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Abstract
Background Hypoxic-Ischemic Encephalopathy (HIE) is a leading cause of mortality and morbidity in newborns. 
Recent research has shown promise in using intranasal mesenchymal stem cell (MSC) therapy if administered within 
10 days after Hypoxia-Ischemia (HI) in neonatal mice. MSCs migrate from the nasal cavity to the cerebral lesion in 
response to chemotactic cues. Which exact chemokines are crucial for MSC guidance to the HI lesion is currently not 
fully understood. This study investigates the role of CXCL10 in MSC migration towards the HI-injured brain.

Methods HI was induced in male and female 9-day-old C57BL/6 mice followed by intranasal MSC treatment 
at day 10 or 17 post-HI. CXCL10 protein levels, PKH26-labeled MSCs and lesion size were assessed by ELISA, 
immunofluorescent imaging and MAP2 staining respectively. At day 17 post-HI, when CXCL10 levels were reduced, 
intracranial CXCL10 injection and intranasal PKH26-labeled MSC administration were combined to assess CXCL10-
guided MSC migration. MSC treatment efficacy was evaluated after 18 days, measuring lesion size, motor outcome 
(cylinder rearing task), glial scarring (GFAP staining) and neuronal density (NeuN staining) around the lesion. 
Expression of the receptor for CXCL10, i.e. CXCR3, on MSCs was confirmed by qPCR and Western Blot. Moreover, 
CXCL10-guided MSC migration was assessed through an in vitro transwell migration assay.

Results Intranasal MSC treatment at day 17 post-HI did not reduce lesion size in contrast to earlier treatment 
timepoints. Cerebral CXCL10 levels were significantly decreased at 17 days versus 10 days post-HI and correlated 
with reduced MSC migration towards the brain. In vitro experiments demonstrated that CXCR3 receptor inhibition 
prevented CXCL10-guided migration of MSCs. Intracranial CXCL10 injection at day 17 post-HI significantly increased 
the number of MSCs reaching the lesion which was accompanied by repair of the HI lesion as measured by reduced 
lesion size and glial scarring, and an increased number of neurons around the lesion.

Conclusions This study underscores the crucial role of the chemoattractant CXCL10 in guiding MSCs to the HI lesion 
after intranasal administration. Strategies to enhance CXCR3-mediated migration of MSCs may improve the efficacy of 
MSC therapy or extend its regenerative therapeutic window.
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Background
Perinatal asphyxia is a major cause of Hypoxic-Ischemic 
Encephalopathy (HIE) in the newborn. HIE is a signifi-
cant contributor to neonatal mortality and can result in 
lifelong morbidities including mental retardation, sei-
zures and cerebral palsy [1]. In developed countries the 
incidence of HIE is estimated as 1–2 per 1000 live births 
[2]. HIE results from a cascade of damaging events in 
the brain leading to neuronal death over hours to days 
after the insult. These events include oxidative stress, 
excitotoxicity, apoptotic cell death and microglial activa-
tion [1]. Interestingly, the damaging processes evoked by 
Hypoxia-Ischemia (HI) can continue for days to weeks 
after the insult [1]. Cytokines and chemokines play cru-
cial roles in this process, regulating increased inflamma-
tory cell traffic and promoting cell migration [1, 3].

Currently, hypothermia is the only clinically applied 
therapy shown to be modestly effective in the treatment 
of HIE. However, hypothermia can only be applied in 
cases of moderate to severe brain injury and most impor-
tantly, hypothermia only has a short treatment window of 
6  h [4, 5]. Novel efficacious therapies specifically aimed 

at repair of the brain at later stages after the HI insult are 
urgently needed.

In the past decade, mesenchymal stem cell (MSC) 
therapy has emerged as a promising treatment strategy 
for HIE. MSCs can be collected from multiple sources, 
such as bone marrow (BM), umbilical cord blood, umbili-
cal cord tissue (Wharton’s jelly) or adipose tissue [6, 7]. 
MSCs in BM were identified first, are well-characterized 
and are the most commonly used source of MSCs, also 
in clinical trials [6, 7]. In this study we used murine BM-
MSCs as this is the most often used MSC source applied 
intranasally in experimental HI animal models including 
in our own previous work [6, 8–11]. Previous research 
showed that upon non-invasive intranasal administra-
tion, BM-MSCs can migrate towards the HI-induced 
lesion in the Vannucci-Rice mouse model of neonatal 
HI brain injury [8–10, 12–15]. Using the same experi-
mental model, intranasal BM-MSC treatment has been 
shown to reduce the cerebral lesion size and to improve 
motor and cognitive functioning [8, 10, 11, 16]. Nota-
bly, intranasal BM-MSC treatment appears to have a 
long therapeutic window, being effective at least until 10 
days after the insult [10]. Further postponing intranasal 
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BM-MSC therapy abolishes the treatment efficacy [10, 
17] indicating a limit to the therapeutic window. Interest-
ingly, our previous study showed that at 17 days post-HI 
cerebral mRNA expression of a number of chemokines, 
among which chemokine-X-C motif chemokine Ligand 
10 (cxcl10), was strongly downregulated compared to 10 
days after the insult [9]. Therefore, CXCL10 may play a 
role in the efficacy of intranasal MSC treatment possibly 
by facilitating MSC migration.

CXCL10 is a small protein (8–15 kilodalton (kDa)) that 
binds to C-X-C Motif Chemokine Receptor 3 (CXCR3), 
a 7-transmembrane G protein-coupled receptor [18]. 
CXCR3 activation by CXCL10 activates various down-
stream pathways including Proto-oncogene tyrosine-pro-
tein kinase Src (Src), Phosphoinositide 3-kinase (PI3K), 
Extracellular signal-regulated protein kinase 1 and 2 
(Erk1/2), and Mitogen activated protein kinase (MAPK) 
signalling [19]. While CXCR3 also serves as a receptor for 
C-X-C motif chemokine Ligand 9 (CXCL9) and C-X-C 
motif chemokine Ligand 11 (CXCL11) that structurally 
resemble CXCL10, CXCR3 is the only known receptor 
for CXCL10 [18, 19]. Cxcl10 RNA and CXCL10 protein 
levels are upregulated after neonatal brain injury in rats 
and piglets [20, 21] suggesting a potential role of CXCL10 
in neonatal brain injury. Upon brain injury, CXCL10 is 
primarily secreted by astrocytes, microglia and neurons 
and attracts peripheral or meningeal immune cells to the 
lesion [22–24]. Similarly, MSCs have the capability to 
migrate towards CXCL10 and may be attracted in a com-
parable way as immune cells to the injured brain [25, 26]. 
In the current study we examined the role of CXCL10 
as a potential chemoattractant for BM-MSC migra-
tion towards the HI-injured brain. To elucidate the role 
of the CXCL10-CXCR3 pathway in MSC migration, we 
first assessed CXCR3 expression on MSCs and CXCL10-
mediated MSC migration in vitro. Additionally, we inves-
tigated in a proof-of-principle study in neonatal HIE 
mice whether intracranial CXCL10 injection drives effec-
tive MSC delivery and repair of the HI lesion at a time-
point beyond the therapeutic window of 10 days post-HI.

Materials and methods
HI induction in neonatal mice
The experiments are reported in compliance with the 
Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines [27].

C57Bl/6 mice (OlaHsa, ENVIGO, Horst, The Neth-
erlands) were kept in standard housing conditions with 
woodchip bedding, cardboard shelters and tissues pro-
vided on a 12 h day/night cycle (lights on at 7:00 am) in 
a temperature-controlled room at 20–24 °C and 45–65% 
humidity with ad libitum food and water access. Two 
days after induction of HI injury, litters received cage 
enrichment: a turning wheel on a plastic shelter. Mice 

were bred in-house by placing wild type males and 
females together in a ratio of 1:1 or 1:2 for 4 days. After-
wards, dams were housed solitarily to give birth. Day of 
birth was considered as postnatal day (P) 0.

Neonatal HI injury was induced at P9 by unilateral 
carotid artery ligation under isoflurane anesthesia ((5–
10 min; 5% induction, 3–4% maintenance with flow O2: 
air 1:1) followed by recovery with their mother for at least 
75 min. Xylocaine (#N01BB02, AstraZeneca, Cambridge, 
UK) and Bupivacaine (#N01BB01, Actavis, Allergan Inc, 
Dublin, Ireland) were applied to the wound for pre- and 
post-operative analgesia. After recovery, pups were sub-
jected to systemic hypoxia at 10% O2 for 45  min in a 
temperature-controlled and humidified hypoxic incuba-
tor. Control sham-operated (SHAM) littermates were 
subjected to anesthesia and surgical incision only. Exact 
numbers of animals used in each experiment are depicted 
in the figure legends. In total 141 animals were used 
in this study. All experimental groups were randomly 
divided per litter. Three animals were excluded from the 
study because they reached the humane endpoint a pri-
ori defined as < 3.5  g weight gain from P9 to P26 (1 HI 
intracranial (i.c.) PBS + intranasal (i.n.) PBS animal, 2 HI 
i.c. CXCL10 + i.n. MSC animals). Group sizes were deter-
mined by performing power analysis based on treatment 
effect size obtained from previous experiments. Primary 
outcome measure of this study was MAP2 tissue loss.

Intracranial CXCL10 injections
At 17 days post-HI surgery, HI mice were anesthetized 
(isoflurane 5–10  min; 5% induction and 3–4% mainte-
nance with flow O2: air 1:1), skin of the head was opened 
up and a hole was made in the skull manually with a 20 
gauge needle, followed by an intracranial injection with 
1 μg/2μL CXCL10 protein (300 − 12, Peprotech, London, 
UK) or 2μL vehicle (D-PBS, Merck KGaA, Darmstadt, 
Germany) into the ipsilateral hemisphere at 2  mm cau-
dal to bregma, 2 mm right from midline and 2 mm below 
dural surface (Supplementary Fig.  1) using a stereotac-
tic frame (Stoelting, Illinois, USA). Afterwards, skin was 
sutured and Xylocaine and Bupivacaine were applied 
subcutaneously for pre- and post-operative analgesia. 
Carprofelican (Dechra, ‘s-Hertogenbosch, The Nether-
lands) was administered as systemic analgesia subcutane-
ously immediately after and on the two consecutive days 
after the surgery.

MSC culture and PKH26-labeling
Murine (C57BL/6) BM mesenchymal stem cells (GIBCO, 
S1502-100, Thermo Fisher Scientific, Bleiswijk, The 
Netherlands) were used for all experiments. Cells were 
cultured in MSC medium containing DMEM: F12 Gluta-
Max (31331093, Fisher Scientific, Landsmeer, The Neth-
erlands), 10% Fetal Calf Serum (FCS, 10270106, Fisher 



Page 4 of 16Hermans et al. Stem Cell Research & Therapy          (2024) 15:134 

Fig. 1 (See legend on next page.)
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Scientific), 0.05% gentamycin (15710064, Fisher Scien-
tific) and 1% penicillin/streptomycin (P/S, 15140163, 
Fisher Scientific) in T75 flasks (353110, Corning Life Sci-
ences, Amsterdam, The Netherlands). MSCs were pas-
saged once before in vitro and in vivo use, according to 
the manufacturer’s instructions. Cells were cultured at 
37 °C, 5% CO2 and 90% humidity. For PKH26+ labelling, 
MSCs were labelled with the PKH26 Red fluorescent cell 
linker kit according to manufacturer’s protocol prior to 
administration (PKH26GL, Merck KGaA).

(Intranasal) use of MSCs
For PKH-based MSC tracing experiments at day 10 
versus day 17 post-HI (Fig.  1), animals were intra-
nasally treated with 1 × 106 PKH26-labeled MSCs or 
vehicle (D-PBS). For the in vitro experiments of Fig. 2 
non-labeled MSCs were used.  For the CXCL10-guided 
MSC tracing experiments at day 17 post-HI, either 1 × 106 
PKH26-labeled (Fig.  3) or 0.5 × 106 unlabeled MSCs 
(Figs.  4 and 5) were administered intranasally after a 
maximum of 6 hours after intracranial (i.c.) CXCL10 
or vehicle injection. In all in vivo  experiments, 30  min 
before intranasal MSC administration, hyaluronidase 
(100U, H4272, Merck KGaA) was administered intra-
nasally to increase permeability of the connective tissue 
in the nasal cavity. MSCs were suspended in D-PBS and 
treatment was given by administration of 2 rounds of 2 
droplets of 3 μL per nostril (12 μL in total).

Sensorimotor outcome
Unilateral sensorimotor impairment was measured in 
the cylinder rearing test (CRT) [28] at 18 days after treat-
ment (i.e. 35 days post-HI). Mice were placed in a trans-
parent plexiglas cylinder and video-recorded for 5  min. 
Mice were omitted from the study when they failed to 
perform at least 10 weightbearing full rearings in 5 min 
(omissions: HI i.c. CXCL10 + i.n. VEH n = 2; HI i.c. 
CXCL10 + i.n. MSC: n = 1). This exclusion criterium was 
made a priori. The first weight-bearing paw contacting 
the cylinder wall during a full rear was scored by an expe-
rienced observer in a blinded manner as left (impaired), 
right (unimpaired) or both, using Noldus Observer 
XT16.0 software (Noldus, Wageningen, The Nether-
lands). Non-impaired paw preference was calculated as 

((right rearings – left rearings)/ (right + left + both rear-
ings)) x 100%.

Analysis of MSC tracing
For PKH-based MSC tracing experiments, animals were 
terminated at 24  h after intranasal MSC delivery by an 
overdose of pentobarbital (Alfasan, Woerden, The Neth-
erlands). Animals were transcardially perfused with PBS 
(Phosphate-buffered-saline, 524650-1, VWR, Radnor, 
Pennsylvania, USA) followed by 4% PFA (VWRK4078-
9020, VWR). Brains were post-fixed in 4% PFA for at 
least 24 h and thereafter cryoprotected in an increasing 
sucrose gradient (10 to 30%) and frozen after embedment 
in an OCT compound (VWR). Coronal cryosections of 
mouse brains (8 μm) were cut at hippocampal level (com-
parable to bregma − 1.25  mm for adult mouse brain) 
and counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI, D9542, Merck KGaA). Two different microscope 
set-ups were used for the different PKH26-labeled MSC 
tracing experiments due to unavailability of the first sys-
tem at the time of the second experiment. Fluorescent 
images in Fig. 1 were captured at 20X magnification with 
an Olympus objective using a EMCCD camera (Leica 
Microsystems, Amsterdam, The Netherlands) and Soft-
worx software (Applied Precision, Washington, USA). 
Fluorescent images in Fig. 3 were captured at 20x mag-
nification with an Axio Observer Microscope equipped 
with Zen software equipped with AxioCam MRm (Carl 
Zeiss, Weesp, The Netherlands). Fluorescent Images were 
taken surrounding the lesion at all sites where PKH signal 
was present. The area of all positive pixels per mm2 was 
quantified by a blinded observer using FIJI 1.53 (National 
Institutes of Health, NIH, Bethesda, Maryland, USA).

Histology
For therapeutic efficacy experiments (Figs. 1 and 4), ani-
mals treated with non-labeled MSCs were terminated 18 
days after intranasal (i.n.) MSC administration by over-
dose of pentobarbital followed by transcardial perfusion 
with PBS and 4% PFA. Brains were post-fixed for 24  h 
in PFA and thereafter dehydrated in increasing ethanol 
dilutions until 100%, followed by embedment in paraf-
fin. Coronal section (8 μm) were cut at hippocampal level 

(See figure on previous page.)
Fig. 1 Non-efficacious MSC treatment 17 days post-HI coincides with reduced MSC migration and cerebral CXCL10 levels. A) Experimental set-up of B-C. 
B) Quantification of ipsilateral MAP2 loss (%), as a measure of lesion size, in SHAM and HI littermates treated with PBS or MSCs at day 17 post-HI; SHAM: 
n = 14 (7♀, 7♂), PBS: n = 14 (7♀, 7♂), MSC: n = 15 (6♀, 9♂). (C) Representative examples of MAP2 staining in brains of SHAM-controls and HI animals treated 
intranasally with PBS or MSCs at 17 days post-HI. Lack of MAP2 staining (white) shows the lesion. (D) Experimental set-up of E-F. (E) Quantification of aver-
age PKH26+ signal in pixels per mm2, as an estimation of MSC migration, in HI animals treated with PBS (negative control) or PKH26-labeled MSCs at day 
10 or day 17 post-HI; PBS: n = 1(1♂), MSCs day 10: n = 3(1♀,2♂), MSCs day 17: n = 7(3♀, 4♂). (F) Representative example of perilesional area (cortex) show-
ing PKH26 staining (red) at 24 h after i.n. PKH26-labeled MSC delivery at day 10 or 17 post-HI (20x magnification). Counterstain with DAPI (blue). Scale: 
50 μm. (G) Experimental set-up of H. (H) CXCL10 protein levels (pg/mL) in ipsilateral brain homogenates of HI and SHAM-control animals at day 10 and 
17 post-HI; SHAM-day 10: n = 12(5♀, 7♂), HI-day 10: n = 13(5♀, 8♂), SHAM-day 17: n = 11(4♀, 7♂), HI-day 17: n = 12(5♀, 7♂). *** p < 0.001 **** p < 0.0001. ns, 
non-significant. Data is presented as mean ± SEM. i.n. = intranasal
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Fig. 3 Increasing cerebral CXCL10 levels rescues MSC migration to the HI lesion at 17 days post-HI. (A) Experimental set-up. (B) Example pictures of 
PKH26+ signal (red) in the perilesional area (cortex) indicating PKH26+ MSC migration at 24 h after i.n. delivery at 17 days post-HI when combined with 
i.c. CXCL10 or PBS injection. Cell nuclei are counterstained with DAPI (blue), magnification 20x, Scale bar: 100 μm. (C) Quantification of PKH26+ signal in 
pixels per mm2 in the perilesional area after PKH26-labeled MSCs were delivered intranasally in combination with i.c. PBS (n = 4;1♀, 3♂) or CXCL10 (n = 3; 
3♂). *** p < 0.001. Data is presented as mean ± SEM. i.c. = intracranial

 

Fig. 2 Murine BM-MSCs express CXCR3 and can migrate towards CXCL10 via CXCR3. (A) qPCR product of CXCR3 transcript in BV2 cells (positive ctrl) 
and MSCs. Arrow indicates representative qPCR product of 170 bp. Full-length gel is presented in Supplementary Fig. 2. (B) Western blot showing CXCR3 
protein expression in the plasma membrane of MSCs. Protein bands corresponding to CXCR3 at 40 kDa and 80 kDa in BV2 cells (positive ctrl) and MSCs, 
indicated by the arrows. Full-length blot is presented in Supplementary Fig. 2. (C) Quantification of MSC migration in a transwell migration assay. Num-
ber of MSCs (cell count/per mm2) that migrated towards the stimulus (CXCL10), with or without CXCR3 inhibitors 1μM AMG487 or 100 nM NBI-74330. 
-CXCL10/+CXCL10: n = 8 wells, +CXCL10 + inhibitors: n = 6 wells. * p < 0.05, **** p < 0.0001. bp: base pairs. Data is presented as mean ± SEM. Ctrl = control
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(comparable to bregma − 1.85 mm for adult mouse brain; 
Supplementary Fig. 1).

To assess lesion size, sections were deparaffinized 
and endogenous peroxidase was blocked with 3% H2O2 
(VWR) in methanol for 20 min. Sections were rehydrated 

and antigen retrieval was performed in 10 mM citrate 
buffer (pH 6.0) for 3 min at 95 °C. Slides were cooled on 
ice for 30 min and washed with PBS. Aspecific binding of 
the antibody was blocked with 5% Normal Horse Serum 
(NHS, 26050088, Thermofisher Scientific) in PBS for 

Fig. 4 CXCL10 enhances efficacy of delayed MSC therapy on lesion size but not on functional outcome. (A) Experimental set-up. (B) Representative ex-
amples of MAP2 staining in brains of HI animals treated i.n. with PBS or MSCs at 17 days post-HI after i.c. CXCL10 injection. Lack of MAP2 staining (white) 
shows the lesion. (C) Quantification of ipsilateral MAP2 loss, as an indication of lesion size in SHAM animals (n = 14;7♀, 7♂), HI animals treated with i.c. 
CXCL10 + i.n. PBS (n = 15; 5♀, 10♂) and HI animals treated with i.c. CXCL10 + i.n. MSCs (n = 14; 6♀, 8♂). (D) Non-impaired forepaw preference at 18 days 
after treatment (35 days post-HI) in SHAM animals (n = 14;7♀, 7♂) and HI animals treated with i.c. CXCL10 + i.n. PBS (n = 13; 5♀, 8♂) or i.c. CXCL10 + i.n. 
MSCs (n = 13; 6♀, 7♂) at 17 days post-HI. *p < 0.05; ****p < 0.0001, ns: non-significant; i.c. = intracranial; i.n. = intranasal. Data is presented as mean ± SEM

 



Page 8 of 16Hermans et al. Stem Cell Research & Therapy          (2024) 15:134 

Fig. 5 (See legend on next page.)
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30 min at 37 °C. Primary antibody incubation with mouse 
anti-Microtubule-associated protein 2 (MAP2, 1:1000, 
M4403, Merck KgA) was performed overnight in 2% 
NHS-PBS solution. The next day, slides were washed with 
PBS. Secondary biotin-conjugated horse-anti-mouse 
antibody (1:100, BA2000, Vector Laboratories, Newark, 
USA) was diluted in PBS and incubated for 45  min at 
37 °C. After incubation, sections were washed in PBS and 
incubated with vectastain ABC kit (PK-6100, Vector Lab-
oratories) for 30 min at Room Temperature (RT) followed 
by incubation in 200 mL 3,3’-diaminobenzidine (DAB) 
solution with 60μL 30% H2O2 in 0.05  M Tris-HCl (pH 
7.6, Roche, Basel, Switzerland) for 3  min. Lastly, slides 
were dehydrated in increasing ethanol dilutions and 
xylene, and embedded with DEPEX. Full-section images 
were captured with a Nikon D1 digital camera (Nikon, 
Tokyo, Japan). Area measurements of the MAP2+ area in 
ipsilateral and contralateral hemispheres were performed 
by a blinded observer using Adobe Photoshop CS6 and 
ipsilateral MAP2 loss was calculated as [1 - (ipsilateral 
MAP2+ area/ MAP2+ contralateral area) x 100%].

To assess glial scarring and mature neuron numbers, 
sections were deparaffinized, rehydrated and antigen 
retrieval was performed as described above. Non-spe-
cific binding was blocked by incubation in blocking 
buffer consisting of 2% Bovine Serum Albumin (BSA, 
A3059-100G, Merck KgA) and 0.1% Saponin (#S7900-
25G, Merck KgA) in PBS. Next, sections were incubated 
overnight at 4  °C with primary antibody against mouse-
anti-Glial fibrillary acidic protein (GFAP, 1:100, BM2287, 
Acris, Herford, Germany) and rabbit-anti-Hexaribo-
nucleotide Binding Protein-3 (NeuN, 1:500, ab177487, 
Abcam, Cambridge, MA, USA) in PBS. The next day, 
sections were washed with PBS followed by incubation 
with Alexafluor 488-conjugated anti-mouse secondary 
antibody and Alexafluor 594-conjugated anti-rabbit sec-
ondary antibody (1:500, A11012, A11001, Thermofisher 
Scientific) for 1  h at RT and counterstained with DAPI 
(1:5000) for 5 min. After washing in H2O, sections were 
embedded in FluorSave (345789, VWR). Fluorescent 
images were taken using an Axio Observer Microscope 
at 10x magnification with Zen software equipped with 
AxioCam MRm. One image was analyzed for the dor-
sal (cortical region) measurement, and two images were 
averaged for the ventral (thalamic region) measurement 
(Fig. 5A). NeuN+ cell count and GFAP+ signal per mm2 

were measured by a blinded observer using FIJI software 
v1.53.

ELISA
At 10 or 17 days post-HI, HI and sham-control litter-
mates were sacrificed by overdose pentobarbital followed 
by decapitation. Brains were quickly removed and con-
tra- and ipsilateral hemispheres were separately snap-
frozen in liquid nitrogen and stored at -80  °C until use. 
Ipsilateral hemispheres were crushed on liquid nitrogen 
and powdered brain tissue was homogenized in lysis buf-
fer containing 10 mL D-PBS and 1 Complete tablet Mini 
EDTA free (11836170001, Roche) in gentleMACS™ M 
Tubes using the OctoDissocator (Miltenyi Biotec B.V., 
Leiden, The Netherlands). Afterwards, samples were 
centrifuged for 10 min at 3220 g at 4 °C. Next, superna-
tants were sonicated on ice 2 times for 5 s with 30 s rest 
in between cycles, followed by centrifugation for 10 min 
at 4 °C at 3220 g. Supernatant was collected and protein 
level was quantified with the Bradford protein assay (500-
0006, Bio-Rad, Ede, The Netherlands) following the man-
ufacturer’s instructions with BSA as a standard for the 
reference curve. Absorbance was measured at 595  nm, 
using SKanIt™ (Thermo Fisher Scientific). CXCL10 levels 
were measured with an IP-10 (CXCL10) Mouse ELISA 
Kit (BMS6018, Merck KgA) following the manufacturer’s 
instructions.

BV2 cell culture
Mouse BV2 microglia (ATCC, Gaithersburg, USA) were 
cultured in medium containing DMEM with glucose 
and without pyruvate (11,995,081, Fisher Scientific), 10% 
FCS, 1% GlutaMax, and 1% P/S in T75 flasks and incu-
bated at 37 °C, 5% CO2, and 90% humidity and passaged 
once before use. BV2 cells were used as control cells for 
CXCR3 PCR and Western Blotting, see below.

qPCR
MSCs and BV2 microglia were cultured as described 
above. For RNA collection, two T75 flasks of cells were 
pooled per condition. Flasks were first washed with 
ice-cold D-PBS followed by addition of 3  mL of Trizol 
(15596018, Thermo Scientific) to each flask in which 
cells were collected on ice by using a cell scraper. RNA 
isolation was performed according to the manufactur-
er’s instructions. The amount of RNA per sample was 

(See figure on previous page.)
Fig. 5 Reduced perilesional glial scarring and increased neuronal numbers after late intranasal MSC treatment in CXCL10-enriched brain. (A) Experimen-
tal set-up. (B) Representative pictures of NeuN+ neurons (red) and GFAP+ astrocytes (green) in regions ventral (thalamic region) and dorsal (cortical region) 
of the lesion in animals treated with i.c CXCL10 + i.n. PBS or i.n. MSCs. Magnification 10x, scale: 100 μm. DAPI (blue) was used as a nuclear counterstain. 
(C) Quantification of perilesional GFAP+ signal per mm2 ventral to the lesion (thalamic region). (D) Quantification of perilesional GFAP+ signal per mm2 
dorsal to the lesion (cortical region). (E) Quantification of perilesional NeuN+ cell count per mm2 ventral to the lesion (thalamic region). (F) Quantifica-
tion of perilesional NeuN+ cell count per mm2 dorsal to the lesion (cortical region). SHAM: n = 14 (7♀, 7♂), HI i.c. CXCL10 + PBS: n = 15 (5♀, 10♂), HI i.c. 
CXCL10 + i.n. MSCs: n = 14 (6♀, 8♂). * p < 0.05,**p < 0.01, ***p < 0.001, ****p < 0.0001. ns = non-significant. Data is presented as mean ± SEM. i.n. = intranasal; 
i.c. = intracranial
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measured with the Nanodrop 2000 (Thermo Fisher Sci-
entific). cDNA was synthesised with the iScript reverse 
transcription supermix (1,708,841, Bio-Rad) according to 
the manufacturer’s instructions. The expression of cxcr3 
(see Table  1 for primer sequences) was measured by 
qPCR (Quantstudio 3, Thermo Fisher Scientific). cDNA 
samples were diluted 40 times in RNA-free H2O, and 
Sybr™ Select Master Mix (13266519, Thermo Fisher Sci-
entific) was used. q-PCR products were electrophoresed 
on 2% agarose gel (11388991001, Merck KGaA), which 
were stained with 35 mg of Orange G (V000846, Merck 
KGaA) in 30% glycerol (G5516 Merck KGaA) in ddH2O 
(B230531, Fresenius Kabi AG, Bad Homburg, Germany) 
and imaged with an Amersham IQ800 Imager (Proxima 
2750, Cytiva Life Sciences, Medimblik, The Netherlands).

Western blotting
MSCs and BV2 microglia were cultured as described 
above. Three T75 flasks of cells were pooled to isolate 
cytosolic and plasma membrane protein fractions for 
western blot analysis. Flasks were washed with ice-cold 
dPBS and cells were harvested on ice with a cell scraper 
in cell fraction lysis buffer, containing 20mM Tris-HCl, 
2mM EDTA (pH 8, 798681-1KG, Merck KGaA), 1 tab-
let Complete tablets Mini EDTA-free and the phospha-
tase inhibitors NaF (5mM) and Na3VO4 (1mM). Cell 
lysate was collected, sonicated for 5  s on ice, and spun 
down at 2200 RPM for 5  min at 4  °C. Supernatant was 
spun down further at 32.000 RPM in an ultracentrifuge 
(OPTIMA TLX 9702, CTX97H02, Beckman, Brea, USA) 
for 20 min at 4  °C. Supernatant was stored as the cyto-
sol fraction at -20 °C. 50–100μL of pellet lysis buffer was 
added to the pellet depending on the pellet size, which 
contained 20mM Tris-HCl (pH 7.5), 2mM EDTA (pH 
8), 1% TritonX100 (1.086.031.000, VWR), Mini EDTA 
free tablets, and the phosphatase inhibitors as described 
above. Pellets were resolved by sonicating three times 
for 5  s on ice and stored as plasma membrane fraction 
at -20 °C until further use. Protein levels were quantified 
with the Bradford protein assay as described above. 15 μg 
of protein was loaded for each sample onto a 4–20% Cri-
terion™ TGX™ precast gel (12 + 2 well, 45μL, 5671093, 
Bio-Rad). Protein samples were separated by SDS-PAGE 
and transferred to nitrocellulose membrane (1620168, 
Bio-Rad). The membrane was washed for 5  min with 
tris-buffered saline (washing buffer) containing 0.1% 
Tween (VWR) in demi water. Next, the membrane was 
blocked for 1  h in washing buffer with 5% BSA. After 
blocking the membrane was incubated overnight with 
1:1000 rabbit-anti-CXCR3 (ab71864, Abcam) or 1:10.000 

mouse-anti-beta-actin (A5316, Merck KGaA) in washing 
buffer with 5% BSA. Next day, the blot was washed three 
times with washing buffer and incubated with 1:5000 sec-
ondary antibody HRP-linked-anti-rabbit IgG (NA934V, 
GE healthcare, Chicago, Illinois) or HRP-linked-anti-
mouse IgG (NA931V, GE Healthcare) for 1  h at RT. 
Imaging was performed using ECL (RPN2106, Fisher Sci-
entific) according to manufacturer’s instructions, on an 
Amersham IQ800 Imager (Cytiva Life Sciences).

Transwell migration assay
Migration of MSCs towards CXCL10 was assessed in 
vitro via a transwell migration assay. 2.5 × 104 MSCs were 
resuspended in 100 μL serum-free medium (31331093, 
Merck KGaA) and loaded in the upper part of transwell 
membrane inserts (8  μm pore size, CLS3422, Merck 
KGaA) in a 24-wells plate (Corning). In the well, 600 
μL DMEM-F12 was added, which contained 0.1% FCS 
in all conditions. The negative control wells contained 
0.1% Dimethyl sulfoxide (DMSO, 4720.4, Brunschwig, 
Amsterdam, The Netherlands) and 0.017% BSA, and the 
positive control wells contained 100 ng/mL CXCL10 in 
0.017%BSA. MSCs were pre-exposed to CXCR3-inhib-
itors AMG487 (1μM, HY-15319, MedChemExpress, 
Solentuna, Sweden) or NBI-74,330 (100nM, HY-15320, 
MedChemExpress) diluted in 0.1% DMSO for 45  min 
before adding the MSCs to the transwell insert. Addi-
tionally, similar concentrations of the inhibitors were 
added to the wells. MSCs were allowed to migrate for 
6 h in the incubator before fixation with ice-cold meth-
anol (PROL20903.368, VWR) in a 24-wells plate. All 
non-migrated cells were removed with a cotton tip from 
the upper side of the membrane. Migrated MSCs at the 
bottom of the membrane were stained by adding 1:5000 
DAPI in dH2O to the wells for 5 min at RT. Membranes 
were detached from the insert, and mounted cell side up 
on Superfrost Plus slides (6310108, VWR) with one drop 
of Fluorsave reagent and covered with high precision cov-
erslips 24 × 50  mm #1,5  H (630–2187, VWR). Four pic-
tures at distinct set locations were taken per membrane 
with 20x magnification on an Axio Observer Microscope 
equipped with AxioCam MRm and Zen software. DAPI-
positive cells were counted in FIJI 1.53 by using the Par-
ticle Analyse plugin.

Statistical analysis
Statistics were performed with GraphPad Prism 8.3 
(Graphpad Software, Boston, MA, USA). Outliers were 
identified using the ROUT method (Q = 1%). Data was 
checked for normal (Gaussian) distribution with the Sha-
piro-Wilk normality test. Data was statistically analysed 
by unpaired t-test (in case of two groups) or one-way 
ANOVA (in case of three or more groups) and by Holm-
Sidak post-hoc comparisons. Differences of p < 0.05 were 

Table 1 Primers used for qPCR (Merck KGaA)
Name Sequence forward (5’ --> 3’) Sequence reverse (3‘--> 5’)
cxcr3  T C A G C C A A C T A C G A T C A G C G  C C T C T G G A G A C C A G C A G A A C
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deemed statistically significant. Experimental unit was 
either animal or cell culture well.

Results
Intranasal MSC therapy is not effective in repairing the 
lesion when administered at 17-days post-HI
In a previous study we showed that intranasal MSC 
treatment at day 3 and 10 after HI in neonatal mice was 
effective in reducing lesion size and improving motor 
impairment but that MSC treatment lost its efficacy 
when given at day 17 [10]. Here we confirm that intra-
nasal MSC therapy given at 17 days post-HI (Fig. 1A) did 
not result in a beneficial effect on lesion size. HI animals 
showed around 30% grey matter damage in the ipsilat-
eral hemisphere as assessed by loss of MAP2 staining 
(p < 0.0001 compared to sham-controls). MSC therapy 
at day 17 post-HI did not reduce MAP2 loss (p = 0.8736, 
Fig. 1B-C) indicating that this timing of MSC treatment 
is outside the therapeutic window.

MSC migration into the brain after intranasal delivery is 
more efficient at day 10 than at day 17 post-HI
To assess why MSC therapy is not effective when started 
at 17 days post-HI [10], MSC migration into the brain 
was determined at day 10 or day 17 post-HI. Our previ-
ous study qualitatively indicated reduced migration of 
MSCs at later timepoints post-HI [10]. Here we quanti-
fied migration of PKH26-labeled MSCs after intrana-
sal delivery at day 10 or day 17 post-HI by tracing the 
PKH26+ signal around the lesion site at 24 h after admin-
istration (Fig. 1D). A substantial amount of PKH26-signal 
was detected around the lesion in animals treated at 10 
days post-HI (Fig. 1E-F). In animals treated at 17 days the 
PKH26+ signal was strongly reduced when compared to 
10 days post-HI (p = 0.006, Fig. 1E-F). These data indicate 
that the loss of efficacy of MSC therapy at later time-
points post-HI might be caused by fewer MSCs reaching 
the brain after intranasal delivery.

Cerebral CXCL10 protein levels are lower at day 17 
compared to 10 days post-HI
In our previous work we showed, using a PCR array, that 
various chemotactic factors were differentially expressed 
in the HI brain lesion milieu at day 10 compared to day 
17 post-insult [9]. Since MSC migration is dependent 
on chemotactic factors, the potential role of one of the 
identified chemokines, CXCL10, in the migration of 
MSCs was assessed (Fig. 1G). Compared to sham-control 
brains, a significant increase in CXCL10 protein levels 
was observed in the ipsilateral hemisphere of HI brains 
at 10 days post-insult (p < 0.0001). At day 17 post-HI, ipsi-
lateral CXCL10 levels were significantly reduced com-
pared to day 10 post-HI (p = 0.0008, Fig. 1H).

CXCL10 induces MSC migration via the CXCR3 receptor
To investigate the effect of CXCL10 on MSC migration 
we performed an in vitro transwell migration assay. First, 
mRNA expression of the receptor for CXCL10, i.e. cxcr3, 
on murine BM-MSCs was confirmed by qPCR. Both 
the positive control sample of a BV2 cell line and MSCs 
showed qPCR products as expected around 170 base-
pairs (Fig.  2A). Additionally, we confirmed that MSCs 
express CXCR3 on the plasma membrane by using West-
ern Blotting: positive bands at 40 kDa and 80 kDa were 
observed, indicating that MSCs indeed express CXCR3 
under basal conditions (Fig.  2B). The same kDa bands 
were found in the positive control BV2 sample which 
shows CXCR3 expression at a high basal level compared 
to MSCs. Next, we performed an in vitro transwell exper-
iment to study MSC migration towards CXCL10. With-
out CXCL10 in the lower compartment, MSCs showed 
limited migration across the membrane of the transwell 
insert (Fig.  2C). After dose-response optimization (data 
not shown), addition of the optimal concentration of 100 
ng/mL CXCL10 to the lower compartment significantly 
increased MSC migration compared to the negative con-
trol (p < 0.0001, Fig.  2C). To confirm that MSC migra-
tion towards CXCL10 was mediated by CXCR3, MSCs 
were preincubated with CXCR3 inhibitors AMG487 or 
NBI-74330, resulting in significantly less MSC migration 
towards CXCL10 (p = 0.0430 AMG487, p = 0.0110 NBI-
74330, Fig.  2C). In presence of the CXCR3 inhibitors, 
MSC migration was not significantly different from the 
negative control without CXCL10 (Fig.  2C). These data 
indicate that the CXCR3 receptor on MSCs regulates 
migration towards CXCL10.

CXCL10 enhances MSC migration towards the HI-injured 
brain
To prove that CXCL10 is a major chemoattractant for 
MSCs towards the HI lesion after intranasal delivery, 
CXCL10 was intracranially injected in the lesion at 17 
days post-HI (Fig. 3A), i.e., the timepoint at which MSC 
migration was strongly reduced (Fig.  1E/F). Within 6  h 
after CXCL10 injection, PKH26+ MSCs were adminis-
tered intranasally and 24 h later brains were collected to 
quantify PKH26+ signal in the brain parenchyma around 
the lesion (Fig.  3A). Significantly more PKH26+ sig-
nal was detected around the HI lesion after intracranial 
CXCL10 injection compared to PBS injection (p = 0.0008, 
Fig. 3B-C). These results show the crucial role of elevated 
CXCL10 levels in the lesion for regulating MSC migra-
tion towards the HI-injured brain.

CXCL10 restores therapeutic efficacy of late intranasal MSC 
treatment on anatomical but not functional level
Since increased CXCL10 levels in the lesion at day 17 
post-HI reinforces MSC migration (Fig.  3B-C), we next 
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assessed whether intracranial CXCL10 injection can also 
restore the treatment efficacy of delayed MSC therapy 
with the lowest effective dose [10]. To this end, intrana-
sal MSCs or PBS were administered following intracra-
nial CXCL10 injection at day 17 post-HI and the effect of 
MSC treatment on lesion size and motor impairment was 
assessed 18 days later (Fig. 4A). HI animals that received 
intracranial CXCL10 without MSC treatment (i.e., i.c. 
CXCL10 + i.n. PBS) showed 33% ipsilateral MAP2 loss 
(p < 0.0001 compared to SHAM-operated controls, 
Fig.  4B-C). Intranasal MSC therapy following intracra-
nial CXCL10 injection significantly reduced ipsilateral 
grey matter damage to 20% (p = 0.0229 comparison to 
i.c. CXCL10 + i.n. PBS group, Fig. 4B-C). These data indi-
cate that the CXCL10-enriched brain milieu can rein-
force repair of the HI lesion by intranasal MSC therapy 
at late timepoints after HI (Fig. 1B-C). However, although 
ipsilateral grey matter damage was reduced, intranasal 
MSC treatment at 17 days post-HI did not reduce motor 
impairment in CXCL10-enriched HI animals (P = 0.6783 
compared to i.c. CXCL10 + i.n. PBS animals; Fig. 4D).

CXCL10 restores regenerative efficacy of late MSC 
treatment by reducing glial scarring and increasing 
neuronal numbers around the lesion
To further examine the anatomical improvements of the 
CXCL10-enriched lesion after intranasal MSC treatment 
at day 17 post-HI, we assessed glial scar formation and 
defined the number of neurons around the lesion [8] 
(Fig. 5A). GFAP+ signal and the number of NeuN+ neu-
rons were quantified in two ventral thalamic regions and 
one dorsal cortical region around the lesion as indicated 
in Fig.  5A. GFAP+ glial scarring was present in brains 
of CXCL10-enriched HIE animals that received intra-
nasal PBS treatment (thalamus: p < 0.0001 (C); cortex: 
p < 0.001 (D), Fig. 5B-D). Intranasal MSC treatment sig-
nificantly reduced GFAP+ signal in both regions (thala-
mus: p = 0.0004 (C), cortex: p = 0.0068 (D) versus i.c. 
CXCL10 + i.n. PBS; Fig.  5B-D). Specifically in the tha-
lamic region, less NeuN+ neurons were present around 
the lesion in brains of CXCL10-enriched HIE animals 
that received intranasal PBS treatment compared to 
SHAM animals (p = 0.0394, Fig.  5B, E). Intranasal MSC 
treatment significantly increased the number of NeuN+ 
neurons in the thalamic perilesional area (p = 0.0260 com-
pared to i.c. CXCL10 + i.n. PBS, Fig. 5B, E). NeuN+ num-
bers were not affected by HI or treatment in the cortical 
region (p = 0.4776, Fig.  5B, F). These data together indi-
cate that enhancing perilesional CXCL10 levels enables 
intranasally applied MSCs to reduce the glial scar and to 
increase neuron numbers in the perilesional (mostly tha-
lamic) regions.

Discussion
In this study we investigated the role of CXCL10 in the 
migration of MSCs towards the neonatal HI injured brain 
after intranasal delivery in mice. Our findings show that 
HI-induced ipsilateral CXCL10 levels in the brain were 
strongly reduced at day 17 compared to day 10 post-HI. 
These results are consistent with other studies on neo-
natal HI brain injury indicating an increase in CXCL10 
following the HI insult and a subsequent decrease over 
time [21, 29]. CXCL10 is one player in a tightly regu-
lated network of chemokines expressed after HI injury. 
Chemokines, such as C-X-C motif chemokine Ligand 12 
(CXCL12), Chemokine C-C motif Ligand 4 (CCL4) or 
Chemokine C-C motif Ligand 5 (CCL5), exhibit similar 
patterns as CXCL10, being upregulated up to 10 days 
post-HI injury, suggesting a potential role for these che-
mokines in guiding MSCs towards the injury site after 
intranasal application [9, 30, 31]. In this study, we focused 
on CXCL10 since the expression of this chemokine was 
strongly reduced between day 10 and day 17 post-HI, 
corresponding with the time frame in which intranasal 
MSC treatment lost its efficacy [9]. The involvement of 
other chemokines in MSC migration could be the focus 
of future studies.

As outlined in this study, reduced cerebral CXCL10 
levels coincided with a decrease in MSC migration to the 
HI lesion when MSCs were administered at 17 days post-
HI. Notably, injecting CXCL10 perilesional before intra-
nasal MSCs administration at day 17 post-HI, partially 
rescued MSC migration to the ipsilateral hemisphere, 
suggesting that CXCL10 plays a crucial role in guiding 
MSCs towards the HI lesion in vivo. However, strategies 
to enhance CXCL10 levels in the brain to widen the ther-
apeutic window for intranasal MSC therapy do not seem 
ideal for clinical application, as elevated levels of perile-
sional CXCL10 might worsen brain injury by increas-
ing immune cell influx and hyperexcitability, potentially 
tweaking MSCs’ mode of action and by reducing sprout-
ing of neurons [22, 32–37]. Our findings do imply the 
potential option to use CXCL10 as a biomarker to pre-
dict intranasal MSC migratory efficacy in a personalized 
manner rather than relying on a general estimation of the 
therapeutic window of intranasal MSC therapy. Elevated 
CXCL10 levels have been found in the cerebrospinal fluid 
of patients with neonatal post-hemorrhagic hydrocepha-
lus and in serum of neonatal and adult patients with peri-
natal asphyxia and intracerebral hemorrhage respectively 
[38–40]. However, it is unclear whether CXCL10 levels 
in serum or cerebrospinal fluid correlate one-to-one to 
CXCL10 levels in the brain of patients [40]. Therefore, 
further research should focus on the predictive value of 
serum or cerebrospinal fluid CXCL10 levels as possible 
biomarkers to determine the treatment efficacy of MSC 
therapy.
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Our study is the first to demonstrate increased migra-
tion of intranasally applied MSCs towards CXCL10 in 
vivo in a neonatal HI mouse model, which aligns with 
previous in vitro data showing that human BM-MSCs 
can migrate towards CXCL10 [25, 26, 41]. In our in vitro 
study, we demonstrate that murine BM-MSCs express the 
CXCR3 receptor under basal conditions and that inhibi-
tion of the CXCR3 receptor inhibits migration towards 
CXCL10, showing the involvement of the CXCR3 recep-
tor in CXCL10-guided migration. Moreover, earlier find-
ings of Donega et al. show that human BM-MSCs can 
respond to the HI brain environment at 10 days post-HI 
by increasing CXCR3 receptor expression [9], indicating 
that when MSCs reach the brain they could be optimally 
guided towards the lesion by upregulating CXCR3 recep-
tors. Therefore, enhancing the expression of the CXCR3 
receptor on MSCs may be a strategy to optimize MSC 
migration towards the naturally expressed CXCL10 in 
the HI lesion. CXCL10 is an Interferon-Gamma (IFN-γ)-
inducible protein, and the expression of CXCL10/CXCR3 
in MSCs can be enhanced through exposure to IFN-γ [41, 
42]. IFN-γ preconditioning of MSCs prior to application 
has shown promise in animal models of periventricular 
leukomalacia and experimental autoimmune encephalo-
myelitis [43, 44] suggesting it might be a good approach 
to enhance migratory capacity and efficacy of MSC ther-
apy in situations when CXCL10 levels are declining in the 
brain. Importantly, CXCL9 and CXCL11 are also IFN-
γ-inducible chemokines that interact with the CXCR3 
receptor and can potentially influence CXCR3-guided 
MSC migration towards the HI lesion [42]. Therefore, 
more research is needed, not only to further examine 
the mechanisms behind CXCR3-mediated MSC migra-
tion and CXCL10 expression in the HI brain, but also 
to explore the potential roles of CXCL9 and CXCL11 
on MSC migration. Furthermore, whether enhancing 
CXCR3 expression on MSCs from other sources, like 
adipose tissue or umbilical cord tissue, would have simi-
lar beneficial effects on migratory capacity would be an 
interesting topic for future research, as specific chemo-
kine receptor expression levels might differ per MSC 
source [45–47].

In this study PKH26 labelling was used to trace MSCs 
in the HI-injured brain. While higher PKH26+ signal indi-
cates a higher number of MSCs reaching the brain [48], a 
limitation of this method is that PKH26 signal does not 
distinguish between live MSCs, MSC-derived exosomes 
and MSC components engulfed by other cells [48, 49]. 
The indication of PKH26 + signal around the HI lesion 
indicates that at least part of the labeled MSCs or MSC-
derived exosomes reached the brain after 24 h. Intrana-
sal delivery of MSCs in neonatal brain injury models has 
been confirmed using other tracing techniques including 
MPIO-labeling with MR imaging and gold nanoparticle 

labeling with mass spectrometry [8, 50]. Nevertheless, in 
our study, not only PKH26+ signal is increased after i.c. 
CXCL10 injection at 17 days post-HI, but MSCs are still 
capable of inducing repair of the HI lesion when admin-
istered in a CXCL10-enriched milieu. Our data therefore 
indicate that live MSCs or MSC-derived exosomes have 
exerted their effects, at least for a period long enough to 
boost repair.

Our study shows that MSCs can activate neurore-
pair even at a relative late timepoint of 17 days post-HI. 
This is in alignment with other studies using models for 
neonatal HI that demonstrate activation of neurogenic 
niches (assessed as an enlargement of the subventricular 
zone and increased cell proliferation) up to postnatal day 
31 [51, 52]. In addition, proliferating immature double-
cortin+ cells have been observed around the lesion site 
until 2 months after HI injury [52, 53]. However, at late 
timepoints (P31/ 5-weeks) post-HI, almost no new adult 
neurons survived, indicating that newly born neurons 
may die soon due to a lack of trophic support in the HI 
micro-environment and because of hindrance of repair 
by the established glial scar that impedes new axonal out-
growth and network repair [52, 53]. MSCs, especially at 
later timepoints, might provide this trophic support and 
reduce glial scarring [8]. In this study, we found increased 
numbers of NeuN+ cells and a reduction of the GFAP+ 
glial scar around the lesion after i.c. CXCL10 injection 
followed by MSCs administration at day 17 post-HI. 
Other studies have shown that MSC or MSC-extracel-
lular vesicle administration effectively reduces astro-
cytic activation when administered after the acute phase, 
potentially via the secretome or cargo [8, 54]. Since the 
glial scar is already formed prior to day 17 after HI [8], we 
show here that the glial scar can still be actively reversed 
by delayed MSC treatment possibly by the MSCs’ secre-
tome tweaking the HI micro-environment. Specifically, 
MSC-derived Interleukin-6 (IL-6) has been shown to 
reduce reactive astrocyte proliferation after HI injury in 
rats [55]. It is likely that MSCs secrete a plethora of mod-
ulatory factors, including IL-6, which actively contribute 
to the resolution of existing glial scarring. Nevertheless, 
there may be limits to further extending the therapeu-
tic window for intranasal MSC therapy, attributable to a 
potential point of no-return in glial scar formation, the 
inherent decline in brain plasticity and the reduction in 
the brain’s endogenous regenerative capacity [56–58]. 
More research is needed to determine the limits to which 
the therapeutic window of MSC therapy can be extended 
after neonatal HI injury.

In contrast to the beneficial effect of delayed MSC treat-
ment on lesion size, we did not find significant functional 
recovery after MSC administration combined with intra-
cranial CXCL10 at day 17 post-HI. MSC treatment at 10 
days post-HI has been shown to enhance the connectivity 
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between the impaired forepaw and the ipsilesional motor 
cortex after HI, which is related to improved sensorimo-
tor function [59]. Delayed administration of MSCs might 
be too late to alter this connectivity in the corticospinal 
tract. Moreover, CXCL10 injection late after injury might 
lead to a flare up of inflammation in the lesion microenvi-
ronment and possible influx of immune cells [22, 32–37], 
to which arriving MSCs likely respond by adapting their 
secretome [50, 60]. Consequently, MSCs in the CXCL10-
enriched micro-environment might exert an increased 
immunomodulatory function that can indirectly support 
repair, but which might not perfectly match the tempo-
ral regenerative and trophic need of the damaged brain 
areas and tracts to significantly restore functional out-
come after late MSC treatment. Additionally, CXCL10 
enrichment does not completely rescue MSC migration 
towards the HI lesion, which could also hamper the effect 
on functional repair. Therefore, a higher dosage of MSCs 
might be required at delayed treatment timepoints to 
improve functional repair. Interestingly, we did observe a 
high variability in the effect on motor performance after 
i.c. CXCL10 + i.n. MSC treatment indicating that delayed 
MSC therapy might induce sensorimotor improvement 
in at least part of the animals. Therefore, comprehensive 
testing in other functional domains could be interest-
ing to elucidate if the combination of CXCL10 and late 
MSC treatment could induce functional repair in specific 
behavioral domains.

In conclusion, our study demonstrates that CXCL10 is a 
crucial chemokine for MSC migration towards the HI brain. 
Increased levels of CXCL10 drive effective MSC delivery 
and repair of the HI lesion beyond the therapeutic window 
of 10 days post-HI. Harnessing CXCR3-guided migration 
of MSCs offers possibilities to enhance the efficacy of MSC 
therapy to treat neonates with HI brain injury in the future.
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