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Abstract

Background Neonatal encephalopathy following hypoxia—ischemia (HI) is a leading cause of childhood death

and morbidity. Hypothermia (HT), the only available but obligatory therapy is limited due to a short therapeutic
window and limited efficacy. An adjuvant therapy overcoming limitations of HT is still missing. Mesenchymal stromal
cell (MSC)-derived extracellular vesicles (EVs) have shown promising therapeutic effects in various brain injury models.
Challenges associated with MSCs' heterogeneity and senescence can be mitigated by the use of EVs from clonally
expanded immortalized MSCs (ciMSCs). In the present study, we hypothesized that intranasal ciMSC-EV delivery over-
comes limitations of HT.

Methods Nine-day-old C57BL/6 mice were exposed to HI by occlusion of the right common carotid artery followed
by 1 h hypoxia (10% oxygen). HT was initiated immediately after insult for 4 h. Control animals were kept at physi-
ological body core temperatures. ciMSC-EVs or vehicle were administered intranasally 1, 3 and 5 days post HI/HT.
Neuronal cell loss, inflammatory and regenerative responses were assessed via immunohistochemistry, western blot
and real-time PCR 7 days after insult. Long-term neurodevelopmental outcome was evaluated by analyses of cogni-
tive function, activity and anxiety-related behavior 5 weeks after HI/HT.

Results In contrast to HT monotherapy, the additional intranasal therapy with ciMSC-EVs prevented HI-induced
cognitive deficits, hyperactivity and alterations of anxiety-related behavior at adolescence. This was preceded

by reduction of striatal neuronal loss, decreased endothelial, microglia and astrocyte activation; reduced expression
of pro-inflammatory and increased expression of anti-inflammatory cytokines. Furthermore, the combination of HT
with intranasal ciMSC-EV delivery promoted regenerative and neurodevelopmental processes, including endothelial
proliferation, neurotrophic growth factor expression and oligodendrocyte maturation, which were not altered by HT
monotherapy.
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Conclusion Intranasal delivery of ciMSC-EVs represents a novel adjunct therapy, overcoming limitations of acute HT
thereby offering new possibilities for improving long-term outcomes in neonates with Hl-induced brain injury.

Keywords Neonatal hypoxia—ischemia, Neonatal encephalopathy, Hypothermia, Mesenchymal stem/stromal cells,
Extracellular vesicles, Long-term neurodevelopmental deficits, Neuroinflammation, Neuroregeneration

Background

Neonatal encephalopathy (NE), caused by hypoxia—
ischemia (HI) occurring around birth, is a devastating
disease accounting for 23% of neonatal deaths worldwide
[1] and substantial neurodevelopmental impairment
[2]. The introduction of therapeutic hypothermia (HT)
as standard clinical care two decades ago was a game
changer with regard to mortality and severe motor dis-
ability. However, approximately 30% of survivors still suf-
fer from long-term neurological sequela such as sensory,
cognitive and neuropsychological impairment, becoming
evident specifically at school age and beyond [2-9].

Limited efficacy of HT is mainly attributed to its short
therapeutic window of 6 h, i.e., suppressing excitotoxic-
ity, oxidative stress and acute cell death [10, 11]. How-
ever, effects on secondary and tertiary disease phases,
characterized by ongoing inflammation, gliosis, impaired
oligodendrocyte maturation and myelination overlap-
ping with disturbed endogenous regeneration (e.g.,
angiogenesis) are limited. For instance, treatment with
HT started at 3 h after global cerebral ischemia only par-
tially suppressed microglial activation in fetal sheep [12].
In rodents it was further shown that HT provides only
selective protection to particular brain structures. While
neuronal loss is reduced in hippocampal CA1-CA3
regions, protection of striatal neurons is limited [13-15].
Furthermore, clinical and pre-clinical studies suggested
limited effects on white matter injury and oligodendro-
cyte maturation [16—21]. White matter development is
key for long-term neurodevelopment, as demonstrated
by correlations between alterations in the white mat-
ter microstructure and neurodevelopmental outcome in
children with NE [17, 20, 21]. This is supported by previ-
ous work in a pre-clinical HI model, revealing protection
from motor but not cognitive deficits, associated with
reduced myelination [15, 18].

To improve efficacy of HT, various pharmacological
agents have been evaluated in a variety of pre-clinical
trials [10, 11]. However, none of these agents could be
transferred into clinical practice due to lack of efficacy in
first clinical trials [22—24]. According to the multimodal
mechanisms of action, mesenchymal stromal cell (MSC)-
based therapies have been suggested as a promising
alternative therapy [10, 11]. However, the cells’ plasticity,
heterogeneity and their limited life span present major
hurdles for clinical translation. Extracellular vesicles

(EVs) derived from MSCs can overcome limitations of
cell therapies, since the risk of changing their function
depending on their microenvironment can be neglected.
The neuroprotective potential of MSC-EVs has been
proven in several perinatal brain injury models [25-32].
The challenge of MSC-EV heterogeneity [33, 34] can
be mitigated by using EVs from clonally expanded and
immortalized MSCs (ciMSCs). Recent work in a rodent
model of neonatal HI showed that intranasal delivery
of ciMSC-EVs provides similar neuroprotection as EVs
from primary MSCs [31].

In the present study, we hypothesized that intranasal
application of ciMSC-EVs overcomes the above-men-
tioned current limitations of HT. Using a translational
rodent model of neonatal HI and HT, subacute effects on
neuronal degeneration, neuroinflammation, oligodendro-
cyte maturation and neuroregeneration were analyzed.
Long-term neurodevelopmental outcome in terms of
cognitive function, anxiety-related behavior and hyperac-
tivity were characterized by behavioral testing.

Methods

ciMSC growth, ciMSC-EV preparation and characterization
Cells of the primary human MSC stock were initially
raised from a sample of a bone marrow graft of a healthy
donor in an anonymized manner after informed con-
sent according to the Declaration of Helsinki. This MSC
stock (41.5) was used for immortalization followed by
clonal expansion. In the present work, we applied the
same EV preparation of the same clonal ciMSC-line as
in our recent study [31]. Briefly, EVs were prepared from
ciMSC conditioned media (Dulbecco’s modified Eagle
medium supplemented with 10% human platelet lysate),
harvested every 48 h between 34 and 37 passages [31].
EVs were prepared from thawed pooled conditioned
media according to an established standard procedure,
i.e., by polyethylene glycol 6000 precipitation followed
by ultracentrifugation as described in detail before
[35-37]. Obtained EV samples were characterized in
accordance with the recommendation of Minimal Infor-
mation for Studies of Extracellular Vesicles 2018 criteria
[38], including nanoparticle tracking analysis and imag-
ing flow cytometry-based analyses of EV surface marker
expression. Samples were further analyzed for their
immunomodulatory capacity in a multi-donor mixed
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lymphocyte reaction assay, as described previously [33,
39, 40].

Animal care and group allocation

Experiments were performed in accordance with the
Animal Research Reporting of in Vivo Experiments
(ARRIVE) guidelines with governmental approval by the
State Agency for Nature, Environment and Consumer
Protection North Rhine-Westphalia. C57BL/6] mice were
bred in house and kept under a 12-h light/dark cycle
with food and water ad libitum. Bodyweight of pups was
recorded at postnatal day 9 (P9), P10, P11, P12 and P16
and weekly after weaning. A total of 104 C57BL/6 mice
(n=51 female and n=53 male) derived from 14 litters
were enrolled. For all analyses, animals per litter and
experiment were randomly assigned to 4 experimental
groups: sham #=23 (11 female, 12 male), HI / normo-
thermia (NT) / vehicle =28 (15 female, 13 male), HI /
hypothermia (HT) / vehicle n=25 (12 female, 13 male),
HI / HT / ciMSC-EV n=28 (13 female, 15 male) prior to
intervention. To control for potential influence of weight
and sex, a stratified randomization was performed fol-
lowed by simple randomization within each block to
assign pups to individual groups. Individuals involved
in data analysis knew the animals’ designation but were
blinded to group assignment. In total 11 animals exposed
to HI (4 female, 7 male) died with random distribution
between treatment groups (Additional file 1: Table S1).
The mortality rate of 13.6% of all animals exposed to HI
is within the range of our previous reports in the same
experimental model [15, 18]. Details about group alloca-
tion and mortality rates are provided in Additional file 1:
Table S1.

Neonatal hypoxia-ischemia

Hypoxic-ischemic (HI) brain injury was induced as pre-
viously described [15, 18, 27, 31, 41, 42]. In brief, nine-
day-old mice were exposed to HI through occlusion of
the right common carotid artery through cauterization
(high-temperature cauter, 1200 °C, Bovie, USA) under
isoflurane anesthesia (1.5-4 Vol%), followed by 1 h
hypoxia (10% O,) in an airtight oxygen chamber (OxyCy-
cler, USA) after 1 h recovery with their dams (Additional
file 1: Fig. S1A). To maintain nesting temperature, mice
were placed on a warming mat during hypoxia according
to our previously established HI model in neonatal mice
[15, 18]. Sham animals received anesthesia and neck inci-
sion only. Perioperative analgesia was ensured by subcu-
taneous administration of 0.1 mg/kg buprenorphine.

Therapeutic hypothermia and ciMSC-EV treatment
As previously described, HT was applied immediately
following HI for 4 h at T ., =32 °C [15, 18] (Additional

recta

Page 30f 18

file 1: Fig. S1A). Briefly, mice were placed on a custom-
made thermo-plate with temperature control by water
circulation to achieve a mean body core temperature of
32 °C [15]. Control animals (normothermia, NT) were
kept on a warming mat to maintain physiological body
core temperature of 35-36 °C [15]. ciMSC-EVs (1x10°
cell equivalents/g bodyweight) were administered intra-
nasally in 2% 2.5 pl/g body weight per nostril at 24 h, 72 h
and 120 h post HI [31] (Additional file 1: Fig. S1A). Vehi-
cle-treated control animals received the same volume of
0.9% NaCl at the same point in time. Thirty minutes prior
to EV/vehicle treatment, 2.5 ul hyaluronidase (100U,
Sigma Aldrich) were applied to each nostril as previously
described [18, 31]. This pretreatment was performed
to enhance EV uptake due to permeability-enhancing
effects, facilitating diffusion and absorption of drugs [43,
44].

Tissue preparation for assessment of neurodegeneration,
neuroinflammation and neuroregeneration

Seven days after HI, mice were deeply anesthetized with
chloral hydrate and transcardially perfused with ice-
cold PBS. Brains were removed and snap frozen on dry
ice. Tissues at the striatal level (+0.1 to+0.5 mm from
bregma) were used for analyses via immunohistochem-
istry, real-time PCR and western blot (Additional file 1:
Fig. S1B).

Immunohistochemistry

Analyses were performed on 20 pm cryostat tissue sec-
tions taken at the level of the striatum between+0.1 mm
and+0.3 mm from bregma. For neuronal, oligodendro-
cyte and vessel densities, neuronal nuclei (NeuN), oli-
godendrocyte transcription factor 2 (Olig2) and cluster
of differentiation 31 (CD31) were stained, respectively.
Astrogliosis and microglia activation were evaluated by
staining of glial fibrillary acidic protein (GFAP) and ion-
ized calcium-binding adaptor protein-1 (Iba-1). Total
leukocyte and neutrophil infiltration was analyzed fol-
lowing anti-CD45 and anti-Ly6G staining. For analyses of
vascular injury and localization of neutrophils in relation
to the vasculature, sections were co-stained for the base-
ment membrane marker Laminin and Ly6G. Endothelial
and oligodendrocyte proliferation were assessed in Ki67
immunostainings combined with CD31 or Olig2. Oligo-
dendrocyte maturation was evaluated by co-staining of
Olig2 with platelet-derived growth factor receptor alpha
(PDGFR-alpha, immature oligodendrocytes) or adenom-
atous polyposis coli, clone CC1 positive (referred as CC1,
mature oligodendrocytes). Detailed information on pri-
mary and secondary antibodies is provided in Additional
file 1: Table S2.
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Staining of tissue sections were performed accord-
ing to previously published protocols [18, 27, 31, 41, 42].
Briefly, sections were thawed at 37 °C for 15 min followed
by fixation in 4% paraformaldehyde (PFA) for NeuN,
Olig2, Ki67 (host rat), PDGFR-alpha or in ice-cold ace-
tone/methanol for CD31, Ki67 (host rabbit), CD45, Ly6G
each for 5 min. For Iba-1/GFAP co-staining, sections
were incubated with 4% PFA overnight at 4 °C, followed
by antigen retrieval in sodium citrate buffer (10 mM
tri-sodium citrate, 0.05% Tween-20; pH 6.0) at 100 °C
for 30 min. Unspecific antibody binding was blocked by
incubation with 1% bovine serum albumin, 0.3% cold
fish skin gelatin (Sigma Aldrich, Germany), 0.2% Tween-
20 in PBS for 1 h at room temperature followed by pri-
mary antibody incubation overnight at 4 °C. Antibody
binding was visualized by incubation with appropriate
anti-rat/mouse/rabbit Alexa Flour 488 and Alexa Flour
555 conjugated secondary antibodies (all:1:500, Thermo
Scientific, Germany) for 1 h at room temperature. Nuclei
were counterstained with 4/,6—diamidino—2-phenylindole
(Dapi, 100 ng/ml; Molecular Probes, USA).

Confocal imaging with the 20Xobjective (Alplus,
Eclipse Ti, with NIS Elements AR software, Nikon, Ger-
many) was used to generate z-stacks of 14 pum thickness
(2 um focal plane distance). Software-based quantifi-
cation was performed in maximal intensity projection
images of 3 ROIs in the striatum, 3 ROIs in the cortex and
4 ROIs in the white matter (Additional file 1: Fig. S1C).
For NeuN, Olig2, CD31 and Ki67, unbiased software-
based object counting was used. Single object counting
was not possible for CD45, Iba-1 and GFAP staining due
to intensive local accumulation of leukocytes, micro-
glia activation and glial scar formation by astrocytes in
severely affected animals. Therefore, positively stained
areas were quantified as a measure of cell densities. Vas-
cular injury, revealed by basement membrane disruption
[41] was analyzed by quantification of positively stained
areas for Laminin. Ly6G™ cells were counted manually,
because automated software-based quantification tools
are unable to identify single cells in regions of strong
accumulation. For assessment of proliferating endothelial
cells and oligodendrocytes, CD31/Ki67* and Olig2/Ki67"
cells were counted. Maturation of oligodendrocytes was
determined by quantification of Olig2/PDGFR-alpha and
Olig2/CC1 double-positive cells.

RNA and protein isolation

For RNA and protein isolation, 160-um-thick tissue sec-
tions of the ipsilateral hemisphere were collected at the
striatal level (0.3 mm to 0.5 mm from bregma). RNA and
proteins were isolated via the NucleoSpin® RNA/Protein
Kit (Macherey—Nagel, Germany) according to the manu-
facturer’s instructions. Isolated RNA was eluted in 40 pl
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RNAse-free water and quantified using the NanoDrop
Spectrophotometer (Peglab, Germany). Proteins were
dissolved in 50 pl Protein Solving Buffer—Tris (2-carbox-
yethyl) phosphine hydrochloride (PSB-TCEP) provided
by the Kit followed by denaturation at 95 °C. RNA and
protein samples were stored at — 80 °C (RNA) and -20 °C
(protein) until further processing.

mRNA expression analysis

mRNA expression was analyzed according to our pre-
vious reports [27, 31]. 1.5 ug of total RNA and TagMan
reverse transcription reagents (Applied Biosystems/
Thermo Fisher Scientific) were used to synthesize first
strand complementary DNA. Real-time polymerase
chain reaction (PCR) was performed in duplicates in 96
well-optical reaction plates for 40 cycles with each cycle
at 94 °C for 15 s and 60 °C for 1 min using the StepOne-
Plus Real Time PCR system (Applied Biosystems/Thermo
Fisher Scientific). PCR products were quantified using
assay on demand primers and fluorogenic reporter oli-
gonucleotide probes (Applied Biosystems/Thermo Fisher
Scientific, Additional file 1: Table S3). Ct values were nor-
malized to the housekeeping gene beta-2-microglobulin
[Act=ct (target gene) — ct (beta-2-microglobulin)] and
related to the mean of sham animals using the AACT for-
mula. Fold change values were calculated.

Western blot analysis

Protein concentration was quantified by using the
Protein Quantification Assay (Macherey—Nagel, Ger-
many), followed by protein separation on 12.5% and
gradient SDS polyacrylamide gels. Separated proteins
were transferred to nitrocellulose membranes (0.2 pm,
Amersham, USA) at 4 °C overnight. Equal loading of
7.5 pg / lane and transfer of proteins was confirmed by
staining of membranes with Ponceau S solution (Sigma
Aldrich). Nonspecific binding was blocked by incuba-
tion in 5% nonfat milk powder (Cell Signaling, USA),
0.1% Tween-20 in Tris-buffered saline (TBS) followed
by incubation with the following primary antibodies:
rabbit anti-NeuN, mouse anti-microtubule-associated
protein 2 (MAP2), goat anti-vascular cell adhesion
molecule-1 (VCAM-1), biotinylated goat anti-mouse
intercellular adhesion molecule-1 (ICAM-1), rab-
bit anti-Iba-1, mouse anti-GFAP, mouse anti-myelin
basic protein (MBP), and rabbit anti-glutaraldehyde-
3-phosphate dehydrogenase (GAPDH, Additional file 1:
Table S4) each in blocking solution at 4 °C overnight.
Membranes were incubated with appropriate perox-
idase-conjugated secondary antibodies (all 1:5000,
DAKO, Denmark) in blocking solution at room temper-
ature for 1 h followed by chemiluminescent detection
with the enhanced chemiluminescence prime western
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blotting detection reagent (Amersham, GE Healthcare
Life Science, USA). For ICAM-1, the Vectastain ABC-
HRP Kit (Vector Laboratories, USA) was used accord-
ing to the manufacturers’ instructions. For visualization
and densitometric analysis, the ChemiDocXRS +imag-
ing system and ImageLab software (Bio-Rad, Germany)
were used.

Long-term functional outcome

Behavioral testing was performed from postnatal day
44-52, i.e., day 35 to day 43 after HI according to pre-
viously described protocols [15, 18, 25, 45] (Additional
file 1: Fig. S1D). Shortly, animals were transferred to an
inverted light/dark cycle after weaning. Behavioral test-
ing was carried out during the dark phase in a low noise
environment (behavioral unit). Animals’ behavior was
recorded by using an automatic tracking system (Nol-
dus Ethovision XT15, Germany). All test devices were
cleaned with 70% ethanol between each trial to minimize
interference of odorants. Spontaneous exploration, activ-
ity and anxiety-related behaviors were assessed in the
Elevated Plus Maze (EPM) and Open Field (OF) maze
[46, 47]. EPM was performed on the first day of testing.
Mice were placed in the center of the maze and behavior
was recorded for a duration of 5 min. The mean veloc-
ity, the total distance moved, the time spent in the open
arms, the proportion of distance moved in the open arms
and the frequency of head dipping in the open arms was
quantified. The OF test was performed on the second day.
Mice were placed into the center of an open field arena
and movement was tracked for 5 min. To evaluate behav-
ior, mean velocities, total distances moved and the time
the animals moved in the central area of the box was
analyzed. To study learning capabilities and visual-spa-
tial memory a modified Barnes Maze (BM) test [48] was
applied. Briefly, for each trial mice were placed under a
transparent cylinder on a round circular platform with 20
equally distributed holes. One hole contained an escape
box at a fixed location for all trials. Four different visual
clues were placed around the platform. Bright light was
used to induce escape behavior to the escape hole. Total
duration of the BM test was 4 days, starting 4 days after
the OF. Maximum test time per trial was 3 min. On the
first day, animals were habituated to the arena in two tri-
als. If the mice did not reach or enter the escape box they
were carefully guided to and placed into the box. The 2nd
and 3rd day of testing served as training days, to assess
learning behavior. To measure spatial reference memory,
the probe trial was performed on the 4th day. During this
trial, the escape box was removed and all holes closed.
The time animals needed to reach the trained escape hole
was quantified.
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Statistical analysis

Results (if not indicated otherwise) are expressed as vio-
lin plots with individual data points including median
values, the 25% and the 75% percentile. For statisti-
cal analysis, the GraphPad Prism 9.0 software package
(GraphPad Software) was used. Data were tested for
Gaussian distribution and analyzed either by ordinal
one-way ANOVA (parametric) or by Kruskal-Wallis
(non-parametric) with post hoc Sidak’s or Dunn’s mul-
tiple comparison tests, respectively. Data of BM testing
were analyzed by 2-way-repeated measure ANOVA fol-
lowed by Tukey’s multiple comparison test. Exploratory
analyses of a potential impact of sex was determined with
two-way ANOVA, with one factor sex and the other fac-
tor treatment (sham, NT, HT, HT + EV) followed by post
hoc Sidak’s multiple comparisons test. Graphical presen-
tation of data was performed, whenever significant main
effects for sex or interaction between sex and treatment
were detected.

Results

Intranasal ciMSC-EV therapy improves limited effects

of acute HT on long-term HI-induced neurodevelopmental

deficits

While HT significantly protects form death and severe
disability [3], clinical findings revealed only limited
improvement of long-term neuropsychological and cog-
nitive deficits [2, 4-7, 9, 19]. In this context, we assessed
activity and anxiety-related behavior in the Elevated Plus
Maze (EPM) and Open Field (OF) test, followed by evalu-
ation of spatial reference learning and memory function
in the Barnes Maze (BM) test. Assessment of general
activity in the EPM (Fig. 1A) 5 weeks after HI demon-
strated that HI-injured animals move faster than healthy
sham-operated mice, revealed by significantly increased
mean velocities and moved distances during the 5 min
testing phase (Fig. 1B). Furthermore, neonatal HI led to
an increased time, the mice spent in the open arms of
the maze (Fig. 1A, C). To exclude confounding effects by
overall increased movement behavior on the time inter-
val spent in the open arms, we further quantified the per-
centage of distances moved in the open arms from the
total distances, confirming that HI-injured animals move
more in the open arms (Fig. 1C). In addition to increased
open arm activities, increased frequency of head dipping
was previously associated with reduced anxiety [49-51].
Compared to sham-operated control mice, head dip-
ping in the central platform and open arms of the maze
were increased in HI animals (Fig. 1D). Importantly,
while activity (Fig. 1A), movement in open arms (Fig. 1B,
C) and head dipping (Fig. 1D) were similarly increased
in HT-treated mice, additional intranasal ciMSC-EV
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Fig. 1 Combination of HT with intranasal ciMSC-EV treatment, but not HT monotherapy improves long-term functional deficits. Postnatal day 9 (P9)
C57BL/6 mice were exposed to HI followed by 4 h NT or HT. Repetitive intranasal ciMSC-EV administration was performed at day 1, 3 and 5 after Hl.
Behavior was evaluated starting 35 days after HI with the Elevated Plus Maze (EPM) test. Representative heat maps of the time spent in different
regions of the EPM are shown for each experimental group (A, red rectangles depict open arms). Mean velocities and total distances (B), the time
and percentage of distance from the total distance moved (C) in the open arms of the EPM was quantified. Risk assessment behavior was evaluated
by analyses of the frequency of head dippings in the open arms of the EPM (D). From day 40 after HI onwards cognitive function was assessed

in the Barnes Maze (BM) test, measuring the time needed to enter the escape hole (E, d0=day of habituation, d1 and d2 training days). On the 4th
day spatial reference memory was analyzed in the probe trial, with all holes (including escape hole) closed (F, left: running pattern (escape hole

in red), right: time needed to reach the escape hole, mean=+SEM). n=12 (sham), n=13 (NT), n=13 (HT), n=14 (HT+EV), *p<0.05, *p<0.01,

***p <0.001. HI=hypoxia—ischemia, NT=normothermia/vehicle, HT = hypothermia/vehicle, HT + EV = hypothermia/ciMSC-EV

therapy significantly reduced these long-term HI-induced
deficits by 60-95% (Fig. 1A—D). HI-induced hyperactivity
was also observed in the OF test, which was not altered
by HT, but reduced to the level of sham animals by addi-
tional ciMSC-EV therapy (Additional file 1: Fig. S2A,B).
In spite of a slightly increased time spent in the center

region of the OF in HI-injured animals, no significant
group differences were detected (Additional file 1: Fig.
S2C). Learning capabilities, assessed in the BM, were sig-
nificantly reduced in HI-injured animals, demonstrated
by a 4 Xxlonger time needed to reach the trained escape
hole on the 3rd day of testing (Fig. 1E). This deficit could
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not be restored by HT monotherapy but by the combined
therapy with ciMSC-EVs (Fig. 1E). In the spatial probe
test as an indicator for adaptive memory function per-
formed at the fourth day, HI-injured animals exposed to
HT/ciMSC-EV treatment but not to a HT/vehicle treat-
ment needed significantly less time, comparable to sham
animals to reach the trained escape hole (Fig. 1F).

Combined HT/ciMSC-EV treatment but not HT
monotherapy protects from Hl-induced neuronal

and axonal injury

To get deeper insight into the underlying protec-
tive mechanisms of the combination therapy, we per-
formed in-depth analyses of brain tissues 7 days after
HI. According to our previous work [15, 18, 27, 31],
revealing most pronounced effects of an ciMSC-EV
treatment and limited protection of HT in the stria-
tum, we focused our analyses on this particular brain
level. Neuronal and axonal injury, analyzed via western
blot for NeuN (Fig. 2A) and MAP2 (Fig. 2B), respec-
tively, showed a strong decrease for both proteins in
NT/vehicle HI-injured mice. While HT monotherapy
slightly increased MAP2 expression, no differences were
detected for NeuN (Fig. 2A, B). However, the combined
treatment with ciMSC-EVs increased both, NeuN and
MAP2 expression, comparable to healthy sham animals
(Fig. 2A, B). Regional analyses of neuronal loss via immu-
nohistochemistry (Fig. 2C) revealed that effects observed
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in tissue lysates of the total hemisphere at the striatal
level (Fig. 2A, B), were mainly caused by a prominent
reduction of striatal neurons in both, NT/vehicle- and
HT/vehicle-, but not in HT/ciMSC-EV-treated animals
(Fig. 2D) No group differences were observed in the cor-
tex (Fig. 2E).

HT and HT/ciMSC-EV therapy similarly protect

from Hl-induced vascular injury, while effects

on endothelial proliferation are more pronounced

in the combined treatment

In addition to neuronal injury, HI induces vascular dam-
age, demonstrated by a pronounced vessel loss and dis-
persal of normally tight basement membranes (Fig. 3A).
Both, HT monotherapy and the combined treatment
with ciMSC-EVs, reduced HI-induced vessel loss in the
striatum and cortex, though significant differences were
only detected for the combined therapy (Fig. 3B). Basal
lamina disruption was also mitigated by both interven-
tions, demonstrated by a reduced laminin-positive area
reaching median levels of healthy sham-operated ani-
mals (Fig. 3C). To compensate injury to neurons and ves-
sels, HI induces an endogenous proliferative response,
reflected by an increased number of Ki67* cells, which
was not modulated by either therapy (Fig. 3D, E). How-
ever, the proportion of proliferating endothelial cells
in the striatum and cortex of HI-injured animals was
strongly decreased (Fig. 3D, F). Though HT led to a
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Fig. 2 Intranasal ciMSC-EV therapy overcomes limited effects of HT on secondary Hl-induced neurodegeneration in the striatum. C57BL/6 mice
were exposed to Hl on postnatal day 9 (P9) followed by 4 h HT or NT. ciMSC-EVs were delivered intranasally on day 1, 3 and 5 after HI. Western
blot analyses with tissue lysates of ipsilateral hemispheres from 160-um-thick tissue sections derived from the striatal level were performed

for NeuN (A) and MAP2 (B) 7 days after HI. Data were normalized to the reference protein GAPDH and to sham animals. The number of neurons
positively stained for NeuN (C) was quantified via immunohistochemistry in the striatum (D) and cortex (E). Representative images in A and B
were cropped and scaled from original full length western blots provided in Additional file 1: Fig. S4. Representative images in C are derived

from the striatum (scale bar 100 um). n=11 (sham), n=10 (NT), n=9 (HT), n=11 (HT+EV), *p <0.05, **p < 0.01, ***p <0.001. HI=hypoxia—ischemia,
NT=normothermia/vehicle, HT = hypothermia/vehicle, HT +EV = hypothermia/ciMSC-EV
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vascular injury and endothelial proliferation were determined in the cortex and striatum of postnatal day 16 (P16) C57BL/6 mice subjected to HI
on P9, followed by 4 h NT or HT. Repetitive intranasal ciMSC-EV delivery was performed on day 1, 3 and 5 after HI. Vascular density and injury

were determined in CD31 (green) and pan-Laminin (red)-stained tissue sections (A, scale bar: 50 um) at day 7 after HI. Vessel densities (B)
and endothelial basal lamina disruption (C) were quantified in the striatum and cortex. Total and endothelial cell proliferation was analyzed

via immunohistochemistry for CD31 (green) and the proliferation marker Ki67 (red) in the striatum and cortex (D, arrows indicate CD31/Ki67
double positive cells, scale bar: 50 um). Representative images in A and D are derived from the striatum. n=11 (sham), n=10 (NT), n=9 (HT), n=11
(HT+EV), *p<0.05, **p < 0.01, **p <0.001. HI = hypoxia—ischemia, NT=normothermia/vehicle, HT=hypothermia/vehicle, HT + EV=hypothermia/

CiIMSC-EV

significant increase in the striatum compared to NT/
vehicle-treatment, no effects were determined in the

cortex (Fig. 3F). Importantly, combined treatment with
ciMSC-EVs was more effective, revealed by a significantly
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increased proportion of proliferating endothelial cells
compared to HT monotherapy in striatum and cortex
(Fig. 3D, F).

The combined therapy with HT and intranasal ciMSC-EVs

prevents endothelial activation and leukocyte infiltration

Besides injury to the vasculature, HI induces endothe-
lial activation, which in addition to vessel disruption
facilitates accumulation of peripheral leukocytes in the
brain. HI-induced endothelial activation character-
ized by an increased expression of the adhesion mol-
ecules ICAM-1 and VCAM-1 was significantly reduced
in HT/ciMSC-EV- but not in HT/vehicle-treated mice
(Fig. 4A, B). Analyses of leukocyte accumulation via
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immunohistochemistry revealed a marked reduction
of leukocytes in both therapeutic intervention groups,
though effects in the combined treatment setting were
more pronounced (Fig. 4C, D). According to previous
work in adult ischemic brain injury, suggesting neutro-
phils to be a specific target of MSC-EVs [52], we further
analyzed the amount of accumulated neutrophils demon-
strating a similar regulation (Fig. 4E, F). The association
between both, total leukocyte and neutrophil accumula-
tion, was confirmed by a significant correlation (Addi-
tional file 1: Fig. S3). In view of discussions whether
neutrophils infiltrate deeply into the injured brain paren-
chyma or rather stick to the perivascular space [53, 54],
we combined anti-Ly6G staining with laminin-staining
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Fig. 4 HT combined with ciMSC-EV application reduces Hl-induced endothelial activation and leukocyte accumulation. C57BL/6 mice were
exposed to HI on postnatal day 9 (P9) followed by 4 h HT or NT. ciMSC-EVs were delivered intranasally on day 1, 3 and 5 after HI. Endothelial

activation was assessed via western blot analyses for the adhesion molecules ICAM-1

(A) and VCAM-1 (B) in whole hemisphere protein

lysates derived from 160-um-thick tissue sections at the striatal level at day 7 after HI. Data were normalized to the reference protein GAPDH

and to sham animals. Leukocyte accumulation was determined in CD45-stained tissue sections (C, scale bar: 20 um). CD45 positively stained

areas were quantified in the striatum and in the cortex (D). Neutrophil accumulation and localization was analyzed via immunohistochemistry

in sections stained for Ly6G (red) and pan-Laminin (green) (E arrows indicate Ly6G neutrophils in the intra/perivascular space, rhombi indicate
intraparenchymal neutrophils, scale bar: 20 um). Neutrophil accumulation was quantified by counting Ly6G positive cells in the striatum and cortex

(F) and the percentage of intraparenchymal and intra/perivascular neutro

phils was quantified in Hl-injured animals (G). Representative images

in A and B were cropped and scaled from original full length western blots provided in Additional file 1: Fig. S4. Representative images in C

and E are derived from the striatum n=11 (sham), n=

O0(NT),n=9 (HT),n=

1 (HT+EV), *p<0.05,**p<0.01, ***p <0.001. HI=hypoxia—ischemia,

NT=normothermia/vehicle, HT =hypothermia/vehicle, HT + EV=hypothermia/ciMSC-EV
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(Fig. 4E) to quantify the proportion of peri-/intravascular
and intra-parenchymal neutrophils (Fig. 4G). Analyses
were performed only in HI-injured animals, because we
hardly detected any neutrophils in brains of sham ani-
mals. While the majority of cells in NT/vehicle-treated
mice was found deep in the parenchyma, approximately
60% to 80% of neutrophils were found either in the ves-
sels or in the perivascular space of HT/vehicle- and HT/
ciMSC-EV-treated mice (Fig. 4G).

HT/ciMSC-EV treatment, but not HT monotherapy

reduces Hl-induced microglia activation, astrogliosis

and pro-inflammatory cytokine expression,

while expression of anti-inflammatory cytokines

and trophic growth factors is increased

Concomitant with the accumulation of peripheral
immune cells in the injured brain, HI elicits strong
inflammatory responses in brain resident cells, ie,
microglia and astrocytes. Activation of both cell types
can be measured by an increased protein abundance of
Iba-1 and GFAP, respectively [55, 56]. Western blot anal-
yses of Iba-1 and GFAP expression in tissue lysates of the
entire hemisphere at the level of the striatum, demon-
strated a strong increase in NT-treated HI-injured mice,
which was not altered by HT monotherapy (Fig. 5A-C).
In contrast, the combined treatment with ciMSC-EVs
resulted in a significant decrease of Iba-1 and GFAP
expression by 85 and 40%, respectively (Fig. 5A—C). Simi-
lar findings were obtained from immunohistochemis-
try analyses in the striatum and cortex (Fig. 5D-F). To
characterize immunomodulatory effects at the molecular
level, we further investigated expression of pro- and anti-
inflammatory cytokines via real-time PCR. Congruent
with results for Iba-1 and GFAP expression, we detected
a strong upregulation of the pro-inflammatory cytokine
interleukin (IL)-1 beta and a pronounced reduction of
the anti-inflammatory cytokines IL-4 and transform-
ing growth factor (TGF)-beta in NT/vehicle and HT/
vehicle-treated HI-injured mice compared to healthy
sham-operated animals (Fig. 5G). Importantly, these
effects were counteracted by the combined therapy with
HT and ciMSC-EVs (Fig. 5G). In addition to produc-
tion of inflammatory mediators, glial cells, particularly
astrocytes, are main sources of trophic growth factors,
contributing to regeneration and repair [57]. In accord-
ance with our previous work [27, 31], HI led to a marked
reduction of brain derived nerve factor (BDNF), epider-
mal growth factor (EGF) and vascular endothelial growth
factor (VEGF) by approximately 80% (Fig. 5H). While HT
monotherapy treatment had no impact, the combination
with an intranasal ciMSC-EV therapy significantly atten-
uated this HI-induced deficit (Fig. 5H).
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The combined treatment with HT and ciMSC-EVs,

but not HT alone improves Hl-induced myelination deficits
While HI-induced inflammatory responses contribute
to secondary neurodegeneration, endogenous regen-
erative responses, e.g., oligodendrocyte proliferation
are initiated [15, 18]. However, previous work suggested
that these newly generated cells do not differentiate
into mature myelinating oligodendrocytes [15, 18, 27,
31]. To assess the proportion of proliferating, immature
and mature oligodendrocytes, we performed immuno-
histochemistry analyses for the pan-oligodendrocyte
marker Olig2 stained in combination with either Ki67
or PDGFR-alpha or CCl1, respectively. HI-induced pro-
liferation, revealed by an increased total number and an
increased proportion of Ki67" oligodendrocytes, was
reduced by both, HT/vehicle and HT/ciMSC-EV treat-
ment (Fig. 6A—C). Interestingly, the proportion of imma-
ture oligodendrocytes was increased (Fig. 6D, E) while
the amount of mature oligodendrocytes was reduced
following HI (Fig. 6D, F). While HT monotherapy could
not restore this maturation deficit, the combined treat-
ment with ciMSC-EVs resulted in a significantly elevated
proportion of mature oligodendrocytes with a concomi-
tant decrease of immature oligodendrocytes (Fig. 6D-F).
To confirm effects on oligodendrocyte maturation, we
quantified mRNA expression of CC1 and the myelin pro-
teins CNPase and MBP, demonstrating a strong down-
regulation of these molecules, which was attenuated
by HT/ciMSC-EV therapy but not by HT /vehicle treat-
ment (Fig. 6G). Western blot analyses of MBP confirmed
improvement of myelination deficits by the combined
treatment with HT and ciMSC-EVs (Fig. 6H).

Discussion

Large clinical multicenter trials have proven beneficial
effects of HT in reducing death or severe disability fol-
lowing neonatal HI-induced brain injury [2, 58]. How-
ever, an unacceptably high proportion of children still
suffer from adverse long-term neurological outcomes,
especially including cognitive and emotional deficits
[2]. Using a translational rodent model of HI and HT,
we demonstrate that additional intranasal delivery of
ciMSC-EVs overcomes limitations of HT on HI-induced
neurodevelopmental deficits. Long-term protection
from functional deficits was preceded by a significant
reduction of HI-induced neuronal loss in the striatum.
Although HT prevented vascular injury, the combined
therapy improved deficits of HT on endothelial pro-
liferation, neurotrophic growth factor expression and
oligodendrocyte maturation. Enhanced regenerative
responses were accompanied by stronger anti-inflam-
matory effects, demonstrated by reduced endothelial,
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Fig. 5 ciMSC-EV treatment mitigates limitations of HT on secondary neuroinflammation and enhances neurotrophic growth factor expression.
Hl-induced brain injury was induced in postnatal day 9 (P9) mice, followed by 4 h NT or HT. Intranasal ciMSC-EV administration was performed 1,
3 and 5 days after Hi followed by western blot, immunohistochemistry and real-time PCR analyses 7 days after HI. Western blot analyses for Iba-1
and GFAP (A) were performed in tissue lysates of the entire hemisphere derived from 160 um thick tissue sections at the striatal level to quantify
microglia (B) and astrocyte (C) activation. Data were normalized to the reference protein GAPDH and sham animals. Immunohistochemistry

was performed for IbaT (green) and GFAP (red) (D, scale bar: 100 um). Microglia (E) and astrocyte (F) activation were analysed by quantification

of positively stained areas in the cortex and striatum. The expression of pro- and anti-inflammatory cytokines (G) and neurotrophic growth factors
(H) was measured via real-time PCR in brain tissue lysates of the entire hemisphere derived from 160 um thick tissue sections at the striatal level.
Beta-2-microglobulin served as a housekeeping gene and fold change values were calculated compared to sham animals. Representative images
in A were cropped and scaled from original full length western blots provided in Additional file 1: Fig. S4. Representative images in D are derived
from the striatum. n=11 (sham), n=10 (NT), n=9 (HT), n=11 (HT+EV), *p<0.05, *p <0.01, **p <0.001. HI=hypoxia—ischemia, NT=normothermia/

vehicle, HT=hypothermia/vehicle, HT + EV=hypothermia/ciMSC-EV

microglia and astrocyte activation as well as decreased
expression of pro-inflammatory and increased expression
of anti-inflammatory cytokines.

The most important finding of the present study is
that combination with ciMSC-EV therapy mitigates
limitations of HT on long-term cognitive deficits and

HI-induced alterations in anxiety-related behavior. Lim-
ited effects of HT monotherapy on cognitive dysfunction
demonstrated in the present and previous experimental
studies [15, 18, 59] are supported by clinical observa-
tions, i.e., cooled HI-injured infants frequently develop
difficulties in learning and visual-spatial processing at
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Fig. 6 Intranasal ciMSC-EV delivery overcomes limitations of HT on HI-induced impaired oligodendrocyte maturation and myelination. Postnatal
day 9 (P9) mice were exposed to HI followed by 4 h NT or HT. Intranasal ciMSC-EV administration was performed 1, 3 and 5 days after HI.
Immunohistochemistry, real-time PCR and western blot analyses were performed 7 days after HI. Oligodendrocyte proliferation was assessed

in Olig2/Ki67 double stained tissue sections (A, Olig2 (red), Ki67 (green), scale bar: 50 um). The total amount of oligodendrocytes (B) and proportion
of proliferating oligodendrocytes (C) was quantified. Oligodendrocyte maturation was analyzed via immunohistochemistry through co-staining

of Olig2 with either PDGFR alpha for immature oligodendrocytes (D, left) or CC1 for mature oligodendrocytes (D, right), each indicated by arrows (D,
scale bar: 20 um). The proportion of Olig2/PDGFR alpha (E) and CC1/QOlig2 (F) double-positive cells was quantified. Real-time PCR (G) and western
blot analyses (H) were performed in tissue lysates derived from ipsilateral hemispheres of 160 um thick tissue sections at the striatal level for markers
expressed by mature and myelinating oligodendrocytes. For real-time PCR, beta-2-microglobulin served as a housekeeping gene and fold change
values were calculated compared to sham animals (G). For western blot analysis data were normalized to the reference protein GAPDH and sham
animals. Representative images in A and D are derived from the external capsule of the white matter. Representative images in H were cropped

and scaled from original full length western blots provided in Additional file 1: Fig. S4. n=11 (sham), n=10 (NT), n=9 (HT), n=11 (HT+EV), *p<0.05,
**p<0.01, ***p<0.001. HI=hypoxia—ischemia, NT=normothermia/vehicle, HT = hypothermia/vehicle, HT + EV =hypothermia/ciMSC-EV

school age and adolescence [2, 4, 5, 7-9]. While the long-term learning and memory difficulties. In addition
majority of experimental studies, investigating MSC-EVs  to cognitive deficits, persisting alterations in emotional
in neonatal HI-induced brain injury focussed on short-  behavior, e.g., hyperactivity and attention dysfunctions
term outcomes [27, 28, 31, 32], we show that intrana- have been described in HT-treated infants [2, 4, 5, 9]. In
sal ciMSC-EV therapy overcomes limitations of HT on  the present experimental study with mice, we observed
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that HI-injured animals move with higher velocity and
travel longer distances in the EPM and OF test, which
may indicate signs of hyperactivity. Furthermore, altera-
tions in anxiety-related behavior were demonstrated
by more movement in the open arms of the EPM and
higher frequencies of head dipping, both associated with
reduced anxiety [49-51, 60]. We are aware about difficul-
ties associated with direct translation of rodent behavior
to humans, in which potential psycho-emotional impair-
ments following a neonatal HI insult might be more
complex, not only involving a single behavioral trait, like
anxiety or hyperactivity, but probably an interdependent
combination with other difficulties like conduct problems
and impaired social skills [4, 5]. To mimic these complex
behavioral alterations assessment of additional behavio-
ral tasks, e.g., social interaction tests would be needed.
Nevertheless, increased activity and reduced anxiety at
least reflect two symptoms of psychological alterations
following HI. Importantly, these HI-induced behavioral
changes were not modulated by immediate HT mono-
therapy, while additional intranasal ciMSC-EV treatment
starting one day after HI/HT improved these long-term
HI-induced deficits. These findings support the concept
of different windows of opportunities for therapeutic
interventions in neonatal HI. Acute HT is supposed to
target early pathophysiological mechanisms, which may
not compensate or only delay secondary injury processes,
not altering endogenous regenerative and/or disturbed
physiological neurodevelopmental processes [10, 11, 61].

Protection by HT is limited to certain brain structures.
Previous work showed that an immediate HT leads to
neuroprotection in the hippocampus with little to no
effect in the striatum [13-15, 62]. We also did not detect
protection from striatal neuronal loss by HT. Differences
in cell death mechanisms but also different time windows
of neuronal degeneration may account for these regional
differences. As such, acute HT does not protect from loss
of medium spiny neurons, covering 95% of the striatum
[14], while in the same experimental setting continu-
ous infusion of the neurotrophic growth factor BDNF
for 3 days after injury protected from HI-induced loss of
striatal neurons [63]. Interestingly, ciMSC-EV therapy
led to an increased expression of important growth fac-
tors, including BDNF, which might have contributed
to increased survival of striatal neurons in this and our
recent study [31]. Striatal protection appears particularly
important for long-term neurodevelopment as revealed
by associations between basal ganglia injury and adverse
neurological outcome [64, 65]. While basal ganglia injury
was predominantly associated with motor function defi-
cits, new concepts suggest that the basal ganglia also have
major functions in relation to learning habits, since stri-
atal circuitry not only generalizes to the motor domain,
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but also to cognitive skills and emotion-related behav-
iors [66]. Therefore, the pronounced protection in the
striatum after additional ciMSC-EV therapy may have
contributed to improvement of long-lasting cognitive
deficits and changes in activity and anxiety compared to
HT monotherapy. Besides limited effects of HT on stri-
atal injury, clinical and pre-clinical reports suggest that
white matter injury is only partially restored leading to
persisting myelination deficits [15-20, 27, 31], which
are associated with lower learning and personal-social—
emotional skills [17, 20, 21]. The present work confirmed
these findings, as revealed by a lack of protection from
HI-induced myelination deficits in HT/vehicle-treated
mice. Although HI induces an endogenous prolifera-
tive response to compensate for oligodendrocyte injury,
these newly generated cells apparently do not differenti-
ate into mature myelin-forming oligodendrocytes [15,
18, 27, 31]. In the present study, we show that improved
long-term neurological outcome in the combined setting
of HT/ciMSC-EV therapy was associated with improved
oligodendrocyte maturation and myelination, which
might explain improved long-term neurodevelopmental
outcome in the combination therapy compared to HT
monotherapy.

An ideal adjunct therapy to HT should target mecha-
nisms of the secondary and tertiary disease phase, pro-
moting regeneration, but also enhancing early protective
and anti-inflammatory effects of HT [10, 11]. HT mono-
therapy and its combination with ciMSC-EVs prevented
vascular injury, resulting in a decreased accumulation
of peripheral immune cells and specifically neutrophils,
most likely caused by a similar amelioration of vascu-
lar damage (i.e., basal lamina disruption). Neverthe-
less, we detected more pronounced protective effects
on total leukocyte/neutrophil accumulation and intra-/
perivascular localization of neutrophils after combined
treatment. This might be related to additional effects of
ciMSC-EVs on endothelial activation, i.e., ICAM-1 and
VCAM-1 expression on remaining intact vessels, facili-
tating leukocyte transmigration independent of vascu-
lar damage. With regard to inflammatory responses in
brain resident cells (i.e. microgliaglia and astrocytes),
we detected increased anti-inflammatory effects in the
combined treatment setting compared to HT mono-
therapy. In accordance with previous work [15], HT did
not modulate astrogliosis. Regarding microglia activa-
tion, we recently showed that HT significantly reduced
expression of pro-inflammatory cytokines 24 h after the
insult [42]. However, HT had limited effects on delayed
inflammatory responses in microglia, e.g., expression of
the anti-inflammatory cytokine TGF-beta was similarly
reduced in microglia of HT- and NT-treated mice 7 days
after HI [42]. Our present results from total tissue lysates
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are in good agreement with this, since HT monotherapy
could not restore HI-induced reduction of IL-4 and TGF-
beta expression. However, the additional treatment with
ciMSC-EVs boosted limited anti-inflammatory effects of
HT, revealed by decreased microglia and astrocyte acti-
vation, reduced IL-1 beta and enhanced IL-4 and TGEF-
beta expression compared to HT monotherapy. Keeping
the delayed treatment regime with ciMSC-EVs until
5 days after HI in mind, delayed ciMSC-EV treatment
apparently fosters HT’s initial anti-inflammatory effects
to inhibit ongoing inflammation in the subacute disease
phase, thereby facilitating an environment for improved
regeneration. Indeed, while HT single treatment did
not prevent the strong HI-induced reduction of trophic
growth factors, additional ciMSC-EV treatment resulted
in a significantly increased expression of BDNF, EGF
and VEGE. These neurotrophic factors are important
molecular components in the regenerative response, but
also during neurodevelopment, supporting oligodendro-
cyte maturation and angiogenesis [67-70]. In line with
that, HT combined with a ciMSC-EV treatment led to an
increased endothelial proliferation and oligodendrocyte
maturation compared to HT monotherapy.

Previous pre-clinical and clinical studies suggested
pronounced sex differences in outcome and therapy
responses following perinatal brain injury [45, 71-73].
Descriptive analyses of potential sex differences in the
present work revealed similar responses to injury and
therapies in both, females and males for the majority of
outcome measures (Additional file 1: Table S5-8). How-
ever, results have to be interpreted with caution, since
sex-stratified analyses were not the primary aim of the
present study and, therefore, sample sizes are limited to
draw final clear-cut conclusions due to the well-known
variability in this injury model. This is supported by
the fact, that despite significant main treatment effects
obtained from two-way ANOVA analyses (Additional
file 1: Table S5,6, highlighted in blue italics), post hoc
testing with correction for multiple comparisons often
did not result in significant group differences in each sex
(Additional file 1: Table S7,8). Nevertheless, for a few
outcomes significant main effects of sex or interaction
between sex and treatment were detected (Additional
file 1: Table S5,6, highlighted in red bold). Sex differ-
ences became evident at the physiological level, but also
in response to the insult and the investigated therapies.
Basal sex differences were observed for learning capa-
bilities, i.e., compared to sham-operated males, females
needed 40% less time to enter the trained escape hole
in the BM test at the first day after habituation (Addi-
tional file 1: Fig. S5A). To date, sex differences in learn-
ing traits are not fully understood, depending on several
factors, e.g., the test paradigm and species [74, 75]. For
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instance, in the water maze test, male rats showed an
advantage over females, while in mouse studies females
performed slightly better than males [74], supporting
the present findings. Physiological sex differences were
also presented by a reduced percentage of proliferat-
ing endothelial cells by 25% and 40% in the striatum and
cortex, respectively, in sham-operated males compared
to females (Additional file 1: Fig. S5B). Though mainly
described in adults and related to hormonal influences
[76], intrinsic physiological sex differences in endothe-
lial cells were recently also documented at birth [77]. In
addition to basal differences, we detected sex-differences
in response to the HI-insult, reflected by an overall
increased proliferative response in the cortex (Additional
file 1: Fig. S5C) and specifically a significantly enhanced
proportion of proliferating oligodendrocytes in the white
matter by almost 50% in HI-injured male mice compared
to females (Additional file 1: Fig. S5D). Previous studies
suggested opposite effects, which were, however, mainly
described in in vitro studies or in the context of brain
aging and related pathology [78, 79]. With regard to peri-
natal brain injury, far less is known and requires further
investigation. Besides different responses to the HI-insult
itself, different therapy responses have been observed.
HT/ciMSC-EV therapy improved myelination deficits to
levels of sham animals only in females (Additional file 1:
Fig. S5E). Similar enhanced responses to the combined
therapy in females were observed for the percentage of
proliferating endothelial cells (Additional file 1: Fig. S5B)
and HI-induced astrogliosis (Additional file 1: Fig. S5F).
In addition to improved treatment effects in the com-
bined therapy setting, a better response to HT monother-
apy was determined for vascular density in the striatum
(Additional file 1: Fig. S5@G). Together, these findings
support previous experimental studies, suggesting bet-
ter treatment responses to different therapeutic interven-
tions in females [80—82]. However, besides small sample
sizes, most of the identified sex differences were not con-
sistently detected in all brain regions (Additional file 1:
Table S5-S8, Additional file 1: Fig. S5), adding another
level of complexity to be considered.

Conclusion

Taken together, delayed intranasal delivery of ciMSC-EVs
overcomes limited effects of acute HT on HI-induced
striatal and white matter injury through boosting regen-
erative and anti-inflammatory effects in the secondary
and tertiary disease phase, culminating in an improved
long-term neurodevelopmental outcome. A particular
strength of the present study is the assessment of long-
lasting behavioral changes. We identified HI-induced
cognitive deficits and alterations in anxiety/activity-
related behavior, which were significantly improved by
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combined HT/ciMSC-EV treatment. However, differ-
ences in mouse and human behavior and the limited
number of behavior tests, applied in the present study
should be considered. Further studies applying a broader
set of behavioral tests targeting particularly psychologi-
cal traits are needed to increase the translational value
of the present findings. We administered EVs from clon-
ally expanded immortalized MSCs, overcoming limita-
tions associated with MSCs’ plasticity, heterogeneity
and senescence. The possibility of intranasal delivery
increases the translational potential of the suggested
therapy. However, according to anatomical and physi-
ological differences of the nasal cavity between rodents
and humans, further proof-of-principle studies in large
animal models exploring i.n. delivery of stem cell-based
therapies in perinatal brain injury are needed. Further-
more, since sex-stratified analyses were not the primary
aim of the present work, samples sizes were limited to
draw clear-cut conclusions about the impact of sex. Nev-
ertheless, our descriptive analyses provided first interest-
ing insights into sex-specific responses to the HI-insult
but also the investigated therapies, as a potential basis for
future clinical and pre-clinical trials.

We performed in-depth analyses of secondary injury
processes, including inflammatory, regenerative and
neurodevelopmental responses to clearly delineate limi-
tations of HT from an additional benefit that can be pro-
vided by ciMSC-EVs. A single ciMSC-EV therapy was
not included in the present study, because we applied the
same dose and treatment protocol, using the same EV
preparation as in our recent work [31]. Adhering to the
3R principle of animal welfare, we decided not to repeat
these in vivo experiments with a ciMSC-EV monother-
apy. Similar outcome measures in our previous report
[31] allowed comparisons between the present and our
former results. From these comparisons, it becomes evi-
dent that most of the protective effects of a ciMSC-EV
single treatment [31] were confirmed in the combined
treatment with HT, suggesting that ciMSC-EVs have
additive instead of synergistic effects. Therefore, ciMSC-
EVs may not only be an adjunct therapy for HT, but also
a standalone therapy in settings when HT cannot be
applied or is ineffective, e.g., in middle- and low-income
countries, where HT has shown little to no protection or
even detrimental effects [83, 84].

Abbreviation

MSC Mesenchymal stem/stromal cell

EV Extracellular vesicle

ciMSC Clonally expanded immortalized MSC
HI Hypoxia—ischemia

HT Hypothermia

NT Normothermia

NE Neonatal encephalopathy
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NeuN Neuronal nuclei

Olig-2 Oligodendrocyte transcription factor-2

CcD Cluster of differentiation

GFAP Glial fibrillary acidic protein

Iba-1 lonized calcium binding adaptor protein-1
Ly6G Lymphocyte antigen 6 complex locus G6D
PDGFR-alpha  Platelet-derived growth factor receptor-alpha
APC-CC1 Adenomatous polyposis coli, clone CC1
PFA Paraformaldehyde

Dapi 4'6-Diamidino-2-phenylindole

ROI Region of interest

PCR Polymerase chain reaction

MAP2 Microtubule associated protein 2

VCAM-1 Vascular cell adhesion molecule-1

ICAM-1 Intercellular adhesion molecule-1

MBP Myelin basic protein

GAPDH Glutaraldehyde-3-phosphate dehydrogenase
EPM Elevated plus maze

OF Open field

BM Barnes maze

IL Interleukin

TGF beta Transforming growth factor beta

BDNF Brain derived nerve factor

EGF Epidermal growth factor
VEGF Vascular endothelial growth factor
CNPase 2,3"-Cyclic nucleotide 3"-phosphodiesterase

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-023-02961-0.

[ Additional file 1. Supplementary figures and tables. }

Acknowledgements
We thank M. Rizazad, K. Kempe and R. Dittrich for excellent technical
assistance.

Author contributions

Conception and design of the study: JH, BG. Acquisition, analysis and inter-
pretation of data: NL, PG, YM, CK, ED, M.H, JH. Drafting of the manuscript: NL,
JH. Critical comments and suggestions during drafting and reviewing of the
manuscript: NL, MH, UFM, IB, BG, JH.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work

was supported by a research grant from the European Society for Paediatric
Research (ESPR) provided to NL (RGP2022-YISUG-02/04), the Else-Kroner-Frese-
nius-Stiftung (2018_A113) provided to JH, and the European Union [(Horizon
2020 Research and Innovation programme, Grant Agreement No. 874721,
PREMSTEM) provided to UFM and IB, (European Regional Development Fund
2014-2020 and ERA-NET EuroTransBio 11 EVTrust, 031B0332B) provided to
BGI.

Availability of data and materials

All data supporting the findings of this study are available in the main figures
with individual data points presented and in the supplementary material of
this article.

Declarations

Ethics approval and consent to participate

Human MSCs were initially raised from bone marrow samples of healthy
donors after informed consent according to the Declaration of Helsinki.
Animal experiments were performed in accordance with the Animal Research
Reporting of in Vivo Experiments (ARRIVE) guidelines with governmental
approval by the State Agency for Nature, Environment and Consumer Protec-
tion North Rhine-Westphalia.


https://doi.org/10.1186/s12974-023-02961-0
https://doi.org/10.1186/s12974-023-02961-0

Labusek et al. Journal of Neuroinflammation

(2023) 20:280

Consent for publication
Not applicable.

Competing interests

BG is a scientific advisory board member of Innovex Therapeutics SL, Mursla
Ltd and PL BioScience. He is a founding director of Exosla Ltd. All other authors
report no conflicts of interest.

Author details

'Department of Pediatrics |, Neonatology and Experimental Perinatal Neuro-
sciences, Center for Translational Neuro- and Behavioral Sciences (C-TNBS),
University Hospital Essen, University Duisburg-Essen, Essen, Germany.
?Institute for Transfusion Medicine, University Hospital Essen, University

of Duisburg-Essen, Essen, Germany. *Institute for Medical Psychology

and Behavioral Immunobiology, Center for Translational Neuro- and Behavioral
Sciences (C-TNBS), University Hospital Essen, University of Duisburg-Essen,
Essen, Germany.

Received: 8 September 2023 Accepted: 16 November 2023
Published online: 27 November 2023

References

1.

Black RE, Cousens S, Johnson HL, Lawn JE, Rudan I, Bassani DG, et al.
Global, regional, and national causes of child mortality in 2008: a system-
atic analysis. Lancet. 2010;375:1969-87.

Marlow N, Shankaran S, Rogers EE, Maitre NL, Smyser CD, Newborn Brain
Society G, Publications C. Neurological and developmental outcomes fol-
lowing neonatal encephalopathy treated with therapeutic hypothermia.
Semin Fetal Neonatal Med. 2021;26: 101274.

Azzopardi D, Strohm B, Marlow N, Brocklehurst P, Deierl A, Eddama O,

et al. Effects of hypothermia for perinatal asphyxia on childhood out-
comes. N Engl J Med. 2014,371:140-9.

Cainelli E, Vedovelli L, Mastretta E, Gregori D, Suppiej A, Bisiacchi PS. Long-
term outcomes after neonatal hypoxic-ischemic encephalopathy in the
era of therapeutic hypothermia: a longitudinal, prospective, multicenter
case-control study in children without overt brain damage. Children
(Basel). 2021;8:1076.

Lee-Kelland R, Jary S, Tonks J, Cowan FM, Thoresen M, Chakkarapani E.
School-age outcomes of children without cerebral palsy cooled for neo-
natal hypoxic-ischaemic encephalopathy in 2008-2010. Arch Dis Child
Fetal Neonatal Ed. 2020;105:8-13.

Shankaran S, Pappas A, McDonald SA, Vohr BR, Hintz SR, Yolton K, et al.
Childhood outcomes after hypothermia for neonatal encephalopathy. N
Engl J Med. 2012,366:2085-92.

Edmonds CJ, Cianfaglione R, Cornforth C, Vollmer B. Children with
neonatal Hypoxic Ischaemic Encephalopathy (HIE) treated with thera-
peutic hypothermia are not as school ready as their peers. Acta Paediatr.
2021;110:2756-65.

Lee BL, Glass HC. Cognitive outcomes in late childhood and adoles-
cence of neonatal hypoxic-ischemic encephalopathy. Clin Exp Pediatr.
2021,64:608-18.

Tonks J, Cloke G, Lee-Kelland R, Jary S, Thoresen M, Cowan FM, Chakkara-
pani E. Attention and visuo-spatial function in children without cerebral
palsy who were cooled for neonatal encephalopathy: a case-control
study. Brain Inj. 2019;33:894-8.

Chakkarapani AA, Aly H, Benders M, Cotten CM, EI-Dib M, Gressens P, et al.
Therapies for neonatal encephalopathy: targeting the latent, secondary
and tertiary phases of evolving brain injury. Semin Fetal Neonatal Med.
2021;26: 101256.

. Molloy EJ, EI-Dib M, Juul SE, Benders M, Gonzalez F, Bearer C, et al.

Neuroprotective therapies in the NICU in term infants: present and future.
Pediatr Res. 2022;93:1819.

Zhou KQ, Bennet L, Wassink G, McDouall A, Curtis MA, Highet B, Ste-
venson TJ, Gunn AJ, Davidson JO. Persistent cortical and white matter
inflammation after therapeutic hypothermia for ischemia in near-term
fetal sheep. J Neuroinflammation. 2022;19:139.

16.

17.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

Page 16 of 18

Bona E, Hagberg H, Loberg EM, Bagenholm R, Thoresen M. Protective
effects of moderate hypothermia after neonatal hypoxia-ischemia: short-
and long-term outcome. Pediatr Res. 1998;43:738-45.

Covey MV, Oorschot DE. Effect of hypothermic post-treatment on
hypoxic-ischemic striatal injury, and normal striatal development, in
neonatal rats: a stereological study. Pediatr Res. 2007,62:646-51.
Reinboth BS, Koster C, Abberger H, Prager S, Bendix |, Felderhoff-Muser
U, Herz J. Endogenous hypothermic response to hypoxia reduces brain
injury: Implications for modeling hypoxic-ischemic encephalopathy and
therapeutic hypothermia in neonatal mice. Exp Neurol. 2016;283:264-75.
Davidson JO, Yuill CA, Zhang FG, Wassink G, Bennet L, Gunn AJ. Extending
the duration of hypothermia does not further improve white mat-

ter protection after ischemia in term-equivalent fetal sheep. Sci Rep.
2016;6:25178.

Gerner GJ, Newman El, Burton VJ, Roman B, Cristofalo EA, Leppert M,
Johnston MV, Northington FJ, Huisman T, Poretti A. Correlation between
white matter injury identified by neonatal diffusion tensor imaging and
neurodevelopmental outcomes following term neonatal asphyxia and
therapeutic hypothermia: an exploratory pilot study. J Child Neurol.
2019;34:556-66.

Herz J, Koster C, Reinboth BS, Dzietko M, Hansen W, Sabir H, van Vel-
thoven C, Bendix |, Felderhoff-Muser U. Interaction between hypothermia
and delayed mesenchymal stem cell therapy in neonatal hypoxic-
ischemic brain injury. Brain Behav Immun. 2018;70:118-30.

Lee JK, Santos PT, Chen MW, O'Brien CE, Kulikowicz E, Adams S, Hardart
H, Koehler RC, Martin LJ. Combining hypothermia and oleuropein
subacutely protects subcortical white matter in a swine model of
neonatal hypoxic-ischemic encephalopathy. J Neuropathol Exp Neurol.
2021;80:182-98.

Massaro AN, Evangelou |, Fatemi A, Vezina G, McCarter R, Glass P, Limpero-
poulos C. White matter tract integrity and developmental outcome in
newborn infants with hypoxic-ischemic encephalopathy treated with
hypothermia. Dev Med Child Neurol. 2015;57:441-8.

Tusor N, Wusthoff C, Smee N, Merchant N, Arichi T, Allsop JM, Cowan FM,
Azzopardi D, Edwards AD, Counsell SJ. Prediction of neurodevelopmental
outcome after hypoxic-ischemic encephalopathy treated with hypo-
thermia by diffusion tensor imaging analyzed using tract-based spatial
statistics. Pediatr Res. 2012;72:63-9.

Aly H, Abd-Rabboh L, EI-Dib M, Nawwar F, Hassan H, Aaref M, Abdelrah-
man S, Elsayed A. Ascorbic acid combined with ibuprofen in hypoxic
ischemic encephalopathy: a randomized controlled trial. J Perinatol.
2009;29:438-43.

Galinsky R, Dean JM, Lingam |, Robertson NJ, Mallard C, Bennet L, Gunn
AJ. A systematic review of magnesium sulfate for perinatal neuro-
protection: what have we learnt from the past decade? Front Neurol.
2020;11:449.

Wu YW, Comstock BA, Gonzalez FF, Mayock DE, Goodman AM, Maitre

NL, et al. Trial of erythropoietin for hypoxic-ischemic encephalopathy in
newborns. N Engl J Med. 2022;387:148-59.

Drommelschmidt K, Serdar M, Bendix I, Herz J, Bertling F, Prager S,

et al. Mesenchymal stem cell-derived extracellular vesicles amelio-

rate inflammation-induced preterm brain injury. Brain Behav Immun.
2017,60:220-32.

Gussenhoven R, Klein L, Ophelders D, Habets DHJ, Giebel B, Kramer BW,
Schurgers LJ, Reutelingsperger CPM, Wolfs T. Annexin A1 as neuroprotec-
tive determinant for blood-brain barrier integrity in neonatal hypoxic-
ischemic encephalopathy. J Clin Med. 2019; 8.

Kaminski N, Koster C, Mouloud Y, Borger V, Felderhoff-Muser U, Bendix |,
Giebel B, Herz J. Mesenchymal stromal cell-derived extracellular vesicles
reduce neuroinflammation, promote neural cell proliferation and
improve oligodendrocyte maturation in neonatal hypoxic-ischemic brain
injury. Front Cell Neurosci. 2020;14: 601176.

Ophelders DR, Wolfs TG, Jellema RK, Zwanenburg A, Andriessen P,
Delhaas T, et al. Mesenchymal stromal cell-derived extracellular vesicles
protect the fetal brain after hypoxia-ischemia. Stem Cells Trans| Med.
2016;5:754-63.

Thomi G, Joerger-Messerli M, Haesler V, Muri L, Surbek D, Schoeberlein A.
Intranasally administered exosomes from umbilical cord stem cells have
preventive neuroprotective effects and contribute to functional recovery
after perinatal brain injury. Cells. 2019; 8.



Labusek et al. Journal of Neuroinflammation

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2023) 20:280

Thomi G, Surbek D, Haesler V, Joerger-Messerli M, Schoeberlein A.
Exosomes derived from umbilical cord mesenchymal stem cells reduce
microglia-mediated neuroinflammation in perinatal brain injury. Stem
Cell Res Ther. 2019;10:105.

Labusek N, Mouloud Y, Koster C, Diesterbeck E, Tertel T, Wiek C, et al.
Extracellular vesicles from immortalized mesenchymal stromal cells
protect against neonatal hypoxic-ischemic brain injury. Inflamm Regen.
2023;43:24.

Sisa C, Kholia S, Naylor J, Herrera Sanchez MB, Bruno S, Deregibus MC,
Camussi G, Inal JM, Lange S, Hristova M. Mesenchymal stromal cell
derived extracellular vesicles reduce hypoxia-ischaemia induced perinatal
brain injury. Front Physiol. 2019;10:282.

Madel RJ, Borger V, Dittrich R, Bremer M, Tertel T, Phuong NNT, et al. Inde-
pendent human mesenchymal stromal cell-derived extracellular vesicle
preparations differentially attenuate symptoms in an advanced murine
graft-versus-host disease model. Cytotherapy. 2023.

van de Wakker SI, Meijers FM, Sluijter JPG, Vader P. Extracellular vesicle
heterogeneity and its impact for regenerative medicine applications.
Pharmacol Rev. 2023.

Ludwig AK, De Miroschedji K, Doeppner TR, Borger V, Ruesing J, Rebmann
V, et al. Precipitation with polyethylene glycol followed by washing

and pelleting by ultracentrifugation enriches extracellular vesicles from
tissue culture supernatants in small and large scales. J Extracell Vesicles.
2018;7:1528109.

BorgerV, Staubach S, Dittrich R, Stambouli O, Giebel B. Scaled isolation of
mesenchymal stem/stromal cell-derived extracellular vesicles. Curr Protoc
Stem Cell Biol. 2020;55: e128.

Kordelas L, RebmannV, Ludwig AK, Radtke S, Ruesing J, Doeppner TR,
Epple M, Horn PA, Beelen DW, Giebel B. MSC-derived exosomes: a novel
tool to treat therapy-refractory graft-versus-host disease. Leukemia.
2014;28:970-3.

Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7:1535750.

Bauer FN, Tertel T, Stambouli O, Wang C, Dittrich R, Staubach S, BorgerV,
Hermann DM, Brandau S, Giebel B. CD73 activity of mesenchymal stromal
cell-derived extracellular vesicle preparations is detergent-resistant and
does not correlate with immunomodulatory capabilities. Cytotherapy.
2023;25:138-47.

Bremer M, Nardi Bauer F, Tertel T, Dittrich R, Horn PA, Borger V, Giebel B.
Quialification of a multidonor mixed lymphocyte reaction assay for the
functional characterization of immunomodulatory extracellular vesicles.
Cytotherapy. 2023;25:847-57.

Mulling K, Fischer AJ, Siakaeva E, Richter M, Bordbari S, Spyra |, et al. Neu-
trophil dynamics, plasticity and function in acute neurodegeneration fol-
lowing neonatal hypoxia-ischemia. Brain Behav Immun. 2021;92:234-44.
Seitz M, Koster C, Dzietko M, Sabir H, Serdar M, Felderhoff-Muser U, Ben-
dix I, Herz J. Hypothermia modulates myeloid cell polarization in neonatal
hypoxic-ischemic brain injury. J Neuroinflammation. 2021;18:266.

Crowe TP, Hsu WH. Evaluation of recent intranasal drug delivery systems
to the central nervous system. Pharmaceutics. 2022; 14.

Miao X, Zhao J, Xiang H, Shi X. Hyaluronidase promote transdermal dif-
fusion of small sized curcumin nanocrystal by dissolving microneedles
delivery. Pharmaceutics. 2023; 15.

Beckmann L, Obst S, Labusek N, Abberger H, Koster C, Klein-Hitpass L,

et al. Regulatory T cells contribute to sexual dimorphism in neonatal
hypoxic-ischemic brain injury. Stroke. 2022;53:381-90.

Milner LC, Crabbe JC. Three murine anxiety models: results from multiple
inbred strain comparisons. Genes Brain Behav. 2008;7:496-505.

Walf AA, Frye CA. The use of the elevated plus maze as an assay of
anxiety-related behavior in rodents. Nat Protoc. 2007;2:322-8.

Barnes CA. Memory deficits associated with senescence: a neuro-
physiological and behavioral study in the rat. J Comp Physiol Psychol.
1979,93:74-104.

Cruz AP, Frei F, Graeff FG. Ethopharmacological analysis of rat behavior on
the elevated plus-maze. Pharmacol Biochem Behav. 1994;49:171-6.
Fernandez Espejo E. Structure of the mouse behaviour on the elevated
plus-maze test of anxiety. Behav Brain Res. 1997,86:105-12.

w

52.

53.

54.

55.

56.

57.

58.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

1.

Page 17 of 18

Navarro JF, Buron E, Martin-Lopez M. Anxiolytic-like activity of SB-205384
in the elevated plus-maze test in mice. Psicothema. 2006;18:100-4.
Wang C, BorgerV, Sardari M, Murke F, Skuljec J, Pul R, et al. Mesenchy-
mal stromal cell-derived small extracellular vesicles induce ischemic
neuroprotection by modulating leukocytes and specifically neutro-
phils. Stroke. 2020;51:1825-34.

Enzmann G, Mysiorek C, Gorina R, Cheng YJ, Ghavampour S, Hannocks
MJ, et al. The neurovascular unit as a selective barrier to polymorpho-
nuclear granulocyte (PMN) infiltration into the brain after ischemic
injury. Acta Neuropathol. 2013;125:395-412.

Otxoa-de-Amezaga A, Gallizioli M, Pedragosa J, Justicia C, Miro-Mur F,
Salas-Perdomo A, Diaz-Marugan L, Gunzer M, Planas AM. Location of
neutrophils in different compartments of the damaged mouse brain
after severe ischemia/reperfusion. Stroke. 2019;50:1548-57.

Ito D, Imai Y, Ohsawa K, Nakajima K, Fukuuchi Y, Kohsaka S. Microglia-
specific localisation of a novel calcium binding protein, Iba1. Brain Res
Mol Brain Res. 1998;57:1-9.

Pekny M, Pekna M. Astrocyte reactivity and reactive astrogliosis: costs
and benefits. Physiol Rev. 2014;94:1077-98.

Wang X, Xuan W, Zhu ZY, Li Y, Zhu H, Zhu L, Fu DY, Yang LQ, Li PY, Yu
WF. The evolving role of neuro-immune interaction in brain repair after
cerebral ischemic stroke. CNS Neurosci Ther. 2018;24:1100-14.

Jacobs SE, Berg M, Hunt R, Tarnow-Mordi WO, Inder TE, Davis PG. Cool-
ing for newborns with hypoxic ischaemic encephalopathy. Cochrane
Database Syst Rev. 2013:CD003311.

. Serrenho |, Cardoso CM, Graos M, Dinis A, Manadas B, Baltazar G. Hypo-

thermia does not boost the neuroprotection promoted by umbilical
cord blood cells in a neonatal hypoxia-ischemia rat model. Int J Mol
Sci. 2022; 24.

Cole JC, Rodgers RJ. Ethological evaluation of the effects of acute and
chronic buspirone treatment in the murine elevated plus-maze test:
comparison with haloperidol. Psychopharmacology. 1994;114:288-96.
Trescher WH, Ishiwa S, Johnston MV. Brief post-hypoxic-ischemic
hypothermia markedly delays neonatal brain injury. Brain Dev.
1997;19:326-38.

Burnsed JC, Chavez-Valdez R, Hossain MS, Kesavan K, Martin LJ, Zhang
J, Northington FJ. Hypoxia-ischemia and therapeutic hypothermia in
the neonatal mouse brain-a longitudinal study. PLoS ONE. 2015;10:
e0118889.

Galvin KA, Oorschot DE. Continuous low-dose treatment with
brain-derived neurotrophic factor or neurotrophin-3 protects striatal
medium spiny neurons from mild neonatal hypoxia/ischemia: a stereo-
logical study. Neuroscience. 2003;118:1023-32.

Chang PD, Chow DS, Alber A, Lin YK, Youn YA. Predictive values of
location and volumetric MRI injury patterns for neurodevelopmental
outcomes in hypoxic-ischemic encephalopathy neonates. Brain Sci.
2020; 10.

Shankaran S, McDonald SA, Laptook AR, Hintz SR, Barnes PD, Das A,
Pappas A, Higgins RD. Eunice Kennedy Shriver National Institute of
Child H, Human Development Neonatal Research N: neonatal magnetic
resonance imaging pattern of brain injury as a biomarker of childhood
outcomes following a trial of hypothermia for neonatal hypoxic-ischemic
encephalopathy. J Pediatr. 2015;167(987-993): €983.

Graybiel AM, Grafton ST. The striatum: where skills and habits meet. Cold
Spring Harb Perspect Biol. 2015;7: a021691.

Du, Fischer TZ, Lee LN, Lercher LD, Dreyfus CF. Regionally specific effects
of BDNF on oligodendrocytes. Dev Neurosci. 2003;25:116-26.

Dzietko M, Derugin N, Wendland MF, Vexler ZS, Ferriero DM. Delayed
VEGF treatment enhances angiogenesis and recovery after neonatal focal
rodent stroke. Trans| Stroke Res. 2013;4:189-200.

Lindberg OR, Brederlau A, Kuhn HG. Epidermal growth factor treat-
ment of the adult brain subventricular zone leads to focal microglia/
macrophage accumulation and angiogenesis. Stem Cell Reports.
2014;2:440-8.

Yang J, Cheng X, Qi J, Xie B, Zhao X, Zheng K, Zhang Z, Qiu M. EGF
enhances oligodendrogenesis from glial progenitor cells. Front Mol
Neurosci. 2017;10:106.

Al Mamun A, Yu H, Romana S, Liu F. Inflammatory responses are sex
specific in chronic hypoxic-ischemic encephalopathy. Cell Transplant.
2018;27:1328-39.



Labusek et al. Journal of Neuroinflammation

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

(2023) 20:280

Charriaut-Marlangue C, Besson VC, Baud O. Sexually dimorphic outcomes
after neonatal stroke and hypoxia-ischemia. Int J Mol Sci. 2017; 19.

Mirza MA, Ritzel R, Xu Y, McCullough LD, Liu F. Sexually dimorphic out-
comes and inflammatory responses in hypoxic-ischemic encephalopa-
thy. J Neuroinflammation. 2015;12:32.

Jonasson Z. Meta-analysis of sex differences in rodent models of learning
and memory: a review of behavioral and biological data. Neurosci Biobe-
hav Rev. 2005;28:811-25.

Koszalka A, Lustyk K, Pytka K. Sex-dependent differences in animal cogni-
tion. Neurosci Biobehav Rev. 2023;153: 105374.

Robert J. Sex differences in vascular endothelial cells. Atherosclerosis.
2023:117278.

Hartman RJG, Kapteijn DMC, Haitjema S, Bekker MN, Mokry M, Pas-
terkamp G, Civelek M, den Ruijter HM. Intrinsic transcriptomic sex differ-
ences in human endothelial cells at birth and in adults are associated
with coronary artery disease targets. Sci Rep. 2020;10:12367.

Chowen JA, Garcia-Segura LM. Role of glial cells in the generation of sex
differences in neurodegenerative diseases and brain aging. Mech Ageing
Dev. 2021;196: 111473,

Yasuda K, Maki T, Kinoshita H, Kaji S, Toyokawa M, Nishigori R, Kinoshita Y,
OnoY, Kinoshita A, Takahashi R. Sex-specific differences in transcriptomic
profiles and cellular characteristics of oligodendrocyte precursor cells.
Stem Cell Res. 2020;46: 101866.

Nie X, Lowe DW, Rollins LG, Bentzley J, Fraser JL, Martin R, Singh |,

Jenkins D. Sex-specific effects of N-acetylcysteine in neonatal rats
treated with hypothermia after severe hypoxia-ischemia. Neurosci Res.
2016;108:24-33.

Nijboer CH, Groenendaal F, Kavelaars A, Hagberg HH, van Bel F, Heijnen
CJ. Gender-specific neuroprotection by 2-iminobiotin after hypoxia-
ischemia in the neonatal rat via a nitric oxide independent pathway. J
Cereb Blood Flow Metab. 2007,27:282-92.

Wood TR, Gundersen JK, Falck M, Maes E, Osredkar D, Loberg EM, Sabir

H, Walloe L, Thoresen M. Variability and sex-dependence of hypothermic
neuroprotection in a rat model of neonatal hypoxic-ischaemic brain
injury: a single laboratory meta-analysis. Sci Rep. 2020;10:10833.

Thayyil S, Montaldo P, Krishnan V, Ivain P, Pant S, Lally PJ, et al. Whole-body
hypothermia, cerebral magnetic resonance biomarkers, and outcomes

in neonates with moderate or severe hypoxic-ischemic encephalopathy
born at tertiary care centers vs other facilities: a nested study within a
randomized clinical trial. JAMA Netw Open. 2023;6: €2312152.

Thayyil S, Pant S, Montaldo P, Shukla D, Oliveira V, Ivain P, et al. Hypother-
mia for moderate or severe neonatal encephalopathy in low-income and
middle-income countries (HELIX): a randomised controlled trial in India,
Sri Lanka, and Bangladesh. Lancet Glob Health. 2021;9:1273-85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Hypothermia combined with extracellular vesicles from clonally expanded immortalized mesenchymal stromal cells improves neurodevelopmental impairment in neonatal hypoxic-ischemic brain injury
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	ciMSC growth, ciMSC-EV preparation and characterization
	Animal care and group allocation
	Neonatal hypoxia–ischemia
	Therapeutic hypothermia and ciMSC-EV treatment
	Tissue preparation for assessment of neurodegeneration, neuroinflammation and neuroregeneration
	Immunohistochemistry
	RNA and protein isolation
	mRNA expression analysis
	Western blot analysis
	Long-term functional outcome
	Statistical analysis

	Results
	Intranasal ciMSC-EV therapy improves limited effects of acute HT on long-term HI-induced neurodevelopmental deficits
	Combined HTciMSC-EV treatment but not HT monotherapy protects from HI-induced neuronal and axonal injury
	HT and HTciMSC-EV therapy similarly protect from HI-induced vascular injury, while effects on endothelial proliferation are more pronounced in the combined treatment
	The combined therapy with HT and intranasal ciMSC-EVs prevents endothelial activation and leukocyte infiltration
	HTciMSC-EV treatment, but not HT monotherapy reduces HI-induced microglia activation, astrogliosis and pro-inflammatory cytokine expression, while expression of anti-inflammatory cytokines and trophic growth factors is increased
	The combined treatment with HT and ciMSC-EVs, but not HT alone improves HI-induced myelination deficits

	Discussion
	Conclusion
	Anchor 29
	Acknowledgements
	References


