Li et al., 2021). A current widely accepted view is
that, in response to ischemic insult, microglia are rapidly activated to differentiate into
either the M1 or the M2 phenotype, which are involved in tissue damage and repair,
respectively (Jiang et al., 2020; Xiong et al., 2016; Qin et al., 2019). Astrocytes, on the
other hand, provide structural and functional support for neurons under physical

conditions, but also play a dual role after ischemic insults. In response to all forms of
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CNS injury and diseases, astrocytes become reactive astrocytes, exhibiting
morphological and functional changes. Upregulation of two intermediate filament (IF)
proteins, the glial fibrillary acidic protein (GFAP) and vimentin, is the hallmark of
reactive astrocytes (L. Li et al., 2008). In the analogy to microglia, there are at least two
types of activated astrocytes, termed Al and A2. The Al subtype is considered to be
induced by activated microglia and can upregulate members of the complement systems
and proinflammatory genes, previously shown to damage synapses, while the
mechanism that induces A2 might be related to p38 mitogen-activated protein kinase
(MAPK) activation in astrocytes triggered by proinflammatory cytokines, but contrary
to Al, they upregulate many neurotrophic factors and thus be beneficial (Liddelow and

Barres, 2017).

In response to the proinflammatory factors released from the ischemic lesion,
neutrophils are attracted to infiltrate into the brain parenchyma (especially at the margin
of the stroke area) minutes to hours after stroke under BBB hyperpermeability condition
(Perez-de-Puig et al., 2015, Jin et al., 2010). Neutrophils play an important role as they
release neutrophil extracellular traps (NETs), a usual mechanism to trap pathogens. An
extracellular stimulus such as bacterial infection or cytokines released from injured cells
can activate neutrophils, causing a rise of intracellular calcium that contributes to
exocytosis of intracellular granules, in a process called neutrophil degranulation. These
granules are released in a hierarchical manner and enriched with myeloperoxidases
(MPO), matrix MMPs, gelatinase, neutrophil elastase (NE), and many other proteases,
whose initial function is to eliminate pathogens but in the meantime they contribute to
extracellular matrix breakdown and vascular damage, and hypoxia will augment
neutrophil degranulation and drive more tissue damage (Lodge et al., 2020). In stroke,
NETs are web-like structures, induced by the ROS released from mitochondria or
produced by NADPH oxidase. They are composed of cytosolic and granule proteins
(histones, neutrophil elastases, and MPO) that are assembled on a scaffold of

decondensed chromatin (Papayannopoulos, 2017). NETs can inhibit revascularization
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and functional recovery after stroke, as it has been shown that inhibiting one of their
upstream promoters can improve vascular repairment (Kang et al., 2020). HMGBI, a
DAMP molecule released by dying neurons, can induce neutrophils to release NETs.
Both HMGBI and NETs levels are found elevated in the peripheric circulation and CNS
after stroke, thus forming a vicious circle where HMGBI1 aggravates NET-mediated
neuronal death causing more HMGBI1 production (S. W. Kim et al., 2019). However,
neutrophil infiltration after stroke can also decrease vascular permeability and is

involved in angiogenesis through the generation of MMPs (Easton, 2013).

Circulating T cells start to infiltrate into the infarct area relatively later, from around 3-4
days after stroke until 7 days. Different subtypes of T cells have discrete roles in stroke
pathogenesis. For instance, CD8+ T cells and CD4+ THI1 cells contribute to the
inflammatory response and neurological deficits. However, CD4+ TH2 cells have a
protective function by secreting anti-inflammatory cytokines. Regulatory T cells (Treg
cells) play an immunological regulatory role by antagonizing the production of TNF-a
and IFN-y. As for yoT cells, though there is a minor part of T cells, (Shichita et al., 2009)
increase activity and numbers in the peripheral and the boundary infarct area after
ischemia/reperfusion (I/R) damage 4 days after stroke. y0T cells are a source of the
interleukin-17 (IL-17) which promotes an inflammatory response after stroke. Therefore,
their inhibition might be a therapeutic target for delayed neuronal cell death in stroke

(Jin et al., 2010).

The concept of penumbra

After a brain artery is occluded, the affected brain area is artificially divided into two
subareas referring to the influx of cerebral blood flow (CBF). The infarct core, where
the brain parenchyma lack blood flow, is the most severely affected area in which rapid
neuronal death is ongoing. The penumbra surrounds this area and is hypoperfused. Here,
neurons are functionally silent but structurally intact and viable, so if the ischemia is
corrected in time, the penumbra could still be rescued. Otherwise, the penumbra will

transit to the infarct core (usually in less than 24 h) (Saver, 2006). The penumbra was
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first defined in 1977, by Astrup et al. while performing electrophysiological recordings
in baboons. They could show that, when the CBF dropped to around 0.20 ml/g/min, the
neuronal electrical activities in the penumbra were compromised, and disappeared at
around 0.15 ml/g/min, although at that point the extracellular potassium concentration
was only slightly elevated, indicating cellular viability was not compromised. When the
CBF continued to decrease to a range between 0.06-0.10 ml/g/min, the extracellular
potassium increased sharply, implicating neuronal membrane failure. Massive neuronal

death happened when CBF dropped below 0.06 ml/g/min (Astrup et al., 1977) (Figure
1).

It is noteworthy to highlight that this binary definition simplifies the real
pathophysiological situation. On the one hand, different neurons vary in their
vulnerability to ischemia, thus the boundary between the penumbra and infarct core
becomes naturally blurred (Back, 1998). On the other hand, the CBF thresholds are
different among the species. Based on experimental studies in animals, 0.17 and 0.10
ml/g/min are two threshold values routinely used to discriminate between the normal
brain tissue (> 0.17 ml/g/min), the penumbra (0.10-0.17 ml/g/min), and the infarct core
(< 0.10 ml/g/min) (Latchaw et al., 2003). Yet in humans, according to a systematic
review, the CBF threshold values defining penumbra and infarct core have high
variability, ranging from 0.14-0.35 ml/g/min as the upper CBF threshold for penumbra,
and approx. 0.05-0.08 ml/g/min for the infarct core (Bandera et al., 2006). Moreover,
the persistence of ischemic penumbra is dependent not only on the CBF but also on the
ischemic time duration. The longer the brain tissue is nutrition-deprived, the higher
must be the CBF threshold to maintain the capacity for the tissue to be rescuable. For
instance, in cats, the penumbra can persist for 25, 40, and 80 min with a CBF at

approximately 0, 0.10, and 0.15 ml/g/min, respectively (Heiss and Rosner, 1983).
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Fig. 1. Cerebral blood flow related to viability of neurons in baboons as described by
Astrup et al., 1977. When CBF is above 0.15 ml/g/min, the viability of neurons are still
sustained, otherwise, the membrane failure happens and cell death program is activated.

Since the neuronal damage in the penumbra is still reversible, it has been the main
battleground for diagnostic, prognosis, and therapeutic intervention for the past several
decades. There are multiple kinds of neuroimaging modalities for penumbra mapping,
including magnetic resonance imaging (MRI), computed tomography (CT), and
positron-emission tomography (PET) technologies. Perfusion-weighted MRI (PWI)
provides the hemodynamic imaging of perfusion compromised areas, within which the
brain tissue damage could be defined as still reversible or not. Diffusion-weighted MRI
(DWI) or PET provides information on the bioenergetic compromised area. The
mismatch between the hemodynamically compromised area and the energy metabolism
disrupted area should equal the penumbra area. Perfusion CT can also estimate the
penumbra area, the cerebral blood volume (CBV), CBF, mean transit time (MTT), and
time-to-maximum (Tmax) images derived from perfusion CT are very useful to
accurately calculate the penumbra volume (S. H. Yang and Liu, 2021, Fisher and Bastan,

2012).

Inflammatory penumbra

Lately, with the increased knowledge about the pathophysiological process and
therapeutic options, the concept of “inflammatory penumbra” has emerged. Preclinical
studies demonstrated the presence of a secondary lesion growth between 24h and 7 days

after stroke onset which was mediated by the deleterious effects of cytotoxic T-cells
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entering the penumbra in a CD49d/vascular-cell adhesion molecule-1 (VCAM-1)-
dependent manner (Liesz et al., 2011, Gauberti et al., 2013). This was defined as the
inflammatory penumbra, an area at risk surrounding the infarct core, populated by
infiltrating T cells, that can be rescued by immunomodulatory treatments (in contrast to
the reperfusion treatment necessary for the rescue of the ischemic penumbra at the acute
phase of stroke), occurring at the subacute phase of stroke (Llovera et al., 2015).
Although the attempt to treat IS in the acute phase with anti-inflammatory drugs has
failed (del Zoppo, 2010), immunomodulatory treatments restraining the entry of blood
lymphocytes into the brain gained significant effect between 24h to 7 days poststroke
both in animal and clinical experiments (Llovera et al., 2015). Due to the huge
breakthrough in neuroimaging techniques in recent years, it is now possible to visualize
the inflammatory penumbra by targeting VCAM-1 in high-resolution molecular MRI
(Gauberti et al., 2013). Despite the promising prospect of anti-inflammatory treatment
against inflammatory penumbra, it has to be taken into account the increased risk of
poststroke infection, together with the inhibition of the protective effects of the

inflammatory reactions as described above (Gauberti et al., 2016).

Treatment for the ischemic penumbra

As mentioned above, the recombinant tissue plasminogen activator (rtPA) thrombolysis
treatment has been the only effective drug therapy minimizing the penumbra
evolvement into infarct core, despite its low eligibility, limited therapeutic window (4.5
h after stroke), and high risk of causing hemorrhagic transformation. However, modern
neuroimaging modalities are capable of discriminating salvageable penumbra from
infarct core, and the treatment time window could be extended to 12 h after stroke
(Paciaroni et al., 2009, Rabinstein, 2020). Mechanical thrombectomy is another therapy
that can initiate reperfusion and rescue the penumbra within 6 h after stroke.
Encouragingly, two clinical endovascular treatment trials including patients up to 24 h
after stroke onset presenting a “tissue window” (existence of penumbra on
neuroimaging) showed significant improvement in the mechanical thrombectomy group

compared to patients who only received standard treatments (Silva and Nogueira, 2020).
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Many efforts have been made in the investigation of stroke pathophysiology. The
current review is that, apart from focusing on the restoration of CBF, the concept of
neuroprotection has evolved, presenting the protection of the neurovascular units,
composed of vascular cells, glial cells, and neurons, and the improvement of their
interactions could possibly surpass the limitation of the current therapeutic window.
Neuroprotection therapy alone has not been proven to be effective in rescuing penumbra

(R. Liu et al., 2012).

Neuronal communication and stroke

The synapse

Synapses are the communication channels between neuronal cells. A synapse consists of
the presynaptic part, the synaptic cleft, and the postsynaptic membrane (Figure 2). The
presynaptic part is located on the neuronal axonal end foot and is filled with synaptic
vesicles containing neurotransmitters. When a neuronal electrical signal reaches the
presynaptic membrane, the voltage-gated calcium channels open to allow Ca?" influx.
Increased intracellular calcium concentration induces the phosphorylation of synapsins,
synaptic vesicular proteins, which undock the synaptic vesicles from their reserve pool,
which then go to the presynaptic active zone where they fuse with the plasma membrane,
releasing the neurotransmitters into the synaptic cleft (Hofmeijer and Van Putten, 2012).
The neurotransmitters bind then to their receptors on the postsynaptic membrane located
on the dendritic spine or neuronal body of the recipient neuron inducing there an
electrical response. In glutamatergic synapses, the postsynaptic density (PSD) opposing
to the presynaptic active zone, anchored to the postsynaptic membrane, is an electron-
dense area composed of hundred scaffold proteins, neurotransmitter receptors, ion
channels, adaptor proteins, and signaling molecules which seems to be of utmost

importance in synaptic plasticity and synaptic regulation (Boeckers, 2006).
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Fig. 2. The structure of a synapse. The synapse is an electrochemical connection between two
neurons. It is composed of a presynaptic part, which is filled with synaptic vesicles containing
neurotransmitters, a postsynaptic membrane harboring neurotransmitter receptors, and the
synaptic cleft, the space between the two neurons.

Picture extracted from [online], URL: https://www.sciencefacts.net/synapse.html

Synaptic damage after stroke

Synapses are the basic structure underlying neuronal networks. The disappearance of
synaptic activity is the first consequence of cerebral ischemia (Hofmeijer and Van
Putten, 2012). As shown by an in vivo tracing technique, ischemic focal stroke causes
axonal swelling and varicosity in different areas of the brain as early as 6h and up to
four weeks after reperfusion (Q. Zhang et al., 2012). It also leads to dendritic spine
length and density changes in the peri-infarct cortical area, which, interestingly, are
spatially and temporally dynamic (Brown et al., 2008). Apart from the ultrastructural
change in the peri-infarct area, the neuronal activity and blood flow also decrease in the
remote brain area due to deafferentation originating at the lesion area, in a process
called diaschisis (Gold and Lauritzen, 2002). Hydropic degeneration of axial dendrites
and axodendritic synapses was found at the sites of diaschisis in an ultrastructural study

of animals (Lee et al., 2020).

Numerous studies have investigated the underlying subcellular mechanisms of synaptic

dysfunction after stroke, and several mechanisms can account for that: (i) presynaptic
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failure. It was shown that hippocampal synaptic transmission failure after hypoxia in
vitro was caused by presynaptic failure (Sun et al., 2002). Further investigation
suggested that a decrease in synapsinl phosphorylation might be the reason for this
presynaptic failure (Bolay et al., 2002). A recent study has shown that synaptosome-
associated protein 29 (SNAP29) expression is decreased both, in an in vitro OGD model
and a middle cerebral artery occlusion animal model. SNAP29 knockdown was used to
mimic SNAP29 expression reduction after stroke and it was observed by transmission
electron microscope that the size of the readily releasable pool (RRP) located in the
presynaptic site was decreased, however, the neuronal survival was not influenced.
SNAP29 knockdown mice manifested impairment in the hippocampus-middle
prefrontal cortex circuit and behavioral dysfunctions, indicating that SNAP29 can be
implicated in the poststroke outcome through disruption of the presynaptic function
(Yan et al., 2021). (i1) inhibition of voltage-gated calcium channels. Through voltage
clamp experiments, it was shown that the inhibition of voltage-gated calcium channels
due to increased intracellular concentration of calcium under hypoxic insult might be
another mechanism of presynaptic failure (Hofmeijer and Van Putten, 2012). (iii)
change of the spatial arrangement and number of synaptic vesicles (SV). In an in vivo
ischemia experiment, the SV in the RRP from the active zone increased by 24%, and the
inter-vesicle distance increased by 10% 15 min after reperfusion. Moreover, the number
of SV dropped constantly until 7 days after stroke. (Nikonenko and Skibo, 2004). (iv)
changes in the PSD. An in vivo ultrastructural study presented that PSDs were enlarged
after transient ischemia in the hippocampal CA1 area and the dentate gyrus (Martone et
al., 1999). (v) complement activation. Complement activation is an upstream
mechanism of post-stroke inflammation. C3 activation is a critical step in the
complement cascade, producing the C3a opsonins and activating the downstream
membrane attack complex (MAC). It was demonstrated that opsonization of synapses
by the complement caused the elimination of synapses by microglia phagocytosis,
lasting for at least 30 days after stroke in reperfused and non-reperfused brains of

C57bl/6 mice, and complement activation inhibition increased cognitive ability
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(Alawieh et al., 2020). (vi) Cofilin rod formation. Cofilin is a protein that promotes the
turnover of actin under physiological conditions. Pathological conditions, such as ATP
depletion, could cause the formation of cofilin rods, containing cofilin and actin
(Minamide et al., 2000). Demonstrated by real-time live cell imaging, immunostaining,
and patch clamp studies, the formation of cofilin rod in peri-infarct surviving neurons
and MCAO-reperfusion rat model after stroke jeopardized the dendritic mitochondrial

function, synaptic structure, and function in cultured neurons (Shu et al., 2019).

Evidence of synaptic recovery after stroke

Early microscopic studies showed that after an ischemic insult, synapses are decreased
in numbers till day 4, a turning point from where they start to recover until 1-12 weeks
after ischemia (Ito et al., 2006). Recovery of the majority of dendritic spines was
observed from 3 hours up to around 30 days after transient I/R in vivo experiments (Zhu
et al., 2017). More strikingly, Vrselja and colleagues demonstrated that synaptic activity
in pig brains could be restored ex vivo even 4 hours of postmortem interval (PMI),
proving a previously underappreciated resilience of the brain for anoxic conditions
(Vrselja et al., 2019). An interesting biophysical model of a tripartite synapse
(anatomical and functional inter-relationship between pre- and post-synaptic
compartments and surrounding astrocytes), calibrated with experimental data, could
show that the critical step of synaptic failure under energy deprivation is the failure of
Na'/K'-ATPase on astrocytes, and that through blocking voltage-gated Na" and K'

channels, the synaptic pathological status can be reverted (Kalia et al., 2021).

Tools to study the synapsis: the synaptosome

Synaptosomes, firstly prepared in the late 1950s and validated in the 1960s, are isolated
nerve endings widely used as a reliable model for investigating synaptic physiology
(Evans, 2015). They contain the pre- and post-synaptic compartments and the synaptic
cleft in between (Cotman and Taylor, 1972). They are membranous sacs comprised of
the lipid bilayer, mitochondria, and synaptic contents (Picone et al., 2021). To isolate

synaptosomes, after a mild disruption of the brain tissue and differential centrifugations,
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discontinuous Ficoll/sucrose density gradients are used. Synaptosomes are functionally
and structurally preserved (Ling and Abdel-Latif, 1968), and have been used for
investigating synaptic anatomical structures, protein components, dynamics, and for the
exploration of novel therapeutic agents of various neuronal diseases models over the
years (Bai and Witzmann, 2007, Cisani et al., 2021, Hacioglu et al., 2021). Very recently,
synaptosomes have been proposed as a delivery system of healthy mitochondria to

neurons in neurodegenerative diseases (Picone et al., 2021).

Another way of brain communication and therapeutic delivery: Extracellular
vesicles (EVs)

EVs are lipid bilayer particles secreted to the extracellular space from all types of cells,
categorized into exosomes, microvesicles, and apoptotic bodies subtypes (Yafez-Mo et
al., 2015). These subtypes vary in size, subcellular origin, content, and intracellular
trafficking. Exosomes are produced at the endocytic pathway. After extracellular
materials are endocytosed and wrapped into early endosomes, through inward budding
of the endosomal membrane, endosomes mature as intraluminal vesicles (ILVs) in the
multivesicular bodies (MVBs) where they can then either be sorted into the lysosomal
system to be degraded or fuse with the plasma membrane and release the ILVs which
then are called exosomes to the extracellular space. The size of exosomes ranges from
30-150 nm. Microvesicles, whose diameter ranges from 100 nm to 1 pum, are EVs
directly budded from the plasma membrane. Apoptotic bodies are products of apoptotic
cells, formed by the budding of the plasma membrane and enclosing intact organelles,
chromatin, and proteins. They have a relatively larger size ranging from 50 nm to 5000

nm (Doyle and Wang, 2019).

EVs were initially identified as a means of shedding unwanted intracellular materials
(Johnstone et al., 1987). However, studies of recent years defined their roles in many
physiological and pathological processes (Lo Cicero et al., 2015). Their cargo includes
proteins, genetic material, lipids, and metabolites that can be taken up by the recipient
cell eliciting a response (Van Niel et al., 2018). They are present in all kinds of body

fluids, representing a good source of disease biomarkers as they reflect the state of the
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cell of origin. But they are also very attractive therapeutic vehicles as they can be loaded
with proteins, nucleic acid, lipids, and drugs and they can be delivered into the CNS
from the bloodstream through the BBB, which is always a hurdle when it comes to
transporting drugs into the CNS (Saint-Pol et al., 2020). For instance, catalase loaded in
fluorescently labeled exosomes has been proved to be able to enter into recipient cells,
neutralize ROS in vitro (PC12 neuronal cells) as well as in a model of Parkinson’s

disease (PD), leading to increased neuronal survival (Haney et al., 2015).
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Materials and Methods

Animals

All animal experiments were approved by the local animal care committee (Behorde fiir
Lebensmittelsicherheit und Veterindrwesen, project number: N45/2018, ORG_1055)
and in accordance with the guidelines of the animal facility of the University Medical

Center Hamburg-Eppendorf. C57BL/6 mice were used in all experiments.

Transient middle cerebral artery occlusion (tMCAO)

Transient focal ischemia was induced by intraluminal occlusion of the left middle
cerebral artery as previously described in detail (Gelderblom et al., 2009) with minor
changes. To exclude the protective effect of estrogen, all mice used were male (aged
between 11-17 weeks). Briefly, the animals were anesthetized with isoflurane (1% to
2% v/v oxygen) and underwent analgesia (buprenorphine 0.03 mg/kg body weight). The
surgery started after the pain reflex (paw withdrawal) disappeared. After the middle line
incision on the neck, the left carotid artery branches were exposed and tMCAO was
accomplished by first inserting the intraluminal filament (6-0 nylon) into the left
external carotid artery and then inverting it into the internal carotid artery until reaching
the middle cerebral artery. After 45 minutes of artery occlusion, the filament was
removed to allow reperfusion. In the sham group, the arteries were exposed but no

operation was performed.

Isolation of synaptosomes

Synaptosomes were isolated from fresh tissue. After harvesting the mouse brain, the
cerebellum and brain stem were dissected and the ipsilateral hemisphere was placed in
the homogenization buffer (1:10 w/v in SmM HEPES pH=7.4 with 0.32 M sucrose with
protease inhibitors (Sigma #11697498001)). The tissue was gently homogenized with a
Dounce grinder with 15 up-and-down even strokes on ice. Then the sample was
centrifuged at 4°C for 10 min at 1000 x g, the supernatant (S1) was collected and
preserved on ice, and the pellet was resuspended with the same homogenization buffer

and centrifuged again. The supernatant (S2) was collected, the pellet discarded, and the
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supernatants from the two centrifugations (S1+S2) were combined, and then centrifuged
at 4°C for 15 min at 12,000 x g. The resultant pellet was resuspended again in
homogenization buffer and centrifuged at 4°C for 20 min at 12,000 x g to wash it. The
resulting pellet (crude synaptosome fraction) was resuspended in 1 ml of 0.2 M sucrose
in 5 mM HEPES buffer. Then the suspension was added to the top of a sucrose gradient
(0.8 M, 1.0 M, 1.2 M in 5SmM HEPES buffer pH=7.4) and ultracentrifuged at 4°C for 2
h at 82,600 x g (Beckman ultracentrifuge optima L-100 XP). After the centrifugation,
the whitish band at the interface between 1.0 M and 1.2 M sucrose gradient was
collected and resuspended in 10 ml of 0.2 M sucrose HEPES buffer and ultracentrifuged
again at 4°C for 30 min at 26,000 x g. The resulting pellet, consisting of purified
synaptosomes was resuspended in 4% paraformaldehyde (PFA) containing 2.5%
glutaraldehyde for electron microscopy observation, or in 10 mM HEPES buffer
pH=7.8 for mass spectrometry analysis, or in radioimmunoprecipitation assay (RIPA)
buffer (50mM Tris base, 150mM NaCl, 1% NP40, 0.5% Na-Deoxycholate, 0.1%
sodium dodecyl sulfate (SDS), ImM phenylmethylsulfonyl fluoride (PMSF)) containing

protease inhibitor for western blot analysis.

Electron microscopy

To check if the synaptosomes are correctly isolated, the pellet of synaptosomes fixed in
4% PFA containing 2.5% glutaraldehyde in PBS were first centrifuged and washed 3
times with PBS, then embedded in 3% agarose and cut into small slices. Osmification
was performed on the slices to add more contrast to the samples. Afterwards, the
samples were gradually dehydrated with ethanol and embedded in Epon resin (Carl
Roth, Germany) for sectioning and trimmed smaller with Leica Ultra Cut to ultrathin
sections (60 nm). Samples were analyzed using an EM902 transmission electron
microscope (Zeiss, Germany) equipped with a CCD in lens 2K digital camera and

running the ImageSP software (Trondle, Moorenweis, Germany).

Electrophoresis and western blot

To characterize the synaptosome and check for synaptic markers enrichment (comparing
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them with total homogenates), the protein concentrations were measured with Pierce
BCA protein assay. Samples were then set up to a protein concentration of 1 pg/uL in
Laemmly loading blue buffer 1x (60 mM Tris Base, 2% SDS, 10% glycerol, 0.05%
bromophenol blue, 1.25% B-mercaptoethanol, pH6.8) and deionized H>O. Samples were
then denatured at 95°C for 5 min, and 9 pg of protein was loaded in a 12% acrylamide
gel. Electrophoresis was performed at 100 mV in a Mini-PROTEAN Tetra cell (BIO-
RAD). Proteins were then transferred onto nitrocellulose membranes (LI-COR #926-
31092) in a wet chamber (Mini-PROTEAN II cell (BIO-RAD)) by using transfer buffer
(25 mM Tris base, 192 mM glycine, 10% methanol). To assess for efficiency of transfer
and to have a protein loading control, the membranes were then dyed with Revert Total
Protein Stain Kit (LI-COR #926-11015) following the manufacturer’s instruction and
developed in an Odyssey® CLx Infrared Imaging System (LI-COR Biosciences).
Subsequently, unspecific unions were blocked with Roti-Block buffer (ROTH #A151.2)
Ix for 1 hour at room temperature. Primary antibodies were incubated at 4°C overnight
on a shaking platform. For synaptosome characterization, the antibodies used were:
mouse antibody against PSD95 (1:1000, Millipore #M ABN68), mouse antibody against
GM130 (1:1000; BD Biosciences #610822), rabbit antibody against Synapsinl (1:1000;
Synaptic Systems #163103), rabbit antibody against SNAP25 (1:2000; Cell Signaling
#3926), and mouse antibody against Histone H1 (1:500; Millipore #MABE446). For
verifying the proteomic datas a goat antibody against Cystatin C (1:1000; R&D
#AF1238) was used. Afterwards, the membranes were washed with TBST buffer 1x
(1:10; 100mM Tris Base, 140mM NaCl, pH7.4, 0.1% Tween-20) for 5 min 3 times and
then incubated with the appropriated secondary antibody (anti-Mouse (1:1000; Cell
Signaling #7076), anti-Rabbit (1:1000; Cell Signaling #7074), anti-Goat (1:1000;
Promega #V805A)) for 1 hour at room temperature while shaking. After intensive
washings with TBST buffer, the membranes were developed with SuperSignal West
Pico PLUS chemiluminescent substrate (Thermo Scientific #34577) or SuperSignal
West Femto maximum sensitivity substrate (Thermo Scientific #34095), and then the

chemiluminescence signals on the membranes were visualized and pictured with either
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a ChemiDoc imaging system (BIO-RAD) or an Azure 400 visible fluorescent western
system (Biozym). The protein bands’ signal intensities were analyzed with Image Studio

software (LI-COR).

Mass spectrometry

For proteomic analysis, the concentrations of synaptosome samples were measured with
the Pierce BCA Protein Assay Kit (Thermo Fisher #23225) following the
manufacturer’s instructions and then diluted to 1 pg/uL. 20 pg of each sample was used
for tryptic digestion. Disulfide bonds were reduced, using 10mM DTT for 30 minutes at
60°C. Alkylation was achieved with 20 mM iodoacetamide (IAA) for 30 minutes at
37°C in the dark. Tryptic digestion was performed at a trypsin: protein ratio of 1: 100
overnight at 37°C and stopped by adding 1% Formic acid (FA). The sample was dried in
a vacuum concentrator (SpeedVac SC110 Savant, (Thermo Fisher Scientific, Bremen,
Germany)) and stored at -80°c until further usage. Directly prior to LC-MS analysis,
samples were resolved in 0.1 % FA to a final concentration of 1 pg/ul. 1 pg of tryptic
peptides was injected into a UPLC (nano Ultra-Performance Liquid Chromatography,
nanoAcquity system, Waters, Milford, MA, USA). Chromatographic separation of
peptides was achieved with a two-buffer system (buffer A: 0.1% FA in water, buffer B:
0.1% FA in ACN). Attached to the UPLC was a peptide trap (180 um x 20 mm, 100 A
pore size, 5 pum particle size, Symmetry C18, Waters) for online desalting and
purification followed by a 25-cm C18 reversed-phase column (75 pm x 200 mm, 130 A
pore size, 1.7 um particle size, Peptide BEH C18, Waters). Peptides were separated
using an 80 min gradient with linearly increasing ACN concentration from 2% to 30%
ACN in 65 minutes. The eluting peptides were analyzed on a Quadrupole Orbitrap
hybrid mass spectrometer (QExactive, Thermo Fisher Scientific). Here, the ions
responsible for the 12 highest signal intensities per precursor scan (1 x 106 ions, 70,000
Resolution, 240ms fill time) were analyzed by MS/MS (higher-energy collisional
dissociation (HCD) at 25 normalized collision energy (1 % 105 ions, 17,500 Resolution,
50 ms fill time) in a range of 400—1,200 m/z. A dynamic precursor exclusion of 20 s was

used.
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LC-MS/MS data were searched with the Sequest algorithm integrated into the Proteome
Discoverer software (v 2.41.15, Thermo Fisher Scientific) against a reviewed murine
Swissprot  database, obtained in April 2020, containing 20365 entries.
Carbamidomethylation was set as a fixed modification for cysteine residues and the
oxidation of methionine, and pyro-glutamate formation at glutamine residues at the
peptide N-terminus, as well as acetylation of the protein N-terminus were allowed as
variable modifications. A maximum number of 2 missing tryptic cleavages was set.
Peptides between 6 and 144 amino acids were considered. A strict cutoff (false
discovery rate (FDR) <0.01) was set for peptide and protein identification. Protein
quantification was carried out, using the Minora Algorithm, implemented in Proteome

Discoverer.

In vitro experiments

Primary neuronal cell culture

For hippocampal neurons, C57BL/6 pups at postnatal day 1-2 (P1-2) were used. After
decapitation, the pups’ brains were dissected and the meninges were removed with
caution. The hemispheres were flipped over with a fine tweezer to expose the
hippocampi, which were taken and placed in ice-cold PBS/10 mM glucose. After
hippocampi collection, the PBS/10 mM glucose was removed carefully and changed to
SmL digestion solution (PBS/10 mM glucose, 0.5 mg/mL papain(Sigma #P4762-
100MG) and 20 pg/mL DNase (Sigma #DN25-10MG)), and the preparations were
placed in a 37°C shaking water bath for 30 min. Afterwards, the digestion solution was
removed, and the hippocampi were washed with a plating medium(70% (v/v) MEM
(Gibco #51200-046), PBS/20mM glucose, and 10% (v/v) horse serum (Gibco #16050-
130)) 4 times and subsequently resuspended in 1 mL plating medium. 20 pL of cell
suspension was combined with 20 pL Trypan Blue (Sigma #T8154-100ML), and cell
number was counted with a Countess® II cytometer (Thermo Fisher Scientific
#AMQAX1000). 70,000 cells/well were plated in 24-well plates containing poly-L-
lysine (Sigma #P9155-5MG) coated 13 mm diameter coverslips with (500ul/well)

plating medium. The coverslips were coated with poly-L-lysine at 37°C for 2-3 hours in
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advance and then washed three times with PBS. 3 to 4 h later, the plating medium was
changed to 1 mL/well maintenance medium (Neurobasal A (Gibco #10888-022)
containing 0,1 % Gentamicin (Thermo Fisher #15750-060), 1x Glutamax (Thermo
Fisher #35050-038) and 2% B27 serum (Gibco #17504-044)). Half of the maintenance
medium was changed every 3-4 days. Primary neurons were cultured for 14 days for

them to establish the mature synaptic network.

Oxygen-glucose deprivation (OGD)

OGD on primary neuronal cell cultures was performed on day in vitro (DIV) 14 as
previously described with some modifications (Lossi and Merighi, 2014). In brief, cells
were briefly rinsed in 1ml of pre-warmed OGD medium (Neurobasal A medium without
glucose (Gibco #A24775-01) containing 0,1 % Gentamicin, 1x Glutamax, and 2 % B27
serum) twice to deplete glucose from intracellular storage, and then exchange the
medium for pre-warmed OGD medium (Iml/well). Afterwards, the 24-well plate
without lid was put into an anaerobic chamber (Modulator incubator chamber, Billups-
Rothenberg #5352414) under sterile conditions, closed, and flushed with a gas mixture
of 95% N2, 5% CO; for 5 min at a flow rate of 4-6 L/min to yield an N;-enriched
atmosphere before complete closure. The anaerobic chamber was placed back into the
incubator at 37°C for 20 min (Z. Zhang et al., 2020). After OGD exposure, the plate was
removed from the anaerobic chamber and the OGD media was changed back to the
normal maintenance medium. Control neurons were treated in parallel as with the OGD
coverslips, except being washed and maintained in normal culture medium and

incubated at normal conditions with 5% CO; at 37°C.

Cystatin C treatment

The human urine recombinant Cystatin C (Millipore Sigma #240896-50UG), when
referred to, was added at a concentration of 0.15 uM into the maintenance medium
immediately after OGD. Control groups were added with the same volume of solvent
(100 mM sodium acetate buffer, pH 4.5) to eliminate its effect. Four conditions were set

up at this stage: normoxia + solvent, normoxia + Cystatin C (CysC), OGD + solvent and
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Fig. 3. Workflow of primary neuronal cell culture and OGD. The hippocampal neurons
isolated from P1-2 pups were seeded on coverslips in two 24-well cell plates. After maturation
for 14 days in the maintenance cell medium, the medium in one plate was changed to a D-
glucose medium and placed in the anaerobic chamber for 20 min at 37°C. At the same time, the
medium in the other plate, as control group, was changed to the maintenance medium and
maintained at normal conditions with 5% CO; at 37°C for 20 min. Afterwards, the medium in
the two plates was changed back to their original maintenance medium and incubated at normal
conditions with 5% CO, at 37°C. Viability assays or cell fixation for immunocytochemistry
were performed 24h afterwards.

Addition of CysC loaded in EVs

EVs were isolated from mice brains and loaded (or not, as a control) with CysC at a
concentration of 1.28 ng/ul by our collaborators in the USA (professor Efrat Levy,
Department of Biochemistry and Molecular Pharmacology, NYU Langone Health, New
York). 4.8* 10"9 particles/ul of EVs were added to the primary neuronal cell culture
after the OGD treatment. Four conditions were set up at this stage: normoxia + empty
EVs (eEVs), normoxia + CysC-loaded EVs (cEVs), OGD + eEVs and OGD + cEVs.
Cell viability assay

LDH assay

The CyQUANT™ LDH Cytotoxicity Assay (Thermo Fisher #C20300) was used to
detect cytotoxicity 24 hours after OGD according to the manufacturer’s manual. As a
positive control (100% of cell death), 10X Lysis buffer was diluted with maintenance

medium to 1X and added to the designed wells, and incubated for 45 min. For the test,
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100 pl of cell medium from each condition, together with the positive control were
evenly divided into two wells in a 96-well plate (with 2-3 replicates per group).
Afterwards, 50 pl of Mixture Solution was added to each well and incubated for 30 min
at room temperature in the dark. Wells (without cells) filled with medium containing
either only solvent or only CysC were used as background control. After incubation, 50
ul of Stop solution was added and the absorbance was detected at 470nm in a BioTek

microplate reader.

MTT assay

The CellTiter 96® Non-Radioactive Cell Proliferation Assay (MTT) (Promega #G4000)
was used to check cell viability 24h after OGD treatment following the manufacturer’s
instruction. Briefly, cells were first incubated with Dye solution (10% v/v added to the
cell maintenance medium) for 4 hours at 37°C, to allow the tetrazolium salt in the Dye
solution to be converted into a formazan product by the living cells. Then the
Solubilization solution in the same amount as the medium was added to the culture
wells to solubilize the formazan product at room temperature for at least 1 hour. The
solution containing only the formazan product was transferred to a new 24-well plate.
Wells filled with medium containing only solvent were used as background control.
Absorbance was recorded at 570nm using a BioTek microplate reader. 2-3 replicates

were used in each group.

Immunocytochemistry

The immunocytochemical analysis was performed as previously described with minor
alterations (Brenna et al., 2020). Shortly, cells plated on coverslips were fixed on day 15
after plating with 4% PFA for 10-15 min at room temperature, washed three times with
PBS for 5 min, and permeabilized with 0.5% saponin in PBS for 10 min at room
temperature. Afterwards, a buffer to block unspecific unions containing 1% BSA in
PBS-Tween (0.1%) was added for 30 min. Without washes in between, primary
antibodies diluted in 1% BSA in PBS were added and incubated at 4°C overnight in a

wet chamber. The next day, samples were washed three times with PBS for 5 min and
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incubated with secondary antibodies diluted in 1% BSA in PBS for 30 min at room
temperature. After washing three times with PBS for 5 min, coverslips were mounted
with DAPI Fluoromount-G mounting medium (Southern Biotech #0100-20) and air-
dried overnight. Nail polish was used to seal the coverslip edge. The primary antibodies
used were: goat antibody against MAP2 (S-15) (1:100; Santa Cruz #sc-12012) and
rabbit antibody against Synapsinl (1:500; Synaptic Systems #163103). The secondary
antibodies used include: anti-goat 555 (1:500; Thermo Fisher #A21432) and anti-rabbit

488 (1:500; Thermo Fisher #AF21206).

Confocal microscopy

To quantify synaptic density, images were taken with a Leica TSC SP8 confocal
microscopy. A mean of 10 neurons (between 7~13) were chosen per coverslip, and 2-3
coverslips were checked per condition per experiment, so a total of 20-25 neurons per
condition per experiment were imaged. The neurons were always observed with the 63x
objective. For the 3D images, the z-stacks were set up at 0.3 um. Images were taken
with a resolution of 1024 x 1024 pixels with a 1X digital zoom throughout all
experiments. The starting and ending points of the z-series are determined by the
starting and ending points of neuronal dendritic spatial distribution on the z-axis. Only
neurons that were clearly isolated but also not far away from other neurons and with a
dendritic length of 80-100% width or height of the picture frame (90 x 90 pm) were
chosen. For synaptic quantification, the z-stacks were reconstructed with the Imaris
software (Bitplane 7.4.2). Within the surpass module, the optimized settings used to

reconstruct the dendrites and synapses were fixed for every experiment.

In vivo experiments

Intracerebroventricular injection of EVs loaded with/without CysC

Mice were subjected to tMCAO as described above, and 6 h after artery occlusion, 2ul
of EVs from group A or B (we were blinded about which group was loaded with
Cystatin C) were injected into the ipsilateral ventricle (n=6 per group) with a

stereotactic device (Stoelting #51730D). The injection coordinates used were 1.1 mm

30



lateral, 0.5 mm posterior, and 2.3 mm ventral to the skull bregma. In total 11 mice
brains, 6 mice in group A and 5 mice in group B, were used for immunofluorescence

analysis. Brains were isolated and processed with TTC staining as described below.

)8

6 h after artery occlusion 24 h later after EVs injection 2

>

tMCAO

EVs: GroupAorB

Fig. 4. Flow chart showing the intracerebroventricular injection of EVs on tMCAO mice.
The artery occlusion time was recorded for each tMCAQO mouse. 6h later, the frontal skin was
cut and 2 pl of EVs were injected into the left lateral ventricle slowly at the point 1.1 mm
lateral, 0.5 mm posterior, and 2.3 mm ventral to the skull bregma. 24h after EVs injection,
the mice were sacrificed and their brains were harvested for further experiments.

TTC staining

2,3,5-Triphenyltetrazoliumchlorid (TTC) solution was used to check the stroke area of
the brains, as colorless TTC is converted by the mitochondrial succinate dehydrogenase
of live cells into formazan, turning viable brain tissue into red, while the unviable tissue
remains white. In short, mice brains were sliced rostro-caudally into serial 1-mm-thick
slices, then the whole set of brain slices was incubated in the TTC solution in a 60mm
petri dish at room temperature for 20 min at room temperature. Brain slices were
scanned and the stroke area was calculated with Image J software (National Institute of

Health).
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Immunofluorescence

After TTC staining, brain tissues were fixed with 4% PFA at 4°C for 24h, rinsed in ice-
cold PBS, and embedded in paraffin in a Modular Tissue Embedding Center (Leica
#EG1150H). Paraffin-embedded sections were cut at 5 um with a microtome and then
affixed to Superfrost microscope slides (VWR #631-0108). After drying at 37°C
overnight, slides were deparaffinized and boiled for 20 min in citrate buffer (0.1 M
Sodium Citrate and 0.1 M Citric acid in distilled H,O) for antigen retrieval. After PBS
washings, samples were incubated with 5% normal rabbit serum (Vector laboratory #S-
5000) in PBS-0.2% Tween-100 (PBST) for 1 h at room temperature to block unspecific
unions. Afterwards, the sections were incubated with primary antibodies diluted in 5%
normal rabbit serum in PBS at 4°C overnight in a wet chamber. The next day, the slides
were recovered to room temperature for 30 min and after PBS washes (5 min X 4 times),
incubated with secondary antibodies diluted in 5% normal rabbit serum in PBS for 45
min at room temperature in the darkness. The slices were mounted with DAPI
Fluoromount-G mounting medium (Southern Biotech #0100-20) sealed with nail polish,
and let to air-dry in a dark chamber.

Primary antibodies used were: NeuN (1:2500, EMD Millipore #ABN91), GFAP (1:100,
Invitrogen #13-0300). Secondary antibody used included: anti-chicken AF647 (1:500;
Thermo Fisher #A21449), anti-rat AF555 (1:500; Abcam #ab150154). Anti-Isolectin
GS-1B4, Alexa Fluor 488 (Invitrogen #121411) antibody was applied with the

secondary antibodies.

Microscopy

For the whole brain tissue, immunofluorescence imaging was conducted with an Echo

microscopy (Zeiss) with a 10x objective.

Statistical analysis

For MS statistical analysis each experiment was handled separately. Protein abundance
values were log2 transformed and median normalized across columns to compensate for
injection amount differences. Statistical testing was carried out, using the Perseus

software (Max Plank Institute for Biochemistry, Version 1.5.8.5). For the identification
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of differences between sham and stroke samples, Student’s t-testing was applied (p-
value <0.05, Foldchange difference > 1.5). Visualization of t-test results and abundance
distributions across groups was performed in PRISM (GraphPad, Version 5). GraphPad
Prism 9 software was used to analyze the data from western blot, cellular viability and
cytotoxicity, and immunocytochemistry experiments. Student’s t-test or Mann-Whitney
U test were used to compare the difference between groups, and statistical difference
was considered when *p < 0.05, **p < 0.001, ***p < 0.0001. Values are described as

mean = SEM. The exact p values are given in the text.
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Results

Characterization of synaptosomes

Over several decades, synaptosome isolation has been refined and with the recent
breakthroughs in techniques applied to synaptic proteome studies (i.e. mass
spectrometry), a comprehensive understanding of synaptic proteins network has been
achieved (Bai and Witzmann, 2007). To characterize our sample by western blot we
used several known pre- and post-synaptic markers such as PSD95, SNAP25, and
synapsinl (Figure 5A). PSD95 is a protein located predominantly in the PSD and has
been widely used as a postsynaptic marker (Sampedro et al., 1981). The synaptosomal-
associated protein 25 (SNAP2S) is present on the presynaptic membrane and is a
member of target-SNAP proteins (t-SNAREs) which participate in the recycling of SVs
and help in their docking and fusion with the pre-synaptic membrane (Walch-Solimena
et al.,, 1995). Synapsinl is also a presynaptic protein located mainly on the SV
membrane, which helps in the docking between SVs and the presynaptic membrane
(Hirokawa et al., 1989). As a negative control, to test the purity of the synaptosome
enriched fraction, we used the cis-Golgi matrix protein GM130 (Nakamura et al., 1995),
and the nucleus marker Histone H1 (Hergeth and Schneider, 2015). As shown in Figure
5 A, the three synaptic markers are enriched in the synaptosome fraction (SN) compared
to total homogenate (TH), yet the GM130 and Histone H1 are absent from the fraction,
proving the suitability of our isolation technique. Electron microscopy (EM) can
provide high resolution in the range of the nanometer and it is the gold standard for
synaptic structural analysis (Borges-Merjane et al., 2020). In Figure 5(B), it can be
observed several putative synaptosome structures characterized by presynaptic terminals
filled with SVs and the layer of the postsynaptic density, indicating that our

synaptosome fraction is preserved.
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Fig.5. Characterization of synaptosomes by western blot and electron microscopy. (A). The
synaptosome (SN) enriched fraction was compared to a brain total homogenate (TH), TS is the
total protein stain showing that the same amount of proteins was loaded in each lane. The SN
fraction is enriched in PSD95, Synapsinl, and SNAP25 when compared to TH. The SN fraction
lacks GM130 and Histone H1 (Hist H1), indicating the purity of synaptosome isolation. (B).
Electron microscopy picture showing multiple typical SN isolated structures (some highlighted
in the squares) with their magnified version below. The presynaptic compartments are full of
synaptic vesicles and the postsynaptic structures are marked by the postsynaptic density.

To assess the difference in synaptosome proteomes between sham and stroke groups
over time, mice were subjected to tMCAO surgery for 45 min, and after 24h (n=4 per
group), 4d (n=5 per group) and 7d (n=5 per group) of reperfusion, mice were sacrificed
and synaptosomes were isolated from their ipsilateral hemispheres (cerebellum and
pons were removed). Quantitative mass spectrometric proteome analysis was performed
to detect the map of proteins in the two groups. More than 2000 proteins were identified
at each time point, 79 proteins at 24h (54 upregulated), 92 proteins at 4d (24
upregulated), and 155 proteins at 7d (66 upregulated) were found differentially
expressed. Only proteins identified in at least three out of four or five animals in one

group were used for further analysis. For functional enrichment (GO terms) we found
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that at 24h, Cellular response to stimulus (GO: 0051716) and Cellular process (GO:
0009987) were the most significant ones. Using the same data set, at 4d after stroke,
upregulated proteins are enriched in bioprocess of regulation of cell death (GO:
0010941), negative regulation of glycoprotein metabolic process (GO: 1903019), and
positive regulation of proteolysis (GO: 0045862). At 7d after stroke, with the same
parameter setting, upregulated proteins are enriched in the bioprocess of cellular process
(GO: 0009987), regulation of biological quality (GO: 0065008), and protein metabolic
process (GO: 0019538). Figure 6 A shows the heat maps, the volcano plots, and the
protein functional interactions of differentially expressed proteins at the 3 time points.
From the protein list, we found that Cystatin C (CysC), the cysteine protease inhibitor,
was significantly upregulated 4d after I/R compared to the sham group (fold change >
1.5, p < 0.05; Fig 6B). When CysC was checked at 24h after I/R, it was found not
detectable at all in shams and upregulated in two out of 4 stroke animals. Whereas at 7
days after I/R, the expression level of CysC was found not significantly different

between the two groups.

Cystatin C is encoded by the CST3 gene in humans and is ubiquitously expressed in all
nucleated cells (Mussap and Plebani, 2004). It is a cysteine protease inhibitor and has
already been suggested as being protective towards ischemic insult and
neurodegenerative processes, although the mechanism whereby they exert this
protection is not elucidated (B. Yang et al., 2020, Gauthier et al., 2011). As our aim for
the present study was to find inner mechanisms of neuronal survival/regeneration, we

decided to focus on CysC for the next experiments.
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Fig.6. Mass spectrometry and STRING analysis results from synaptosomes at different
time points after reperfusion. (A). Heat maps of proteins identified by proteomics that were
significantly differentially expressed in stroke compared to sham groups at 24h (n=4), 4d (n=5),
and 7d (n=3) after stroke. (B). Volcano plot showing the significantly upregulated (red dot) and
downregulated proteins (blue dot) in stroke groups compared to the sham groups (|fold
change| > 1.5, p < 0.05). The 10 most upregulated and downregulated proteins along with CysC
are named at each time point. At 24h, CysC was screened out in further analysis as it was only
found in two stroke animals. At 4d after stroke, its expression was significantly upregulated in
the stroke group and tended to drop back to the same level as it is in the sham group at 7 days.
(C). The STRING protein interaction analysis graph shows the possible functional and physical
connections between the significantly upregulated proteins in the stroke group at different time
points. The interaction score was set to high confidence (0.7) and no text-mining.
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To confirm the results of CysC enrichment at 4 days after tMCAO (and partially at 24h)

obtained by quantitative mass spectrometry, we performed western blot analysis. As

shown in Figure 7, both, at 24h and 4 days after tMCAO a significant increase in CysC

is observed (p=0.0286 and p=0.0159, respectively), whereas the difference disappears at

7 days. Interestingly, a decrease of the synaptic markers SNAP25 and PSD95 was also

observed at 24h probably indicating the loss of synapsis at that time point (both

p=0.0286). This difference is seen neither at 4 nor 7 days after stroke.
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Fig.7 CysC is enriched in synaptosomes isolated from mouse brains at 24h and 4 days after
tMCAO. (A) Western blot analysis of synaptosomes isolated from the ipsilateral brain
hemisphere of mice 24h after tMCAOQO and reperfusion compared to shams (SH) (n=4 each
group). The total staining (TS) shows equal protein loading. In the tMCAO group, two synaptic
proteins, PSD95 and SNAP25 were significantly reduced whereas CysC was significantly
upregulated (*p<0.05) as shown in the quantifications (on the right). (B) Same western blot
analysis as in (A) but from synaptosomes isolated 4 days after tMCAOQO/reperfusion (n=5 each
group). Total staining (TS) shows equal loading of protein. As in A, CysC is still significantly
increased (*p<0.05) in tMCAO synaptosomes whereas PSD95 and SNAP25 do not show any
difference between tMCAO and sham samples (ns, not significant) as shown in the
quantifications (right panel). (C) Same analysis as in (A) and (B) but from synaptosomes
isolated at 7 days after tMCAO/reperfusion and shams (n=5 each group). Here, no significant
differences were observed for neither PSD95, SNAP25, nor CysC as shown in the
quantifications in the right panel (ns, not significant).

In vitro experiments results

Neurons are still viable 20 min after OGD treatment but synapses are affected
Once we had confirmed that CysC was increased at 24h and 4 days after I/R in mice, we
asked ourselves if the increase of CysC in the synaptosomes could be an inner
mechanism of synaptic protection against the ischemic damage, as synapses are among
the first targets in this condition. We then set up in vitro experiments to assess if, in the
penumbra area, external treatment of CysC could be a mechanism of synaptic

preservation.

To model the ischemic damage at the penumbra, we chose 20 min of OGD treatment as
it has been shown that this is enough to cause synaptic damage. (Z. Zhang et al., 2020).

To assess neuronal cytotoxicity we performed an LDH assay. Four groups were
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established: (a) normoxia, where cells did not undergo OGD; (b) normoxia with CysC,
to exclude any aberrant effect of CysC; (c) OGD-treatment; and (d) OGD with CysC.
As a positive control, lysed neurons (100% cytotoxicity) were used. As shown in Figure
8(A), no significant differences in cytotoxicity were observed between OGD and
normoxia groups, or between OGD and OGD with CysC group, meaning that 20 min of
OGD treatment was only doing neglectable harm to the neurons and the addition of
CysC did not have any effect. The comparison between the normoxia condition with
CysC to normoxia alone condition indicated that CysC addition to the normal cell
culture did not lead to any collateral effect. To assess neuronal viability as a
complementary assay, we performed an MTT assay. Figure 8B shows that 20 min of
OGD treatment did no alter significantly neuronal viability and that CysC did not have
any substantial effect neither in normoxia condition nor after OGD. Thus, by two
complementary methods, we could show that viability of neurons 20 min after OGD

treatment was preserved.
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Fig.8. No decrease in neuronal survival is observed 20 min after OGD treatment. (A) LDH
assay measured 24h after 20 min of OGD and normoxia treatment in neuronal cultures. CysC
was added right after the OGD treatment in both conditions. The results are normalized with the
maximal lysis control group set to 100% (n=3). The cytotoxicity of cells subjected to OGD
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compared to the normoxia group showed no significant difference, as neither did the
cytotoxicity of OGD+CysC treated cells compared to the cells treated with OGD only. (B) MTT
cell viability assay. As in (A), measurements were done 24h after OGD treatment and CysC was
added in both, normoxia and OGD conditions. The results are normalized to the normoxia group
added with the solvent and set to 100% (n=3). The graph shows that the viability of cells treated
with OGD has decreased but the difference was not significant compared to the normoxia group.
The addition of CysC to cells treated with OGD did not change their viability either.

Snapses number are decreased 20 min after OGD treatment but rescued by
treatment with either recombinant CysC or CysC loaded in EVs

To assess synaptic structures, we performed confocal microscopy of two known markers
of dendrites and synapses, which is Microtubule Associated Protein 2 (MAP2) and
synapsinl, respectively. MAP2 is a structural protein present at PSD that stabilizes the
microtubules in the dendrites of differentiated neurons and is important for the cessation
of cell division (Soltani et al., 2005). After 2 weeks in culture, MAP2 in hippocampal
primary neurons is mainly compartmented to dendrites and absent or scarcely present in
axons. The full extent of the postsynaptic dendritic tree can be appreciated by
identifying MAP2 location in neuronal cell culture (Caceres et al., 1984). Synapsinl, a
synaptic vesicle structural protein, is widely used as a presynaptic marker for synaptic
quantification (Garcia-Junco-Clemente et al., 2010, Gan and Siidhof, 2019). We
performed then immunocytochemistry (ICC) for MAP2 and synapsinl followed by a
3D reconstruction of a whole neuron body as shown in Figure 9. To calculate the
synaptic density, the number of synapsinl positive puncta was referred to the dendritic
area labeled with MAP2. The experiment was repeated 5 times, and in total more than
100 neurons per condition were analyzed (Norm+solvent (n=113), Norm+CysC (n=113),
OGD+solvent (n=114), OGD+CysC (n=114)). Mean values of synaptic density per area
and condition were then calculated and compared. As shown in Figure 9B, the synaptic
density was significantly reduced after OGD (p=0.0159), whereas the addition of
recombinant CysC after OGD ameliorated significantly the reduction of synaptic
density (p=0.0317). Adding recombinant CysC did not alter the synaptic density of

neurons in the normoxia groups.

Although how they deliver their content to recipient cells is not yet well-known (van

42



Niel et al., 2022), EVs are a good candidate for drug vehicles as they can cross the BBB
(Saint-Pol et al., 2020). We thus tested if EVs loaded with recombinant CysC (cEVs)
could also rescue synaptic structures as their not-encapsulated recombinant counterpart.
We again established four groups: (a) normoxia with empty EVs (eEVs); (b) normoxia
with cEVs; (¢) OGD treatment followed by delivery of eEVs; (d) OGD treatment
followed by delivery of cEVs. We chose 2 different concentrations for the treatment, 14
ul or 28 ul (corresponding to 4.8 x 1079 particles/ul, 1.28 ng/ul of CysC), and 20
neurons were checked for each condition. As shown in figure 9 (D) and €, 20 min of
OGD treatment decreased the synaptic density as shown before, but addition of 14 pl of
cEVs (carrying around 18 ng of CysC) did not elicit significant protective effect
compared to the eEVs group under OGD condition (ns, n=1). However, the addition of
the double amount of cEVs leads to a significant protective effect on synapses
compared to the eEVs group (p=0.0047, n=1). This last results are however very
preliminary as there were only conducted once and to get a reliable conclusion,
repetitions are planned for the near future.

A
DAPI MAP2 Synapsinl Merge

43



Norm+solvent Norm+CysC 0OGD+solvent OGD+CysC
wi
&
S
=
[+¥]
o
@
w
o
1]
=
=
[%a]
C D E * %
jiied * |
i & I 1 g ns * %k
ns 4]
g . £ 80 ns ns 80 M1
5609 M1 & — &
E. [] 3 g' L]
3 =a gel o g6 o -
Sa4 ¢ " a v v % - v
= v 5 A o v E
= AE 2 40- 2 40+
5 R 5 4 3
520— =1 A g
2 520— M £ 204
£ g A g | o o 2
1]
E.. 0 T T T T 5 0 T T T T E 0 T T T T
Q& ¢] & [¢] & 3 & @ s 3@ G o )
S o 50 <<°£ &‘9\ & oF rd &‘9\ & F
,}“" x\é& 000@ Y O @ & &£ RN & L
&

Fig.9. Recombinant CysC either in a free form or encapsulated in EVs added right after
OGD treatment leads to the synaptic rescue. (A) Example of confocal images used for
synaptic quantification of primary neuronal cell culture at DIV15. MAP2 is shown in red,
synapsinl in green, and DAPI, staining the nuclei, is in blue. (B). Example of a 3D
reconstruction of the neuronal soma and dendrites (stained with MAP2) and synaptic puncta
stained with synapsinl. (C) Bar graphs showing the quantifications of all the conditions
examined. Under OGD treatment, the synaptic density was decreased compared to the normoxia
(norm) group. The addition of recombinant CysC improves significantly synaptic survival
(OGD+CysC), whereas CysC has no effect under normoxia conditions (Norm+CysC) (D)
Addition of eEVs containing 18 ng CysC or eEVs does not show any positive effects in
synaptic survival after OGD, however, (E) addition of EVs containing 36 ng CysC
protected neuronal synaptic structures after OGD (ns. not significant, *p<0.05,
**p<0.001).
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In vivo experiments results

To assess whether the positive effects seen with CysC at the synaptic level in vitro were
also present in vivo, we subjected male mice to tMCAO and deliver CysC loaded in
EVs (or eEVs as a control) intraventricularly. We chose to start the treatment 6h after
ischemia hypothesizing that this could be a feasible time-point for a treatment therapy in
case of successful results. As we performed these experiments with our collaborators in
the Nathan Kline Institute in New York (who loaded the EVs with CysC), we were
blinded for cEVs and eEV's and we got two type of tubes, A and B. 6 wild-type mice for
each condition were injected with EVs from group A and group B. One mouse injected
with group B EVs was dead during the first night after stroke. Mice were assessed 24 h

after injection.

No differences in stroke volume are observed in mice treated or not with CysC
loaded in EVs 24h after injection.

The reaction of TTC (TTC to formazan) allows the visualization of the stroke area as
the viable area turns red, whereas the affected area remains white. We quantified the
ratio of the stroke area referred to the total brain area for each mouse with Image J
software. As shown in Figure 10, infarct area ratios were not significantly different

among the two mice groups.
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Fig.10. No differences in the stroke volume are observed between treatments with A or B
EVs. (A) Example of a TTC-stained brain section 30 h after artery occlusion and 24 h after EV
injection with either A or B EVs. (B) Bar graph showing the quantification of the stroke volume.
No significant difference was observed between the ratio of infarct area in the two groups of
treated mice (ns, not significant).

No differences in the amount of surviving neurons, and microglia or astrocyte
activation in the stroke area after treatments with either non-loaded or CysC-
loaded EVs

NeuN (neuron-specific nuclear protein) is a marker of the nucleus and cell body of most
differentiated neuronal cell types (Purkinje cells, sympathetic ganglion cells, inner
nuclear layer of retinal cells, inferior olivary and dentate neurons are not included) in
rodents (Gusel’nikova and Korzhevskiy, 2015). After ischemic insult, its antigenicity
attenuation or absence indicates neuronal injury (Unal-Cevik et al., 2004), and we used
it as an indicator of the stroke area in the brain cortex in our experiment. We also used
isolectin B4 (a marker of vasculature and microglia in rodent brains) to assess microglia
activation, and GFAP to detect astrocyte activation. As in some of the brains (mainly
treated with B EVs), it seemed that more neurons were present in the stroke area,
probably indicating higher survival, and therefore we quantified NeuN positive cells in
the stroke area from three consecutive coronal slides (A (n=6), B (n=5)). However, as
shown in the quantifications in 11C, no significant difference was observed between the

two groups.
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Fig.11. No differences in neuronal survival or microglia and astrocyte activation is
observed between A and B treatment performed 6h after stroke and assessed 24 h after
treatment. (A). Example of immunohistochemistry of the stroke area with NeuN (pink),
isolectin B4 in green, GFAP in red, and DAPI (staining nuclei) in blue. The stroke area is
characterized by reduced NeuN immunoreactivity. Microglia and astrocytes do not show a
different pattern between two mice brain groups injected with EVs loaded with or without CysC
respectively. (B). Magnified stroke and penumbra area from a brain corresponding to the A
group. The thick single arrow indicates neuron body, single thin arrow indicates the reactive
astrocyte, double thin arrows indicate a blood vessel, and arrowheads indicate microglia. (C)
Bar graph showing the quantification of NeuN inside the stroke area comparing the two
treatment groups, A and B. No significant difference is observed between them.

Of note, we also tried to quantify synaptic markers as in vitro, however, for the brain
samples the background was so high that after trying with several markers we decided

that we could not get any reliable results in this direction.
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Discussion

Stroke and neuroplasticity

IS is characterized by high mortality and disability rate among patients. Though the
pathophysiology of stroke has been intensively investigated for decades, due to the
complexity and versatility of cellular signal transduction in the CNS under ischemic
attack, and the limited time window of currently approved therapies, it is important to
further explore novel neuroprotection and restoration therapies. Synapses are critical for
neuronal signal transduction, and neuronal plasticity enhancement and synaptogenesis
are the targets of rehabilitation treatment. In other words, rescuing synapses can

ameliorate stroke damage and its associated neurological deficit.

In the acute phase of stroke, the brain tissue that is supplied by the occluded cerebral
blood vessel is severely hypoperfused and rapidly evolves towards death, while the
brain area that surrounds the infarct core, called the penumbra, is also hypoperfused but
still viable (S. Liu et al., 2010). In the subacute phase, the salvageable tissue largely
progresses to infarction (Kiran, 2012). In the chronic phase, the surviving neurons go
through neuroanatomical remodeling, including axonal and dendritic growth (neuronal
sprouting) followed by new synaptic connection establishment (synaptogenesis), which
corresponds with behavioral recovery in rats (Stroemer et al., 1995). In a rat model of
stroke and to understand the molecular pathways implicated in the sprouting
mechanisms, a transcriptome study was done by comparing the transcriptome of
neurons at the peri-infarct area presenting sprouting to neurons that were not presenting
sprouting. The “sprouting transcriptome” unveiled a specific cellular program
combining increased axonal guidance molecules, cytoskeletal remodeling proteins, cell-
to-cell contact related-proteins, and proteins related to extracellular matrix interactions,
fundamental for the sprouting in the penumbra (S. Li et al, 2010). As for
synaptogenesis, activation of specific signaling pathways can decrease stroke volume
and improve neurological function. For instance, the activation of the Caveolin-1/VEGF

signaling pathway after exercise increases synaptic plasticity in the penumbra after I/R
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as demonstrated in an animal stroke model (Xie et al., 2019). Astrocytes (which play
multiphasic roles in modulating the progress of stroke) have a dual role in regulating
synaptogenesis. On the one hand, it has been shown that the expression of
thrombospondins 1 and 2, extracellular proteins mediating intercellular and cell-matrix
interaction, were upregulated in astrocytes after stroke and that the inhibition of these
two proteins was leading to neuronal sprouting, synaptogenesis, and behavioral
recovery impairment (Liauw et al., 2008). On the other hand, it was demonstrated that a
matricellular protein, SPARC (Secreted Protein, Acidic and Rich in Cysteine), was
upregulated in astrocytes and microglia after hippocampal neuronal OGD and MCAO
experiments. SPARC pre-treatment reduced OGD-induced neuronal death and loss of
synapses, indicating also a beneficial role of astrocytes on synaptogenesis after stroke

(Jones et al., 2018).

Proteomic changes after stroke

As synapses have their inherent ways to recover after stroke, in the present study we
used synaptosomes to study how the proteome of synapses changes in a time-dependent
manner after stroke, in the quest of finding proteins related to inner neuroprotection
mechanisms that could be potentially used as therapeutic molecules. Synaptosomes
were isolated from wild-type mice brains subjected to tMCAO or shams at 24h, 4d, and
7d after reperfusion. Proteomic analysis by mass spectrometry showed that at 24h after
stroke, two protein clusters were upregulated, one constituted by ribosomal proteins
(Ubiquitin A-52 Residue Ribosomal Protein Fusion Product 1, ribosomal protein L12,
and 40S ribosomal protein S25 (encoded by Uba52, Rpll2, and Rps25 genes,
respectively)) and the other by heat shock proteins (Heat shock-related 70 kDa protein,
Heat shock 70 kDa protein 1A, and DnaJ homolog subfamily A member 1 (encoded by
Hspa2, Hspala, and Dnajal genes, respectively)), indicating the enhancement of
translational activity and activation of heat shock protein-mediated pro-survival
mechanisms (J. Y. Kim et al., 2020). 4 and 7d after I/R, upregulated proteins in the
stroke groups were related to protein metabolic processes with a cluster enriched in

proteins from the lysosomal compartment (e.g., cathepsin B, cathepsin D, and CysC).

49



The lysosomes receive cargos for degradation from phagocytic, endocytic, and
autophagic pathways (Figure 12) (C. Yang and Wang, 2021). They contain abundant
hydrolases secreted from the ER, and are responsible for the maintenance of
proteostasis in cells by degrading unwanted waste, modulating proteins, and recycling
useful components for protein biosynthesis (Trivedi et al., 2020). Cathepsin B (encoded
by Ctsb), a cysteine protease, and cathepsin D (encoded by Ctsd), an aspartic protease,
are two potent lysosomal proteases and often used as the indicators of lysosomal
proteolytic activity (X. Zhang et al., 2021, Hossain et al., 2021). CysC (encoded by
Cst3), a cysteine protease inhibitor, is expressed and secreted by all the nucleated cells
(Newman, 2002). The basic physiological functions of CysC include: regulation of the
activity of intra- and extracellular cysteine proteases secreted or leaked from lysosomes
of dying or diseased cells and antibacterial and antiviral functions (Mussap and Plebani,
2004). After an ischemic attack, the lysosomal membrane permeabilization is induced
by ROS accumulation, leading to subsequent proteolytic damage and lysosomal
apoptosis (Hafner Cesen et al., 2012). The upregulation of cathepsin B and D is a strong
indicator of the enhancement of lysosomal activity at 4-7d after stroke, and the
upregulation of CysC is probably an attempt to ameliorate the proteolytic damage

caused by leaked cathepsins from permeabilized lysosomes in stroke.
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Fig.12. Biogenesis and multiple cargo sources of lysosomes. As for the biogenesis:

Lysosomal hydrolases are produced in the ER-Golgi compartments, and then delivered through
binding with MPR (mannose 6-P receptor) to reach the early endosomes. The lysosomal
membrane proteins are also produced at the ER-Golgi system, some are delivered to the early
endosomes in an MPR-dependent manner (direct pathway), and some are first sent to the plasma
membrane to be later integrated into the early endosomal membrane (indirect pathway). The
early endosomes (enriched in Rab5) progressively mature into late endosomes (enriched in
Rab7) and eventually mature into lysosomes. As for the cargo sources, this can be originated by:
(1) phagocytosis: phagosomes containing phagocytosed cargos, mature and then fuse with
lysosomes. (ii) endocytosis: the fusion of late endosomes with lysosomes. (iii): autophagy:
phagophores produced from the ER engulfs unwanted proteins and organelles, and further
mature into autophagosomes to fuse with lysosomes. Lysosomes can be regenerated through
tubulation and scission from the digestive lysosomes to form protolysosomes, which further
mature into functional lysosomes. (C. Yang and Wang, 2021)

It has been shown that proteome changes in the ischemic brain (full tissue) at the very
early phase (lh after I/R) were also mainly associated with ribosomal activity
upregulation (Agarwal et al., 2020). At around 3 days after stroke, the upregulated
proteins were mainly involved in the acute cellular responses such as blood coagulation
and complement-mediated immune response (Gu et al., 2021). At the subacute to the
chronic phase of stroke (7d-28d), both innate and adaptive immune responses were
upregulated, lysosomal structures and functions were restored, and neuronal

cytoskeletal and synaptic remodeling pathways were active (Gu et al., 2021, Wen et al.,



2019). The results of our proteomic analysis from synaptosomes are partially similar to
the previous studies. The trace of immune response is less obvious probably because our
proteomic analysis was restricted to synapses and not the whole brain tissue. Our results
suggest that, in the acute phase of stroke, synapses go through significant changes in
biological processes and morphology in response to ischemic attack. In the subacute
phase, the lysosomal proteolytic activity gradually become dominant, indicating a high

rate of protein turnover, probably implicating that repairing processes are being set up.

At 24h, CysC was identified in two stroke animals but not in the sham group, however,
CysC was detected in western blot in all the animals and significantly upregulated at
this time point. As for an explanation, it could be that the mass spectrometry was not as
sensitive as the western blot. At 4d after stroke, CysC was found upregulated in the
stroke group in both MS analysis and western blot, whereas, at 7d after stroke, CysC
levels were detectable in all animals but the levels of expression were not significantly
different in the two groups. This temporal dynamic change of CysC indicates a potential

role of CysC in the acute phase of stroke.

The role of CysC in IS

CysC is postulated to have protective effects in stroke as it has been shown that their
pharmacological use as an inhibitor of cathepsins (such as cathepsin B and cathepsin L,
upregulated after IS could rescue hippocampal neurons from ischemic damage
(Yamashima et al., 1998). CysC overexpression increased the expression level of
caveolin-1 and occludin thus enhancing the BBB integrity after ischemia insult in a
mouse stroke model (Yang et al., 2020b). Exogenous CysC added to primary neuronal
culture protects neurons from various toxic stimuli, such as nutrient deprivation or
oxidative stress through autophagy induction (Tizon, Sahoo, et al., 2010). Moreover,
CysC-loaded EVs were shown to increase neuronal viability under nutrition deprivation
in neuronal cell cultures (Pérez-Gonzalez et al., 2019). Interestingly, a recent study
showed that CysC is not only important for the neuroprotection effect against ischemic

insult after hyperbaric oxygen pretreatment, but the intracerebroventricular injection of

52



CysC after MCAO alone reduced cerebral ischemic injury (Fang et al., 2017). Further
investigations demonstrated that the neuroprotection of CysC was related to the
enhancement of autophagy flux and the preservation of the lysosomal membrane
integrity (Fang et al., 2019). (Figure 13) From our study, we propose that another

mechanism whereby CysC could exert neuroprotection is found at the synaptic level.
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Fig.13. Illustration of the role of CysC in neuronal survival under toxic stimuli and stroke
pathology. Previous in vitro studies demonstrated that CysC could protect neuronal cells against
toxic stimuli, such as oxidative stress and nutrient deprivation, through activation of the
autophagic pathway. /n vivo studies showed that CysC could be an important therapy in stroke
through BBB barrier integrity maintenance, and inhibition of the activity of leaked lysosomal
cathepsins. A previous study injecting CysC intracerebroventricularly showed decreased stroke
volume in rats compared to the control group (Tizon, Sahoo, et al., 2010, Pérez-Gonzalez et
al., 2019a, Yang et al., 2020b, Fang et al., 2019).

Recombinant CysC could protect neuronal synapses after OGD
treatment

Among the differentially expressed proteins between the stroke and sham groups, CysC
was found significantly upregulated in the synaptosomes of the stroke group at 24h and

4d after stroke while at 7d after stroke, CysC is not significantly upregulated anymore.
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Thus, we hypothesized that it might also exert its protective effect through maintaining
the synaptic structure or promoting synaptogenesis, an effect that has never been
investigated before. To set up our study, we first tested neuron cell viability in neuron
cell culture, to mimic the penumbra conditions, i.e, where neurons are still viable but are
electrically silent (probably due to the loss of synaptic contacts). OGD is a widely used
in vitro experimental model to mimic clinical stroke, and the post reoxygenation is to
mimic reperfusion after clinical stroke. Depending on the protocols, cellular exposure to
OGD varies between 20 min to hours (Z. Zhang et al., 2020, Rayasam et al., 2022, Y. Li
et al., 2022). After trying different time points, we chose a treatment of 20 min of OGD
as we could demonstrate that neurons were as viable as the non-treated, but under this
OGD conditions, they significantly lost synapsis. This is in agreement with the
knowledge that synaptic ultrastructural and functional changes happen before neuronal
death (Hinman et al., 2013). We then treated the neuronal cultures with exogenous
recombinant CysC right after the ODG as it was demonstrated that exogenous CysC
could be internalized by many cancer cell lines in cell culture starting from 5 min after
incubation (Ekstrom et al., 2008) and that the cysteine protease inhibitory ability of
CysC was conserved after internalization (Sheikh et al., 2021). The addition of 2 pg of
recombinant CysC significantly increased the synaptic density, indicating that either
CysC protects the synaptic structure under OGD or that CysC is involved in
synaptogenesis. A recent study has found that the constant active autophagic activity
after I/R increased the workload of autolysosomal protein degradation and caused the
dysfunction of lysosomes, manifested with volume enlargement and decrease of
proteases activity (cathepsin B and D), leading to synaptic abnormalities such as
decreased RRP size and PSD thickness, and increased synaptic space width. Further
proteomic analysis indicated this synaptic impairment may be caused by the disrupted
turnover of synaptic proteins (X. Zhang et al., 2021). And CysC was found involved in
the maintenance of lysosome membrane integrity and in the increase of autophagosome
formation in stroked animals (Fang et al., 2019). Thus we hypothesize that CysC may

help to preserve synaptic structures after ischemia through stabilization of the neuronal
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lysosomal membrane and enhancement of autophagy-lysosomal activity. Although
autophagic activity was historically considered to be harmful, as its inhibition reduced
stroke volume in neonatal rats (Puyal and Clarke, 2009). Recent studies suggest that
restoration or maintenance of autophagy-lysosomal normal activity after stroke is
neuroprotective (Y. Liu et al., 2019, Hossain et al., 2021, Y. Zhang et al., 2022). It could
be that the autophagosomes gather abnormal and obsolete proteins to be degraded in
autolysosomes, which is beneficial, as it tries to maintain protein homeostasis at the
cytoplasm and synapses; but on the other hand, excessive autophagy might exhaust the
lysosomal proteolytic capability, leading to autophagic cell death. The inhibition of
lysosomal membrane permeability by CysC under ischemic attack is thus helpful to
sustain normal lysosomal function and the protein homeostasis at the synapses,

promoting the maintenance of synaptic structures.

CysC-loaded EVs may be used as delivery tools as they also protect
neuronal synapses after OGD

EVs can be internalized by recipient cells although the exact mechanism is still not yet
fully elucidated, especially how the content of EVs can be delivered to the cytosol of
recipient cells (Kwok et al., 2021). Among the described uptake mechanisms, receptor-
mediated endocytosis, phagocytosis, micropinocytosis, and membrane fusion have been
described (Mulcahy et al., 2014). Endocytosis seems to be the dominant entry method,
however, it is worth noting that the uptake could include more than one exclusive
mechanism of internalization and it is probably cell type-dependent (Mulcahy et al.,
2014). Over decades, the drug vehicle system has been developed to improve the
therapeutic effect through refining drug pharmacokinetics and pharmacodynamics, but
drug vectors, such as liposomes, could not deliver drugs in an efficiently targeted way,
due to the clearance by the innate immune system, severe hypersensitive reaction, and
the accumulation in the spleen (Sercombe et al., 2015). EVs are proposed as natural
bioactive drug vehicles, which is very interesting for the therapeutic delivery into the
brain as they have the ability to cross the BBB (Sercombe et al., 2015). Moreover, they

are more propense to be better internalized than synthetic vectors, have lower toxicity to
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recipient cells, and that do not trigger an immune response (Elsharkasy et al., 2020).
CysC loaded on EVs protected primary neuronal cells and primary cortical smooth
muscle cells from nutrient deprivation (Pérez-Gonzélez et al., 2019). In collaboration
with the group that published these results (the group of professor Levy from the
Department of Biochemistry and Molecular Pharmacology, NYU Langone Health, New
York) and as we observed the protective effect of recombinant CysC on synapses under
OGD, we also tested if cEVs could show the same protective effect, as a proof-of-
concept of EVs as therapeutic tools in this setting. EVs were loaded with two different
doses of CysC. The low dose of CysC in EVs was not showing any protective effect
when delivered to the neurons after OGD, however, preliminary experiments with the
higher dose showed similar protection obtained when free recombinant CysC was
administrated. Thus the protective effect of CysC through the delivery of EVs is a dose-
dependent effect, which is in line with the dose-dependent protective property of CysC
on primary neuronal cells under B27 supplement deprivation (Tizon et al., 2010).
However, the experiment with high CysC was only conducted once and remains to be

verified through the repetition of more experiments.

Modulation effect of CysC-loaded EVs in stroked brains

There are several ways that CysC can be protective after ischemia in vivo. Kato et al
showed that exogenous CysC was the factor that induced the differentiation of
embryonic cells (ES) to neural stem cells (NSC) with a high capability of differentiation
to neurons, astrocytes, and oligodendrocytes in vitro and in vivo (Kato et al., 2006).
Apart from this, as previously mentioned, CysC is also associated with BBB
preservation, cysteine protease inhibition, autophagy enhancement, and lysosomal
system stabilization after stroke. Because cEVs protected the synapses in vitro after
OGD and to further explore a possible protective effect of CysC loaded in EVs in vivo,
we designed an experiment to deliver cEVs to a mouse model of stroke (tMCAQO). We
decided to inject cEVs 6h after stroke as this would be a plausible time-window
treatment. In our experiments, the stroke volume between the CysC-treated group and

vehicle-treated group did not show significant differences, nor did the astrocyte and

56



microglia activation degree, nor the amount of surviving neurons in the core of the

stroke.

In fact, as mentioned before, it has already been shown that intracerebroventricular
injection of CysC could improve stroke outcomes compared to the control group (Fang
et al., 2017). The discrepancy with our results might be due to the different experiment
design, as we administrated CysC 6 h after artery occlusion (thinking as a possible
clinical treatment) instead of 30 min after reperfusion. Moreover, the vehicle used to
deliver CysC in the previous study was artificial cerebral spinal fluid, and in our case
EVs, which could have an influence on the uptake. Moreover, the amount of CysC
loaded to show the effect might also matter, thus probably a higher amount of cEVs (or
CysC loaded in these EVs) is required for an appreciable change in stroke volume and

neuronal rescue.

Conclusion

Taken together, CysC was upregulated at 24h and 4d but not at 7d after stroke in the
synaptosomes of penumbra. Recombinant CysC and cEVs added in the primary
neuronal culture have promoted the neuronal synaptic density 24h after OGD treatment
compared to the control groups. However, cEVs didn’t elicit obvious protective effect
against stroke in vivo. It is indicated that CysC can assist the maintenance of synaptic
structure under ischemic attack and could be a new therapy for stroke, but the
underlying mechanism remains elusive. The translation to bedside requires further

optimization of the treatment scheme.
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Summary

Ischemic stroke is still a global challenge due to the limited treatment time window and
the high rate of disability and mortality. Synaptic recovery is the prerequisite for
neuronal functional restoration. We hypothesize that investigation of the inherent
mechanism involved in synaptic remodeling could provide a new perspective for stroke
treatment. Therefore, in this study, we have performed a temporal proteomic analysis of
synaptosomes (i.e., synaptic terminals purified from brain) after stroke. Cystatin C
(CysC), a cystatin protease known to inhibit cathepsins, and shown to be protective
when exogenously administered after ischemic damage, was found significantly
upregulated at 24h and 4d, but not at 7d after stroke. These results were validated by
western blot analysis. To understand a possible mechanism whereby CysC could
contribute to the synaptic rescue, we challenged neuronal cultures with an in vitro
model of stroke and treated them with or without recombinant CysC (in a free form or
inside extracellular vesicles (cEVs)). We found that free CysC and cEVs protected the
synaptic structures after ischemic damage. We then performed in vivo analysis by
inoculating cEVs to stroke mice. We could not observe significant changes related ge to
stroke volume, astrocyte and microglia activation, and neuronal viability, possibly due
to the time-point chosen to observe the effects (24h). This study demonstrates that CysC
administration might be a promising therapy against stroke but further investigation is

needed for an effective therapeutic plan.

Zusammenfassung

Der ischamische Schlaganfall stellt aufgrund des begrenzten Behandlungszeitfensters
und der hohen Behinderungs- und Sterblichkeitsrate noch immer eine globale
Herausforderung dar. Die Erholung der Synapsen ist die Voraussetzung fiir die
Wiederherstellung der neuronalen Funktionen und das Uberleben von Nervenzellen.
Wir sind iiberzeugt, dass die Untersuchung der Mechanismen, die an der synaptischen
Remodellierung beteiligt sind, eine neue Perspektive fiir die Schlaganfallbehandlung

erdffnen konnte. Daher haben wir in dieser Studie eine zeitliche Proteomanalyse von
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Synaptosomen (das sind aus Hirngewebe isolierte synaptische Endigungen) nach dem
Schlaganfall ~durchgefiihrt. Cystatin C (CysC), eine Cystatin-Protease, die
bekanntermalen Cathepsine hemmt und sich bei exogener Verabreichung nach
ischdmischer Schidigung als schiitzend erwiesen hat, war 24 Stunden und 4 Tage, nicht
aber 7 Tage nach dem Schlaganfall signifikant hochreguliert. Diese Ergebnisse wurden
durch eine Westernblot-Analyse bestitigt. Um einen moglichen Mechanismus zu
verstehen, durch den CysC zur Rettung von Synapsen beitragen konnte, haben wir
neuronale Kulturen mit einem In-vitro- Schlaganfallmodell behandelt und sie mit oder
ohne rekombinantes CysC (in freier Form oder verpackt in extrazelluldren Vesikeln
(cEVs)) behandelt. Wir fanden heraus, dass freies CysC und cEVs die synaptischen
Strukturen nach einer ischdmischen Schédigung schiitzen. Anschlieend fiihrten wir
eine In-vivo-Analyse durch, indem wir Méusen nach Schlaganfall intrazerebral cEVs
verabreichten. Wir konnten keine signifikanten Verdnderungen in Bezug auf das
Schlaganfallvolumen, die Astrozyten- und Mikrogliaaktivierung und die neuronale
Lebensfahigkeit beobachten, was moglicherweise auf den fiir die Beobachtung der
Auswirkungen gewihlten Zeitpunkt (24 Stunden nach Schlaganfall) zuriickzuftihren ist.
Zusammenfassend ldsst sich sagen, dass die Verabreichung von CysC eine
vielversprechende Therapie gegen Schlaganfall sein konnte, aber filir einen wirksamen

Therapieplan sind weitere Untersuchungen erforderlich.
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