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Abstract

In ischemic stroke, there is an incredibly complex pathophysiological cascade which augment brain
damage. Starting with energy failure caused by low perfusion levels, leading to e.g. synaptic failure,
excitotoxicity, mitochondrial dysfunction and ending in different types of cell death like necrosis and
apoptosis. The extensive and heterogenous cascade makes stroke a disease that is difficult to treat. In
experimental research different treatment strategies are investigated that target one or more
molecular events that occur in stroke. Most of these experimental studies show neuroprotection.
Translation of these treatment strategies to patients is still difficult. Here we reviewed the
pathophysiological cascade and candidate treatment strategies. Then we established a human model
of the ischemic penumbra to test the effect of hypoxia on the synaptic puncta, cell viability and the
mitochondria and neuronal network functionality. Furthermore, we investigated treatment strategies
based on suppression of neuronal activity (NMDAR antagonist and hypothermia) and enhancement of
neuronal activity (optogenetic stimulation). Neurons were generated from induced pluripotent stem
cells derived from healthy donors and cultured on coverslips and micro-electrode arrays. The effect of
different treatment strategies on cell viability and neuronal network functionality was tested. hiPSCs
are vulnerable to hypoxia reflected by an increase of cell death and decrease in activity and
synchronicity under low oxygen conditions. Results showed that NMDAR antagonist memantine did
not rescue the cultures after 48h of hypoxia. Hypothermia and optogenetic stimulation on the other
hand did improve resistance to hypoxia after 48h. We showed that hiPSC-derived neurons are
vulnerable to hypoxia and that treatment strategies based on preservation of energy and

enhancement of neuronal activity can be neuroprotective.



Eva J.H.F. Voogd

Contents
ACKNOWIEAGMENTS ... e e e e e e e e e ettt e e e e e e e eeet e aaeeaaeeeatstaaaaeaeeeessssannaaaaeeesessnnnns 2
Y oY - [ot A TP P PP PPPPP PP 3
(0 o= o] 1= i SR SRPPN: 6
0T [T o o 6
(0 o= T o] 1= o PP SUPRN 9
[ Lol 4= Lo 10T T« [T 9
2.1 Pathophysiological CaSCATE ......cei i e e e e e e e et e e e e e e eeaeanaan 9
2.2 TreatmeENnt SEratEEIES . i e er s 14
. T 0 oY= o T 13 U= 17
(01 o= o =T S TSP 18
Material and Methods..........coccmiiiiiiiiiir s 18
BLL Cell CUITUIES ettt ettt e e e e et e e e e e s e s nbrre e e e eeeeeaannrreeeeeeeeeaannns 18
3.2 INAUCTION OF MY POXIA..1uuuutiiiiiiiiiiiiiiiitiutttteteaeeeeseaeareeeesassesssessssssssssssssssssssssssssssssssssssssssssnsnsnnns 20
3.3 EXperimental ProtoCOl ... ... e aeaear 20
3.4 neuronal network activity reCoOrdings ........oooeuiiiiiie i e e e e e 21
3. 4 IMMUNONISEOCEMISTIY covveiie e e e e e e e e e et e e e e e eeeeranaas 21
3.5 Micro electrode array recordings and data analysis.........ccccoeeierrieiiiiiiie e, 24
3.6 StAtiSTICAl 10OIS ...eeeiiieeiee e e e e e e e e e e e e 24
(0 o= o] = o S P 26
3 L= U] | N 26
4.1 Effect of hypoxia on NEUronal CUITUIES ... 26
4.2 Effect of treatment strategies on neuronal networks during hypoxia.....ccoeeeeeeeeeeeeeeieeeeeeeennn. 31
(0o =T o] = g TP 39
T ol U1 o N 39
5.1 Hypoxia affects neuronal funCtioNality. ......uuueeeeiiiiieiiiiiiiiiiiiiisieiereieearerrsraererrererrrerrr————————. 39

5.2 Effect of treatment strategies on neuronal network during hypoxia in hiPSCs derived neuronal

CU U S . ettt ettt ettt e e e et et e e e e e e an b e ettt e e e e e s s nn e e eeeeaeeeaaannrreeeeeaeeesaannrreeneeeeeeaanns 42
ST N Oo] o [ol (VYo o K-S P P UPU P PPPPPPPPPPTN 46
Yo 01T Lo [ A SRR USPRPPRS 48
Review: Pathophysiological cascade of ischemic stroke and treatment strategies............................. 48
FY o) - Lot A PP PPPPT R PPPPRPP 48
T d o Lo o1 o] s PP PP PP PPPPT S PPP 49
Neuronal damage after ischemic stroke in core and penumbra.........ccccci, 50
Molecular events after Stroke ONSET ... ..uiii it 51
Molecular eVents after SECONTS .....uuiii ittt ettt e et e e s eabeee e 52



Eva J.H.F. Voogd

Molecular eVents after MINUEES ... ..uii ettt e et e e s ebeee e 56
Molecular @VENES after NOUIS...ci ittt et e et e e s ebaee e 63
Final common pathways towards cell death.... ..o 64
T L] oS LT = 66
Treatment strategies targeting the molecular eVeNnts. ... 67
Treatment strategies targeting cell death. ... e 72
DY o] U Y [0} o I PP PPP 74

AN o 01T 0 Lo [P = TSR USPRPPRt 77
1. Effect of hypoxia on NEUronal CUIUIES.........ciiiiiiiiiienreiiiiinsnneereesessssssssnssessssssssssssnssssssssssnns 77
Yo 01T 1o [ SR USPRPPRt 81
1. Set up of MITOtracker protocol in neuronal CUltUres. .........cccovvemriiiiiiiciininnren e 81
REFEIEINCES ...ttt ettt ettt e e e e bttt e e e bt e e e e e ab et e e e abeeeeeaabbeeeseanbbeeeeanbeeaenans 82



Eva J.H.F. Voogd

Chapter 1

Introduction
Ischemic stroke is one of the leading causes of death and disability worldwide [1-3]. Patients are

frequently left with moderate to severe neurological deficits [4]. Ischemic stroke is caused by an
occlusion of a brain artery by an embolus or a thrombus. The sudden loss of blood perfusion leads to
loss of neuronal function, neuronal cell death and loss of neuronal structure, sequentially, which leads
to neuronal deficits [5]. To limit brain damage, reperfusion should be established in time, otherwise

the brain damage will be permanent [6].

To this day the only treatment that has been proven to be beneficial is acute recanalization by
intravenous thrombolysis [7] or mechanical thrombectomy [8]. These treatments show to be beneficial
when done within 4.5h [9] or 6h [10] after symptom onset, respectively. Due to the limited time-
window and a wide range of contra-indications, only 5-10% of patients is eligible for recanalization

treatment and then still most patients experience moderate to severe neurological deficits [11].

The ischemic injury can be divided in the infarct core, which is irreversibly damaged, and the
surrounding tissue which is named the penumbra [12]. The penumbra is salvageable, even though
there is a significant decrease in remaining perfusion levels [13]. It is assumed that neuronal activity in
the penumbra becomes impaired, but neurons initially remain structurally intact and metabolically
active [5, 14]. If energy supply is restored in time this dysfunction is in principle reversible, if not the
tissue will be irreversibly damaged. Research focuses on the treatment of the penumbra. This area has
a large potential to advance recovery. However, current treatments to promote recovery are scarce

[15].

The pathophysiological cascade that is initiated by oxygen and glucose deprivation after ischemic
stroke is heterogenous. The pathophysiological cascade of ischemic stroke starts with energy failure,
which is caused by the depletion of oxygen and glucose and will end in cell death like necrosis and
apoptosis. The neuronal network viability and functionality is affected by this and many more

molecular events occurring in stroke.
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Over the past two decades more than 1200 animals studies showed strong evidence that different
treatment strategies are neuroprotective in ischemic stroke models [16]. Many of these treatments
included ion channel blockers, neurotransmitter receptor antagonists, or suppressors of inflammation.

However, in more than 500 clinical trials, none of these therapies were effective in patients [16].

Previously tested treatment strategies were directed at suppression of neuronal activity, in order to
minimize energy consumption to preserve basic cellular function [16]. However, suppression of activity
has been associated with progression towards irreversible damage in vitro and in patients. In line with
these observations, Muzzi et al. showed that mild stimulation improved recovery after hypoxia in
rodent neuronal cultures [17]. Secondly, failure of translation of findings from animal studies to human
studies may be related to inherent differences between animal and human neurons [18-22].
Furthermore, there exists a large heterogeneity in patients groups, where the pathophysiology of

recovery or deterioration may vary, which is not reflected in rodent models [23].

The recent advent of human induced pluripotent stem cell (hiPSC) technology with the possibility to
differentiate stem cells into neurons has opened the way to study human neuronal diseases in vitro
[21]. The use of human neurons may allow identification of human-specific effects and eventually
include inter-individual differences of neuronal responses to hypoxia and neuroprotective treatments.
To our knowledge, no studies about responses to hypoxia and treatment effects have been performed

on human iPSC-derived neurons other than in our lab.

This thesis includes a review about the pathophysiological cascade of stroke and treatment strategies,
and an experimental research conducted in hiPSC-derived neuronal cultures. In the experimental
research we established a human model system of the ischemic penumbra and we provided an in
depth characterization of neuronal responses to hypoxia and different treatments at the network level.
The treatments investigated in this study are based on suppression of neuronal activity, with a NMDAR
antagonist (memantine), or hypothermia, or on enhancement of neuronal activity, with optogenetic

stimulation. We show that viability of the neurons is affected by hypoxia. We show that hypoxia has
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deleterious effect on the neuronal network activity. Treatment with memantine shows no positive
effect on the cell viability. Furthermore, we show that transient hypoxia combined with different
treatments in vitro have a positive effect on the network activity. Finally, we observe that treatment
based on stimulation of the network shows the best resistance to hypoxic damage. Our findings
encourage novel investigations in the ischemic pathological cascade and treatment strategies on

human neurons and open new possibilities for personalized medicine.
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Chapter 2
Background

A review is written as part of this thesis. In this review a complete overview of the pathophysiological
cascade inischemic stroke is given and candidate treatment strategies to target these molecular events
are described (appendix A). In this chapter we summarize the molecular events that are investigated

in the experimental research of the thesis.

2.1 Pathophysiological cascade
The infarct core is immediately irreversibly damaged. Within seconds after stroke onset there is a

pathophysiological cascade activated that aggravates tissue damage. Toxic signals of dying neurons in
the core cause secondary damage to the penumbra. Molecular events that happen in the core will
gradually affect the penumbra. The volume of the core expands when the cells in the penumbra go
into cell death. These events might occur sequentially or in parallel and might activate different
pathways resulting in a complex physiological cascade. A complete overview of the pathophysiological

cascade and candidate treatment strategies is given in table 1.

2.1.1 Synaptic dysfunction
Energy failure causes synaptic dysfunction. It has been shown that synaptic failure is an early

consequence of energy depletion [12, 24]. This is due to the fact that synaptic transmission is highly
susceptible for metabolic perturbations. Hypoxia causes damage to the dendritic structure and causes
spine loss. Depression of excitatory synaptic transmission was the very first measured
pathophysiological process in experimental study under acute complete anoxia [24]. When the
duration of hypoxia is severe enough, damage to the synapses is irreversible [24]. However, it is unclear
how the disturbances of synaptic transmission evolve in the outer border of the penumbra under
conditions of hours-lasting partial hypoxia in the absence of depolarization. Animal studies suggest
that the expression of genes and proteins that are associated with synaptogenesis is increased in the
first hours to days after acute ischemic stroke [25]. This indicates that there is a limited period of
increased potential for neuroplasticity. This is in line with results of clinical research, which shows

improved recovery with early and intensive physical therapy after ischemic stroke [26].
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2.1.2 Excitotoxicity
Adenosine triphosphate (ATP) depletion causes failure of the Ca?*/ATP pump. This leads to an influx of

Ca?* in the cell [27]. In the core the excessive amounts of Ca?* binds to synaptotagmin in the axon
terminal of excitatory neurons. Presynaptic voltage-dependent Ca?* channels become activated and
increase the amount of excitatory neurotransmitters (e.g. glutamate) that are released in the synaptic
cleft, which is neurotoxic [6]. This leads to hyperexcitation of N-methyl-D-aspartate (NMDA), a-amino-
3-hydroxy-5-methyl-4-isoxazoleprpionic acid (AMPA) and kainate receptors. Activation of these
receptors result in increased energy-consuming electrical activity, especially under conditions of
reduced glutamate uptake by astrocytes in ischemia. Neuronal damage is augmented by increase of
Ca?* concentration, sodium and water into the neurons, which causes cell swelling [28]. Excitotoxicity
increases brain damage and therefore it is an often investigated target for treatment research. Studies
try to block the excessive activation of NMDARs by NMDAR antagonists. However, it is important that
healthy concentrations of glutamate are released in the synaptic cleft in order to maintain normal

neuronal functioning.

2.1.3 Mitochondrial dysfunction
Within minutes after stroke onset, the energy homeostasis is disturbed, which is controlled by

mitochondria in the cytoplasm [29]. Mitochondria have an outer membrane that contains protein
channel structures which make it permeable for ions, water adenosine diphosphate (ADP) and ATP.
The inner membrane is the reactive center of the mitochondrial energy metabolism and contains
complexes of electron transport proteins, ATP synthase complex and ATP/ADP transport proteins [30].
Mitochondria are damaged in ischemic stroke due to oxygen and glucose deprivation. The electron
transport chain activity is decreased with consequent ATP depletion. Mitochondria are unable to
remove Ca?* from the cytoplasm and this promotes loss of mitochondrial membrane potential [31,
32]. This depolarization is in principle reversible. However, it was found that cells undergo a transition
from energetic failure to mitochondrial permeability pore opening. This transition leads to a loss of
membrane potential that is no longer reversible [33]. It causes release of free radicals, enzymes and
proteases that leads to the activation of cell death pathways, increasing tissue damage. Mitochondria

10



Eva J.H.F. Voogd

release cytochrome C (cyt C) or apoptosis inducing factor (AIF) and intrinsically activate apoptosis.
Neurons try to adapt to ischemic stress by removing dysfunctional mitochondria via mitophagy in an

attempt to maintain mitochondrial homeostasis [34, 35].

2.1.4 Apoptosis
Neurons in the penumbra can go into apoptotic cell death [36]. This is initiated by overproduction of

free radicals, Ca** release, excitotoxicity, and mitochondrial dysfunction. Apoptotic stimuli can be

classified as intrinsic stimuli or extrinsic stimuli.

Intrinsic stimuli are activated by mitochondrial signaling. The Ca?" influx causes cleavage of Bcl-2
interacting domain (BID) to truncated Bid (tBid). tBid opens the mitochondrial transition pores and Cyt
C or AIF is released into the cytosol [33]. Cyt c binds to apoptotic protein-activating factor-1 (Apaf-1)
and procaspase-9 to form an apoptosome, which activates the caspase pathway. Caspase is the main
driver of the intrinsic apoptotic pathway. Caspase-9 is activated by the apoptosome, followed by
activation of caspase-3. This is the last and executive enzyme of the intrinsic apoptotic pathway.
Activated caspase-3 fragments nuclear DNA (nDNA) repair enzymes, which leads to nDNA damage and

initiates apoptotic cell death [6].

The extrinsic pathway is initiated via ligand-receptor interactions and can activate the caspase pathway
independent of Cyt c release. Surface death receptors are activated and induce apoptosis [37].
Caspase-3 is activated and this results in membrane blebbing, mitochondrial membrane
permeabilization, chromatin condensation, nDNA fragmentation [38]. Dying cells eventually shrink,
condense and are fragmented releasing small membrane bound apoptotic bodies, which are generally
engulfed by macrophages. In this way of cell death intracellular content is not released into the

extracellular matrix. Inhibition of apoptotic stimuli has the potential to rescue cells from apoptosis.

11
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Table 1. Molecular events and candidate treatment strategies.

chain activity

rapamycin [75-78]

Molecular event Onset Caused by Tested and effective in | Tested in stroke | Effective in stroke
animal models patients? patients?
Energy failure Seconds Lack of oxygen and glucose No No No
Synaptic dysfunction Seconds Energy depletion No No No
lonic imbalance Minutes Failure of Na+/K+ ATPase pumps | Methylene blue injury [39- | No N/A
44]
Excitotoxicity Minutes Excessive glutamate excretion Memantine [45-51] Yes [52-54] Yes [52-54]
Spreading depression Minutes Waves of depolarization to | P-188 [55, 56] and citicoline | No, in traumatic | Yes, in TBI [57, 63]
restore ion gradients [55, 57-60], Ketamine [61]; | brain injury (TBI)
(62] (57, 63]
Calcium dysregulation Minutes Increased calcium influx in | Pseudoginsenoside-F11 [64- | No N/A
neurons 67]
Ischemia induced acidosis Minutes Increased amount of lactic acid Ethanol [68-73]. No N/A
Mitochondrial dysfunction Minutes Decrease in electron transport | Pramipexole [74] or | No N/A

12
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Autophagy Minutes Dysfunctional proteins Rapamycin [77, 79-81] No N/A
Oxidative and nitrosative Minutes Imbalance between production | NR2B9C [82-85] No N/A
stress of free radicals and
neutralization of reactive
intermediate products
Inflammation Hours Activation of endothelial cells | L-3-n butylphthalide [86-89] | Yes [90-92] Yes[90-92]
and upregulation of leukocytes
Final common pathways to cell death
Necrosis Seconds Cell swelling No No No
Necroptosis Minutes Activation of RIPK1/3 and MLKL | Ligustroflavone [93] No N/A
protein kinases
Apoptosis Minutes Activation of caspase pathway XQ-1H [94-97] Yes [98] Yes [98]

13
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2.2 Treatment strategies
Here different treatment strategies that were studied in this research such as the NMDAR receptor

antagonist memantine and hypothermia are described. These treatment strategies are based on
suppression of neuronal activity. A bigger and more in depth overview of different candidate treatment

strategies can be found in the review (appendix A).

Different treatment strategies are investigated in preclinical and clinical trials. Table 1 shows examples
of pre- and clinical trials that aimed to target several molecular events. Experimental research showed
that it was possible to target cell swelling [39], spreading depression [55, 57-61], calcium overload [64-
67], acidosis [72], mitochondrial dysfunction [44, 74-78, 99-102], autophagy [77, 79-81], it was possible
to reduce oxidative and nitrosative stress [82-85, 103, 104] and to suppress inflammation [86-89, 105-
107]. Experimental studies also aimed to target cell death pathways like necroptosis [93, 108-110] and
apoptosis [94, 104, 111-114]. Some of these treatment strategies were investigated in clinical trials

and showed some neuroprotection [52-54, 57, 63, 90-92, 98], but failed to improve patient outcome.

2.2.1 Hypothermia
The strategy of cooling is tested by lowering the temperature to 33-35°C and investigating the effect

on tissue damage [115]. Hypothermia is a known inhibitor of neuronal activity and has provided strong
neuroprotection in experimental stroke studies [116-118]. There are several possible neuroprotective
mechanisms that are associated with hypothermia (table 2)[116]. A meta-analysis done in 2007 by Van
Der Worp et al. showed an overall reduction of infarct volume of 43.5% in animals models of stroke
that received hypothermia as treatment [119]. However, the neuroprotective effect of hypothermia
has a limited benefit [120]. In multiple clinical trials there were no significant benefits found, with

either surface cooling or endovascular cooling [117, 121, 122].

14
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Table 2. Neuroprotective mechanisms associated with hypothermia adapted from Lyden et al. [116].

Molecular event

Neuroprotective mechanisms associated with hypothermia

Energy failure

Lower metabolic rate

lonic imbalance

Limit edema forming

Excitotoxicity

Reduce glutamate release

Calcium overload

Limit calcium influx after glutamate

Oxidative and nitrosative stress

Suppress formation of reactive oxygen species

Inflammation

Reduce inflammatory response

Cell death

Interrupt necrosis/apoptosis-induced disruption of mitochondrial

cytC

2.2.2 Treating excitotoxicity with memantine.
NMDAR antagonists are investigated to reduce excitotoxicity. Memantine is a moderate affinity,

strongly voltage-dependent, uncompetitive NMDAR antagonist and it binds directly within the pore of

the channel in its open configuration. Memantine shows a fast blocking/unblocking of NMDAR

channels. Memantine can only gain access to the channel in the presence of agonist and remains

largely trapped in the channel following removal of the agonist (figure 1) [123]. It blocks the effect of

excess glutamate and restores physiological signal transmission. It prevents the Ca?* influx that is

caused by excessive glutamate release, therefore it could prevent the disruption of synaptic plasticity

[124]. Memantine is an interesting drug to test in hiPSCs, because it was shown that memantine was

neuroprotective in rodents [45-51] and in humans [52-54].

15
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Figure 1. schematic representation of mechanism of action of memantine under ischemic stress. Left: excessive activation of

NMDAR by glutamate causing increased influx of Ca2*. Right: Memantine blocks NMDAR in presence of glutamate, decreasing
the influx of Ca?* (illustration created using BioRender.com).
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2.3 Open issues
Ischemic stroke is a complex and heterogenous disease and so is the penumbra. Despite the effort

taken over the years to understand the pathophysiology, we are still not able to salvage this area.
Neuronal activation might be the key to recovery in this tissue at risk and stimulation techniques might

provide the answers.

The possibility to differentiate hiPSCs into neurons and assess their morphology, viability, and
electrophysiological activity on MEAs gives the possibility to study ischemic stroke in vitro and might
enhance translation of in vitro findings to the clinic, when in comparison to rodent models. However,
the behaviour of these cells is not fully understood and thus, the effect of hypoxia on cell viability,
network connectivity and network activity are not fully understood. In this experimental research we
investigate treatment strategies that are tested in animal models and in humans. We aim to answer
the question whether activation of neuronal activity is neuroprotective in ischemic stroke. We do this
by comparing optogenetic stimulation with previously tested strategies, such as hypothermia and
memantine, which are based on suppression. Therefore, in the current study, we aim to create an in

vitro model of the penumbra and to:

1. Determine the effect of 48 hours of hypoxia on synaptic function, mitochondrial function, cell
viability and neuronal network activity.

2. Evaluate the effect of different treatment strategies (memantine, hypothermia and
optogenetic stimulation) on the cell viability and on the electrophysiological activity of the

networks.

17
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Chapter 3

Material and methods
This chapter addresses the methodology required to achieve all of the previously mentioned aims. In

this experimental research we conducted several experiments where we investigated the number of
synaptic puncta, cell viability, mitochondrial morphology, and network electrophysiology after hypoxia
and after treatment with memantine, hypothermia or optogenetic stimulation.

3.1 Cell cultures

3.1.1 hiPSC generation
HiPSCs required for this study had already been generated from fibroblast obtained from healthy

individuals through induced reprogramming by retroviral vectors expressing the Yamanaka factors
(Oct4, Sox2, KIf4 and cMyc)[125, 126]. Ngn2 and ASCL1 positive hiPSC lines were generated by
transfection with lentiviral vectors (Ngn2 and ASCL1) and rtTa lentiviral vector. To select the cells that
were successfully transduced with the viral vectors selection factors (G148 (Sigma Aldrich) and
puromycin (Sigma Aldrich)) and E8 medium were supplemented to the cells. These two stable hiPSC
lines were the starting point of neuronal differentiation. Excitatory and inhibitory neurons are created
by expression of Ngn2 and ASCL1. To force neuronal differentiation doxycycline (Sigma Adlrich) to
activate the Tet-on system and forskolin (Sigma Aldrich) were added to the medium as performed by
Frega et al. [126]. The two different neuronal populations could grow independently while they are

plated in the same well.

3.1.2 Neuronal differentiation
Networks containing only excitatory (glutamatergic) neurons and networks containing both excitatory

and inhibitory (GABAergic) neurons were used. The coverslips and MEAs were coated with poly-1-
ornithine (Sigma Aldrich) and mouse laminin (Sigma Aldrich) before plating of the Ngn2 and ASCL1

positive hiPSCs according to Frega et al. [126].

To generate excitatory networks, approximately 40.000 Ngn2-positive hiPSCs were plated as single
cells on wells with an area of 190 mm? containing one coverslip per well. This resulted in a final cell

density of around 600 cells/mm?.

18
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To generate co-cultures of excitatory and inhibitory neurons Ngn2 and ASCL1 positive hiPSCs were
plated together in a 60/40 ratio. Approximately 24.000 Ngn2 and 16.000 ASCL1 positive cells were
plated as single cells on a sterile 24-well MEA with an area of 32mm? or on coverslips in wells with an
area of 190 mm?. This resulted in a final cell density of approximately 2000 cells/mm? and 600

cells/mm?, respectively. The final excitatory/inhibitory ratio was ~80/20 [127, 128].

One day after plating medium containing DMEM/F12 with 1% (v/V) N-2 supplement, 1% (v/v) non-
essential amino acids and two human factors (human recombinant neurotrophin-3 (Bioconnect) and
human recombinant brain derived neurotrophic factor (Bioconnect)) was added to the cell cultures to

help neuronal maturation.

Two days after plating, new-born (P1) Wistar rat cortical astrocytes were added to the hiPSC cultures
in a 1:1 ratio to support neuronal maturation. These rat astrocytes were obtained by sacrificing new-
born rat pups and isolating the brains. The procedure involving rats was conducted in agreement to

Dutch and European laws of animal research and the guidelines of the Dutch Animal Use Committee.

On day three after plating, the neurobasal medium (Thermo Fisher Scientific) which was supplemented
with B27 (Thermo Fisher Scientific), glutaMAX (Thermo Fisher Scientific) and cytosine beta-D-
arabinofuranoside (Sigma Aldrich) to obstruct the proliferation of the astrocytes and to kill the existent
non-differentiated hiPSCs was added to the wells. From this day onwards, each well was filled with
~500 pl of neurobasal medium, plus four other components specific for hiPSCs: BDNF, NT-3,
doxycycline. Ten days after plating fetal bovine serum (Sigma Aldrich) was added to the medium. Fresh
medium was added every 2-3days. 200ul of old medium was removed from each well and 250ul fresh
medium was added to compensate for evaporation loss. Cells were kept in an incubator with a
controlled climate (temperature of 37 °C, 90% humidity and 5% CO,, for 3 to 4 weeks for the excitatory

cultures and 7 to 9 weeks for the co-cultures.
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3.2 Induction of hypoxia
The networks were exposed to a low oxygen condition. The coverslips were placed in an incubator

which was controlled for 2% 0,, 5% CO2, 90% humidity and 37 °C during hypoxia, to create the desired

environment.

Flow controllers were used to establish the right mixture of air and N, on the MEAs. During normoxia
the values were set to 100% air and 0% N,. During hypoxia this was set to 10% air and 90% N, and 5%

CO; was added constantly to the mixture.

3.3 Experimental protocol
Cultures containing only excitatory neurons (3-4 weeks in vitro) and cultures containing excitatory and

inhibitory neurons (7-9 weeks in vitro), plated on MEAs or coverslips, underwent normoxia of 20 min
and were then subjected to hypoxia for 48h. We investigated the number of synaptic puncta, cell

viability, number of mitochondria and neuronal network activity.

Different treatment strategies were investigated during 48h of hypoxia.

1. Memantine. 5 uM memantine was added to all wells containing coverslip to assess the effect of
memantine on cell viability. Furthermore, memantine was added to 12 wells of a MEA in total in
different concentrations (vehicle, 1 pM, 5 uM and 10 pM) to assess the effect of memantine on

electrophysiological activity of the networks.

2. Hypothermia. A MEA was placed in the recording setting at 37 °C. Hypoxia was induced and the
temperature of the recording setting was lowered to 34 °C to assess the effect of hypothermia. After

the experiment, the air flow was set to normoxia and the temperature was set to 37 °C.

3. Optogenetic stimulation. The neurons needed to be manipulated with optogenetics to assess the
effect of optogenetic stimulation. The excitatory neurons were infected with channelrhodopsin-2
(ChR2) on seeding day by addition of 0.75 pl of virus per well of a MEA. The neurons acquired blue light
(A=470 nm) sensitive membrane proteins. The cells became excitable when there was exposure to light

of this wavelength. Blue light was delivered to the cells, during the entire experimental period, with
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the use of a Multiwell-Optogenetic prototype (Multi Channel Systems, Reutlingen, Germany). Light
pulses were applied for 3 minutes, every 2hours (200ms, 10mA) by putting the Multiwell-Optogenetic
device on top of the MEA. The interpulse interval was set at 5 seconds, so each stimulus would not

influence the subsequent one. To avoid light interference, this experiment was conducted in the dark.

3.4 neuronal network activity recordings
The electrophysiological recordings of neuronal networks were performed when the co-cultures were

7 to 9 weeks in vitro using the Multiwell Screen software (Multi Channel Systems, Reutlingen,
Germany). The 24-well multiwell MEA (mwMEA) was covered by a paper film (Breathe Easier Sealing
Membrane; Sigma 2763624) to reduce evaporation of the medium during 48h-lasting recordings, while
allowing gases to flow through. The status of the networks was assessed before the start of the
network to ensure the networks were healthy and active. Furthermore, this was to assess if wells
needed to be eliminated from analyses. The 24-well mwMEA was placed in the recording setup and
could acclimate for 20-30 minutes, this allowed for stabilization of the neuronal networks before
starting the experiment. First, we recorded 10 minutes normoxia followed by recordings of 10 minutes,
every 2h under hypoxia. To promote resistance to hypoxic damage different treatment strategies were
applied to the MEAs.

3. 4 Immunohistochemistry

3.4.1 Quantification of synapsin puncta
Coverslips containing hiPSC-derived neurons were fixed by incubating them in 4% paraformaldehyde

(PFA, Sigma Aldrich) solution for 15 minutes at room temperature (RT). After washing them thoroughly
in phosphate buffered saline (PBS) (home-made), the coverslips were permeabilized for 5 Minutes in
0.2% Triton X-100 (Sigma Aldrich) in PBS, followed by 30 minutes in bovine serum albumin (BSA), a
blocking solution. Primary antibody was applied at 4 °C overnight. The coverslips were then washed
with PBS and placed on a secondary antibody solution for 1 hour at RT and washed with PBS.
Thereafter, DAPI (1:1000) (Sigma Aldrich) was added for 20 minutes at RT. Finally, the coverslips were

washed with PBS once more, mounted with Mowiol and dried overnight at RT. The antibodies used
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are described in table 3. Epifluorescent pictures were taken at a 60x magnification (0.057um/pixel)

with the use of a Nikon Eclipse 50i epi-fluorescence microscope (Nikon, Japan).

Table 3. Antibodies

Experiment Antibodies Source Identifier Dilutions

Synapsin puncta Mouse MAP2 Sigma M4403-50 1:1000
Guinea pig Synaptic systems 106 004 1:1000
synapsin
Goat anti-mouse, | Invitrogen A-11029 1:2000
Alexa Fluor 488
Goat anti-guinea | Invitrogen A-21450 1:2000
pig, Alexa Fluor
647

Live dead assay Cell event Thermoscientific C10423 1:500
caspase 3/7
Propidium iodide | Invitrogen/GIBCO 11599296 1:250
(P1)

Mitotracker Mouse MAP2 Sigma M4403-50 1:1000

protocol
Rabbit GFAP Abcam AB7260 1:500
Mito tracker red Thermoscientific M7512 1:500
CMXros

3.4.2 Live dead assay

At DIV 48 caspase3/7 was added and incubated for 30 minutes. The plates were then placed in the
incubator and oxygen was set to 2%. For the treated cultures we added 5uM of the NMDAR blocker
memantine to all wells before starting the experiment. Pl was added after exposure to hypoxia. The
coverslips were washed with PBS, fixated with 3.7% PFA for 15 minutes at RT. DAPI (1:1000) was added
and coverslips were then incubated for 20 min at RT. They were washed one more time with PBS and
stored at 4°C. This was done for control condition, 24h, 30h, 40h, 48h of hypoxia. Epifluorescent
pictures were taken at a 40x magnification (0.085um/pixel) with the use of a Nikon Eclipse 50i epi-

fluorescence microscope (Nikon, Japan).

3.4.3 MITOtracker protocol improvement
Cover slips containing co-cultures at DIV 49 were used to set up the Mito tracker red CMXros protocol

from Thermoscientific. First 250 pl was taken out of the medium, so that this could be readded after
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washing. 0.5ul (20x prediluted) Mito tracker red CMXros was added and incubated 30 min at 37 °C.
Then the medium was taken off and the cover slips were carefully washed with PBS once. The 250 pl
old medium and 250 pl fresh medium was added per well. The coverslips were placed in the incubator
with 2% O, for 6h, 24h and 40h. This was followed by MAP2 staining or GFAP staining as described in
guantification of synapsin puncta, without synapsin, to visualize neurons or astrocytes, respectively.
Epifluorescent pictures were taken at a 60x magnification (0.057um/pixel) with the use of a Nikon

Eclipse 50i epi-fluorescence microscope (Nikon, Japan).

3.4.4 Data analysis of immunohistochemistry experiments
To analyse the synaptic puncta we merged the pictures that belonged together in FlJI [129]. Images

were composed of synaptic puncta (synapsin), neurons (MAP2) and nuclei (DAPI) pictures. Then we
measured the length of the dendrites and manually counted the synaptic puncta that were located
alongside the dendrites. Further, we calculated the mean number of synaptic puncta per 10 pm per

picture. This was done for all pictures of all conditions.

To analyse the live dead assay we used a self-written MATLAB (The MathWorks, Inc., Natik, MA, USA)
script where we set different thresholds for the different stainings. Threshold for red (PI) was 20,
threshold for green (Cas3/7) was 32 and the threshold for blue (DAPI) was 75. First all nuclei (DAPI
positive) were counted to obtain the total cell count. Then the apoptotic cells (Cas3/7 positive) and
dead cells (Pl positive) were counted. We assumed the cells were death when there was either only
red staining or co-localization of red and green staining. Cells with only green staining were assumed
to be apoptotic. To calculate the number of non-apoptotic cells we subtracted the dead and apoptotic

cell counts of the total cell count.

To analyse the Mito tracker red CMXros we used FlJI [129] to merge the pictures that belonged
together to create a red-green-blue image. The images were composed of mitochondria (Mito tracker
red CMXros), neurons (MAP2) or astrocytes (GFAP) and nuclei (DAPI). Then we aimed to measure the

length of the dendrites of neurons and the limbs of astrocytes and counted the mitochondria (Mito
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tracker red CMXros positive) that laid alongside the dendrites and limbs. We aimed to calculate the

number of mitochondria per 20 um per picture.

3.5 Micro electrode array recordings and data analysis
All the electrophysiological recordings were conducted using the 24 mwMEA with 24 independent

wells. All wells contain 12 embedded electrodes each (electrode diameter = 30 um and distance
between the electrodes = 200 um) in a 4 x 4 position excluding corners. Data were acquired at a
frequency of 10kHz and the signal was filtered through a high pass filter (2" order Butterworth filter,
100 Hz) and a low-pass filter (4" order Butterworth filter, 3.5kHz) throughout the recording. A channel
was considered active when it is showed a minimum of 10 spikes per minute. Spikes were considered
if they exceeded 4.5 times the standard deviation noise threshold. This is based on the activity of
hiPSCs. Burst were detected when lasting more than 100 ms containing a minimum of 4 spikes. The
minimum interval between burst was set at 100 ms. Network burst were detected when at least 6

channels were participating, of which at least three were simultaneous.

Data analysis was performed with the Multiwell Analyzer software (Multi Channel Systems, Reutlingen,
Germany). We extracted spike and burst transcript from the mwMEA system and conducted further

analysis in Excel (Microsoft Office) and GraphPad Prism 9 (GraphPad Software, Inc., CA, USA).

Both qualitative and quantitative analyses were performed on the activity of the hiPSCs derived
neuronal cultures. Raster plots were used to assess the activity patterns in a visual way. The mean
firing rate (MFR) is defined as the number of spikes detected through a specific electrode during the
time window of the experiment. Network burst rate (NBR) was calculated by dividing the number of

network bursts detected in a well by 10 to obtain the number of network bursts per minute.

3.6 Statistical tools
Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, Inc., CA, USA). We

ensured normal distribution using a Kolmogorov-Smirnov normality test. To determine statistical
significance for the different experimental conditions p-values <0.05 were considered to be significant.
Statistical analysis was performed with two-way ANOVA and post-hoc Bonferroni correction to correct
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for multiple comparisons. Data are presented as mean * standard error of the mean (SEM). The
number of independent neuronal networks included for each experiment are reported in the figure
legends. All the values of the parameters throughout the different phases of the experiment were

normalized with respect to their baseline values to allow comparisons.
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Chapter 4

Results
We differentiated hiPSCs into populations of excitatory and inhibitory neurons, by forced expression

of the transcription factors Ngn2 and ASCL1. HiPSCs derived neurons, co-cultured with rodent
astrocytes to support neuronal maturation, were grown on coverslips and on MEAs. In conditions of
normoxia the cultures formed a functionally connected network exhibiting electrical activity composed

of spikes and burst appearing in a synchronous matter.

4.1 Effect of hypoxia on neuronal cultures
First, we investigated the effect of hypoxia on neuronal networks that were not treated. We

investigated the effect of hypoxia on the number of synaptic puncta, on the cell viability, on

mitochondria and on the networks activity.

4.1.1 Effect of hypoxia on synaptic puncta
The synaptic puncta per 10 um were quantified to analyse the effect of hypoxia on synapses. We found

that the number of synaptic puncta was not statistically affected during hypoxia (figure 2 & 3).
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Figure 2. Bar graph showing the effect of hypoxia up to 48h on the mean number of synapsin puncta per 10 um in co-cultures.
Control (n=15), 6h (n=14), 24h (n=14) or 48h (n=14) of hypoxia. Error bars indicate the SEM. Two-way ANOVA test and post-
hoc Bonferroni correction was performed between conditions.
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Figure 3. Representative images of neurons stained for MAP2 (green) and synapsin (red) at DIV 49 (scale bar 10 um) of control
(n=15), 6h (n=14), 24h (n = 14) and for 48h (n=14) of hypoxia.

This experiment was conducted twice, to increase the n. However, in the second experiment we found
that the number of synaptic puncta in the control (0 h) was lower than expected (figure 4 & 5). Healthy
hiPSC-derived neuronal cultures are expected to have around 1 synaptic puncta per 10 um [130]. We
found a significant increase of synaptic puncta per 10 um between control and 6h after onset of

hypoxia (p = 0.0043).
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Figure 4. Representative images of neurons stained for MAP2 (green) and synapsin (red) at DIV 49 (scale bar 10 um) and

6h -
: -

quantification of synapsin puncta of control (n = 15), 6h (n=13), and for 41h (n=14) of hypoxia.

1.0 %k
g —
o 0.8-
i
S~
S 0.6
e
g_ T
o 0.4
)
Q.
g 0.2
>
(V)
0.0- T
0 6 41
Time (h)

Figure 5. Bar graph showing the effect of hypoxia up to 41h on the number of synaptic puncta per 10 um. Error bars indicate
the SEM. ** p<0.005, two-way ANOVA test and post-hoc Bonferroni correction was performed between conditions.

4.1.2 Effect of hypoxia on cell viability
The effect of 48h of hypoxia on cell viability was investigated. We studied the cell death rate in all cells

(neurons and astrocytes) present in the cultures. We assessed the cell count for non-apoptotic,
apoptotic, and dead cells in the cultures that were exposed to 48h of hypoxia (figure 7). Total cell count

of all conditions can be found in appendix B table S1A.
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There was a significant decrease found in non-apoptotic cells over the time course of 48h of hypoxia.
After 24h of hypoxia the non-apoptotic cell count significantly decreased (p = 0.0115)(figure 6 A). A
significant decrease of non-apoptotic cells is also found between 24h and 30h of hypoxia (p = 0.0475).
Furthermore, there was a significant decrease found in non-apoptotic cell count between 24h and 48h

of hypoxia (p = 0.0002).

Next, the apoptotic cell count was assessed. Hypoxia of 24h did not significantly affect the apoptotic
cell count (figure 6 B). There was a significant increase found in apoptotic cell count after hypoxia with
a duration of 30h (p = 0.0038), after a duration of 40h (p = 0.0031) and after a duration of 48h (p =

0.0009) compared to baseline.

Lastly, we assessed the dead cell count. There was a significant increase after 48h of hypoxia in dead
cell count (p = 0.0385). Between control and 24h, 30h and 40h of hypoxia we did not observe a

significant difference (figure 6 C).
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Figure 6. Bar graph showing the effect of hypoxia up to 48 hours on A. non-apoptotic cell count, B. apoptotic cell count and
C. dead cell count. Control (n = 20), 30h (n = 14), 40h (n = 28), 48h (n = 21). Error bars indicate the SEM. * P < 0.05, ** P <
0.005, *** P < 0.0005, two-way ANOVA test and post-hoc Bonferroni correction was performed between conditions. Exact
p-values are reported in table S1B (appendix B).
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Figure 7. Representative images of non-treated (NT) and cultures treated with memantine stained for Cas3/7 (green), Pl (red) and DAPI (blue) at DIV 49 (scale bar 20 um) and quantification of cell viability in hypoxia,
n =14 for all conditions

30



Eva J.H.F. Voogd

4.1.3 Effect of hypoxia on neuronal network activity and synchronicity
To investigate the effect of hypoxia on neuronal network activity and synchronicity, neuronal cultures

were grown on MEAs. In conditions of normoxia, the hiPSC-derived neuronal cultures formed a
functionally connected network exhibiting electrical activity composed of spikes and burst appearing
in a synchronous matter. When the neuronal networks were exposed to hypoxia, the firing rate and
network burst rate exhibited by the neuronal networks immediately dropped compared to baseline
(figure 10). Significant changes were present one hour after onset of hypoxia (p< 0.0005 and p<0.0001,
respectively). All neuronal networks completely lost synchronicity within 24h of hypoxia and after 48h

the neuronal networks became electrically silent.
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Figure 8 A. Normalized firing rate for non-treated cultures (n=78) over the time course of 48 hours of hypoxia. B. Normalized
network burst rate in non-treated cultures (n=78) over the time course of 48h. Error bars indicate the SEM. Exact p-values
are reported in table S2 (appendix B). *** p <0.0005, **** p <0.0001, two-way ANOVA test and post-hoc Bonferroni
correction was performed between conditions.

4.2 Effect of treatment strategies on neuronal networks during hypoxia
Here we investigated the effect of different treatment strategies on cell viability and the network

activity. To investigate the effect of treatment strategies that are based on the suppression of
activation, we treated neuronal cultures with memantine to assess the effect of this selective NMDAR
antagonist on cell viability and neuronal network activity. Furthermore, we investigated the effect of

hypothermia on neuronal network activity.
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We investigated the effect of optogenetic stimulation, a treatment strategy that is based on activation

of the neuronal network on neuronal network activity during hypoxia.

4.2.1 Treatment with memantine
To investigate the effect of memantine on cell viability after 48h of hypoxia we compared non-treated

cultures with treated cultures (figure 7). There was no significant difference found in the total cell

count between treated and non-treated cultures (appendix B, table S1A & figure S1).

The results showed that there is a significant difference in non-apoptotic cell count between non-
treated and treated cultures in the control (p = 0.0469). There are less non-apoptotic cells in neuronal

cultures treated with memantine compared to non-treated cultures (figure 9 A).

Next, we assessed if memantine had an effect on apoptosis in hypoxia compared to no treatment. The
results showed that there was a significant difference in apoptotic cell count in treated cultures and
non-treated cultures after 40h of hypoxia (p = 0.0042). There are less apoptotic cells in memantine

compared to no treatment (figure 9 B).

Lastly, we assessed the number of dead cells in treated and non-treated cultures. The cultures treated
with memantine had significant higher dead cell count compared to the non-treated cultures at 40h

of hypoxia (p = 0.0003) (figure 9 C).
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Figure 9. Bar graph showing the effect of 48h of hypoxia on A. non-apoptotic cell count, B. apoptotic cell count and C. dead
cell count. Control (n = 14), 30h (n = 14), 40h (n = 14) and 48h (n = 14) for non-treated cultures and cultures treated with
memantine. Error bars indicate the SEM. * p <0.05, ** p < 0.005, *** p <0.0005, two-way ANOVA test and post-hoc Bonferroni
correction was performed between conditions.
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We then investigated the effect of memantine different doses of memantine (1uM, 5 uM or 10 uM)
on neuronal network functionality after 48h of hypoxia. The results showed that the activity decreased
over time as observed in non-treated cultures and no activity was observed after 48h of hypoxia (figure

10 & 11).

There was no significant difference between the non-treated, vehicle and different doses up and until
14h after onset of hypoxia in terms of normalized firing rate. The dose of 1uM memantine showed a
significantly higher normalized firing rate after 16h of hypoxia when compared to the non-treated
cultures (p = 0.0100). A significant difference in firing rate was found between non-treated cultures

and cultures treated with 1uM memantine up to 34h of hypoxia (table S3) (figure 10A).

Furthermore, after 26h of hypoxia the cultures treated with 10 uM memantine showed a significantly
higher normalized firing rate compared to non-treated cultures (p = 0.0047). This significant difference
between 10 uM memantine and non-treated cultures was found up to 34h of hypoxia (table S3). After
28h of hypoxia, cultures treated with 5 uM memantine also showed a significant higher normalized

firing rate when compared to non-treated cultures (p = 0.0436) up to 34h of hypoxia (figure 10 A).

The cultures treated with vehicle (PBS) showed a significantly higher normalized firing rate compared
to non-treated cultures (p = 0.0070) after 34h of hypoxia. There was no significant difference found
between the different doses of memantine compared to the vehicle over the time course of 48h (figure

10).
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Figure 10. A. Normalized firing rate for non-treated (n=78), vehicle (n=3), 1luM memantine (n=3), 5 UM memantine (n=3) and
10 pM memantine (n=3) after 48 hours of hypoxia. B. bar graph representing the normalized firing rate after 34h of hypoxia
in non-treated (NT), vehicle (PBS), 1 uM, 5 uM and 10 pM. Error bars indicate the SEM. Two-way ANOVA test and post-hoc
Bonferroni correction was performed between conditions. Exact p-values are reported in table S3 (appendix B).

The results of the NBR showed already a significant difference 2h after onset of hypoxia when the
vehicle, 1 uM, 5 uM and 10 uM memantine were compared to non-treated cultures (p < 0.0001). This
significantly higher NBR was found for all treated cultures (even for the vehicle) compared to non-

treated cultures up and until 34h of hypoxia (figure 11).

Furthermore, after 8h of hypoxia the dose of 1 uM memantine showed a significantly higher NBR
compared to the vehicle (p = 0.0027). Besides this difference, 1 uM memantine showed to have a

significantly higher NBR compared to 5 uM memantine (p = 0.0418) at 8h of hypoxia.

After 18h of hypoxia a significant difference between vehicle and 5 uM memantine (p = 0.0303) and
between vehicle and 10 pM memantine (p = 0.0010) was found. Furthermore, 1 uM memantine

showed to have a significantly lower NBR compared to 10 uM memantine (p = 0.0449).

The significant difference between the vehicle and 5 uM memantine and between the vehicle and 10

UM memantine was found up to 24h of hypoxia and after 28h of hypoxia (table S3).

To conclude the treated cultures had significantly higher NBRs compared to the non-treated cultures
from 2h of hypoxia up to 34h of hypoxia. The significant differences between the treated cultures show

a lot of variation over time (table S3). Furthermore, 5 UM memantine showed to be the least deviant
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to baseline activity (1 network burst / min) and showed to be the most stable in terms of network burst

rate.
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Figure 11. A. Normalized network burst rate for non-treated (n=78), vehicle (n=3), 1luM memantine (n=3), 5 UM memantine
(n=3) and 10 uM memantine (n=3) over the time course of 48 hours of hypoxia. B. bar graph representing the network burst
rate after 34h of hypoxia in non-treated (NT), vehicle (PBS), 1 uM, 5 uM and 10 uM. Error bars indicate the SEM. Two-way
ANOVA test and post-hoc Bonferroni correction was performed between conditions. Exact p-values are reported in table S3
(appendix B).

4.2.2 Treatment with hypothermia
Next, we investigated the effect of cooling (34 °C) on the network activity and synchronicity during

hypoxia. When the non-treated cultures were exposed to hypoxia, the firing activity and synchronicity
exhibited by hiPSC-derived neuronal networks immediately dropped. The cultures subjected to
hypoxia combined with hypothermia did not drop as much in firing rate, although this was not found
to be significant (figure 12). The non-treated cultures become electrically silent after 48h after hypoxia

onset, this was for treated cultures not the case.

The NBR showed significant changes 4h after onset of hypoxia and onwards (p < 0.0001) (figure 13).
After 26h, the treated cultures showed an increase of NBR that was increased from baseline (1.000 +
0.018) to 2.259 + 0.058 at 30h of hypoxia(p < 0.0001). After 30h of hypoxia there is a decrease in NBR
in the treated cultures, however after 48h of hypoxia there is still network synchronicity (0.617 *
0.034) (figure 13B). The NBR in non-treated cultures reduced and was almost zero, 20h after onset of
hypoxia. These cultures completely lose synchronicity within 24h of hypoxia. These results show that
hypothermia has a positive effect on the network burst rate, but do not have a significantly positive

effect on the firing rate of neuronal cultures during hypoxia in this experiment.
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Figure 12. A. Normalized firing rate of non-treated cultures (red, n=78) and cultures treated with 34 °C hypothermia (taupe,
n=24). B. bar graph representing firing rate after 48h of hypoxia in in non-treated (NT) and hypothermia cultures. Error bars
indicate the SEM. Two-way ANOVA test and post-hoc Bonferroni correction was performed between conditions.
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Figure 13. A. Normalized network burst rate (NBR) of non-treated cultures (red, n=78) and cultures treated with 34 °C
hypothermia (taupe, n=24)). B. bar graph representing network burst rate after 48h of hypoxia non-treated (NT) and
hypothermia. Error bars indicate the SEM. **** P < 0.0001, two-way ANOVA test and post-hoc Bonferroni correction was
performed between conditions.

4.2.3 Treatment with optogenetic stimulation
We showed that during hypoxia memantine and hypothermia had a positive effect on network

synchronicity. Both of these strategies are based on the suppression of activity. We suggest that
stimulation of the networks might also show a significant increase of network activity and synchronicity
compared to non-treated cultures. We tested this hypothesis by optogenetically manipulating

excitatory neurons and exciting them with blue light. When neuronal networks were exposed to 40h
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of hypoxia and optogenetic stimulation, they maintained baseline levels of firing rate and NBR
throughout the entire duration of hypoxia (figure 14 and 15). These results show that the network
activity was stable during hypoxia, this indicated that activation of the entire network has a protective

effect during hypoxia.
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Figure 14. A. Normalized firing rate of non-treated cultures (red, n=78) and cultures treated with optogenetic stimulation
(blue, n=8). B. Bar graph representing the firing rate after 40h of hypoxia for non-treated (NT) and optogenetic stimulation
(Opto). Error bars indicate the SEM. **** P < 0.0001, two-way ANOVA test and post hoc Bonferroni correction was performed
between conditions. Exact p-values are reported in table S3 (appendix B).
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Figure 15. Normalized network burst rate (NBR) of non-treated cultures (red, n=78) and cultures treated with optogenetic
stimulation (blue, n=8). Error bars indicate the SEM. **** P < 0.0001, two-way ANOVA test and post hoc Bonferroni correction
was performed between conditions. Exact p-values are reported in table S3 (appendix B).
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Chapter 5

Discussion
In this thesis, we established a human neuronal model of the ischemic penumbra to (i) study the effect

of hypoxia on synaptic puncta, (ii) study the effect of hypoxia on cell viability, (iii) study the effect of
hypoxia on network activity and synchronicity, and (iv) test different treatment strategies to support
neuronal functionality. In cultures exposed to hypoxia, we showed that hypoxia affects cell viability by
increasing apoptosis and cell death. Furthermore, we showed that hiPSCs derived neuronal cultures

become electrically silent after 48h of hypoxia.

In cultures exposed to hypoxia and different treatment strategies, we showed that memantine had no
significant overall effect on cell death, which is probably caused by the fact that memantine is not an
inhibitor of apoptosis. We observed that memantine has some positive effect on firing rate and
network burst rate compared to non-treated cultures. However, so did the cultures who were treated

with vehicle (PBS). After 48h of hypoxia all cultures became electrically silent.

Furthermore, we showed that hypothermia seemed to have a higher firing rate after 48h of hypoxia.
However, this was not found to be significant. The network burst rate of hypothermia was higher
compared to non-treated cultures. After 48h of hypoxia the cultures treated with 34°C were still active
in terms of firing rate and network burst rate. Lastly, we investigated the effect of optogenetic
stimulation. We observed that this had a protective effect, by maintaining the network levels of activity
stable during 48h of hypoxia.

5.1 Hypoxia affects neuronal functionality.

5.1.2 Synaptic puncta seem to be not affected by hypoxia.
Hypoxia did not seem to affect the number of synaptic puncta. We hypothesized that the number of

synaptic puncta would decrease due to hypoxia. We expected that this decrease would be found
already after 6h of hypoxia. Others have shown that synaptic dysfunction is an early consequence of
energy depletion [12, 24]. Hypoxia causes damage to the dendritic structure and causes spine loss. Our

findings did not show a decrease in synaptic puncta after 48h of hypoxia. In the second experiment we
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observed that the number of synapsin puncta seemed to show a decrease from 6h of hypoxia to 41

hours. However, this was not found to be significant.

There is always a chance to have variability in hiPSC-derived neuronal cultures from different batches.
Therefore, we propose to establish another batch and create a bigger population to get more insight
in the effect of hypoxia on the number of synaptic puncta in hiPSCs derived neuronal model of the

ischemic penumbra.

Furthermore, in this thesis we investigated all neurons (inhibitory and excitatory) and did not quantify
the effect of hypoxia on excitatory and inhibitory neurons. Research showed that inhibitory neurons
are quite resistant to hypoxia [132, 133]. Therefore, we propose to investigate whether there is a
difference between the number of synapses of excitatory and inhibitory hiPSC-derived neurons in

hypoxia.

5.1.3 Cell viability affected by hypoxia.
We found that the number of non-apoptotic cells decreases rapidly. After 24 hours of hypoxia most of

the cells are either apoptotic or dead. After 30h of hypoxia there is an increase of apoptosis. In other
studies conducted in non-neuronal cells it was found that apoptosis is reversible when the inducer was
taken away. This concept is named ‘anastasis’, Greek for ‘rising to life’ [134, 135]. In our experiments
that would mean, when normoxia is initiated again a decrease in apoptotic cells could be found.
However, our results showed that after 24h of hypoxia with 24h of reoxygenation there was no
decrease in the number of apoptotic cells in hiPSC-derived neuronal cultures containing only excitatory
neurons (supplementary figure 2). This does not suggest that apoptosis in hypoxia is not reversible, or

that neuronal cells cannot undergo anastasis.

These findings suggest that 24h of hypoxia causes to much damage to the cells. Perhaps is anastasis
not possible anymore. Furthermore, it is possible that the recovery period was too short. Or that toxins
built up in the medium and cause damage to the cells. If this were true, we would expect to see an

increase of dead cells from 24h to 30h of hypoxia. However, we did not see this in our results. After
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48h of hypoxia the number of dead cells has significantly increased compared to all other time points.
If normoxia is initiated earlier, there is a possibility that apoptosis is reversible. The time window to
treat ischemic stroke in patients is relatively short. Patients need to be treated within max. 6 hours of
symptom onset to have the best chance on recovery. Therefore, it may be possible that the number

of apoptotic cells decrease when reoxygenation is established earlier in time.

We propose to assess whether apoptosis is reversible in hypoxia when the duration of hypoxia is no
more than 12h. After 12h of hypoxia hiPSC-derived neurons lose their network burst rate as showed
in the results of ‘4.1.3. Effect of hypoxia neuronal network activity and synchronicity.’. By losing their
synchronicity, the neurons lose contact with each other. When neurons don’t get input from other
neurons, they will die (‘use it, or lose it’) [5, 17, 136-138]. It is possible that before they lose their

network, we can save them from apoptosis and with that minimize the loss of neuronal network.

5.1.4 MITOtracker protocol
To investigate the mitochondria in hiPSC-derived neuronal cultures we set up a protocol. The way this

protocol was set up made us unable to quantify the mitochondria in the time schedule that was
planned for this thesis (appendix C). Furthermore, the quantification of mitochondria with this protocol
in general is going to be difficult. A lot of background noise was found, and it was hard to distinguish
whether red puncta were mitochondria or noise (supplementary figure 3). Furthermore, it was hard to
see the single mitochondria in the soma and the cell bodies. The mitochondria are located in a 3D
space and therefore we could not assess whether it were single mitochondria or clusters of
mitochondria. This protocol did not give us the correct images to analyse. We were aiming to have
results more similar to what Klein Gunnewiek et al. found this year in hiPSC-derived neuronal cultures
from mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) patients
[139]. They transfected the neurons with a DNA-In Neuro Transfection Reagent in combination with a
DSRed2-Mito7 plasmid. With this technique the mitochondria expressed DSRed2-Mito7 during
differentiation. Our protocol used mature neurons (DIV 49) where we tried to force Mito tracker red

CMXros (Thermo Fisher) into the mitochondria. Future research into the morphology and the number
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of mitochondria in ischemic stroke could consider the transfection protocol used in Klein Gunnewiek

et al [139].

5.1.5 Neuronal activity and synchronicity affected by hypoxia in hiPSC-derived neuronal
cultures.
We found that hiPSCs derived neuronal networks are vulnerable to hypoxia since the activity and

synchronicity decreased under low oxygen conditions. After 6h and 12h of hypoxia, neurons remained
active and synchronized. If low oxygen persisted for 24h, network burst activity ceased, together with
firing activity. This suggest functional neuronal impairments such as synaptic failure [24] and
depression of excitatory synaptic transmission [24]. When low oxygen condition lasted longer than 24h
the cultures became electrically silent. This could suggest that they are still alive, however there are
not enough substrates (i.e. glucose and ATP) to fire action potentials. It is also possible that the firing
and synchronous activities are related to distinguishable energy supports, hence the difference
between decrease in mean firing rate and NBR. The steeper decrease in the NBR shows that hypoxia
primarily affects synchronous activity and indicates that synaptic network transmission has a greater
energy consumption than spontaneous spiking activity. Furthermore, given that synaptic transmission
requires a set of coordinated pre- and post-synaptic ATP-dependent processes, our results suggest
that network bursting requires a minimum amount of energy to occur. Thus it might be a good

endpoint measure of energy usage in neuronal networks.

5.2 Effect of treatment strategies on neuronal network during hypoxia in hiPSCs derived
neuronal cultures.
We investigated the effect of different treatment strategies in hypoxia. We choose treatment

strategies based on suppression of neuronal activation (memantine and hypothermia) and based on
activation of the neuronal network (optogenetic stimulation). We assessed the effect of memantine
on cell viability and on neuronal network activity. Furthermore, we tested the effect of hypothermia

and optogenetic stimulation on neuronal network activity in hypoxia.
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5.2.1 Memantine does not improve cell viability or neuronal network activity after 48h of
hypoxia in hiPSC-derived neuronal cultures.
We investigated the effect of memantine on cell viability in hypoxia. We hypothesized that excitoxicity

decreases due to memantine and prevent apoptosis caused by excitotoxicity. However, we found no
difference in reduction in non-apoptotic cell count. Our results showed that after 40h of hypoxia in the
memantine treated cultures there are less apoptotic cell count compared to non-treated cultures, but
there was anincrease in dead cell count after 40h in the cultures treated with memantine. This suggest
that memantine has a negative effect after 40h of hypoxia on cell death. It might suggest that

memantine blocks healthy glutamate signalling and the cells die due to this blockage.

The pathophysiological cascade of ischemic stroke is incredibly complex. When a molecular event is
targeted (e.g. excitotoxicity) it does not mean that no other molecular events will occur. What this
suggests is that the cells still can go into apoptosis or other cell death pathways, when only one
molecular event is targeted. For example, mitochondrial dysfunction is initiated by ATP depletion and
this causes apoptosis. This is just another molecular event in the pathophysiological cascade that can
lead to cell death. Therefore, it is interesting to investigate combination treatment strategies. These
are treatment strategies that target multiple molecular events of the pathophysiological cascade [73,
103, 140]. First, it is important to investigate how the pathophysiological cascade evolves when one of
the molecular events is blocked or prevented. When excitotoxicity is blocked, what mechanism is then
initiated to ensure cell death? Future research can provide better insight in which molecular events to

target in combination strategies.

Next, we assessed the effect of different doses of memantine (1uM, 5 uM or 10 uM) on neuronal
network activity. We chose these doses because they were found to be the least toxic for neurons [51].
Memantine is an uncompetitive NMDAR antagonist, this means that NMDAR activation is required by
glutamate before memantine can bind. Memantine preferentially blocks excessive NMDAR activity,
possibly without disrupting normal function. Therefore, this could be a promising drug for ischemic

stroke because healthy activation of NMDARs can be maintained [141].
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Our results show that 1uM of memantine helped the networks maintaining physiological activity levels
from 14h up to 34h. Furthermore, 10 uM of memantine showed neuroprotection after 26h of hypoxia
and 5 pM of memantine showed neuroprotection after 28h of hypoxia. The synchronicity was the
highest over the time course of 34h of hypoxia with 5 UM of memantine. Cultures treated with 5 uM
of memantine showed a NBR close to baseline, suggesting that this maintained the network
synchronicity overtime. However, all cultures were electrically silent after 48h of hypoxia. This suggest
that memantine does not rescue the neurons in the end, but it shows that memantine can be
neuroprotective until a certain duration of hypoxia. The effect of memantine can wear off because of
the working mechanism of this drug. Memantine binds to NMDARs when glutamate is available to bind
to NMDARs. However, after 44h of hypoxia there is possibly so much damage done to the cells (e.g.
disruption of mitochondrial function, excessive release of reactive oxygen species etc.) that even

though the cells were not overexcited by excessive release of glutamate, they still die.

Furthermore, there was not a big difference found between the three doses and the vehicle (PBS). This
could suggest that PBS has a neuroprotective effect. PBS is a water-based salt solution containing
disodium hydrogen phosphate, and sodium chloride. The buffer helps to maintain a constant pH.
Perhaps it affected the acidosis of the neurons, by maintaining a healthy pH (more information about
acidosis in ischemic stroke can be found in the review (appendix A)). Our findings suggest that PBS has
an effect on the activity of neuronal cultures during hypoxia. We found that 5 uM of memantine shows
more neuroprotection of the networks physiology than the vehicle. From this we can not conclude
that memantine affects the neuronal networks, because we found that PBS affects the neuronal
networks as well. The experiments had a small n, only 3 experiments were done per dose. Therefore,
a next step could be to increase the n by doing more experiments and using a different solution to
dilute memantine to test its effect. Perhaps memantine can be diluted with the medium that is used
for the neurons (neurobasal). Furthermore, future research could investigate what the effect is of an

inhibitor of apoptosis on network physiology and may be combine this with memantine.
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5.2.3 Hypothermia improves neuronal network synchronisation during hypoxia in hiPSC-
derived neuronal cultures.
The second strategy we employed that was based on suppression, was hypothermia. We found that

hypothermia showed to be neuroprotective for the synchronicity of the neuronal networks. We
observed the same trend in the firing rate of the cultures treated with hypothermia, however this was
not found to be significant. After 8h of hypoxia we observed an increase in firing rate and network
burst rate. Furthermore, after 28h of hypoxia we observed an increase of the network burst rate that
was twice as high as the baseline. To ensure, this was not due to malfunctioning flow controllers, we
assessed the read out of the flow controllers and we did not see any deviant events. This suggest that
the increase in synchronicity is caused by hypothermia. A possibility is that energy is preserved and
that after 30h of hypoxia the neurons needed to fire action potentials in an attempt to avoid becoming
electrically silent. This treatment strategy (33 °C) showed to be neuroprotective in human embryonic
stem cell derived neurons by reducing cell death after 4h of hypoxia, and even abolished this effect

when normoxia was initiated after 4h of hypoxia [142].

Hypothermia is a multifactorial treatment strategy and targets multiple events of the
pathophysiological cascade. The main idea of cooling is to preserve energy by supressing neuronal
activity [116]. Hypothermia helped the networks maintaining physiological activity levels throughout
the whole duration of 48h of hypoxia. After 48h of hypoxia the neurons were not electrically silent, as
we found in non-treated cultures. This suggest that hypothermia is neuroprotective in a hiPSC-derived
neuronal model of the ischemic penumbra when initiated immediately at the start of hypoxia.
However, in clinical trials system cooling and endovascular cooling of patients did not show
neuroprotection in ischemic stroke [117, 121, 122]. Besides that, hypothermia cannot be started
immediately after stroke onset in patients. Future research could focus on the effect of hypothermia
when started later after onset of hypoxia. Furthermore, future research could investigate new

techniques to translate the treatment strategy of hypothermia to the clinic.
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5.2.4 optogenetic stimulation shows neuroprotection during hypoxia in hiPSCs derived
neuronal cultures.
We investigated a treatment strategy that is based on the activation of excitatory neurons.

Optogenetic stimulation of neurons helped the networks maintaining activity the whole duration of
hypoxia. Non-treated cultures showed a strong decrease in activity and synchronicity after 40h of
hypoxia. These findings suggest that neuronal networks need a certain amount of activity to ensure
neuronal viability. Furthermore, it suggest that early stimulatory may be beneficial even during
temporary low oxygen conditions such as found in the ischemic penumbra [13]. A primary form of
energy production in the brain is the lactate shuttle that exists between neurons and astrocytes [143,
144]. It has been found that lactate administered at early time points after ischemia can be
neuroprotective against cell death in vitro, decreases lesion size and improve neurological outcome in
vivo [145]. The lactate shuttle is found the be dependent on neuronal activity, the lack of activity that
occurred during hypoxia in non-treated cultures could intervene with this shuttle. Therefore,
intervention with energy production in the brain is causing tissue damage. Thus, our results suggest
that optogenetic stimulation might maintain or trigger the shuttle during hypoxia, by activating
signalling molecules (i.e. glutamate, NH4 [146]) and having a neuroprotective effect. Therefore, we
propose to investigate whether administration of lactate to hiPSC-derived neuronal cultures subjected
to hypoxia shows neuroprotection. Furthermore, future research could try to inhibit the
neuroprotective effect of optogenetic stimulation by blocking the lactate shuttle to assess whether the

cultures become electrically silent after 40h of hypoxia.

5.3 Conclusions
Combining hiPSCs derived neuronal models with neuronal network dynamics constitutes a promising

tool to investigate human neuronal responses to hypoxia. Hypoxia causes an increase in cell death and
this is not inhibited by memantine. Hypothermia and optogenetic stimulation show promising
neuroprotective effects in neuronal cultures. However, the translation of these treatment strategies is

rather difficult. Future research could investigate new translational strategies for these treatments.
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The use of hiPSCs opens new perspectives for understanding the effect of hypoxia network activity in

ischemic stroke.
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Appendix A

Review: Pathophysiological cascade of ischemic stroke and treatment

strategies.
Voogd, E.J.H.F

Abstract

Ischemic stroke is a leading cause of death and disability in the world. The only treatments that are
proven effective in humans to reduce brain damage is acute recanalization by intravenous
thrombolysis or mechanical thrombectomy. The infarct core is irreversibly damaged and the area
around the core (penumbra) is salvageable. Research is focused on the treatment to enhance recovery
of the penumbra. Preclinical and clinical studies investigated the pathophysiological mechanisms in
order to establish neuroprotective treatments. In this review we describe the molecular events that
occur upon ischemic attack. These events are placed in a chronological order to provide a clear
overview. However, these events might occur sequentially or in parallel and might activate different
pathways resulting in a complex pathological cascade. All these molecular events will eventually lead
to cell death. For these events we describe candidate treatment strategies that are investigated in
preclinical trials. Furthermore, we propose new treatment strategies that target multiple molecular

events.
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Introduction

Ischemic stroke is a leading cause of death and disability in the world [2, 3, 147]. There are about ten
to seventeen million stroke incidences a year worldwide, with at least six million patients dying related
to stroke [148]. Epidemiological reports predict an increase due to the aging population. When patients
survive, they are frequently left with moderate to severe neurological deficits [4].

Ischemic stroke is characterized by a sudden loss of blood perfusion in part of the brain, resulting from
occlusion of a brain artery. The artery can be occluded by an embolus or a thrombus. This leads to loss
of neuronal function, neuronal cell death and loss of neuronal structure, sequentially, with consequent
neurologic deficits [5]. If perfusion is not reestablished in time, brain damage can be permanent [6].
Therefore, early removal of the occlusion is essential. There is a critical time window where brain
damage can be limited, which depends on remaining perfusion levels, which in turn depend on
collateral circulation.

The only treatment that is proven to be beneficial to reduce brain damage and neurological
impairment is acute recanalization by intravenous thrombolysis [7] or mechanical thrombectomy [8].
The sooner recanalization can be achieved, the better the prognosis will be, reflecting the vulnerability
of the brain to hypoperfusion and hypoxia. Beneficial effects of recanalization therapies have been
established for intravenous thrombectomy (IVT) within 4.5h [9] and intra-atrial thrombectomy (IAT)
within 6h from symptom onset [10]. Treatment windows may be extended based on computed
tomography (CT) or Magnetic resonance imaging (MRI) perfusion imaging [149]. Still, due to limited
time-windows and a wide range of contra-indications, only 5-10% of patients is eligible for
recanalization treatments. Even when treated, most patients experience moderate to severe
persistent functional deficits [11]. There is an urgent need to uncover new pathways that could be
therapeutically targeted to improve stroke outcome, preferably applicable over a time-window of
hours to days.

In order to establish neuroprotective treatment, it is crucial to understand which electrical and

biochemical processes are vital for recovery or play a role in progression towards permanent damage.
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The core of the infarct is irreversibly damaged, however the tissue surrounding the core (‘penumbra’)
is salvageable, when progression of the damage is limited. Over the past decades, a magnitude of
preclinical and clinical research has uncovered relevant pathophysiological mechanisms in order to
identify effective treatment targets. Still, there is up to today no effective treatment for ischemic
stroke in humans other than intravenous thrombolysis and mechanical thrombectomy. There is no
approved agent for neuroprotection. Here we review molecular mechanisms that play a key role in
ischemic stroke recovery or deterioration with the aim of providing an overview of potential treatment
targets (table 1). Besides this we also show a small overview of different treatment strategies that
target the molecular mechanisms in pre- and clinical trials described in this review and propose future

directions.

Neuronal damage after ischemic stroke in core and penumbra

The human brain requires relatively much energy: although it only represents 2% of the body weight,
it accounts for 20% of oxygen consumption and 25% of glucose utilization [150]. Approximately 25%
of the brain’s energy expenditure comprises basic cellular activities, such as protein synthesis,
intracellular transport, and mitochondrial proton leakage. The remaining 75% is required for signaling
processes, including generation of action potentials and synaptic transmission [151]. These functions
will be compromised during ischemic stroke and leading to irreversible neuronal damage. This comes
in sequential steps, starting with energy failure followed by synaptic dysfunction, ion imbalance,
excitotoxicity, and acidification depend on the duration of hypoperfusion and remaining perfusion
levels [12, 152]. These are all part of the ‘ischemic cascade’ that may lead to cell death and
inflammation in the first seconds, minutes or hours following stroke. However, it is incompletely
understood which electrical and biochemical processes are vital for recovery and which anticipate
permanent damage.

The area directly around the infarct is named the infarct core, with perfusion levels below 10
ml/100g/min, in which energy supply is insufficient to preserve ion gradients across the plasma

membrane and damage is irreversible [12]. Loss of neuronal function is followed by calcium influx, cell
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swelling, and irreversible structural damage on timescales of seconds to hours [152-154]. This starts in
the core and gradually spreads towards the penumbra. This is an area with some remaining perfusion
from adjacent arteries, however there is a significant decrease in perfusion levels (between 14 and 35
ml/100g/min) [13]. Itis assumed that in the penumbra functional neuronal activity becomes impaired,
but neurons initially remain structural intact and metabolically active [5, 14]. If energy supply is
restored, by reestablishment of the blood flow, this dysfunction is in principle reversible. However, in
the absence of reperfusion, ion homeostasis will be affected in parts of the penumbra, leading to cell
swelling and cell death. In peripheral regions of the penumbra, ongoing neuronal damage may be
unassociated with cell swelling, and continue up to days after the insult [155]. The penumbra is a
heterogenous area, this can partly be ascribed to irregularities of perfusion levels [152]. Furthermore,
different cell types can have different sensitivity to ischemia, therefore the pathophysiological cascade
is heterogenous. Causes for selective ischemic vulnerability are not clear, but possibly include the
amount of connectivity [12], differences in ion channel composition [156], or selective synaptic failure,
with higher vulnerability of excitatory synapses relative to inhibitory synapses [157]. Moreover,
secondary damage of penumbral tissue can lead to additional neurological impairment, which occurs
in approximately one third of patients during the first days after the infarct [158]. Improvement of
neuronal recovery in the penumbra has a large potential to advance recovery. However, current
treatments to promote recovery of penumbral tissue are scarce and only consist of general

interventions, such as prevention of pyrexia, hyperglycemia, and systemic hypertension [15].

Molecular events after stroke onset
The tissue of the infarct core dies quickly, within seconds energy failure and synaptic dysfunction occur

[24]. The extension of damage is largely determined by the progressive transformation of the
penumbra into damaged tissue. The penumbra will be affected over time when there is no
intervention, the core will expand, and more tissue is lost [159, 160]. Additionally, the toxic signals of
the dying neurons from the infarct core cause damage to the penumbra (e.g. cell death) [161]. Thus,

the core increases in volume due to cell death in the penumbra and this does not allow treatment
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anymore. In this review we will divide the molecular events happening in seconds, minutes, and hours
which are found initially in the core and gradually will affect the penumbra, causing irreversible
damage. However, the molecular events involved might occur sequentially or in parallel and might

activate different pathways resulting in a complex pathological cascade.

Molecular events after seconds

Energy failure
The depletion of oxygen and glucose slows down or stops the synthesis of adenosine 5’-triphosphate

(ATP) through glycolysis and oxidative phosphorylation. The activity of the nerve cells in the brain
depend almost exclusively on the oxidative phosphorylation for energy production [162].
Mitochondria in neurons and astrocytes use more than 75% of the oxygen delivered to the brain to
generate ATP [154]. When oxidative phosphorylation is disrupted it causes ATP synthase to consume
ATP and this accelerates ATP shortage [163]. In mice, a rapid fall of the ATP level occurs within 2-5
seconds of brain ischemia [154, 164]. Ischemic induced arrest of mitochondrial respiration and ATP

generation is defined as primary energy failure in ischemic stroke [154].

Synaptic dysfunction
In previous work it has been shown that under complete ischemic or anoxic conditions, synaptic failure

is an early consequence of energy depletion [12]. In patients with brain ischemia, early
electrophysiological changes include electroencephalographic and evoked potential disturbances,
which support the notion of an early alteration of postsynaptic currents [165].

Synaptic transmission is highly vulnerable to metabolic perturbations. Hypoxia damages the dendritic
structure and causes spine loss. Bolay et al. [24] conducted in vitro and in vivo experiments with acute
complete anoxia and found that depression of excitatory synaptic transmission was the very first
measured pathophysiological process. Isolated synaptic disturbances, with intact membrane
properties, were irreversible after transient severe anoxia, if the depth or duration of hypoxia was
sufficiently severe [24]. Most evidence upholds the assumption that the initial hypoxic synaptic failure
is primary a result of presynaptic malfunction caused by a defect in the phosphorylation of synapsin

and is associated with impaired neurotransmitter release. This suggestion is based on observations of

52



Eva J.H.F. Voogd

depressed postsynaptic potentials evoked by stimulation of afferent fibers, with intact responses to
exogenous glutamate or other postsynaptic receptor agonists [24]. Those changes disrupt the neuronal
circuit and impairs normal function of the brain [166]. However, it is unclear how functional
disturbances of synaptic transmission evolve in the outer border of the penumbra, under conditions
of hours-lasting partial hypoxia in the absence of depolarization. Animal studies have indicated that
the expression of genes and proteins that are associated with synaptogenesis, which are high during
early brain development, undergo repeated increased expression during the first hours to days after
acute ischemic stroke [25]. This suggests a limited period of increased potential for neuroplasticity,
which is consistent with results of clinical research, showing improved recovery with early and

intensive physical therapy [26].
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Table 1. Molecular events* and their treatment strategies highlighted in this review.

Molecular event Onset Caused by Tested and effective in Tested in stroke Effective in stroke
animal models patients? patients?
lonic imbalance Minutes Failure of Na+/K+ ATPase pumps Methylene blue [131-136] No N/A
Excitotoxicity Minutes Excessive glutamate excretion Memantine [137-143] Yes [210-212] Yes [210-212]
Spreading depression Minutes Waves of depolarization to restore = P-188 [45] and citicoline | Yes[148, 213] Yes [148, 213]
ion gradients [148-151], Ketamine [144-
145]
Calcium dysregulation Minutes Increased calcium influx in neurons | Pseudoginsenoside-F11 [152- No N/A
155]
Ischemia induced acidosis Minutes Increased amount of lactic acid Ethanol [159-164] No N/A
Mitochondrial dysfunction Minutes Decrease in electron transport Pramipexole [167 or No N/A
chain activity rapamycin [168, 169
Autophagy Minutes Dysfunctional proteins Rapamycin [169, 178-180] No N/A
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Oxidative and nitrosative Minutes

stress

Inflammation Hours

Final common pathways to cell death

Necroptosis Minutes

Apoptosis Minutes

Imbalance between production of
free radicals and neutralization of
reactive intermediate products

Activation of endothelial cells and

upregulation of leukocytes

Activation of RIPK1/3 and MLKL
protein kinases

Activation of caspase pathway

NR2BIC [183-186] No

L-3-n butylphthalide [103, Yes[214-216]

189-192]
Ligustroflavone [196] No
XQ-1H [201-204] Yes [217]

N/A

Yes

N/A

Yes

* Not all molecular events are targetable in the present day, therefore only targetable molecular events are included in this table.
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Molecular events after minutes

Neuronal depolarization
Loss of ATP causes disruption of the ionic pumps resulting in an increase of intracellular Na*, Ca** and

K* concentrations [162]. These ions are redistributed across plasma membranes. ATP depletion causes
failure of the Na*/K* ATPase pump, resulting in depolarization [167]. Permanent and anoxic
depolarizations develop minutes after stroke onset [6]. Due to the failing Na*/K* ATPase pump, the
intracellular concentration of sodium increases, and potassium is released into the extracellular matrix
[168]. Membrane potential and osmotic pressure are lost, causing cell swelling [169, 170]. Membrane
channels that generate action potentials are inactivated and neurons cannot fire action potentials
[168]. Future treatment strategies could try to maintain Na*/K* ATPase pump activity or avoid cell

swelling.

Excitotoxicity
ATP depletion causes failure of the plasma membrane Ca2+/ATP pump, causing an increase of Ca2+

concentration inside the cell [27]. In the infarct core excessive amounts of Ca2+ in the excitatory
neurons bind to synaptotagmin in the axon terminal. Presynaptic voltage-dependent Ca2+ channels
become activated and excitatory neurotransmitters are released into the synaptic cleft, causing a
neurotoxic release of excitatory neurotransmitters [6]. The accumulation of glutamate leads to
hyperexcitation of the NMDA, AMPA and kainate receptors. Glutamate activation of ionotropic
receptors result in increased energy-consuming electrical activity, especially under conditions of
reduced glutamate uptake by astrocytes in ischemia. Hyperexcitation causes increase of the influx of
calcium, sodium, and water into the neurons, augmenting neuronal damage [28]. Excitotoxicity is
deleterious to the brain tissue and is therefore an interesting target to inhibit in stroke treatment.
However, it is important that heathy concentrations of glutamate are secreted in order to maintain

normal neuronal function.

Spreading depression
Around the infarct core, loss of ion gradients (depolarization) may occur. Waves of depolarization

(‘spreading depression’) in the absence of sufficient energy to restore ion gradients, may lead to
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calcium influx, cell swelling and cell death [12]. This occurs in human ischemic stroke with high
incidence. They arise from the edge of the ischemic core and propagate through the area of the
penumbra [171]. Spreading depression (SD) causes transient megachannel opening on the neuronal
membrane, this may compromise neuronal survival under ischemic stress [55]. Due to the excess of
glutamate and the ionic imbalance waves of neuronal and astroglial mass depolarization occur along
with drastic disruption of ionic gradients [6]. These waves propagate across the gray matter with a
velocity of 2-5mm/min in animals [55, 172] and 1.7-9.2 mm/min in humans [173]. The number and
duration of SDs after ischemic brain injury is correlated to secondary neuronal damage and further
infarct expansion [174]. Restoration of the consequently disrupted ion gradients across the plasma
membrane is an energy consuming phenomenon and aggravate energy deprivation. Recovery is
dependent on remaining energy levels, which in turn depend on perfusion levels. Peri-infarct
depolarizations have been demonstrated in animal models and occur with a frequency of several
events per hour and can be recorded for at least six to eight hours after stroke onset [6]. In these
models it is found that increase in infarct volume is proportional to the number and duration of this
phenomenon [6, 175, 176]. Therefore, reducing the number and duration of SDs could be

neuroprotective and is an interesting strategy to investigate.

Calcium dysregulation
Membrane depolarization and excitotoxicity lead to the disruption of the calcium homeostasis in the

brain. Ca** is considered to be a mediator of ischemic brain damage. Normally, Ca?* is always leaking
in a low amount into the cell and is involved in many different intra- and extracellular processes, such
as synaptic activity and cell-cell communication. When ATP production is decreased, Ca?* extruders
(e.g. Na*/Ca?* exchanger) stop working, causing the intracellular and mitochondrial Ca?* concentration
to increase [177].

Increased Ca2* binds to synaptotagmin in the axon terminal causing glutamate to be released and

increasing excitotoxity [178]. The excitatory receptors (NMDAR, AMPAR and Kainite receptor) are well

57



Eva J.H.F. Voogd

known for their Ca?* permeability and due to overactivation they are partly responsible for Ca2* influx
[179]. Especially the NMDARs are a known route for excessive Ca?* to initiate cell death [32].

Ischemic stress activates different Ca®* routes and induces Ca®* overload in neurons and non-neuronal
cells [170]. Mitochondria store Ca®* in the cell and releases their content upon ischemic attack [180].
However, this cannot fully account for the irreversible build-up of Ca* after excitotoxic stimulation.
Other channels and ion pumps are activated up on ischemic attack.

The Na*/Ca?* exchanger (NCX) normally takes up sodium and secrete Ca%*. However, the intracellular
accumulation of sodium may reverse the operational direction of the NCX to cause Na*-dependent Ca%*
uptake, which is mostly found in glial cells [181]. It is thought that in non-neuronal cells the reverse
mode contributes to Ca?* uptake in ischemia [182].

In neuronal cells the situation may be different. In these cells the NCXs may work both ways, some
work forward and others may work in the reversed direction, perhaps in different membrane locations.
Cytotoxic glutamate exposure enhanced the exchanger forward current (efflux of Ca*?) while the
reverse activity was inhibited [183]. Block of NCX damages neurons while increasing the NCX is could
be neuroprotective [184]. It was found that knock-down of the exchanger NCKX2 resulted in greater
increases of Ca?* in cortical neurons [185]. An impaired function of NCX contributes to necrosis in the
infarct core and aggravates apoptosis in the penumbra. Enhancing the NCX is thought to be
neuroprotective, whereas the inhibition of NCX further aggravates tissue injury [170]. However, the
exact role of NCX in ischemic brain injury and its therapeutic potential remain to be further
investigated.

Another type of channel that plays a role in Ca?* overload is the transient receptor potential (TRP)
channel. This is a non-selective cation channel. These TRP channels regulate membrane potential and
manipulate intracellular Na*, K* and Ca?* concentrations in both excitable and non-excitable cells.
Opening of TRP channels depolarizes the cell membrane and thereby activates voltage-dependent Na*

and Ca?* channels, leading to intracellular Na* and Ca?* accumulation [186]. Prolonged Ca?* entry and
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cytotoxicity mainly result from activation of TRPM7 channels. These channels are activated by ROS
from nitric oxide signaling and may be a possible therapeutic target [187].

The increased amount of Ca?* entering the cells will activate phospholipases, disrupt mitochondrial
electron transport, and causes release of free radicals [188]. This causes lipid peroxidation, generates
more free radicals and releases arachidonic acid [189]. Moreover, Ca?* overload causes excessive
stimulation of Ca?*/calmodulin dependent enzymes such as nitric oxide synthase, as well as a host of
Ca?*-dependent enzymes as proteases and endonucleases [190]. These are death signaling enzymes.
Overactivation of these catalytic enzymes cause protein degradation, phospholipid hydrolysis and DNA
damage as well as a disruption of cellular signaling and enzymatic reactions resulting in cell death [191].
Maintenance of normal calcium homeostasis is important to avoid further tissue damage. Therefore,

treatment strategies that try to maintain healthy Ca?* concentrations could be promising.

Ischemia induced acidosis
Acidification is a consequence of oxygen deprivation. Ischemia induced acidosis is a complex cascade

and is thought to be caused by elevation in blood glucose concentration and can exacerbate cell injury.
Excessive lactic acidosis of brain tissue is an important contributor to irreversible damage [192, 193].
The level of lactic acid accumulation is strongly associated with post ischemic recovery. The amount of
lactic acid is dependent on the amount of glucose that is available for anaerobic glycolysis. In the infarct
core, where the blood flow is interrupted completely, the increase in the concentration of lactic acid
is limited by the pre-ischemic tissue stores of glucose and glycogen [154]. However, these stores are
rapidly exhausted. The maximal concentration lactic acid is reached within 5 minutes. In the penumbra
on the other hand, the production of lactic acid depends on the duration of hypoperfusion, remaining
perfusion levels, and on the blood glucose concentration. In this situation there is a continued delivery
of substrate for glycolysis and this may exacerbate tissue lactic acidosis [193]. Glycolysis is stimulated
during hypoxia when there is increased ATP hydrolysis, along with increased H* release. Normal brain
tissue has a pH of approximately 7.2 [194]. Under healthy circumstances glucose is transformed into

pyruvate. However, insufficient oxygen delivery causes the production of lactic acid from pyruvate.
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Excessive amounts of lactic acid accumulate in the tissue and causes the pH to drop to a pH of 6.6
under normal glucose levels (“normoglycemic conditions”) and even to drop to under a pH of 6.0 under
high glucose levels (“hyperglycemic conditions”) [195]. When the pH drops below a pH of 6.7, brain
injury will be exacerbated due to denaturation of proteins, activation of acid sensing ion channels
(ASICs) and the release of ferrous iron [196, 197]. On the other hand, acidosis with a pH of 6.7 inhibits
the production of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and is thought to be
neuroprotective, because NADPH oxidase cannot form harmful reactive oxygen species (ROS) under
these conditions [198]. ASICs are cation channels that are activated by a pH of 6.7. ASICs are gated by
extracellular H* and conduct the acid-evoked inward Na* currents leading to depolarization and cell
swelling. Homomeric ASIC1a channels are also Ca?* permeable and have been implicated in acidosis-
mediated neuronal injury under ischemic conditions [199]. Therefore, a future treatment strategy
could be the maintenance of a healthy pH or try at least to maintain a pH of 6.7 to inhibit NADPH

production.

Mitochondrial dysfunction
Energy homeostasis, which is controlled by the mitochondria, is disturbed within minutes after

ischemic stroke[29]. Mitochondria exist of an outer phospholipid bilayer and an inner membrane. The
outer membrane contains protein channel structures, which makes it permeable for molecules up to
10kDa like ions, water, adenosine diphosphate (ADP), and ATP. The inner membrane is the reactive
center of mitochondrial energy metabolism and contains complexes of the electron transport proteins,
ATP synthetase complex and ATP/ADP transport proteins [30].

Energy balance is disrupted because there is a critical decrease in the electron transport chain activity
with consequent ATP depletion. Ischemia in neurons is characterized by this depletion and
overproduction of ROS. Low perfusion levels cause mitochondrial dysfunction, this affects the working
mechanisms of the mitochondria. The mitochondria remove the Ca% from the cell in healthy
metabolism [29]. Excessive concentration of calcium promotes loss of mitochondrial membrane

potential [31, 32].
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The mitochondrial membrane depolarization is triggered by an energetic failure driven by a
combination of increased energy demand and poly(ADP-ribose) polymerase (PARP) activation, this
depolarization is in principle reversible. However, Abramov and Duchen found that cells undergo a
transition from the energetic failure to mitochondrial permeability transition pore (mtPTP) opening
and revealed that this transition leads to a loss of potential that is no longer reversable [33].

This leads to disturbed mitochondrial functions which in turn activate release of free radicals, enzymes
and proteases that also leads to activation of cellular death pathways (e.g. release of cytochrome C).
Mitochondria are considered as one of the regulators of stress signaling. Structural reorganization
occurs when mitochondria are exposed to ischemic stress. Neurons adapt to stress by removing
impaired mitochondria via mitophagy, this is to maintain the mitochondrial homeostasis. [34, 35]. It is
an attempt to suppress the release of ROS and cell death signaling cascades like the caspase pathway
[200].

There is cross talk between healthy and injured cells, making it possible to transfer mitochondria. The
recipients can reprogram the mitochondria to activate signals for cell survival [29]. However, these
mechanisms are still unclear. Maintaining the mitochondrial function is crucial for neuronal survival in
ischemic stroke. Healthy mitochondrial functioning is therefore one of the promising neuroprotective

targets for stroke treatment [29].

Autophagy
Autophagy is activated in different cell types of the brain upon nutrient starvation or metabolic stress

to maintain tissue homeostasis through clearance of dysfunctional proteins and organelles. It is the
phagocytosis of cytoplasmic materials, which are captured by autophagosomes and fuse with
lysosomes to form autolysosomes and are then degraded [201]. Autophagy is not only present in the
ischemic core, but it is also located in the penumbra [202].

Activation of autophagy is related to signaling pathways. It was found that phosphorylation of protein
kinase B (Akt) and cAMP response element binding protein (CREB) are increased in neuronal cells

during ischemia [203]. AMP activated protein kinase (AMPK) signaling pathway is a critical regulatory
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cascade of autophagy. Several groups found that AMPK is involved in induction of protective
autophagy [204, 205].

The effect of autophagy on the tissue may vary according the duration of hypoperfusion, the remaining
perfusion levels and animal models used. It is possible that autophagy has a two-way effect on ischemic
injury. Moderate activation may be neuroprotective and excessive activation of autophagy may have
deleterious effects on neuronal injury and lead to cell death. Neuronal autophagy upon ischemic attack
is part of pro-survival signaling [203]. Ischemic injury may be reduced when autophagy is regulated,

this could be a promising treatment strategy.

Oxidative and nitrosative stress
In stroke, free radicals may be important mediators of the infarction process. Oxidative stress is an

imbalance between the production of ROS and reactive nitrogen species (RNS) and the capability to
readily neutralize the reactive intermediate products through antioxidant defense [30]. Both cell
calcium overload and acidosis enhance the production of partially reduced oxygen species, resulting
in free radical related damage. Free radicals formed due to reperfusion may contribute to a perturbed
membrane function, leading to a sustained alteration of cell calcium metabolism with ultimate
mitochondrial calcium overload [206]. Rapid increase of the production of ROS overwhelms the
antioxidant defenses and causes more tissue damage. ROS can damage macromolecules that lead to
autophagy, apoptosis, and necrosis, which determine final infarct size. The brain is especially
vulnerable to free radicals because there is low neuron antioxidant enzyme activity, high oxygen
consumption, high concentration peroxidizable lipids and high levels of iron. These characteristics are
pro-oxidants under pathological conditions [207].

Superoxide is the most important ROS in the central nervous system (CNS). This oxide harms the ROS
producing cell, but also neighbouring cells. Superoxide is a by-product of the respiratory chain or a
product generated by enzymes as NADPH oxidase in vitro and in vivo during ischemia [208]. This
enzyme is an important treatment target because NADPH oxidase generates ROS that promote

mitochondrial uncoupling and triggers a secondary ROS release by mitochondria. Mitochondria are a
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well-known ROS source during electron transport and oxidative phosphorylation [209]. Free radicals
mediate mitochondrial damage and activate matrix metalloproteases which disrupt the blood-brain-
barrier by degrading the basal layer of collagen and laminin [210].

RNS inhibit key mitochondrial enzymes, facilitate mitochondrial transition pore formation, DNA
damage, PARP activation and activation of Ca** permeable TRPM7 channels [211, 212]. Furthermore,
RNS causes post translational modification that significantly impacts cell survival by altering the
function of caspase, metalloprotease [213], and glycolytic enzyme GAPDH [214]. Lack of ATP and the
overproduction of ROS further impairs the activity of Na*/K* ATPase pump, causing more accumulation
of sodium in the intracellular matrix [187].

This shows that increased production of ROS/RNS is deleterious for brain tissue, however homeostatic
levels of these free radicals are critical signaling molecules that play a role in normal neuronal and
vascular function [215, 216]. Therefore, it is important to find novel ways to suppress the deleterious

release of free radicals, without interfering with the endogenous signaling.

Molecular events after hours

Inflammation
Cerebral ischemic injury and reperfusion cause an inflammatory cascade. The vascular response to

ischemia activates endothelial cells and upregulates leukocytes and adhesion molecules. The
leukocytes travel across the endothelial cells via adhesion molecules and secrete pro-inflammatory
cytokines. The cellular content that is released by the necrotic cells is recognized by infiltrating immune
cells [217]. These endogenous molecules released from damaged cells activate various immunological
receptors in myeloid cells to induce immune responses [218]. Microglia are the major immune cells
resident in the brain to be activated and thereby mediate neuroinflammation in response to brain
injury after ischemic stroke [219, 220].

Due to ischemic stress microglia are overactivated. They act as macrophages in brain tissue [221].
Microglia polarize into two different phenotypes with distinct functions after ischemic stroke, either
pro-inflammatory or anti-inflammatory phenotype, M1 and M2 respectively [106]. M1 microglia cause

pro-inflammatory effects and produce large amounts of cellular mediators like cytokines, proteases,
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and ROS [222]. M2 microglia have anti-inflammatory effects and activate phagocytosis of cell debris or
damaged neurons and release neurotrophic factor to promote tissue repair [223, 224]. Not only the
damaged neurons are phagocytosed but the viable neurons in de ischemic penumbra are also
phagocytosed. Early-on inflammation may amplify the ischemic lesion [28]. Therapeutic interventions

could try to control post-ischemic inflammation, by enhancing the M2 polarization of microglia.

Final common pathways towards cell death
It is well-known that the mechanisms described above are responsible for brain injury after stroke.

However, no matter what mechanism is involved in ischemic injury, the destiny of most injured brain
cells is death. These mechanisms may trigger different types of cell death, dependent on the cell type,
cell age and the location in the brain [225]. Cell death occurs in the core and can release toxic signals
which affect the penumbra. If reperfusion is not established, the cells in the penumbra will go into cell

death and the core will expand. Here we describe types of cell death which occur in ischemic stroke.

Necrosis
Necrosis is mostly found in the core. Failure of the Na*/K* ATPase pump causes sodium accumulation

in the cytosol leading to cellular edema [167]. The nucleus and the cytosol swell and the lysosomes
rupture and release degrative enzymes in the cytosol which is damaging to different organelles [226,
227]. The cell membrane ruptures, releasing its content in the extracellular matrix and causes an
inflammatory response in and around the cell [161, 228].

Ischemic stroke causes overactivation of PARP-1. This leads to depletion of NAD* and ATP, and results
in necrosis. Activated caspase-3 cleaves PARP-1 and cleaved PARP-1 is a surrogate marker of necrosis
[229]. Inhibition of PARP-1 overactivation could be a therapeutic strategy to prevent necrosis, decrease
of cellular energy loss and downregulation of various pro-inflammatory signal transduction pathways.
However, necrosis is most common in the core and the consequences of ischemic stroke are not

targetable in the core.

Necroptosis
Necroptosis is a partially programmed event of cellular explosion and is dependent on specific

receptors or sensors, such as death receptors which mediate cell death. This type of cell death is
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triggered by a cascade of protein kinases including receptor-interacting protein kinase-1/3 (RIPK1/3)
and mixed lineage kinase domain like (MLKL) [93, 230]. Necroptosis is often called RIPK-dependent
necrosis. It holds several features found in necrosis and apoptosis. There is lysosomal rupture, rapid
swelling and membrane rupture, this is also found in necrosis [226, 227]. Furthermore, cytochrome C
(Cytc) is released and caspase-3 cleavage is activated, which is in line with characteristics of apoptosis
[231, 232]. In the ischemic penumbra there is an increased expression of Fas ligand (FasL) and tumor
necrosis factor alpha (TNF-a) which activate downstream kinases. When these cells cannot go into
apoptosis these ligands activate RIPK1/RIPK3/MLKL pathway and the cell will eventually go into
necroptosis [233]. This type of cell death can possibly be avoided by inhibiting the RIPK1/RIPK3/MLKL

pathway.

Apoptosis
The neurons in the penumbra can undergo apoptotic cell death, this is a programmed cell death and

it is characterized by a distinct set of morphological and biochemical changes [36]. Apoptosis is
initiated by overproduction of free radicals, Ca** overload and excitotoxicity. Apoptotic stimuli can be
classified as intrinsic stimuli, coming from within the cell, or extrinsic stimuli, coming from the external
milieu.

Apoptotic intrinsic stimuli are activated by mitochondrial signaling. The Ca?* influx causes cleavage of
Bcl-2 interacting domain (BID) to truncated Bid (tBid). tBid opens the mitochondrial transition pores
[33]. Then Cyt c or apoptosis inducing factor (AIF) is released in the cytosol. Cyt c binds with apoptotic
protein-activating factor-1 (Apaf-1) and procaspase-9 to form an apoptosome, which activates the
caspase pathway. Caspase is the main driver of intrinsic apoptotic pathway. The apoptosome activates
caspase-9 and consequently caspase 3, which is the last and executive enzyme. Nuclear DNA (nDNA)
repair enzymes are fragmented by activated caspase-3. This leads to nDNA damage and initiates
apoptotic cell death [6]. AIF translocates rapidly to the nucleus, where it mediates large-scale DNA
fragmentation and cell death, independent of caspase pathway [234]. Caspase proteins are also

activated in the penumbra and inhibition of these proteins could protect against ischemic injury [235].
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Extrinsic pathway is initiated via ligand-receptor interactions and can activate caspase independent of
Cyt c release. Tumor necrosis factor (TNF) ligands bind to TNF receptors, Fas receptors or TNF related
apoptosis inducing ligand (TRAIL) receptors, these are so called cell surface death receptors [37]. In
animal studies it was reported that Fas ligand (FasL) upregulates the Fas receptor in ischemic stroke.
The Fas/FasL system acts as an apoptosis inducer and triggers pro-inflammatory cytokine production
[236]. Caspase-8 and caspase -10 are activated as result of these bindings and will eventually activate
caspase-3 [237, 238]. This results in membrane blebbing, mitochondrial membrane permeabilization,
chromatin condensation, nDNA fragmentation and eventually cell death [38]. Suppression of these
death receptors may improve neuronal survival after ischemic stroke.

Furthermore, P53 is implicated in the ischemic pathophysiological cascade. This is a tumor suppressor
and a transcription factor, and it initiates apoptosis through transcription of pro-apoptotic genes such
as Bcl-2. P53 mediates mitochondrial dysfunction and caspase activation [239]. In human it is thought
that p53 can trigger apoptosis by repression of anti-apoptotic genes [240].

Dying cells shrink and condense and are then fragmented, releasing small membrane-bound apoptotic
bodies, which generally are engulfed by other cells. Intracellular content is not released into the extra
cellular milieu [241]. Inhibition of apoptotic stimuli could rescue the cells from apoptotic cell death and

this may be interesting to further investigate.

Treatment strategies
It is for modern day medicine impossible to target the stroke consequences in the infarct core. The

penumbra on the other hand is salvageable. Therefore, treatment strategies aim to minimize the
damage to the penumbra by increasing neuroprotection and inhibiting cell death. However, the
pathophysiological cascade activated upon ischemia makes it difficult to inhibit molecular events that
trigger cell death. There are different treatment strategies investigated in preclinical and clinical trials.
Numerous animal studies showed neuroprotection in the penumbra, however these treatments failed

to be neuroprotective in clinical trials [16].
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Molecular events described above make up possible targets for treatment of the penumbra. Here we
describe treatment strategies that are investigated in preclinical studies, which tried to target one or

several molecular events or consequences that are found in the pathophysiologic cascade.

Treatment strategies targeting the molecular events.

lonic imbalance
Due to failure of the Na*/K* ATPase pumps, the neurons depolarize, and the membrane potential is

lost. Furthermore, the osmotic pressure is lost, which causes cell swelling. Methylene blue (MB) is
found to attenuate neuronal survival in traumatic brain injury [242] and acts anti-inflammatory in
subarachnoid hemorrhage [243]. Several studies investigated the effect of MB in ischemic brain injury
[39-44]. Shi et al. [39] investigated the effect of MB on cytotoxic brain edema. They used a rat model
with transient middle cerebral artery occlusion (tMCAQ) with the duration of 1 hour. MB was
administered for 30 minutes immediately after reperfusion and for another 15 minutes, 3 hours after
ischemia. MRI revealed that MB attenuated cytotoxicity. Moreover, they found that MB attenuated
the increase of perivascular space, nuclear pyknosis and necrosis caused by ischemia. In an in vitro
study Shi et al. [39] investigated cell swelling in cultured rat astrocytes by exposure to an excess of
glutamate for 48 hours. It was found that 10uM MB significantly inhibited astrocytic cell swelling [39].
This was in line with earlier findings of the same group [43]. MB was also found to reroute electrons in
the mitochondrial electron transfer chain directly from NADH to cytochrome ¢, promoting

mitochondrial activity and mitigating oxidative stress [44].

Excitotoxicity
Excitotoxicity leads to neuronal cell death and inhibition of excitotoxicity is thought to be

neuroprotective. This can be achieved with pharmacological NMDAR or AMPAR antagonists.

Memantine is a moderate affinity noncompetitive NMDAR antagonist, binding directly within the pore
of the channel in its open configuration. This is a drug that is used to treat Alzheimer’s Disease (AD)
patients. Several animal studies in vivo and in vitro which investigated the effect of memantine on
ischemic stroke showed decrease in ischemic injury [45-51]. Trotman et al. [51] showed this decrease

in an in vitro and in vivo study. Murine neuronal cell cultures were exposed to 90 minutes of oxygen-
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glucose deprivation. Low concentrations of memantine (0.5-2.0 umol/l) showed neuroprotection in
the cultures by successfully blocking excitotoxic injury [51].

The in vivo study was conducted with adult male mice, which received a right middle cerebral artery
occlusion (MCAO) with the duration of 1 hour. The treatment group would receive different doses of
memantine starting 24 hours before MCAO and continuing until 48 hours after MCAO. They found a
significant volume reduction in both striatal and striato-cortical lesions with treatment of 0.2 mg/kg

memantine. This was associated with improved behavioral scores 24 hours after MCAO [51].

Spreading depression
Evidence support that prevention of SD or suppression of its propagation could result in less brain

damage [55, 61, 62, 244]. Treating SD could improve functional outcome by preventing the increase of
core volume.

One way to attenuate SD is to modify the megachannel opening that is caused by SD. An in vivo study
conducted by Yildirim et al. [55] investigated the effect of Poloxamer 188 (P-188) and citicoline on the
neuronal megachannel opening induced by cortical SD (CSD) in the mouse brain. P-188 is a membrane
sealing agent and has been found to decrease neuronal loss and macrophage infiltration in a rat model
of excitotoxicity [56]. Citicoline is a membrane stabilizing agent and reduces ischemic injury by
stabilizing cell membranes and suppressing ROS production [57-60]. A single SD was induced in the
mouse brain. Propidium iodide (P1) was injected, this is a membrane permeable fluorescent dye and is
used as a marker for megachannel opening. The treatment groups either received P-188, administered
60 minutes before CSD induction, or citicoline, administered 90 minutes before induction. The results
showed that after administration of P-188 or citicoline the number of PI positive cells significantly
decreased compared to the control group. These results suggest that P-188 and citicoline may act by
way of modifying megachannel opening and suppress propagation of SD [55].

Another target to inhibit SDs is by blocking NMDARs. Ketamine is a non-competitive NMDAR
antagonist, and it was found in adult rats that this drug can interfere with SD initiation and expansion

by increasing the threshold for K* and neurotransmitters. It can also decrease the duration of SDs by
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reducing the influx of Na* and Ca?*[61]. SD was induced in rats by cathodal DC-stimulation of the frontal
cortex. At a dose of 40 mg/kg, ketamine increased the SD threshold and decreased the propagation
velocity. It was found that SD propagation was inhibited completely by a dose of 80 mg/kg ketamine
[61]. Amemori and Bures found a similar effect by a dose of 100 mg/kg, however the blockade that

was induced weakened and finally disappeared [62].

Calcium dysregulation
Calcium overload is one of the main triggers of neuronal cell death and plays a role in excitotoxicity

and is therefore an important target to investigate to try and attenuate ischemicinjury. A way to target
the calcium overload is by repression of Ca?* influx. Evidence supports that Pseudoginsenoside-F11
(PF11) protects against ischemic injury by repressing Ca* overload c. An in vivo and in vitro study
conducted by Zhang et al. [65], researched the effect of PF11 on Ca®' overload among other
mechanisms in ischemic stroke. Rats were subjected to tMCAO for the duration of 2 hours and treated
immediately after reperfusion with PF11 and every 24h for 14 days. The study showed that PF11
treatment in vivo reduced infarct volume, brain edema, neurological deficit, cortex neuron loss and it
repressed calcium overload at 24 hours after reperfusion. The in vitro study in cultured primary cortical
neurons, which were exposed to oxygen-glucose deprivation/reoxygenation, showed that PF11
increased cell viability, reduced neurites decline, restored ATP levels and decreased Ca* concentration
[65].

Acidosis
Acidification caused by glucose deprivation is thought to exacerbate cellular injury. Several studies

showed that pharmacological inhibition or genetic deletion of ASIC1a resulted in a significant reduction
in acidosis-mediated and ischemic brain injury, suggesting that ASICla is a potential therapeutic target
for brain ischemia [197, 245-247].

Several studies showed that acute low to moderate ethanol administration to treat ischemic injury
could reduce neuronal death and be neuroprotective [68-73]. A research group tried to treat ischemic
induced acidosis with ethanol [72]. They investigated the effect of ethanol on the activity and

expression of ASIC1a channels and acidosis-induced neurotoxicity. Murine cortical neuronal cultures
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were exposed to 6 hours of ethanol, then incubated with extracellular solution with a pH of 7.4 or pH
of 6.0 for 3 hours followed by incubation in normal medium for 21 hours. The results demonstrated
that ethanol inhibited ASICla currents, ASICla-mediated Ca®* accumulation, reduction of ASICla
protein expression and neuronal cell death through autophagy dependent ASIC1a protein degradation
[72].

Mitochondria
Maintaining mitochondrial function is crucial for neuronal survival in ischemic stroke [29].

Mitochondrial dysfunction plays a central role in the activation of death signaling pathways and the
generation of ROS. Interventions targeting mitochondrial dysfunction by pharmacological agents have
been demonstrated to be neuroprotective in preclinical studies [44, 74-78, 99-102].

One of the pharmacological agents tested was pramipexole, a dopamine D2 receptor antagonist. This
drug showed to be neuroprotective in patients with Parkinson’s disease and restless leg syndrome. It
is thought that pramipexole mediates its neuroprotection through mitochondria. Therefore, Andrabi
et al. [74] investigated the effect of pramipexole on mitochondria and tested its neuroprotection in a
rat model with tMCAO. The occlusion was removed after 2 hours. The rats received then injections of
pramipexole after reperfusion. The results showed that pramipexole had a positive effect on the
neurobehavioral tests 24 hours after reperfusion. They also found that post-stroke treatment reduced
levels of mitochondrial ROS and Ca?* after ischemic stroke. Pramipexole elevated the mitochondrial
membrane potential and mitochondrial oxidative phosphorylation. Furthermore, it was shown that
pramipexole inhibited the transfer of Cyt ¢ from mitochondria to cytosol, thereby inhibiting Cyt c
induced apoptotic pathway [74].

Another strategy that has been investigated is the activation of mitophagy in an attempt to sustain
homeostasis and protect cells from ischemic stress [75-78]. Li et al. [77] tested the effect of rapamycin
rats who underwent tMCAO with a duration of 2 hours followed reperfusion. Rapamycin is a macrolide
antibiotic, that can reduce injury in several models of neurodegenerative disorders by activating

autophagy. The rats were pretreated with rapamycin 30 minutes before tMCAO. The results showed
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that rapamycin significantly enhanced mitophagy, inhibited mitochondrial dysfunction, reduced infarct

volume, and improved neurological function [77].

Autophagy
There is some controversy in studies about autophagy in ischemic stroke. Some studies found that

inhibition of autophagy is beneficial, meaning that the activation of autophagy has deleterious effects
on neural tissue after ischemia [248-250]. Whereas other studies found that moderate activation of
autophagy is beneficial for ischemic injury [102, 251].

Several groups investigated the effect of rapamycin on autophagy. It was found that rapamycin was
neuroprotective [77, 79-81]. This neuroprotection ranged from the reduction of infarct volume to the
improvement of neurological outcomes. A study done by Buckley et al. [80] investigated both
activation and inhibition of autophagy and their effects on ischemic injury. They investigated the effect
of rapamycin and chloroquine in two different stroke models. The mice were subjected to either
permanent middle cerebral artery litigation [120], which does not allow for reperfusion of the distal
trunk of the middle cerebral artery, or embolic clot middle cerebral artery occlusion (eMCAOQ), which
allows for slow reperfusion similar to human stroke patients. They used rapamycin to induce
autophagy and chloroquine to block completion of autophagy. The mice were treated immediately
after stroke onset and after 24 hours. The results showed that chloroquine significantly reduced the
infarct size with 30% in the eMCAO model 48 hours post-stroke. In this model chloroquine also
improved neurological score but did not increase survival. Rapamycin reduced infarct size with 44%
(MCAL model) and 50% (eMCAO model). Rapamycin also improved the neurological score and survival
more than was found with chloroquine treatment [80].

Oxidative and nitrosative stress

Increase of ROS and RNS is deleterious for brain tissue. These free radicals need to be suppressed
without interfering with the endogenous signaling [215, 216]. Several studies tried to target oxidative
stress that is caused by ischemia [82-85, 103, 104]. An example of a pharmacological agent that
prevents nitric oxide production and blocks superoxide production is the neuroprotective agent

NR2B9C [82-85]. A study conducted by Chen et al. [82], investigated the effect of Tat-NR2B9c on
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NMDA-induced superoxide formation in murine neuronal cell cultures. They found that Tat-NR9B9c
suppressed NMDA-induced superoxide production by about 75%. It prevents the assembly of the
active neuronal NADPH oxidase complex [82]. An in vitro study done by Lv et al. [84] showed decrease
in infarct volume and

ameliorated the neurological deficit in an MCAO rat model treated with NR2B9c.

Inflammation
Inflammation causes more damage of the neural tissue after stroke. Evidence suggests that microglia

play an important role in ischemic injury and they polarize into two different phenotypes, either pro-
or anti-inflammatory [106]. A research strategy is to manipulate the polarization of the microglia after
stroke and create M2 microglia which are anti-inflammatory [105-107]. Several studies investigated
the effect of L-3-n butylphthalide (NBP) on ischemic injury and found that it affects axonal growth,
promotes neurogenesis and neuroplasticity, alleviates oxidative stress and reduces inflammation [86-
89], and that it attenuates neuroinflammation in cultured astrocytes and microglia [106]. Li et al. [106]
investigated whether NBP had an effect on microglial polarization. Mice were subjected to tMCAO for
a duration of 45 minutes and were treated with NBP. The results showed that mice treated with NBP
had a significant reduction of infarct volume. Behavioral tests showed that treatment with NBP
improved performance. Immunofluorescent staining indicated that NBP treatment significantly
increased the number of anti-inflammatory M2 microglia and reduced the number of pro-
inflammatory M1 microglia. They concluded that NBP mitigated ischemicinjury and promotes recovery

of neurological function in early phase after ischemic stroke [106].

Treatment strategies targeting cell death.
In the previous part several treatment strategies are discussed. However, when these molecular events

are not inhibited, they will lead to cell death. Therefore, inhibition of cell death is an interesting
strategy to further investigate. Here we discuss treatment strategies that focus on the inhibition of cell

death.
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Necroptosis
Necroptosis is induced by ligands that activate RIPK1 [233]. It is possible that cells do not go into

necroptosis when expression of necroptosis-associated proteins (RIPK1, RIPK3 and MLKL/p-MLKL) is
reduced. Several studies tried to target the RIPK1 pathway and have revealed that this strategy
improves neurological function and reduces infarct volume [93, 108-110].

Zhang et al. [93] investigated the effect of ligustroflavone on neurological deficits, infarct volume and
levels of necroptosis-associated proteins. Ligustroflavone is a compound that possesses a variety of
pharmacological activities including anti inflammation [252]. The rats received ligustroflavone 15
minutes before ischemia. They subjected the rats to MCAO for a duration of 2 hours and reperfused.
Neurological deficit scores were assessed and showed that pretreatment with ligustroflavone
improved the neurological function in a dose dependent matter. Furthermore, infarct volume was
measured and it revealed that treatment with ligustroflavone reduced infarct volume and decreased
protein levels of RIPK3 and MLKL/p-MLKL. This suggest that necroptosis was suppressed. However, the
treatment had no effect on RIPK1 protein levels. This group also conducted an in vitro experiment with
PC12 cells which were subjected to 8 hours of hypoxia followed by 24 hours of reoxygenation.
Ligustroflavone was added to the culture medium before the cells were exposed to hypoxia and cell
viability was tested. Results showed that treatment with ligustroflavone restored the viability of the
PC12 cells. Furthermore, ligustroflavone attenuated protein levels of RIPK3 and MLKL/p-MLKL.
However, it did not affect RIPK1 protein level. This is in line with the results they found in the in vivo

study [93].

Apoptosis
Several experimental studies have revealed that inhibition of apoptosis decreases ischemic injury [94,

104, 111-114]. For example, inhibition of apoptosis by 10-O-(N,N-dimethylaminoethyl)-ginkgolide B
methanosulfonate (XQ-1H). Several studies showed that XQ-1H has a protective effect on ischemic
injury in rodents [94-97]. Xu et al. [94] investigated the effect and molecular mechanisms of XQ-1H on
neuronal survival after stroke in mice. The mice were subjected to tMCAO for a duration of 45 minutes.

Administration of XQ-1H started after reperfusion. They found that XQ-H1 limited cerebral infarction.
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XQ-1H reversed the increased water content and therefore decreasing brain edema. It reduced the
apoptosis rate of neurons and upregulated the anti-apoptotic molecule, B-cell ymphoma-extra-large
(Bcl-xL) which was opposite to cleaved caspase-3. These results indicate the protective activity of XQ-

1H against apoptosis [94].

Discussion
Here we reviewed the pathophysiological cascade of ischemic brain injury and several treatment

strategies that target the different molecular events. We showed that there are a lot of complex
molecular events that cause and extend brain injury. Furthermore, we discussed several treatment
strategies that target one or more of these events. Most promising strategies which were successfully
conducted in animal studies, seem to fail in clinical trials [16]. We still do not have a complete
understanding of the pathophysiological mechanisms that damage brain tissue in ischemic stroke and
how the injury can be limited or how recovery in humans can be improved.

There is a critical balance between healthy signaling of several cascades (depolarization of neurons,
glutamate excretion, Ca?* influx, ROS/RNS signaling, etc.) and their deleterious effects caused by
ischemic stress. Therefore, it is important to try to inhibit the deleterious effects without the
interference of healthy signaling. Besides healthy signaling, there is also a balance in activity. Neurons
need to fire action potentials in order to communicate with each other and to stay alive [5, 27]. Current
treatment strategies (e.g. blockage of excitotoxicity with NMDAR antagonists) are based on
suppression of neuronal activity [16]. Investigation into the effect of treatment strategies that not
completely block activity, but rather mildly stimulate the neuronal activity could be neuroprotective.
This knowledge is not new, it is known that activity is needed for neuronal survival [5, 136-138]. Muzzi
et al. [17] showed in rat cortical neurons that mild stimulation either with electrical stimulation or
optical stimulation improves neuronal activity and neuronal survival after hypoxia. Further research
could investigate the effect of electrical or optical stimulation in human derived neuronal cultures

subjected to hypoxia.
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The strategies discussed in this review often only target one of the molecular events. Perhaps an
effective treatment consists of a combination therapy targeting multiple molecular events or their
interaction with neurotoxic pathways and other regulatory mechanisms. We propose to target several
molecular mechanisms to help cell viability and prevent them from going into cell death. Excitotoxicity
and mitochondria could be promising targets to investigate further in treatment strategies. When
excitotoxicity is inhibited or prevented, the cell could suffer less from spreading depression and Ca%*
influx, however glutamate excretion cannot be blocked completely. It is also important to prevent
mitochondrial damage, so that overproduction of ROS is prevented and that the apoptotic pathway is
not activated. When mitochondria are functional, they will not excrete Cyt c to activate apoptotic cell
death. With these two targets we may be able to salvage the neurons in the penumbra. Moreover, it
could also be helpful to inhibit apoptosis itself. When the neurons are affected but still viable then
there is the possibility that they will not go into apoptosis and get more time to recover from ischemic
stress.

An example of a compound that targets multiple events is tetramethyl pyrazine nitrone (TBN) [103,
140]. This is a compound that scavenges free radicals, inhibits calcium overload, maintains
mitochondrial function, and prevents neuronal damage in primary cortical cultures. TBN reduced
infarct volume and ameliorated impairment of behavioral functions in rats. It was also found that TBN
down regulated the expression of pro-apoptotic factors and up regulated anti-apoptotic factors in the
penumbra of these rats [103, 140]. Compounds like TBN which have multifunctional mechanisms play
a role in the neuroprotective effect and make it a promising treatment strategy. Moreover, treatment
strategies that are combinations of multiple agents or techniques could also provide improved
recovery. For example, normobaric oxygenation combined with ethanol was found to be
neuroprotective in rats. It showed a decrease in infarct volume and neurological deficits. This was
associated with an indication of efficient preservation of ATP levels, reduction in ROS and NDAPH

oxidase activity, decrease of acidosis, reduction of caspase-3 and AIF expression [73].
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Itis well known that the translational value of stroke research is relatively low. Many clinical trials that
tried to treat ischemic injury showed no significant improvement [16], while preclinical trials showed
a lot of promising results. Nevertheless, there are a few drugs that showed a positive effect in patients
like memantine [52-54], citicoline [57, 63], L-3-n butylphthalide [90-92] and XQ-1H [98]. Furthermore,
human genes and rodent genes are different even though we share about 85% of our protein-encoding
genes. The morphology of the neurons and glia cells is not exactly the same between humans and
rodents [253]. To overcome the difficulty of translation, it is now possible to work with human models,
these are induced pluripotent stem cell derived neuronal cultures. Perhaps they can offer use better
insight in the efficacy of different treatment strategies. Therefore, we propose to test the efficacy of
treatment strategies in human derived neuronal cultures if possible.

The success of clinical trials can also be increased by use of a more carefully patient selection. Patients
can be selected more carefully, with smaller cores or better perfusion levels. This is possible due to
imaging techniques like CT or MRI provide us with better insight in the core volume, penumbra volume
and perfusion levels. Based on these parameters patients selection can be improved. With these
techniques, treatment strategies may deserve a second change. More research into the
pathophysiological cascade and treatment strategies is needed to increase recovery in patients with

ischemic stroke.
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Appendix B

1. Effect of hypoxia on neuronal cultures

1.1 Effect of hypoxia and memantine on cell viability
Table S1A. Number of cells relative to live dead assay non-treated cultures and cultures
treated with 5uM memantine.

Eva J.H.F. Voogd

Time (h) | Treatment Total number of | Non-apoptotic | Apoptotic cells | Dead cells
cells (DAPI) cells
0 Non-treated | 13.93 + 1.003 9.286 £ 0.7444 | 1.286 =+ 0.45 3.357 £ 0.6167
Memantine | 16.86+ 1.128 8.929+0.7877 | 1.875 £ 0.5226 6.071+£0.88
24 Non-treated | 15.21+0.80 6.286% 0.5490 | 4.357 £ 0.668 4.571 £ 0.6606
Memantine | 15.71+ 1.458 5.071+£0.7947 | 5.071+£1.151 5.571+£0.5418
30 Non-treated | 16.14 +1.171 3.714 £ 0.6747 | 6.143 £ 1.257 6.286 + 0.624
Memantine | 16.21 +0.95 2.429 £ 0.5519 | 7.929£0.9167 | 5.875+0.6364
40 Non-treated | 13.29 +1.169 1.429 £ 0.4021 | 6.214+£0.7426 | 5.643 £0.7001
Memantine | 13.14+ 1.032 0.5714£0.2020 | 3.143 £ 0.9309 | 9.429 +1.235
48 Non-treated | 15.86 + 1.053 2.143+0.645 |6.714+£1.183 7.000 £ 1.367
Memantine | 13.93+1.146 1+0.3145 5.571 £ 0.6523 7.357 £ 1.175
Table S1B. Statistical analysis relative to cell viability in non-treated cultures.
Figure Parameter Comparison p-value
6A Non-apoptotic cell count | 24h vs. baseline *Ex 0,0003
30h vs. baseline *kkk <0,0001
40h vs. baseline *kkk <0,0001
48h vs. baseline *kkk <0,0001
30h vs. 24h * 0,0336
40h vs. 24h Hok Ak <0,0001
48h vs. 24h Hok Ak <0,0001
6B Apoptotic cell count 30h vs. baseline * 0,0132
40h vs. baseline il <0,0001
48h vs. baseline bl 0,0004
6C Dead cell count 48h vs. baseline * 0.0484

Statistical analyses were performed with two-way ANOVA and post hoc Bonferroni correction.
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Supplementary figure 1. Total number of cells (DAPI) counted in non-treated cultures (red, n=14) compared to
total number of cells in cultures treated with 5 UM memantine (green, n=14) after 48h of hypoxia. Two-way
ANOVA with post hoc Bonferroni correction was performed.
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Supplementary figure 2. Bar graph representing the number of apoptotic cells in excitatory cultures (DIV 21)
after 24h of hypoxia and after 24h of hypoxia + 24h normoxia. No significant difference was found between
recovery and no-recovery in apoptotic cells.
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2. Neuronal network activity and synchronicity in treated and non-treated cultures
Table S2. Statistical analysis relative to neuronal activity and synchronicity in non-treated
cultures.

Figure Parameter Comparison p-value
8A Firing rate 1h vs. baseline ok <0.0005
2h vs. baseline oAk <0.0001
6h vs. BASELINE KA <0,0001
12h vs. BASELINE KA <0,0001
24h vs. BASELINE KA <0,0001
30h vs. BASELINE Kok AK <0,0001
48h vs. BASELINE KA <0,0001
8B Network burst rate 1h vs. BASELINE *okkk <0,0001
6h vs. BASELINE KA <0,0001
12h vs. BASELINE KA <0,0001
24h vs. BASELINE KA <0,0001
30h vs. BASELINE KA <0,0001
48h vs. BASELINE KA <0,0001

Statistical analyses were performed with two-way ANOVA and post hoc Bonferroni correction.

Table S3. Statistical analyses relative to MEA recordings of cultures treated with memantine.

Figure Parameter Comparison p-value
10 Firing rate
16h Non-treated vs. 1um ok 0.0100
18h Non-treated vs. lum * 0.0114
20h Non-treated vs. 1um * 0.0104
22h Non-treated vs. 1um * 0.0172
24h Non-treated vs. 1um * 0.0374
26h Non-treated vs. 1um Hok Ak <0.0001
Non-treated vs. 10um | ** 0.0047
28h Non-treated vs. 1um Hok Ak <0.0001
Non-treated vs. 5um * 0.0436
Non-treated vs. 10um | *** 0.0010
30h Non-treated vs. 1um HokE 0.0001
Non-treated vs. 5um * 0.0256
Non-treated vs. 10uM | ** 0.0014
32h Non-treated vs. 1uM KA <0.0001
Non-treated vs. 5uM * 0.0124
Non-treated vs. 10 uM | *** 0.0007
34h Non-treated vs. ok 0.0070
vehicle
Non-treated vs. 1uM KA <0.0001
Non-treated vs. 5uM ok 0.0035
Non-treated vs. 10uM | *** 0.0002
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11

Network burst rate
4h — 34h Non-treated vs. *kkk <0.0001
vehicle
Non-treated vs. 1uM KA <0.0001
Non-treated vs. 5uM Kok AK <0.0001
Non-treated vs. 10uM | **** <0.0001
8h Vehicle vs. 1uM ok 0.0027
1uM vs. 5uM * 0.00418
12h Vehicle vs. 10uM * 0.0130
18h Vehicle vs. 5uM * 0.0303
Vehicle vs. 10uM HokE 0.0010
1uM vs. 10 uM * 0.0449
20h Vehicle vs. 5uM ok 0.0028
Vehicle vs. 10uM KA <0.0001
1uM vs 5uM * 0.0228
22h Vehicle vs. 5uM Kok AK <0.0001
Vehicle vs. 10uM HokE 0.0002
24h vehicle vs. 5uM ok 0.0059
vehicle vs. 10uM KA <0.0001
1uM vs. 5uM HokE 0.0001
1uMvs. 10uM KA <0.0001
26h 1uM vs. 5uM ** 0.0017
1uM vs. 10uM * 0.0360
28h vehicle vs. 5uM ok 0.0029
vehicle vs. 10uM ok 0.0017
1uM vs. 5uM HokE 0.0001
1uMvs. 10uM KA <0.0001
30h vehicle vs. 5uM HokE 0.0002
1uM vs. 5uM KA <0.0001
5uMvs. 10uM ok 0.0059
32h vehicle vs. 5uM KA <0.0001
1uM vs. 5uM KA <0.0001
5uMvs. 10uM HokE 0.0004
34h vehicle vs. 5uM KA <0.0001
1uM vs. 5uM KA <0.0001
1uM vs. 10uM ok 0.0056
5uM vs. 10uM HokE 0.0004

Statistical analyses were performed with two-way ANOVA and post hoc Bonferroni correction.

Table S3. Statistical analyses relative to MEA recordings of cultures treated with optogenetic
stimulation (opto) compared to non-treated cultures (NT).

Figure Parameter Comparison p-value
12 Firing rate Opto vs. NT *kkk <0.0001
13 Network burst rate Opto vs. NT oAk <0.0001

Statistical analyses were performed with two-way ANOVA and post hoc Bonferroni correction
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Appendix C

1. Set up of MITOtracker protocol in neuronal cultures.
To assess the number of mitochondria we set up a protocol using Mito tracker red CMXros from

Thermofisher. We analysed the number of mitochondria in neurons (MAP2 staining) and in astrocytes
(GFAP staining). When we assessed the pictures, we concluded that the mitochondria are quite small,
and they are located in a 3D space in the soma and cell body of astrocytes. We were unable to quantify

the mitochondria in the soma and cell bodies (supplementary figure 3).

Then we wanted to try to quantify the number of mitochondria that were located on the dendrites.
However, the staining was not consistent and showed a lot of noise throughout the image (figure 9).

We were unable to quantify the mitochondria on the dendrites.

Supplementary figure 3. Fluorescent images of A. a neuron stained for MAP2 (green), mitochondria (red) and DAPI (blue) at
DIV 21. B. An astrocyte stained for GFAP (green), mitochondria (red) and DAPI (blue) (scale bar 20um).
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