Combining mesenchymal stem cells with a
nutritional intervention of lysophosphatidylcholine
docosahexaenoic acid: the future treatment for
perinatal hypoxia-ischemia?

Abstract

Background Perinatal hypoxia-ischemia (HI) is the leading cause of morbidity and mortality among
infants worldwide. Currently, the only approved treatment for infants suffering from HI injury is
hypothermia, which has a lot of limitations. Hence, there is a pressing need for new therapies. One
promising option in the treatment of perinatal Hl is mesenchymal stem cell (MSC) therapy, which is
effective in reducing lesion size and improving motor and cognitive impairment. However, there is still
room to optimise this MSC therapy. Nutritional interventions might be a viable new option, as they
can be rapidly implemented in the clinic and are generally considered safe. One such nutritional
intervention is the omega-3 fatty acid docosahexaenoic acid (DHA), which has neuroprotective effects
by acting anti-apoptotic, anti-inflammatory, and pro-regenerative. DHA bound to
lysophosphatidylcholine (LPC) seems to lead to targeted enrichment of brain DHA and corresponding
functional improvement. Therefore, this study combined LPC-DHA with MSC therapy to increase the
treatment effect in a mouse model of perinatal HI. Besides, in vitro neuronal cell culture experiments
were performed to unravel the mechanisms behind (LPC-)DHA treatment.

Methods C57BI/6 mice were subjected to HI injury at postnatal day 9 (P9) followed by a daily oral
gavage of LPC-DHA between P9 and P15. At P12, MSCs were administered intranasally to the Hl injured
mice. At P37, brains were collected and used for immunohistological analysis. Coronal sections at
bregma level -1.34 were stained for microtubule-associated protein 2 (MAP2), myelin basic protein
(MBP), and chicken ovalbumin upstream promoter transcription factor-interacting protein 2 (CTIP2) to
examine the grey matter, white matter, and cortical organization, respectively. In vitro, the anti-
inflammatory effects of DHA were examined in primary microglia cultures. Besides, the
neuroprotective effects of both DHA and LPC-DHA were examined in H,0,, etoposide and oxygen
glucose deprivation (OGD) hit models using the neuronal SH-SY5Y cell line.

Results A combined treatment of LPC-DHA with MSCs can decrease grey matter loss and restore the
balance of deeper layer pyramidal neuron density within the somatosensory cortex of Hl injured mice,
whereas separate treatments with LPC-DHA or MSCs could not. Moreover, our in vitro studies show
DHA has anti-inflammatory effects and increases cell viability after an H,0, and OGD hit, but not after
an etoposide hit. LPC-DHA also increases cell viability after an H,0; hit, but decreases cell viability after
an etoposide or OGD hit.

Conclusion Our study indicates a combined treatment with LPC-DHA and MSCs aids in brain recovery
after perinatal HI in mice. The action of LPC-DHA is possibly exhibited by anti-oxidant, anti-
inflammatory and proliferative action. Future research should further optimize and unravel the
mechanism behind a treatment combining LPC-DHA and MSCs to take the next step towards improved
treatment for infants suffering from perinatal HI.

Keywords: Perinatal hypoxia-ischemia; Mesenchymal stem cells; Lysophosphatidylcholine;
Docosahexaenoic acid.



Plain language summary

A baby can get hurt during birth, because it cannot get enough oxygen and sugar. Later in life, problems
can become clear, when the child can get difficulties with making movements and performance in
school. These problems happen because brain cells have died due to the lack of oxygen and sugar.
Imagine this state of the brain as a glass jar that has fallen and now contains cracks. Currently, the only
treatment babies can get to repair these cracks, is cooling of the complete body. By cooling the body,
further rupture of the cracks is prevented, but restoring the cracks is not possible. Therefore, a new
therapy is urgently needed. A kind of super cells, called stem cells, are believed to provide the glue to
restore these cracks. However, how good this glue works can be improved. It is known the brain has
some ability to restore its own cracks if it gets enough tools. One tool that can be given is fat. Fat is
known to support the self-healing process after damage. Therefore, the effect of combining the super
cells with fat to restore the cracks in the brain is studied.

In our study, mice got brain damage 9 days after birth as this is comparable to a human baby at birth.
Right after injury up until the mice were 15 days old, they received fat daily. On top of that, the mice
received super cells at day 12. At adult age, it could be determined if the damage was restored by
looking inside the brains. The brain cells were indeed repaired by our treatment. Besides, by looking
at a specific part of the brain that is involved in movements and memory, it was found the organization
in the brain was disrupted after the baby got hurt. Though, our combined treatment with the super
cells with fat was able to restore the balance in brain organization.

In addition to the study in mice, brain cells in a dish were also studied to see more specifically which
tools the fat offers to the brain. The brain cells were treated with two types of fat; a simple form of fat
and a complex fat for the brain, which was used in the mice. These tests showed both types of fat make
our brain cells healthier. Besides, the brain cells were injured to see which types of tools the fats
possess. Firstly, the brain cells were injured by adding a lot of stress molecules. Both forms of fat had
tools to protect the brain cells against stress. Next, the cells were damaged by cutting their DNA. In
this case, both forms of fat did not have tools to protect the brain cells. Lastly, oxygen and sugar were
temporarily taken away from the brain cells. Here, only the simple form, but not the complex fat
possessed tools to protect the brain cells.

Taking our findings together, it is suggested the complex fat helps the super cells by repairing brain
cells and protecting them against stress and injury.



1. Introduction

Perinatal HI is the leading cause of morbidity and mortality among infants worldwide (1).
Approximately 3 in 1000 newborns suffer from perinatal HI, of which 24% dies at the neonatal intensive
care unit (NICU) (2). Hl injury has various consequences for the surviving infants, such as cerebral palsy,
visual and auditory problems, and motor and behavioural difficulties later in life (3—5). These motor
and behavioural difficulties vary from epilepsy, delayed mental development, autism, and even
seizures (2).

Currently, the only approved treatment for perinatal Hl is hypothermia (6). During hypothermia, the
body is cooled to 33.5 °C for 72 hours to protect the brain against injury (7). Although hypothermia is
safe, improves the chance of survival, and reduces cerebral palsy, this treatment has a short treatment
window of 6 hours after the ischemic event, only gives partial protection, and is not effective when
infants have moderate to severe brain damage (2,8—11). Considering these limitations, there is a high
need for a better treatment option.

During perinatal HI, a temporary, but abrupt decrease in cerebral blood flow activates many processes
in the brain (Fig 1). The brain will temporarily lack oxygen and glucose, which leads to a decreased
adenosine triphosphate (ATP) production. Besides, the level of brain DHA, an omega-3 fatty acid
essential for brain development, decreases after HI (12,13). After HI, the brain is reperfused and the
low ATP levels lead to a compensating excess of calcium, causing excitotoxicity and oxidative stress.
The oxidative stress and excitotoxicity cause an increase of reactive oxygen species (ROS) and necrosis
by which damage associated molecular patterns (DAMPs) are released. DAMPs activate pro-
inflammatory pathways leading to apoptosis. Another result from reperfusion is the further decrease
of the DHA level in the brain as DHA is released to produce bioactive lipid mediators, like
neuroprotectin D1 (NPD1) (14,15). NPD1 activates pro-survival and anti-apoptotic signalling pathways
to limit damage (16). Moreover, from approximately 3 days after the initial injury astrogliosis, late cell
death and repair and remodelling occurs (3). Despite these protective mechanisms of the brain, a
significant lesion and DHA shortage in the brain endures (17,18). Accordingly, newborns suffering from
perinatal HI need a proper therapy to protect and restore the brain after Hl injury.
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Fig 1. Pathophysiology after HI injury. Perinatal HI results in a decreased glucose and oxygen delivery, ATP production and
DHA level in the brain. During reperfusion, excitotoxicity, inflammation, and oxidative stress cause cell death. On top of these
events, seizures, a further decrease of DHA and secondary mitochondrial failure occur. After three days, the brain starts to
remodel and repair itself, and astrogliosis takes place. Created with BioRender. Adjusted from Douglas-Escobar et al. (3).
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One promising option in the treatment of HI injury is MSC therapy. MSCs are used for their capability
to migrate to the site of injury and boost regeneration of neurons. This effect is believed to be exhibited
by their secreted growth and trophic factors, for example brain-derived neurotrophic factor (BDNF),
anti-inflammatory cytokines, and transforming growth factor (TGF) (19). Specifically in perinatal Hl,
MSCs and their secreting factors are able to promote the regenerative niche for the repair of brain
damage (20). The past decade, MSCs have been proven safe and effective in reducing brain injury and
improving cognitive and sensorimotor impairments in HI models (21,22). Currently, the approximate
effectiveness of MSC therapy is 40% (19). At this moment, this effectiveness is promising enough to
start several clinical trials to test MSC therapy in infants (23—27). Nevertheless, there is still room for
improvement of this therapy. As MSCs can be given relatively late after injury maintaining their ability
to activate regeneration, this leaves a window for a combination with other possible treatments
(19,21).

A generally safe and easily implementable combination could involve a nutritional intervention. One
such nutritional intervention is DHA, an omega-3 fatty acid that is highly associated with brain growth.
Particularly in the cerebral cortex, DHA is incorporated in cell membranes and contributes to cognitive
function (28). As brain DHA levels are affected by the pathophysiology of perinatal Hl, restoring the
DHA level in the brain could contribute to repairing Hl injury. In previous DHA supplementation studies,
researchers showed DHA protects against hippocampal loss, reduces grey and white matter injury,
suppresses neuroinflammation, and limits neurological deficits (29,30). Specifically in perinatal HI
mouse models, DHA supplementation has shown to improve memory and reduce lesion size, oxidative
stress, and inflammation (13,31,32). Looking at these beneficial effects, DHA supplementation can
potentially further optimise the current MSC therapy. In previous studies DHA supplementation is
administered intraperitoneal (i.p.), whereas a diet with per os (p.o0.) administration would be less
invasive for the infants. Besides, these studies used free DHA, while only DHA bound to LPC is able to
significantly increase the net amount of brain DHA (33). Therefore, p.o. LPC-DHA supplementation
could have a more beneficial effect in restoring brain damage than the previously i.p. administered
free DHA.

Hence, within this study, an orally administered LPC-DHA supplement was combined with MSC therapy
in an in vivo model of perinatal HI to examine its potential effect on brain repair. Aside from in vivo
experiments, DHA and LPC-DHA were used in in vitro hit models to examine the potential mechanisms
by which they exhibit neuroprotective effects. By combining LPC-DHA with MSC therapy and
unravelling its mechanism, the treatment options for infants suffering from HI injury are hopefully
improved.
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2. Materials and Methods

2.1 In vivo studies
To examine the effect of combining LPC-DHA with MSCs, an in vivo study was performed. Within this
study, grey matter, white matter, and cortical organization was examined.

2.1.1 Animals

All procedures were performed in compliance with the Dutch and European international guidelines
(Directive 86/609, ETS 123, Annex Il) and approved by the Experimental Animal Committee Utrecht
(Utrecht University, Utrecht, Netherlands) and the Central Authority for Scientific Procedures on
Animals (The Hague, The Netherlands). Suffering of animals was minimized to the most feasible extent.
Group sizes within this study (Table 2) are determined by the effect size of previous experiments and
a performed power analysis.

2.1.2 Vannucci mouse model for perinatal HI (34)

C57BI/6 mice (OlaHsa, ENVIGO, Horst, The Netherlands) were kept in standard housing conditions with
food and water ad libitum. Breeding was performed by placing one wildtype male together with one
or two females for 10 days. After 10 days of breeding, dams were housed separately to give birth to
the pups. Litter size was controlled between 6-8 pups, to ensure adequate feeding of each pup. Hl
injury was induced in the pups at P9 by unilateral ligation of the carotid artery under isoflurane
anaesthesia (5—-10 minutes; 5% induction, 3—4% maintenance with flow O3:air 1:1). For pre- and post-
operative anaesthesia, Xylocaine (AstraZeneca, Cambridge, United Kingdom, NO1BB02) and
Bupivacaine (Actavis, currently Allergan Inc, Dublin, Ireland, NO1BB01) were topically administered to
the area of incision. Besides anaesthesia, a recovery period for rehabilitation was held in presence of
the pup’s mother for at least 75 minutes. Next, systemic hypoxia was induced for 45 minutes at 10%
O, in a temperature-controlled hypoxic incubator. SHAM animals only received anaesthesia and a
surgical incision without further interventions. Treatments were performed between P9 and P15
(Section 2.1.3. and 2.1.4). All mice were terminated at P37 and brains were perfused with 4%
paraformaldehyde (PFA, VWR, Radnor, United States of America, VWRK4078.9020). After consecutive
ethanol steps, brains were embedded in paraffin (SLEE medical, Nieder-Olm, Germany, 30010004) and
stored until further analysis. The timeline of the in vivo experiment can be found in Fig 2.

2.1.3 Oral gavage with LPC-DHA

From P9 till P15, mice received a daily oral gavage with an in coconut oil (Merck KgA, Saint Louis, United
States of America, C1758-500G) diluted LPC-DHA rich nutritional supplement (Lysoveta, Aker
Biomarine, Oslo, Norway, Table 1) or only coconut oil (Merck KgA) as a vehicle. LPC-DHA (Aker
Biomarine) was four times diluted coconut oil (Merck KgA) before administration. A final concentration
of 5 uL LPC-DHA (Aker Biomarine) per gram of body weight was administered by an oral gavage with a
sterile plastic feeding tube (22 ga, 38 mm, Instech Laboratories, Leipzich-Markkleeberg, Germany,
FTP22-38), which was attached to a 25 puL Hamilton syringe (VWR, 549-0363). Administration was
performed directly after induction of Hl injury and all subsequent days until P15.

Table 1. Fatty acid profile of the LPC-DHA rich nutritional supplement Lysoveta

Fatty acid composition Content in g/100 g

Total omega-3 fatty acids 30.42
C20:5 n-3 (EPA) 16.82
C22:6 n-3 (DHA) 9.29
Total LPC 41.69
EPA bound as LPC 13.02
DHA bound as LPC 7.40
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2.1.4 Intranasal MSC treatment

At P12, mice received an intranasal administration of MSCs (GIBCO® C57BL/6 mouse, Thermo Fisher
Scientific, Waltham, United States of America, $1502-100) in deionized phosphate-buffered saline (D-
PBS, Merck KGaA, D8537) or only D-PBS (Merck KGaA) as a vehicle. MSCs (Thermo Fisher Scientific)
were cryopreserved at passage 8 (P8) in vials containing > 1 x 10° cells. Cells were thawed at P8 and
cultured in T75 flasks (Corning Life Sciences, Corning, United States of America, 353110) with MSC
medium consisting of DMEM:F12 GlutaMax (Thermo Fisher Scientific, 31331093), 10% fetal bovine
serum (FBS, Thermo Fisher Scientific, 10270106), 0.05% gentamycin (Thermo Fisher Scientific,
15710064), and 1% penicillin/streptomycin (P/S, Thermo Fisher Scientific, 15140163). Cells were kept
in a humidified incubator (PHCbi, Etten-Leur, The Netherlands, MCO-19M-PE) at 37 °C, 5% CO,, and
90% humidity according to the manufacturer’s protocol. MSCs (Thermo Fisher Scientific) were
passaged once before administration. Before administration of the MSCs (Thermo Fisher Scientific),
mice received an intranasal administration of hyaluronidase (100U, Merck KGaA) to increase
permeability of the connective tissue in the nasal cavity. After 30 minutes, 0.5x10° MSCs (Thermo
Fisher Scientific) in D-PBS (Merck KGaA) or only D-PBS (Merck KGaA) as a vehicle was administered
intranasally. Administration was performed in three rounds with 2 droplets of 2 puL droplets per nostril.
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Figure 2. Timeline in vivo study performed in the Vannucci mouse model for perinatal HI. Mice are born at PO. Hl injury is
induced at P9. An LPC-DHA rich nutritional supplement is administered via oral gavage daily between P9-P15. MSCs are
administered intranasally at P12. Mice are terminated at P37 and brains are used for histological analysis. Created with
BioRender.com.

2.1.5 Immunohistochemistry

8 um brain slices at bregma level -1.34 were obtained from the fixed brains by sectioning with a
microtome (GMI Inc., Ramsey, United States of America, MICROM HM 355 S). From these slices, grey
matter, white matter, and cortical organisation, were determined by staining for MAP2, MBP, and
CTIP2, respectively. All antibodies used can be found in Table 3.



2.1.5.1 Grey matter

To determine grey matter loss, slides were deparaffinized and endogenous peroxidase was blocked
with 3% H,0; (VWR, 1.072.101.000) for 20 minutes. After blocking, slides were hydrated and antigen
retrieval was performed in 10 mM citrate buffer (pH 6.0, Brunschwig Chemie, Amsterdam, The
Netherlands, 2-3580.1) for 3 minutes at 95 °C. Slides were cooled on ice and washed with PBS
(Invitrogen, Waltham, Unites States of America, 14200067). Aspecific binding of antibodies was
blocked with 5% normal horse serum (NHS, Invitrogen, 26050088) in PBS (Invitrogen) for 30 minutes
at 37 °C. Primary antibody (Merck KgA, M4403-2ML) in PBS (Invitrogen) with 2% NHS (Invitrogen) was
incubated overnight. The next day, slides were washed with PBS (Invitrogen) and incubated with
secondary antibody (Vector Laboratories, Newark, United States of America, BA-2000) in PBS
(Invitrogen) for 45 minutes at 37 °C. After incubation, slides were washed in PBS (Invitrogen) and
incubated with the standard peroxidase vectastain ABC kit (Vector Laboratories, PK-4000) for 30
minutes at RT. Subsequently, slides were washed in 0.05 M Tris-HCI (pH 7.6, Roche, Basel, Switzerland,
10708976001). Slides were incubated for 5 minutes in a solution of 3,3'-diaminobenzidine
tetrahydrochloride (DAB, Merck KgA, D5637-10G) in 0.05M Tris-HCI (pH 7.6, Roche) with 30% H,0,
(VWR). Lastly, slides were dehydrated and embedded with DEPEX (Bioconnect, Huissen, the
Netherlands, 18243.01). Images were taken at 2.5x magnification and analysed with Adobe Photoshop
(Adobe, San Jose, United States of America, CS6). Ipsilateral hemispheric grey matter loss was
calculated by (1- (MAP2+ area on the ipsilateral side / MAP2+ area on the contralateral side)) x100.

2.1.5.2 White matter

To determine white matter loss, slides were deparaffinized and endogenous peroxidase was blocked
with 3% H,0, (VWR) for 20 minutes. After blocking, slides were hydrated and antigen retrieval was
performed in 0.05M TRIS/0.01M EDTA buffer (pH 9, Roche, Merck KgA, 798681-1KG) for 15 minutes at
95 °C. Slides were cooled on ice and washed with 0.025% Triton (VWR, 1.086.031.000) in PBS
(Invitrogen). Aspecific binding of antibodies was blocked with 20% normal goat serum (NGS, Vector
Laboratories, S-1000-20) in PBS (Invitrogen) with 0.025% Triton (VWR) for 30 minutes at 37 °C. Next,
slides were incubated with primary antibody (Abcam, Cambridge, United Kingdom, EPR21188) in PBS
(Invitrogen) with 10% NGS (Vector Laboratories) and 0.025% Triton (VWR) overnight. The next day,
slides were washed with PBS (Invitrogen) and incubated with secondary antibody (Vector Laboratories,
BA-1000) in PBS (Invitrogen) for 45 minutes at 37 °C. After incubation, slides were washed in PBS
(Invitrogen) with 0.025% Triton (VWR) and incubated with the standard peroxidase vectastain ABC kit
(Vector Laboratories) for 30 minutes at RT. Subsequently, slides were washed in 0.05 M Tris-HCI (pH
7.6, Roche). Slides were incubated for 5 minutes in a solution of DAB (Merck KgA) in 0.05M Tris-HCl
(pH 7.6, Roche) with 30% H,0, (VWR). Lastly, slides were dehydrated and embedded with DEPEX
(Bioconnect). Images were taken at 2.5x magnification and analysed with Fiji 1.53 (V&B) Software
(National Institutes of Health and the Laboratory for Optical and Computational Instrumentation,
Wisconsin, United States of America). Ipsilateral hemispheric white matter loss was calculated by

(1- (MBP+ area on the ipsilateral side / MBP+ area on the contralateral side)) x100.



2.1.5.3 Cortical organisation

In order to assess cortical organisation, slides were deparaffinized and hydrated. Antigen retrieval was
performed in 10 mM citrate buffer (pH 6, Brunschwig Chemie) for 15 minutes at 95 °C. Slides were
cooled on ice and permeabilized by washing in PBS (Invitrogen) with 0.05% Tween (VWR,
8.221.841.000). Aspecific binding of antibodies was inhibited by blocking with 5% normal donkey
serum (NDS, Bioconnect, 017-000-121) in PBS (Invitrogen) with 0.05% Tween (VWR) for 30 minutes at
RT. Primary antibody (Absolute antibody, Upper Heyford, United Kingdom, Ab00616-7.4) in PBS
(Invitrogen) was incubated overnight at 4 °C. The next day, slides were washed in PBS (Invitrogen) and
incubated with secondary antibody (Life Technologies, Carlsbad, Unites States of America, A-21209) in
PBS (Invitrogen) for 75 minutes at RT. After incubation, slides were washed in PBS (Invitrogen) and
incubated with DAPI (Merck, D9542) in demi water for 5 minutes at RT. Finally, slides were washed in
demi water and embedded with FluorSave Reagent (Merck, 345789). CTIP2 stained slides were imaged
using a fluorescence microscope (Carl Zeiss Microscopy, Oberkochen, Germany, Zeiss Axio
Observer.Z1) equipped with an AxioCam camera (Carl Zeiss Microscopy, MR R3) and Zen2.3 software
(Blue edition, Carl Zeiss Microscopy). 4 Separate images were taken of both ipsilateral and
contralateral cortices at 2.5x magnification. Images were stitched and analysed using Fiji 1.53 (V&B)
Software (National Institutes of Health and the Laboratory for Optical and Computational
Instrumentation, Wisconsin, United States of America). Relative somatosensory cortex area was
calculated by dividing the ipsilateral cortex area within a perimeter by the contralateral cortex area
within a perimeter. Relative CTIP2+ area was calculated by dividing the ipsilateral layer V and VI CTIP2+
area within a perimeter corrected for the ipsilateral somatosensory cortex area by the contralateral
layer V and VI CTIP2+ area within a perimeter corrected for the contralateral somatosensory cortex
area. Relative CTIP2+ density was calculated by dividing the ipsilateral or contralateral CTIP2+ signal
area within the layer V and VI CTIP2+ perimeter by its corresponding ipsilateral or contralateral
somatosensory cortex area. Coronal sections of animals without a cortex were excluded from analysis
(Table 2).

Table 2. Final number of animals per experimental group.

Excluded Excluded Excluded Excluded Excluded

Group Sex Animals grey matter white matter cortex area layer V/VI CTIP2 density
SHAM m 12 1* 0 0 0 0

f 12 0 0 0 0 0
Vehicle m 15 0 0 1* 1* 1*

f 9 0 0 1** 1** 1**
LPC-DHA m 14 0 0 1%, 3** 3** 3**

f 10 0 0 1%, 1%* 1** 1**
MSCs m 15 0 0 2%* 2%* 2%*

f 9 0 0 0 0 0
LPC-DHA+MSCs m 13 1* 0 1** 1** 1**

f 11 1* 0 2% 2% 2%

* Excluded by outlier test
** Excluded due to the lack of a cortex



Table 3. Antibodies used for in vivo stainings

Staining Step Antibody Manufacturer Catalogue number Dilution
MAP2 Primary Mouse anti-MAP2 Merck KgA M4403-2ML 1:1000
Secondary Horse anti-mouse biotin Vector Laboratories BA-2000 1:100
MBP Primary Rabbit anti-MBP Abcam EPR21188 1:2000
Secondary Goat anti-rabbit biotin Vector Laboratories BA-1000 1:100
CTIP2 Primary Rat monoclonal anti-CTIP2 Absolute antibody Ab00616-7.4 1:1000
Secondary Donkey anti-rat AF594 Life Technologies A-21209 1:500

2.2 In vitro hit models

To examine the mechanism by which DHA and LPC-DHA exhibit neuroprotective effects, different in
vitro hit models were set up. These hit models address neuroinflammation, oxidative stress, DNA
damage and OGD.

2.2.1 Primary microglia culture

A primary cortical microglia culture was isolated from a P1 C57BL/6 mouse (ENVIGO). Briefly, brains
were dissected, and meninges were removed. Cortices were minced and incubated with 0.25% trypsin
(Merck KgA, T4799) in Gey's balanced salt solution (GBSS, Merck KgA, G9779-500mL) supplemented
with 1% P/S (Thermo Fisher Scientific, 15140122) and 30 mM D-(+)-glucose (Merck KgA, G7021) for 15
minutes. After incubation, cells were resuspended until a homogenous suspension was formed. T75
flasks (Corning Life Sciences) were coated with poly-L-ornithine (PLO, Merck KgA, P3655). Microglia
yield of 1 animal was cultured in 1 PLO-coated T75 flask (Merck KgA, Corning Life Sciences) with DMEM
(Thermo Fisher Scientific, 41965-039) supplemented with HamF10 (Thermo Fisher Scientific, 31550-
023), 10% FBS (Invitrogen, 10270106), 1:100 P/S (Thermo Fisher Scientific, 15140122), and 1:100
glutamine (Invitrogen, 25030024) in a humidified incubator (PHCbi) with 5% CO, level at 37 °C. After
10-12 days of culture, microglia were detached by shaking the flasks for 20-22 h at 130-135 rpm and
37°C. Following, microglia were centrifuged for 10 minutes at 120 rpm at RT to be collected.

2.2.1.1 Neuroinflammation model

Primary microglia were plated in a PLO-coated 24-wells plate (Merck KgA, Corning Life Sciences, 3524)
with 15x10° microglia/well and were allowed to attach for 24 h. The next day, microglia were hit with
lipopolysaccharide (LPS, Merck KgA, L4516-1MG) and exposed to 4, 20, 50 or 100 uM DHA (Merck KgA,
D2534) in PBS (Invitrogen) with 1% Bovine Serum Albumin (BSA, Merck KgA, A9647-10G) for 24 hours.
Control medium was corrected for BSA exposure at the 20 uM level, resulting in final concentrations
of 0.02% BSA (Merck KgA) in the plate. After incubation, the supernatant was collected and stored at
-80 °C until analysis. Supernatant was examined by a tumor necrosis factor alpha (TNF-a) ELISA
(Ucytech, Utrecht, The Netherlands, CT303A) according to the manufacturer’s protocol.



2.2.2 SH-SY5Y culture

The human neuroblastoma cell line SH-SY5Y (ATCC, Manassas, United States of America, CRL-2266)
was cultured in DMEM/F12 medium (Thermo Fisher Scientific, 11330057) supplemented with 10% FBS
(Invitrogen) and 1:100 P/S (Thermo Fisher Scientific). Cells were grown in T75 flasks (Corning Life
Sciences) in a humidified incubator (PHCbi) with 5% CO; at 37 °C. SH-SY5Y cells were harvested by
incubation in trypsin-EDTA (Invitrogen, 25300-054) for 2 minutes. Following, cells were centrifuged for
5 minutes at 300 rpm at RT to be collected.

2.2.2.1 Oxidative stress model

SH-SY5Y cells (ATCC) were plated in a 96-wells plate (Thermo Fisher Scientific, 167008) with 6x10*
cells/well and were allowed to attach overnight. The next day, cells were incubated with 60 uM H,0,
(VWR) or control medium and 0, 5, 10, 25 or 50 uM DHA (Merck KgA) in PBS (Invitrogen) with 1% BSA
(Merck KgA) or LPC-DHA (Aker Biomarine) in 0.7% dimethyl sulfoxide (DMSO, Duchefa Farma, Haarlem,
The Netherlands, D1370.0100) in a humidified incubator (PHCbi) with 5% CO, at 37 °C for 24 hours.
Control medium was corrected for BSA and DMSO exposure at the 25 uM level, resulting in final
concentrations of 0.025% BSA (Merck KgA) or 0.0175% DMSO (Duchefa Farma) in the plate for DHA
(Merck KgA) and LPC-DHA (Aker Biomarine), respectively. Neuronal cell death was assessed with a 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (Section 2.2.3).

2.2.2.2 DNA damage model

SH-SY5Y cells (ATCC) were plated in a 96-wells plate (Thermo Fisher Scientific) with 6x10* cells/well
and were allowed to attach overnight. The next day, cells were incubated with 2800 nM etoposide
(Merck KgA, E1383-25MG) or control medium and 0, 5, 10, 25 or 50 uM DHA (Merck KgA) in 1% BSA
(Merck KgA) or LPC-DHA (Aker Biomarine) in 0.7% DMSO (Duchefa Farma) in a humidified incubator
(PHCbi) with 5% CO; at 37 °C for 24 hours. Control medium was corrected for BSA and DMSO exposure
at the 25 uM level, resulting in final concentrations of 0.025% BSA (Merck KgA) or 0.0175% DMSO
(Duchefa Farma) in the plate for DHA (Merck KgA) and LPC-DHA (Aker Biomarine), respectively.
Neuronal cell death was assessed with an MTT assay (Section 2.2.3).

2.2.2.3 OGD model

SH-SY5Y cells (ATCC) were plated in a 96-wells plate (Thermo Fisher Scientific) with 6x10* cells/well
and were allowed to attach overnight. The next day, culture medium was replaced by DMEM without
glucose (Merck KgA, 11966025) supplemented with 1:100 P/S (Thermo Fisher Scientific, 15140122)
and 0, 5, 10, 25 or 50 uM DHA (Merck KgA) in 1% BSA (Merck KgA) or LPC-DHA (Aker Biomarine) in
0.7% DMSO (Duchefa Farma). Cells were incubated in a humidified hypoxic incubator with 1% O, and
5% CO; at 37 °C (PHCbi, Cell-IQ 5.7 cu.ft. Multigas CO,/0; Incubator MCO-170MP-PA) for 24 h. In
parallel, a control plate was incubated with culturing medium in a humidified normoxic incubator
(PHCbi) with 21% O, and 5% CO; at 37 °C for 24 h. Control medium was corrected for BSA and DMSO
exposure at the 25 uM level, resulting in final concentrations of 0.025% BSA (Merck KgA) or 0.0175%
DMSO (Duchefa Farma) in the plate for DHA (Merck KgA) and LPC-DHA (Aker Biomarine), respectively.
Neuronal cell death was assessed with an MTT assay (Section 2.2.3).
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2.2.3 MTT assay

After exposure within the oxidative stress, DNA damage, and OGD model (Section 2.2.2.1, 2.2.2.2, and
2.2.2.3), hit medium was replaced by culture medium containing 0.5 mg/ml MTT (Merck KgA, M2128-
250MG) in PBS (Invitrogen). MTT solution was incubated for 3 h in a humidified incubator (PHCbi) with
5% CO, at 37 °C. After incubation, medium was removed from the wells and MTT crystals were
dissolved in 100 pL DMSO (VWR, 23500260). Optical density was measured at 570 nm using a
spectrophotometer (Thermo Fisher Scientific, Multiskan GO).

2.3 Statistical analysis

All data was acquired being blinded. Statistical analysis was performed using GraphPad Prism 8.3
(GraphPad Software, Dotmatics, Boston, United States of America). Outliers were identified by the
ROUT analysis (Q = 1%). Data was checked for normal (Gaussian) distribution using the Shapiro-Wilk
normality test. If data was normally distributed, statistical analysis was performed by a one-way
ANOVA with Holm-Sidak post-hoc tests. If data was not normally distributed, statistical analysis was
performed by a nonparametric test with Dunn’s post-hoc tests. Data is presented as the mean + SEM.
Differences of p < 0.05 were considered statistically significant.
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3. Results

3.1 In vivo results

3.1.1 A combined treatment with LPC-DHA and MSCs reduces grey matter loss after Hl injury
In order to examine grey matter loss in the Hl injured animals, coronal sections were stained for MAP2
and the percentage of ipsilateral hemispheric neuronal loss was determined. After quantification, Hl
animals have approximately 30% ipsilateral grey matter loss (p<0.0001, Fig 3A-B). Grey matter loss is
not reduced after treatment with LPC-DHA or MSCs alone compared to non-treated controls
(p=0.1225, p=0.1225, Fig 3A-B). However, after a combined treatment with LPC-DHA and MSCs, grey
matter loss is significantly reduced compared to non-treated controls (p=0.0041, Fig 3A-B).
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Fig 3. Ipsilateral hemispheric grey matter loss after Hl injury in MAP2 stained coronal sections. A) Representative images of
MAP?2 staining per treatment group (2.5x magnification). B) Quantification of ipsilateral hemispheric grey matter loss. SHAM,
n=23; VEH, n=24; LPC-DHA, n=24; MSC, n=24; LPC-DHA + MSC, n=22. VEH = vehicle treated animals. ** p<0.01. **** p<0.0001.
Data represents mean + SEM.
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3.1.2 LPC-DHA, MSC and combined LPC-DHA and MSC treatments do not reduce myelin loss
after Hl injury

In order to examine loss of myelin content in Hl injured animals, coronal sections were stained for MBP
and the percentage of ipsilateral hemispheric myelin loss was determined. HI injured animals have
approximately 30% ipsilateral myelin loss (p<0.0001, Fig 4A-B). LPC-DHA, MSCs, and LPC-DHA with MSC
treatment do not significantly decrease myelin loss compared to non-treated controls (p=0.7507,
p=0.7507, p=0.6539, Fig 4A-B).
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Fig 4. Ipsilateral hemispheric myelin loss after HI injury in MBP stained coronal sections. A) Representative images of MBP
staining per treatment group (2.5x magnification). B) Quantification of ipsilateral hemispheric myelin loss at bregma level -
1.34. SHAM, n=24; VEH, n=24; LPC-DHA, n=24; MSC, n=24; LPC-DHA + MSC, n=24. VEH = vehicle treated animals. ****
p<0.0001. Data represents mean + SEM.
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3.1.3 Relative area of the ipsilateral somatosensory cortex shrinks after HI injury in vivo

The somatosensory cortex is often injured after Hl injury (20,35). To further examine the effect of our
treatment on the somatosensory cortex, its relative area was determined. Representative images per
group at 2.5x magnification show cortical lamination (Fig 5A). After Hl injury, the somatosensory cortex
area decreases (p<0.0001, Fig 5B). After treatments with LPC-DHA, MSCs or LPC-DHA with MSCs the
somatosensory cortex area did not significantly increase compared to non-treated controls (p=0.2060,
p=0.9112, p= 0.0721, Fig 5B). Noteworthy, our combined treatment of LPC-DHA with MSCs shows a
trend towards somatosensory cortex area restoration (p=0.0721, Fig 5B).

3.1.4 Relative area of layer V and VI does not differ after Hl injury in vivo

In order to determine if the size of all layers of the somatosensory cortex decrease relatively, the
CTIP2+ stained area in the deeper layers of the somatosensory cortex was quantified. This
measurement reflects the relative area of layer V and VI within the somatosensory cortex. Even though
the total somatosensory cortex area decreased after Hl injury (p<0.0001, Fig 5B), the relative CTIP2+
area stayed equal after Hl injury (p=0.9922, Fig 5C). Moreover, none of the proposed treatments with
LPC-DHA, MSCs or LPC-DHA with MSCs changed the relative CTIP2+ area compared to non-treated
controls (p=0.9922, p=0.8673 , p=0.9922, Fig 5C).

3.1.5 The relatively increased neuronal density on the ipsilateral side within layer V and VI of
the somatosensory after HI injury in vivo is compensated on the contralateral side by a
combined treatment of DHA and MSCs

Although the area within the perimeter of layer V and VI did not change, cell density could be altered.
The relative CTIP2+ signal area within layer V and VI increases on the ipsilateral side after HI injury
(p=0.0065, Fig 5D), indicating a higher density of CTIP2+ cells in layer V and VI. Treatment with LPC-
DHA or MSCs alone did not change the increased CTIP2+ density on the ipsilateral side (p<0.0001,
p=0.0015, Fig 5D). After treatment with the combination of LPC-DHA and MSCs, the relative CTIP2+
density is similar between the ipsilateral and contralateral side (p=0.0935, Fig 5D). Though, this
restored balance is rather due to a compensation on the contralateral side than a decrease of the
ipsilateral side.
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Fig 5. Cortical organization after HI injury in CTIP2 stained coronal sections. A) Representative images of CTIP2 staining per
treatment group (2.5x magnification). B) Quantification of relative somatosensory cortex area at bregma -1.34. SHAM, n=24;
VEH, n=22; LPC-DHA, n=18; MSC, n=22; LPC-DHA + MSC, n=21. C) Quantification of relative CTIP2+ area within the
somatosensory cortex area. SHAM, n=24; VEH, n=22; LPC-DHA, n=20; MSC, n=22; LPC-DHA + MSC, n=21. D) Quantification of
relative CTIP2+ density in the CTIP2+ perimeter. SHAM, n=24; VEH, n=22; LPC-DHA, n=20; MSC, n=22; LPC-DHA+ MSC, n=21.
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represents mean + SEM.
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3.2 In vitro results

3.2.1 DHA dose dependently decreases TNF-a production in vitro after LPS induced
neuroinflammation in primary microglia

To dive deeper into the working mechanisms of DHA, the ability of DHA to suppress neuroinflammation
was assessed in a microglia LPS hit model. LPS is known to induce inflammation and increase TNF-a
production by primary microglia (36). When DHA was added in doses of 4, 20, 50 and 100 uM, TNF-a
production was dose dependently reduced compared to non-treated microglia (p=0.0032, p=0.0014,
p=0.0005, p=0.0005, Fig 6). This indicates DHA is able to reduce the neuroinflammatory response of
microglia to an inflammatory hit.
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Fig 6. TNF-a production by primary microglia after LPS stimulation and DHA treatment compared to control. Control, n=12; 4
UM, n=6; 20 uM, n=6; 50 uM, n=6; 100 uM, n=6. ** p<0.01. *** p<0.001. Data represents mean + SEM.

3.2.2 Both DHA and LPC-DHA increase neuronal cell viability in vitro

To examine differential effects of DHA and LPC-DHA on neuronal cell viability, a SH-SY5Y cell culture
was used. Cell viability of SH-SY5Y cells dose dependently increases after DHA and LPC-DHA exposure
(Fig 7). A significant increase in cell viability was noted after exposure to both 10 and 25 uM DHA
(p=0.0070, p=0.0065, Fig 7A), and 10 uM LPC-DHA compared to non-treated cells (p=0.0142, Fig 7B).
The positive effect of DHA and LPC-DHA on cell viability was lost at 50 uM (0.5502, Fig 7A) and 25 uM
(p=0.3153, Fig 7B), respectively. Significant toxic effects can be seen at 50 uM LPC-DHA (p=0.0010, Fig
7B). All in all, both DHA and LPC-DHA are able to increase neuronal cell viability.

3.2.3 DHA and LPC-DHA prevent neuronal cell death by H,0; induced oxidative stress in vitro
The ability of DHA and LPC-DHA to rescue neurons after oxidative stress was examined with a neuronal
H20, hit model. 60 uM H,0, was determined to be the optimal dose in our hit model (Supplementary
Fig S1). Both DHA and LPC-DHA dose dependently protect neuronal cell viability after a hit with 60 uM
H»0> (Fig 8). A significant increase in neuronal cell viability was seen at 10 uM DHA (p=0.0073, Fig 8A)
and LPC-DHA compared to non-treated cells (p=0.0195, Fig 8B). Again, significant toxic effects are
reached at 50 pM LPC-DHA (p<0.0001, Fig 8B). Concluding, DHA and LPC-DHA seem to have similar
neuroprotective effect on neuronal cell culture viability after a H,0zinduced oxidative stress hit.
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Fig 7. Neuronal cell viability after DHA and LPC-DHA treatment A) Neuronal cell viability after treatment with a range of DHA
concentrations. Control, n=17; 5 uM, n=18; 10 uM, n=18; 25 uM, n=18; 50 uM, n=18. B) Neuronal cell viability after treatment
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Fig 8. Neuronal cell viability after H,0, induced oxidative stress and DHA or LPC-DHA treatment. A) Neuronal cell viability
after treatment with a range of DHA concentrations. Control, n=17; Hit, n=17; 5 uM, n=18; 10 uM, n=18; 25 uM, n=18; 50
UM, n=18. B) Neuronal cell viability after treatment with a range of LPC-DHA concentrations. Control, n=18; Hit, n=18; 5 uM,
n=18; 10 uM, n=17; 25 uM, n=18; 50 uM, n=18. * p<0.05. ** p<0.01. **** p<0.0001. Data represents mean + SEM.
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3.2.4 Both DHA and LPC-DHA do not prevent neuronal cell death after etoposide-induced DNA

damage in vitro

In order to validate if the protective effects of DHA and LPC-DHA work specifically on oxidative stress,
an in vitro neuronal etoposide hit model was established. 2800 nM etoposide was determined to be
the optimal dose in our hit model (Supplementary Fig S2). DHA did not rescue the neurons at 5, 10, or
25 UM compared to non-treated cells (p=0.3431, p=0.7320, p=0.3431, Fig 9A). 50 uM DHA even
showed toxic effects and decreased the neuronal cell viability further (p=0.0085, Fig 8A). LPC-DHA was
also not able to rescue the neurons at 5 uM LPC-DHA compared to non-treated cells (p=0.5207, Fig
9B). Toxic effects were shown at 10, 25 and 50 uM LPC-DHA (p=0.0103, p<0.0001, p<0.0001, Fig 9B).
As seen in the in vitro model without a hit and the oxidative stress model, LPC-DHA seems more toxic
than DHA (Fig 7A-B, Fig 8A-B). The inability to rescue neurons in the DNA damage model, implicates
DHA and LPC-DHA most likely work specifically against oxidative stress.

3.2.5 DHA prevents and LPC-DHA increases neuronal cell death after an in vitro OGD hit

As neurons were protected from oxidative stress, but not from DNA damage by DHA or LPC-DHA
treatment, a more translational neuronal OGD model was established to further unravel the
neuroprotective mechanisms of DHA and LPC-DHA after HI jury. Optimal OGD exposure was
determined to be 24 hours (Supplementary Fig S3). The OGD hit decreases cell viability with
approximately 30% (p<0.0001, Fig 10). Cell viability is significantly increased after a treatment with 10
UM DHA compared to non-treated cells (p=0.0182, Fig 10A), which is in line with our findings in the
oxidative stress model (Fig 8A). DHA has a dose dependent beneficial effect after the OGD hit (Fig 10A).
On the contrary, LPC-DHA treatment with 5, 10, 25 or 50 uM dose dependently decreases cell viability
after an OGD hit (p<0.0001, p<0.0001, p<0.0001, p<0.0001, Fig 10B). These toxic effects are harsher
than previously found in the DNA damage model (Fig 9B). Concluding, DHA and LPC-DHA seem to have
radical scavenging properties, but exhibit different effects when excitotoxicity and inflammation
engage in an in vitro setting.
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Fig 9. Neuronal cell viability after etoposide-induced DNA damage and DHA or LPC-DHA treatment. A) Neuronal cell viability
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Fig 10. Neuronal cell viability after deprivation of oxygen and glucose and DHA or LPC-DHA treatment. A) Neuronal cell viability
after treatment with a range of DHA concentrations. Control, n=24; Hit, n=24; 5 uM, n=24; 10 uM, n=24; 25 uM, n=24; 50
UM, n=24. B) Neuronal cell viability after treatment with a range of LPC-DHA concentrations. Control, n=24; Hit, n=24; 5 uM,
n=24; 10 uM, n=24; 25 uM, n=24; 50 uM, n=24. * p<0.05. **** p<0.0001. Data represents mean + SEM.
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4. Discussion

Within this study, the brain restoring effect of combining LPC-DHA with MSC therapy for the treatment
of perinatal HI in vivo and the potential neuroprotective mechanism of DHA and LPC-DHA after injury
in vitro have been studied.

Within our in vivo model the grey matter hemispheric loss was assessed by staining for MAP2. MAP2
is a neuronal protein expressed by the cytoskeleton and accordingly a marker for grey matter (37). In
our data, vehicle treated Hl injured animals have an ipsilateral grey matter loss of approximately 30%,
which is in line with previous research (22,38). The Hl injury is mainly affecting the hippocampus, which
is involved in spatial memory and learning abilities (39). This study is the first to show that short term
treatment with LPC-DHA and MSCs decreases grey matter loss after Hl injury, while MSCs or LPC-DHA
alone were not able to decrease grey matter loss. This enhanced efficacy of combining MSCs and LPC-
DHA could possibly result from a reduction in neuroinflammation and the neuroprotection against
ROS.

Our in vitro experiments and literature confirmed DHA’s mechanism of action involves the reduction
of the pro-inflammatory cytokine TNF-a (36). Together with MSCs being able to excrete anti-
inflammatory cytokines and their inhibitory effect on microglia activation and astrocytosis, the LPC-
DHA might contribute alongside the MSCs to a neuroprotective environment beneficial to neuronal
regeneration (19). To further confirm this hypothesis, future research should examine if LPC-DHA
exerts the same TNF-a suppressing effect as DHA showed in vitro. Besides, neuroinflammation should
be assessed shortly after the combined treatment of LPC-DHA and MSCs in vivo to confirm the
proposed involvement of an anti-inflammatory mechanism.

Next, combined data of our in vitro experiments and literature show DHA and LPC-DHA similarly
protect neurons from ROS induced cell death (40,41). This study is the first to test LPC-DHA’s capacity
in protecting neurons from oxidative stress. The observed reduction of oxidative stress by LPC-DHA
can create a neuroprotective environment contributing to the MSCs boosting neurogenesis in parallel.
This increased neuroprotection and neurogenesis can play a role in limiting grey matter loss seen by
the combined treatment with MSCs and LPC-DHA. To confirm a treatment with LPC-DHA and MSCs
limits oxidative stress after Hl injury, an in vivo study should be performed exploring the proposed
involvement of oxidative stress pathways. To specifically confirm the mechanism by which LPC-DHA
reduces oxidative stress is likewise DHA's action, which includes reducing the numbers of radicals, LPC-
DHA should also be studied for its capacity to decrease the number of radicals during future in vitro
experiments (41).

The effects of DHA and LPC-DHA seem to point specifically towards anti-oxidative stress and anti-
inflammatory pathways as our study shows that DHA and LPC-DHA do not protect the cells from
etoposide-induced DNA damage. In line with this, DHA has been shown to decrease DNA repairing
gene expression (42). To confirm DHA and LPC-DHA indeed limit inflammation and oxidative stress in
a more translational in vitro setting, injury was induced in an OGD model. OGD induces a combination
of inflammation, ROS and excitotoxicity (3,43—45). Our experiments and literature shows DHA protects
neurons after an OGD hit (41,46). This study was the first to study LPC-DHA in an in vitro OGD model
and found it did not protect the neurons in the current setup. Moreover, clear toxic effects of LPC-DHA
could be observed in the OGD hit model. These toxic effects can be explained by the fact that LPC-DHA
has an amphiphilic nature and can interfere with membranes. The LPC component on its own is known
to integrate in the membrane causing a higher membrane permeability (47). LPC’s detergent action
can result into cell lysis in an in vitro setting. It is known albumin, which is known to be important in
LPC-DHA transport in vivo, can prevent LPC’s detergent action and even contribute to neuroprotection
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(48,49). Albumin was present in our in vivo study and in vitro experiments with DHA, but not in our in
vitro experiments with LPC-DHA. In future in vitro experiments, addition of albumin might prevent LPC-
DHA’s detergent action and give new insights in the potential neuroprotective effect of LPC-DHA
exhibited in vivo. Adding, the effect of DHA and LPC-DHA on neuroinflammation and ROS were
examined separately in this study, but the excitotoxicity component within the OGD model is not yet
examined separately. Excitotoxicity can be modelled in the SH-SY5Y cell line and examination of DHA
and LPC-DHA’s protective effects within this model could potentially also give even more specific
insights into the involved pathways after LPC-DHA treatment (50).

Apart from grey matter injury, white matter injury was also assessed in this study by a MBP staining.
MBP is a protein expressed through the myelin sheet and accordingly a marker for white matter (51).
In line with previous research, white matter was reduced with approximately 30% after HI injury
(52,53). Myelin is important in signal transduction and therefore a reduction in myelin results in
cognitive difficulties and motor abnormalities (54). Though, none of our treatments reduced the
myelin loss. Studies within our lab show it should be possible to reduce myelin loss after Hl injury with
MSCs (22). At this moment, only one dose and timing of LPC-DHA and MSCs is tested, which might not
yet be optimal. Therefore, optimal dose and timing studies need to be performed to claim with
certainty whether a combined treatment of LPC-DHA and MSCs is also able to boost myelination.

Our last in vivo assessment involved the cortical organization by staining our coronal sections for CTIP2.
CTIP2 is a specific marker for pyramidal neurons mainly residing in layer V and VI of the cortex. This
study is the first to examine the somatosensory cortex and its specific deeper layers after Hl injury at
term equivalent age in mice. The only other available literature on cortical organization in mice
includes two studies of injury at preterm equivalent age (52,55). Both our study and the study of
Shinoyama et al., found the somatosensory cortex shrinks after Hl injury, which indicates not only the
hippocampus, but also the cortex gets affected by HI injury (55). At this moment, LPC-DHA, MSCs or
the combined treatment with LPC-DHA and MSCs were not able to restore the somatosensory cortex
area. Though, our combined treatment with LPC-DHA and MSCs shows a potential in somatosensory
cortex restoration after optimization of the treatment. Future studies could focus on more specifically
targeting the cortex after Hl injury.

The somatosensory cortex consists of multiple layers and develops from an inside out manner (56).
Interestingly, our study showed not all cortical layers shrink equally. The deeper layers are not affected
after Hl injury in our at term equivalent age model, whereas these layers were affected in a preterm
equivalent age model (52). This difference can be explained by the timepoint of HI induction and the
development of the cortex. Between P7 and P10, pyramidal neurons, mainly residing in the deeper
layers of the cortex, are in a developmental stage where they largely increase in complexity (57). The
more robust deeper layer neurons in the term equivalent age model could therefore be more resistant
than the undeveloped deeper layer neurons in the preterm equivalent age model.

Although the total deeper layer size was protected, an increased density of CTIP2+ pyramidal neurons
was observed after HIl injury. The increased pyramidal neuron density on the ipsilateral side after Hl
injury can be explained by the increased proliferation of pyramidal neurons after ischemia, which has
also been found in rat models with HI at adult equivalent age (58,59). The increased proliferation on
the contralateral side most likely results from the LPC-DHA component within our treatment. MSCs
are known to migrate to the site of injury where they boost proliferation and promote differentiation
towards neurons (19,60). Therefore, it is hypothesized mainly LPC-DHA would increase pyramidal
neuron proliferation on the contralateral side to compensate for the increased pyramidal neuron
proliferation on the ipsilateral side. This would indicate LPC-DHA and MSCs have distinct proliferative
functions and work in parallel. Future studies should examine the hypothesis of distinct increased
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pyramidal neuron proliferation caused by LPC-DHA and MSCs in vitro and in vivo by for example flow
cytometry and a bromodeoxyuridine (BrdU) assay.

The effect of an increased CTIP2+ pyramidal neuron density is still unclear. Potentially, the increased
pyramidal neuron density can cause a disbalance in excitation capacity between the contralateral and
ipsilateral side. An excitation-inhibition disbalance due to differences in pyramidal neuron density has
already been observed after schizophrenia and similarly could result in lasting effects in functional
outcome of Hl injured mice (14). Future studies should confirm if pyramidal neuron density aligns with
behavioural alterations in Hl injured mice.

All in all, our study indicates combining LPC-DHA and MSCs is a non-invasive, promising treatment
option to restore brain injury after perinatal HI. LPC-DHA and MSCs probably have distinct functions,
aiding in brain recovery in a parallel manner. As optimal dosing and timing and the complete working
mechanism is not fully known yet, future research should further optimize and unravel the mechanism
behind a treatment with LPC-DHA and MSCs to get closer to improving the treatment for infants
suffering from Hl injury.
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6. Supplementary

6.1 A hit with 60 uM H;0; creates a rescue window for the in vitro examination of
oxidative stress

In order to create an H,0; hit model to examine the effect of DHA and LPC-DHA, a separate dose
response curve was composed for H,0, with and without DMSO. At 60 uM H,0,, a significant reduction
in cell viability was found in both hit models (p<0.0001, p<0.0001, Fig S1). Therefore, this concentration
was chosen in the H,0O; hit model for further experiments combined with DHA and LPC-DHA.

6.2 A hit with 2800 nM etoposide creates a rescue window for the in vitro examination
of DNA damage

Likewise the H,0; hit model, a separate dose response curve was composed for etoposide with and
without DMSO. At 2800 nM etoposide, a significant reduction in cell viability was found in both hit
models (p<0.0001, p<0.0001, Fig S2). Accordingly, 2800 nM etoposide was used in the in vitro DNA
damage model and used in further experiments combined with DHA and LPC-DHA.

6.3 A 24 hour deprivation of glucose and limitation to 1% O, creates a rescue window
for the in vitro OGD model

Likewise the H,0; and etoposide hit model, a separate dose response curve was composed for the
0OGD model with and without DMSO. To find the optimal rescue window, different OGD exposure and
reperfusion times were studied. A significant hit effect has been found after an OGD exposure of 24
hours without reperfusion in both models (p<0.0001, p<0.0001, Supplementary Fig S3). Accordingly,

OGD24R0 was used in the in vitro OGD model and used for further experiments combined with DHA
and LPC-DHA.
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Fig S1. H,0, dose response curves. A) H,0, dose response curve in medium. 0 uM, n=7; 20 uM, n=8; 40 uM, n=8; 60 uM, n=8;
80 uM, n=8; 100 uM, n=8. B) H,0, dose response curve in medium with 0.0175% DMSO. Control, n=8; 20 uM, n=8; 40 uM,
n=8; 60 uM, n=8; 80 UM, n=8; 100 uM, n=8. * p<0.05. **** p<0.0001. Data represents mean + SEM.
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Fig S2. Etoposide dose response curves. A) Etoposide dose response curve in medium. Control, n=8; 1000 nM, n=8; 1600 nM,
n=8; 2200 nM, n=8; 2800 nM, n=8. B) Etoposide dose response curve in medium with 0.0175% DMSO. Control, n=8; 1000 nM,
n=8; 1600 nM, n=8; 2200 nM, n=8; 2800 nM, n=8. * p<0.05. ** p<0.01. *** p<0.001 **** p<0.0001. Data represents mean +
SEM.
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Fig S3. Relative cell viability after deprivation of glucose and limitation to 1% O,. A) OGD hit effect in medium with 0.025%
BSA. Control, n=32; OGD24R0, n=8; OGD24R24, n=8; OGD48R0, n=8; OGD48R24, n=8. B) OGD hit effect in medium with
0.0175% DMSO. Control, n= 32; OGD24R0, n=8; 0GD24R24, n=8; OGD48R0, n=8; OGD48R24, n=8 OGD = oxygen glucose
deprivation; R = reperfusion. **** p<0.0001. Data represents mean + SEM.
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