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Abstract

During an ischemic stroke, oxygen and glucose deficiencies are present, due to a decrease in blood perfusion. In the core,
cells are irreversibly damaged and die via necrosis within minutes as apposed to cells surrounding the core, also known
as the penumbra. In the penumbra, cells remain structurally intact, but synaptic failure reduces the amount of activity. If
these cells cannot be restored, due to lack of reperfusion, they die via apoptosis hours or days later. This characteristic
makes the penumbra a highly targeted region for potential treatments, however the exact mechanisms behind this balance
between recovery and cell death are incompletely understood. Therefore we tried to mimic a more in vivo penumbra
by modifying a previously published oxygen gradient generator and combining it with electrophysiological recordings
and live fluorescent imaging of apoptotic and dead cells on neuronal cultures. During a 36 hour measurement, cells
were exposed to 6 hours of normoxia, followed by 24 hours of gradient and finally another 6 hours of normoxia. The
electrophysiological results showed that when the severity of hypoxia increased, the activity of the neurons decreased more
rapidly. After 8 hours the activity increased back to baseline, due to disinhibition, followed by a large overshoot caused
by medium evaporation. The fluorescent imaging showed that cells died from apoptosis and that this increased as the
oxygen concentration decreased. If these findings are compared to previous studies where neuronal cultures were exposed
to constant depths of hypoxia rather than a gradient, electrophysiological as well as the fluorescence results show similar
patterns. This rejects the hypothesis that different areas in the gradient influence the behaviour of neurons in activity and survival.

∗∗ Dutch version ∗∗
Tijdens een ischemische beroerte ontstaan er zuurstof en glucose tekorten door een verlaging in bloed perfusie. In de kern worden
neuronen onomkeerbaar beschadigd en gaan ze dood na een aantal minuten via necrose in tegen stelling tot het omliggende
weefsel, ook wel de penumbra genoemd. In dit gebied zijn cellen nog intact, maar door veel synaptische afbraak zijn de
neuronen minder actief. Als er snel genoeg reperfusie van bloed is zullen de synapsen zich weer herstellen, echter als dat niet
het geval is zullen ook deze cellen dood gaan, maar dan via apoptose, uren of dagen na het incident. De exacte mechanismen
die de balans in stand houden van cel dood of herstel in de penumbra zijn nog niet duidelijk. Om dit beter in kaart te brengen
is er een in vitro model gemaakt die de penumbra nabootst door middel van een zuurstof gradiënt dat blootgesteld word
over neuronale netwerken. Tijdens een meting van 36 uur, worden er zowel elektrofysiologische opnames als live fluorescente
afbeelding van dode en apoptotische cellen gemaakt. In de eerste 6 uur worden cellen blootgesteld aan normoxie, gevolgd door
een zuurstof gradiënt van 24 uur en hierna nog een keer 6 uur normoxie. De resultaten van de elektrofysiologie lieten zien
dat hoe minder zuurstof er aanwezig was hoe minder activiteit de neuronen hadden. Na 8 uur ging de activiteit weer omhoog,
door disinhibitie, gevolgd door een grote piek door verdamping van medium. De fluorescente afbeeldingen lieten zien dat er
meer apoptose plaats vond als er minder zuurstof aanwezig was. Als deze bevindingen worden vergeleken met voorgaande
experimenten, waarbij neuronale netwerken werden blootgesteld aan één constante zuurstof concentratie zagen we zowel voor
de elektrofysiologische als de fluorescente afbeeldingen dezelfde patronen. De hypothese dat verschillende gebieden in het
gradiënt invloed hebben op elkaar qua gedrag in activiteit en overleving, kan worden verworpen.



I. INTRODUCTION

Strokes are the second leading cause of death worldwide [1], where over 62% of all strokes are ischemic [2]. During an
ischemic stroke there is a decrease in blood perfusion to certain parts of the brain due to an occlusion caused by a thrombus
or an emboli [3], resulting in oxygen and glucose deficiencies [4].

In the core of an ischemic stroke, cells are irreversibly damaged due to perfusion levels of 10 mL/100 g/min [4], which
normally lie around 45-60 mL/100 g/min [5], resulting in passive cell death, also known as necrosis, within minutes [6][7].
This, in turn, leads to a loss of neuronal function, leakage of cellular components and inflammatory responses [3]. The
area surrounding the core, the penumbra, with perfusion levels between 14 and 35 mL/100 g/min [4], has the capacity to
salvage functional impaired cells if there is quick enough reperfusion of oxygen and glucose [8]. These impaired neurons
are initially intact, but due to synaptic failure their activity reduces [9]. If they cannot be restored because of a lack of
reperfusion and activity, the neurons will likely undergo apoptosis, programmed cell death several hours or days later [6]
[7]. The exact neurophysiological mechanisms that regulate this balance between recovery or cell death are still unknown,
which makes the penumbra a highly targeted region for research that could ultimately lead to the treatment of ischemic
stroke patients.

Over the last two decades there have been several studies enlightening the mechanisms involved in ischemic strokes,
specifically the penumbra [10][11][12][13][14][15]. A common method they implemented in their research was an in vitro
model, where neuronal network cultures were exposed to a constant depth of hypoxia. In such an isolated model of the
penumbra, cell survival and recovery of activity increased upon mild stimulation via optogenetic and electrical activation
[15]. A lack of interactions between the penumbra and healthy tissues or the ischemic core, prevents this model from
optimizing stimulation parameters to improve cell survival or affect therapeutic activation. When you look at the complete
environment of an ischemic stroke, these different areas could be stimulating the penumbra on their own. These stimulating
factors are for example glutamate and potassium ions being released from necrotic cells in the core and persisting activity
in healthy tissues [4]. Because of this reason a new experimental setup was designed to impose an oxygen gradient on
neuronal cells to better mimic conditions in the in vivo penumbra.

In this research the oxygen gradient generator [4][16] is used to correlate local oxygen concentrations with neuronal activity
and cell survival, it enables electrophysiological experiments alongside live fluorescent imaging of apoptosis and cell death.



II. MATERIALS & METHODS

A. Cell Culture

On the day of birth, neuronal cells of newborn Wistar rats were acquired by dissecting the head and isolating the cortices in
Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher, 21885-017). All surgical and experimental procedures complied
with Dutch and European laws and guidelines (AVD110002016802). The cortices were treated with trypsin (Invitrogen,
25200-056) and then dissociated by trituration before seeding them on MEAs (Multichannel Systems, Reutlingen, Germany),
precoated with a 50 g/mL solution of polyethylene-imine (PEI, Sigma-Aldrich, 181978-5g), with a concentration of 1 �
106 cells/mL. On top of the MEA a silicone culture chamber was attached, to create a well that can contain 1.4 mL of
culture medium, see Figure 1A. The culture medium contained Neurolbasal A medium (ThermoFisher, A2477501), B27
(ThermoFisher, 17504044), D-glucose (1.24 g/10mL stock), Pen/strep (ThermoFisher, 10378016), nerve growth factor (NGF,
Sigma-Aldrich, n6009) and vitamin C (100 mg Ascorbic-acid in 10 mL H2O). Cultures were incubated under standard
conditions of 37°C, high humidity and 5% CO2 for at least 3 weeks, to let the neurons mature. Half of the culture medium
was refreshed twice a week and 12-24 hours before an experiment. All experiments were done during DIV21-DIV28. The
day of the experiment additional medium was added to acquire a total volume of 1.4 mL at the start of experiments.

B. Gradient Generator Setup

The oxygen gradient generator [16] has two inserts through which a gas mixture flows, see Figure 1C. Depending on the
settings one can create an oxygen gradient across the electrode area of the MEA, where the neuronal network is cultured.
The gradient generator is made up of three parts, namely a PDMS culture chamber on top of a 60MEA200/30iR-Ti-w/o
layout, an oxygen gradient lid and a lid lock to hold the system in place (Figure 1A). The MEA used, is made up of an 8
by 8 grid of 59 TiN electrodes (Ø: 30 �m) spaced 200 �m from each other, resulting in a recording area of 1.4 mm, and
one reference electrode, see Figure 1B. The distance between the inserts is 1.5 mm to ensure a wide enough gradient over
the MEA.

C. Gradient Generator Settings

The inserts of the gradient generator were attached to two sets of three flow controllers containing compressed air, nitrogen
and carbon dioxide. Between the flow controllers and the inserts a bypass was used to reduce the flow to 5 mL/min to
ensure that the membrane will stay intact during the measurement. This constant flow was verified beforehand by filling
one large beaker halfway with water and one 10 mL cylindrical measuring flask almost to the top. The measuring flask
was then placed upside down in the beaker without spilling too much of the water in the flask. This creates an air bubble
at the top, which will be used to measure the flow. One of the inserts is placed under the cylindrical flask and when air
flows through, the bubble becomes larger. During one minute the volume of the bubble is measured according to the marks
on the flask, revealing what flow passes through the inserts.

The flow controllers were operated by a custom made LabView program. In this program several parameters could be set
accordingly, such as the maintenance flow, flush duration, type of gas mixture and the duration of this mixture over a
period of time. For this experiment both inserts were set to undergo a maintenance flow of 0.3 L/min and a flush duration
of 0 s. To establish a gradient one of the flow controllers is programmed to let out a mixture of 95% compressed air with
5% CO2 while the other one lets out a mixture of 95% nitrogen with 5% CO2. A normoxic environment is created by
having both flow controllers let out a gas mixture of 95% compressed air with 5% CO2. In the penumbra there is both an
oxygen and glucose deficiency. However in this experiment we chose to only compromise the oxygen availability, due to
less interruption during the recording and a more sterile environment. All four oxygen gradient generators have validated
oxygen gradients based on the calibration curves done by Oskari Kulta in Figure 2 [16]. From Figure 2B the average oxygen
concentration per column for every generator was estimated to be [14.9, 12.9, 10.9, 8.90, 6.90, 4.90, 2.90, 0.90] in percentiles.

D. Electrophysiological Recordings

A custom software program, driving a PCI-6023E data-acquisition (National Instruments, USA) at a sample frequency
of 25 kHz/channel, was used to record activity at all 59 electrodes. Action potentials (APs) were detected with the use
of a threshold crossing algorithm whilst the RMS noise level was continuously updated. The detection threshold was set
to 5.5 times the RMS noise level. Timestamps, channel numbers, 6 ms of wave shape and estimated noise levels of an
electrode were stored for each detected event. Artifact detection and removal of invalid APs was done in a separate script,
in MATLAB, before the analysis of the recorded data. This was done by using an algorithm where the shapes of putative
APs were used to preform off-line artifact detection, hereafter false positive APs were counted and removed [4].



Fig. 1: A 3D model of the oxygen gradient generator (A) [4]. The lid lock seals the gradient lid on top the the PDMS
culture chamber. In the middle this lid is depicted close up, consisting of a top holder and two inserts with gas supply tubing.
Both inserts have a gas permeable silicone membrane allowing for gas exchange into the culture chamber. The right image
shows the newest version that was used in the experiments. A top view (B) of the device sealed with the ring, indicating the
dimensions of the device and the placement of the oxygen sensors grid. A schematic side view (C) shows this gas exchange
more clearly. The compressed air is dragged towards nitrogen, creating a gradient of oxygen over the microelectrode array
(MEA). These images were made by Oskari Kulta [16].

E. Cell Viability Recordings

Fluorescent imaging was done with a Nikon inverted microscope mounted with TMD-EF fluorescence equipment and a 4x
objective. A live staining was added to the neuronal cultures to visualize apoptotic and dead cells. Based on the volume
of the culture medium i.e. 1.4 mL, 1:500 diluted propidium iodide (PI, Sigma-Aldrich, p4170, 0.25 mM stock) was added
to achieve a concentration of 0.5 �M and 1:1000 diluted caspase 3/7 (CAS3/7, Invitrogen, 2570382, 2 mM solution in
DMSO) was added to achieve a concentration of 2.0 �M. A mercury lamp was used to excite the PI and CAS3/7 staining.
To avoid photobleaching the cells were only exposed to light when an image was taken [17]. This was done with a custom
made LabView program, where images were taken at a frequency of 4 images/hour and a Digicam Control program
was used to acquire images on a computer in a remote controlled way with an exposure time of 0.5 s and an aperture of f/0.0.

F. Experiment Protocol

Before the start of an experiment, neuronal activity was measured to check the viability of the culture. Experiments were
done only with cultures that showed synchronous bursting and at least 70% activity. An electrode was considered active if
it recorded at least 1 spike/3 min. If these requirements were met, the live staining of PI and CAS3/7 could be added into
the culture chamber 10 minutes before the experiment. Depending on the location of the active electrodes, the placement
of the gradient generator on top of the culture chamber was either creating a row-wise or column-wise gradient (Figure 3).
Accordingly, all analyses were done row or column-wise, but for clarity we will refer to column-wise gradients and analysis
in the rest of this report. The generator was then secured with the lid lock and the mass was measured of the whole device.

At the start of an experiment the MEA was weighed and placed in a temperature-controlled recording setup [4] for a 36
hour recording during which the electrophysiological and fluorescence data were acquired. The first six hours were under
normoxic conditions (baseline). After baseline, cultures were exposed to and oxygen gradient for 24 hours. Finally, cultures




