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“The only real voyage of discovery consists not in seeking new landscapes but in 
having new eyes.”

Marcel Proust

“To know the brain…. is equivalent to ascertaining the material course of thought 
and will, to discovering the intimate history of life in its perpetual duel with 
external forces.”

Ramon y Cajal (from Recollections of my life, 1937)
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10 | Chapter 1

General Introduction

This chapter gives a general introduction to the topic of this thesis, i.e. mesenchymal 
stem cells (MSCs) as a treatment strategy for neonatal hypoxic-ischemic (HI) brain 
damage. First, a concise overview will be given of the causes and mechanisms 
underlying HI brain damage. Finally, we will briefly review the current state of 
therapeutic strategies and discuss the potential of MSC administration as a treatment 
option for neonatal HI by boosting endogenous regenerative processes.

Definition and pathophysiology of HI brain damage in neonates
Neonatal encephalopathy due to perinatal HI leads to extensive neuronal loss and 
glial scar formation  in the brain resulting in long-term neurological deficits such 
as cerebral palsy and mental retardation. Moreover, HI remains a major cause of 
perinatal death in newborn babies. HI has an incidence of 1 to 6 per 1000 live-born 
neonates worldwide and may occur during pregnancy, intrapartum or postpartum 
due to e.g. severe respiratory distress and cardiac failure of the newborn baby. There 
are several known risk factors for HI such as maternal diabetes, pregnancy induced 
hypertension or placental insufficiency. The extent of the brain lesion depends not 
only on the duration of the HI insult, but also on the maturity of the brain, as most 
cases of severe white matter injuries occur in preterm babies, while in term neonates 
the gray matter is mostly affected1-5.

HI results from reduced blood perfusion and oxygenation of the neonatal brain 
for a certain period of time. The decrease in oxygen and glucose results in low 
intracellular ATP levels, which increases membrane depolarization and impairs ATP-
dependent glutamate reuptake from the synaptic cleft. These events lead to glutamate 
excitotoxicity, which plays a major role in neuronal and oligodendroglial cell death. 
The increase in intracellular Ca2+ activates several enzymes such as phospholipases, 
proteases and nucleases resulting in e.g. membrane and DNA degradation, and free 
radical production. Free radicals (e.g. superoxide and nitric oxide (NO)) are very 
reactive molecules that damage the cellular membranes, proteins and DNA, resulting 
in cell death. This cascade of detrimental events will also trigger an inflammatory 
response, which culminates in more cell death and may ultimately lead to tissue loss 
and cyst formation.
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General Introduction | 11

Glial cells and their role in HI brain injury
The degree of neuroinflammation after HI depends on the severity of the insult. A 
few hours following HI, increased levels of e.g. CXCL10, ATP and glutamate released 
by injured neurons activate microglial cells (resident macrophages of the brain)9, 
which are the first cells that migrate to the injury site followed by immune cells from 
the periphery (e.g. neutrophils and macrophages). Microglia migrate with a speed 
of 1.5µm/min, which makes them the fastest moving cells in the brain10. Microglia 
make up a heterogeneous cell population that can either be pro-inflammatory (M1) 
or anti-inflammatory and pro-repair (M2a/b)11,12. They express several receptors to 
sense changes in the brain environment. Once activated, microglia lose their ramified 
star shape by retracting their processes and developing an amoeboid phenotype. 
Subsequently, they produce pro-inflammatory cytokines such as TNF-α, IL-1β and free 
radicals, and phagocytize cell debris and dying cells, thereby further exacerbating 
neural damage and promoting astrogliosis9,11-13.

Astrocytes, like microglia, are a very heterogeneous glial cell population that 
respond to a plethora of signaling molecules from the environment by expressing 
a vast array of receptors. Following HI, astrocytes proliferate and migrate to the 
lesion border in response to chemokines (e.g. CXCL10 and CCL2)14-16 secreted by 
microglia and immune cells. Pro-inflammatory proteins (e.g. IFN-γ, TNF-α and IL-1β) 
and factors such as damage signaling molecules, also known as danger-associated 
molecular patterns (DAMPs), activate the astrocytes15. Upon activation, astrocytes 
become hypertrophic and show increased expression of the intermediate filament 
proteins glial fibrillary acid protein (GFAP) and vimentin15-17. This process, known as 
astrogliosis, results in a scar that demarcates the lesion area. The scar consists mainly 
of reactive astrocytes, activated microglia and proteoglycans15,16. In the uninjured 
brain, processes of individual astrocytes do not overlap. However, following HI the 
processes of reactive astrocytes interdigitate in a heterogeneous fashion that depends 
on the injury extent. In the most severe cases, the processes from reactive astrocytes 
substantially intertwine and intermingle at the lesion border18.

In the early phase after injury, the resulting scar tissue acts as a dense physical 
barrier to prevent inflammatory molecules from spreading through healthy brain 
tissue and further aggravating the lesion. However, in the long-term, astrogliosis 
is extremely detrimental to neurogenesis and axon regeneration, due to the 
production of factors such as chondroitin sulphate proteoglycan (CSPG) and keratin 

Donega.indd   11 17-7-2014   9:51:41



12 | Chapter 1

sulphate proteoglycan (KSPG), which induce growth cone arrest and collapse18. 
This is aggravated by the fact that the glial scar does not resolve even after the pro-
inflammatory cues have decreased, thereby leading to impaired axon regeneration 
and neurogenesis15.

Therapeutic strategies
Currently, hypothermia (cooling of the head or whole body by 2-4 oC) is the only clinically 
available therapeutic option, which must be applied within the first 6 hours following 
the insult. Moreover, it is only effective in babies born at term19-21. Hence, there is a 
growing number of studies investigating new treatment options.  One line of research 
focusses on developing neuroprotective strategies to prevent neuronal cell death 
by for instance inhibiting apoptosis or inflammation22-25. However, these strategies 
have a short therapeutic window and have to be applied within a few hours after the 
insult. Previous studies of our group showed that inhibition of NF-ΚB activity by the 
compound TAT-NBD reduces the brain lesion by more than 80%. We showed that NF-
ΚB inhibition prevented caspase 3 activation and thereby also apoptosis22. A different 
approach, with a longer therapeutic window, is geared at repairing the damaged brain 
tissue. Indeed, a few studies on intracranial or intravenous transplantation of neural 
stem cell (NSCs) following neonatal HI, show that NSCs decrease lesion size and improve 
motor behavior26-29. NSCs differentiate into neuronal cells and there is increased 
axonal sprouting towards the damaged cortex29. Besides NSCs administration, work 
by our group and others has demonstrated the positive effects of intracranial and 
intracarotid transplantation of MSCs on lesion volume and motor behavior after HI30-

34. Furthermore, MSCs enhanced axonal sprouting towards the damaged hemisphere 
and induced gene expression of several anti-inflammatory proteins and neurotrophic 
factors32,33. Previous work from our group also demonstrated that intranasal MSC 
application, a non-invasive administration route, can be as effective as intracranial 
transplantation after neonatal HI35. Thus, intranasal MSC application may hold the 
potential to become an effective treatment option.

MSCs: Definition
MSCs are multipotent stem cells found in different tissues such as, bone marrow, 
adipose tissue, Wharton’s Jelly and umbilical cord blood. These cells can differentiate 
into adipocytes, chondrocytes and osteoblasts and express the stem cell markers 
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CD73, CD90 and CD10536,37. They are known to secrete several proteins ranging from 
immunomodulatory (e.g. IL-10, IFN-γ and TGFβ) to neurotrophic factors (e.g. VEGF, 
FGF-2, BDNF and NGF). Furthermore, MSCs are hardly immunogenic as they do not 
express MHC class II or co-stimulatory proteins (e.g. CD86, CD80 and CD40)36-39. Hence, 
over 300 clinical trials worldwide (www.clinicaltrials.gov) are currently investigating 
the efficacy and safety of MSCs as a therapeutic option for several diseases ranging 
from graft-versus-host disease to cardiovascular disease 40.

Conclusion
There is an urgent need for additional therapeutic options for neonatal HI injury 
that have a long therapeutic window. In this thesis, the therapeutic potential of non-
invasive intranasal MSC administration is addressed. To this end, HI was induced in 
9 days old (P9) C57BL/6 mouse pups, which is an animal model that reflects perinatal 
events in the near-term human baby (32-34 weeks of gestation). We have studied 
not only clinically relevant aspects, such as dosage and long-term effects, but also 
fundamental questions such as how MSCs mediate the significant improvement on 
lesion volume and functional outcome.

Thesis outline
In chapter 2, the concept of neurogenesis will be introduced and we discuss the 
capacity of the neonatal brain to regenerate following a HI insult.

Chapter 3 focuses on the fine-tuning of intranasal MSC treatment after HI by 
investigating the optimal MSC dose, the therapeutic window and whether repeated 
MSC administration further improves the outcome on HI brain injury. Furthermore, 
we determine whether intranasal MSC treatment improves cognitive behavior, as this 
may have important implications for the clinic.

In chapter 4, the kinetics of MSC migration to the HI lesion site are determined 
by both fluorescence microscopy and MRI. We go further into the mechanisms 
underlying the remarkable effect that intranasal MSC administration has on neonatal 
HI brain injury.

Chapter 5 focuses on the effect of human MSCs on motor behavior, lesion volume 
and scar formation following HI brain damage in neonatal mice. Two in vitro methods 
for assessing quality of human MSCs before in vivo administration are investigated.
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In chapter 6, we investigate whether intranasal MSC treatment has any side 
effects on the mouse brain in the long-term. Furthermore, the long-term effects of 
intranasal MSC administration on motor and cognitive behavior and lesion volume 
are described.
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Abstract

Neurogenesis continues to proliferate throughout adulthood. The neurogenic capacity 
of the brain increases following injury by e.g. hypoxia-ischemia. However, it is well-
known that in many cases brain damage does not resolve spontaneously, indicating 
that the endogenous regenerative capacity of the brain is insufficient. Neonatal 
encephalopathy leads to high mortality rates and long-term neurological deficits 
in babies worldwide. Therefore, there is an urgent need to develop more efficient 
therapeutic strategies. The latest findings indicate that stem cells represent a novel 
therapeutic possibility to improve outcome in models of neonatal encephalopathy. 
Transplanted stem cells secrete factors that stimulate and maintain neurogenesis, 
thereby increasing cell proliferation, neuronal differentiation and functional 
integration.

Understanding the molecular and cellular mechanisms underlying neurogenesis 
after an insult is crucial for developing tools to enhance the neurogenic capacity of 
the brain. The aim of this review is to discuss the endogenous capacity of the neonatal 
brain to regenerate following a cerebral ischemic insult. We present an overview of the 
molecular and cellular mechanisms underlying endogenous regenerative processes 
during development as well as after a cerebral ischemic insult. Furthermore, we 
will consider the potential to employ stem cell transplantation as a mean to boost 
endogenous neurogenesis and restore brain function.
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1. Introduction

The intriguing discovery of proliferating cells in the mature rat brain by Altman and 
Das in the mid-60s was met with great scepticism by the scientific community1,2. 
However, the development of proliferation markers such as, [3H]-thymidine or 
5-bromo-2’-deoxy-uridine (BrdU) during the last decades confirmed the discovery 
of the existence of proliferating cells in the mature mammalian brain. These studies 
have indisputably established that neural stem cells (NSCs) from the subgranular zone 
(SGZ) of the dentate gyrus of the hippocampus and the subventricular zone (SVZ) 
of the lateral ventricles continue to proliferate under normal conditions throughout 
mammalian adulthood3-5 (see review by Gould E et al., 2007). Evidence from studies 
in rodents suggests that every month around 6% of proliferating cells in the dentate 
gyrus is functionally integrated into the hippocampus7. However, aging decreases 
neurogenesis in the mammalian brain due to an increase in negative regulators of 
neurogenesis8-11. For instance, Wnt production was shown to decline with aging, 
which in turn decreases neural stem cell proliferation11.

One might suppose that cerebral damage would lead to a molecular and cellular 
imbalance in the neurovascular niche favouring negative regulators and thus impair 
endogenous neurogenesis. However, studies in rodents provide accumulating evidence 
that the neurogenic capacity is preserved or even increases after injurious events such 
as seizures12, stroke13 or hypoxia-ischemia (HI)14. This intriguing discovery prompted 
a wave of studies addressing not only the more fundamental aspects of neurogenesis, 
but also its possible role in the development and treatment of several neurological 
disorders, such as epilepsy12, Parkinson’s15 and Alzheimer’s disease16. In this review, 
we will focus on the endogenous capacity of the neonatal brain to regenerate following 
a cerebral ischemic insult.

Currently, a growing number of studies focus on the development of strategies to 
protect and regenerate the ischemic injured neonatal brain. Neonatal encephalopathy 
due to perinatal cerebral ischemia remains a significant cause of neonatal mortality 
and leads to neurological deficits, such as cerebral palsy, mental retardation and 
seizures17-20. At present, the only available therapy is hypothermia, which is only 
effective in babies born at term with mild to moderate brain damage21-22. Moreover, 
hypothermia has a short therapeutic window as it has to be applied within 6 hours 
after the ischemic event23. Hence, there is an urgent need to unravel the mechanisms 
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underlying neurogenesis in the immature brain to assist development of alternative 
therapeutic interventions that induce and/or support endogenous neurogenesis.

Several studies by our group and others have shown that pharmacological 
intervention aimed at preventing neuronal cell death or neuroinflammation can 
provide efficient neuroprotection when administered within the first 24h after 
hypoxic-ischemic neonatal brain damage in experimental animal models 24-31. 
Additionally, there are a number of compounds that have a longer therapeutic 
window presumably because they promote neuronal migration, neurogenesis and 
oligodendrogenesis32,33. We propose that an additional strategy with a potentially 
longer therapeutic time window is represented by stem cell therapy, to regenerate the  
damaged brain areas. Recent work by our group and others support the concept that 
stem cell transplantation may have therapeutic potential with a relatively long time 
window and can help repair the damaged brain34-39.

In this review, we will first give an overview of developmental events taking place 
in the normal postnatal mammalian brain with emphasis on neuronal migration, 
spine/axon pruning, synapse formation and myelin formation. Subsequently, we will 
discuss recent findings demonstrating the endogenous capacity of the neonatal brain 
to regenerate following a hypoxic-ischemic insult and the molecular mechanisms 
underlying endogenous regenerative processes after brain damage. Finally, the 
potential to employ stem cell transplantation as a mean to promote endogenous 
repair and restore brain function will be discussed.

2. The developing mammalian brain

2.1. Neural stem cells in the postnatal brain
Neural stem cells from the SVZ and SGZ are self-renewing and are capable of 
differentiating into neurons, astrocytes and oligodendrocytes40. In this review, the 
term lineage-specific progenitors or precursors refers to cells with restriction to one 
specific lineage (e.g. neuronal, astroglial and oligodendroglial). There are three types 
of stem cells in the SVZ (viz., Type B, C and A cells). Type B cells give rise to actively 
proliferating C cells41, which in turn give rise to type A cells. Type A cells are immature 
neuroblasts that migrate in chains to the olfactory bulb42,43. Evidence suggests that 
type B cells have an astrocytic nature as they show morphological characteristics 
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of astrocytes and express astroglial markers, such as glial fibrillary acidic protein 
(GFAP). The adult SGZ contains two types of stem cells (viz., Type I and Type II)44,45. 
Type I progenitors are radial astrocytes that, in contrast to other astrocytes in the 
SGZ, express both GFAP and nestin46. The lineage-specific Type II progenitors (also 
called type D cells) are derived from Type-I cells44,45. Immature type II progenitors 
cells divide and will later show properties of neurons, e.g. express doublecortin (DCX), 
poly-sialylated neural adhesion molecule (PSA-NCAM) or NeuN7,45,47.

Until recently, neural stem cells (NSCs) had only been observed in the SVZ and 
SGZ of the healthy mammalian brain. However, an intriguing study identified neural 
progenitor cells in the neocortical layer 1 of adult rats subjected to mild ischemia48. 
These cells were shown to migrate radially into cortical layers 2-6 and differentiate 
into a subtype of GABAergic interneurons. The authors showed that proliferating cells 
in layer 1 are not derived from SVZ neural stem cells or progenitors, but rather from 
local progenitors that do not differentiate under normal conditions. However, the 
question remains whether these cortical progenitor cells are functionally integrated 
into cortical networks (see Fishell G. and Goldman JE. 2010).

Thus, although some impressive experimental data suggest that neurogenesis 
can also take place in neocortical layer 1, indisputable proof is still lacking due to 
discrepancies between studies. Hence, the general theory is that under normal 
conditions, neurogenesis is restricted to the SVZ and SGZ in the adult brain, although 
progenitors may be present in other areas of the brain. This suggests that specific 
factors have to be present in the environment surrounding the NSCs allowing the 
formation of new neurons. This concept is clearly demonstrated in a study where 
progenitor cells from the spinal cord, a known non-neurogenic region, differentiate 
into neurons when transplanted into the SGZ, illustrating that the SGZ and SVZ 
provide an environment that supports neurogenesis50. This environment is known 
as the neurovascular niche, which comprises progenitor cells, different types of 
neurons (e.g. granule cells), astrocytes, and oligodendrocytes in close proximity to 
blood vessels (Fig 1). These cells not only express membrane-associated factors, but 
also secrete factors, including mitogenic factors, growth factors and neurotrophic 
factors that play a role in promoting cell proliferation, fate determination, neuronal 
survival and maturation51. Therefore, we would like to propose that progenitors may 
be present outside the known stem cell niches in the brain, but that the environment 
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of the progenitors will dictate differentiation and proliferation. The neurovascular 
niche will be described in more detail in section 4.

Figure 1: Neurogenesis and migration in the SVZ and SGZ following HI and MSC treatment.  
Schematic overview of the neurogenic niche in the SVZ and SGZ. Neural progenitors in the SVZ 
differentiate into neuroblasts (DCX+), which not only migrate towards the damaged striatum, but 
also through radial migration along the corpus callosum towards cortical regions. Neuroblasts 
in the SGZ migrate along radial astrocytes towards de GCL in the DG. HI induces the production 
of several factors that promote neurogenesis and migration. Regenerative processes following 
intranasal MSC treatment in the HI damaged brain. MSC increases the production of several 
factors that are involved in cell proliferation, differentiation and migration. OB = olfactory 
bulb; CC = corpus callosum; LV = Lateral Ventricle; Cx = cortex; Cb = cerebellum; DG = dentate 
gyrus; sgz = subgranular zone; gcl = granular cell layer

2.2. Postnatal development of the brain
The mammalian brain is not yet fully developed at the time of birth and thus several 
developmental processes are still taking place postnatally. It is during this period that 
neurons will form synapses, which in turn develop into neural networks. Hence, an 
injurious event at this period will hinder maturational processes which may lead to 
life-long detrimental effects on, e.g. cognitive and motor modalities.

During the first postnatal weeks, a substantial amount of migrating cells can be 
found in the SGZ and SVZ of the rodent brain. The majority of these cells are glial 
progenitors, as gliogenesis persists in the SVZ for several weeks. These progenitors 
migrate in two distinct ways depending upon their target area in the brain. While 
some progenitors migrate radially towards the dorsal cortex, others first migrate 
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tangentially along the white matter and then radially towards the lateral cortex. The 
mechanisms that regulate neuronal migration from the neurogenic regions, SVZ and 
SGZ in the postnatal brain, are comparable to those in the adult SVZ. In both cases 
progenitors from the SGZ migrate towards the hippocampal granule cell layer and 
those from the SVZ migrate tangentially towards the olfactory bulb (OB) through the 
rostral migratory stream (RMS). The progenitors migrating through the RMS, which 
consists of astrocyte tubes, form chains of cells that, when reaching the OB, migrate 
radially into the granule cell layer and glomerular layer of the OB52 (see review by 
Cayre M. et al. 2009). One major difference between migration from the postnatal and 
adult SVZ is that the astrocyte tubes only appear two to three weeks after birth53. 
Therefore, migration to other brain regions, such as the striatum, may be facilitated in 
the first three postnatal weeks, as glial tubes may restrict the migration of progenitors 
within the RMS.

Neuronal network formation involves substantial reorganization of existing 
neuronal circuits, which is mediated by events such as spine/axon pruning and 
cell death. Spine/axon pruning and cell death are important opposing mechanisms 
establishing the patterning of the neural networks within the mammalian brain, 
and are essential for normal development and functioning of neural circuits. Indeed, 
abnormalities of spine structure and dynamics have been correlated to several 
diseases including Fragile-X syndrome54,55, Alzheimer56 and ischemia57-59. Spine and 
axon pruning is characterized by the removal of inappropriate connections in different 
regions of the mammalian brain. Axon pruning can either involve the elimination of 
certain axon terminals within the same target area by competition or the removal 
of collateral branches targeting functionally inappropriate areas60,61. This event is 
tightly regulated by intrinsic factors, such as transcription factors62, the ubiquitin-
proteosome system63 and the fragile-X mental retardation protein (FMRP)64 which are 
triggered in response to differentiation or maturation of the neuron. Pruning can also 
be triggered by extrinsic factors such as axon repulsion molecules65-67, hormones68,69 
and trophic factors70 (see review by P. Vanderhaeghen and H.J. Cheng 2009).

Synapse formation takes place in the developing brain, a process that shares 
several similarities with axon guidance. Dendritic filopodia, like growth cones, search 
the proximal environment for a potential site to form a synapse. Furthermore, axon 
guidance cues also play a role in synaptogenesis as they promote or inhibit the formation 
of presynaptic terminals60. After the formation of axon-dendritic complexes, some 
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contacts will become stabilized. At present, the molecular mechanisms underlying the 
stabilization of synapses remain poorly understood. This process may be mediated by 
interactions between proteins found on the cell surfaces of axon-dendritic complexes, 
such as cadherins, neurexin and neuroligin71. Synaptic maturation is characterized 
by recruitment of post- and presynaptic proteins such as ion channels, scaffolding 
proteins and presynaptic vesicles72,73.

Axon myelination is essential for neurons to function. The majority of myelin 
production by mature oligodendrocytes takes place early in life and continues until 
adolescence. Myelination depends upon differentiation of oligodendrocytes and 
factors secreted by axons (see review by Emery B. 2010). Mature oligodendrocytes 
will wrap their own cell membrane around axons forming sheaths of compact 
multilayered membranes that function as an isolating membrane due to their rich lipid 
content. Axon myelination is a crucial step in the development of the central nervous 
system as it reduces energy consumption during the restoration of ion gradients 
by Na+/K+-ATPases. The restriction of action potential and ion currents combined 
with the isolating properties of myelin increase the conduction velocity, enabling 
‘saltatory’ signal propagation in the nervous system75,76. Thus, axon myelination is of 
critical importance for normal brain function. This is clearly illustrated in debilitating 
disorders such as leukodystrophies, in which oligodendrocytes fail to assemble or to 
maintain myelin, leading to impaired motor-sensory and cognitive development75.

3. Neurogenesis following a hypoxic-ischemic insult

3.1. Hypoxic-ischemic induction of neurogenesis in the SGZ and SVZ region
A hypoxic-ischemic insult, which can occur during or after delivery, will lead to cerebral 
injury despite the endogenous neurogenic capacity of the brain. Accumulating evidence 
suggests that hypoxic-ischemic (HI) injury promotes extensive cell proliferation in 
the SVZ of the rodent brain14,77-83. Several studies in which P6 and P7 rats and P10 mice 
were subjected to moderate HI, showed that the SVZ expands in size, illustrated by 
increased cresyl-violet staining and nestin-positive cells in the ipsilateral SVZ78,79,83. 
Furthermore, an increase in BrdU+ cells was observed in the affected SVZ from one 
week to three weeks following HI, implying that cell proliferation is stimulated in this 
region14,77-79,81,83,84. Interestingly, BrdU+ cells were also shown in the striatum14,77,78,81,83 
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and cortical regions14,77,82 from one to four weeks after the insult. This finding suggests 
that proliferating cells in the SVZ migrate to these regions or that local progenitors 
proliferate due to molecular changes in the environment of the cells. Overall, these 
results indicate that the SVZ maintains the capacity to promote cell proliferation, that 
the progenitor cells are capable to migrate to damaged brain regions and that the 
striatal and cortical environments support proliferating cells after HI injury.

Accumulating knowledge has been gained on the capacity of the hippocampus 
of the adult brain to regenerate following an injurious event. Yet, only a few studies 
have investigated the proliferative capacity of the SGZ in the injured neonatal brain. 
Qui et al. 2007 compared neurogenesis after HI injury in immature (P9) and juvenile 
(P21) C57BL/6 mice by injecting BrdU during the first seven days after the insult. 
Four weeks later,  BrdU+ cells were quantified in the dentate gyrus (DG) and the cornu 
ammonis (CA) region individually, thus making it possible to determine whether these 
regions differ in proliferative capacity85. Interestingly, HI injury did not affect cell 
proliferation in the DG , while in the CA region a significant increase in proliferation 
rate was detected in the immature (P9) brain85. However, HI injury in juvenile (P21) 
mice induces a substantial increase in the proliferation rate in both the DG and the 
CA region showing the potential capacity of cells in the DG to increase proliferation in 
response to an insult. The apparent lack of cell proliferation in the immature (P9) DG 
may be explained by normal developmental processes, i.e. under baseline conditions, 
proliferation is substantially higher in P9 mice compared to P21 mice and may already 
have a maximal rate in the immature P9 mice85.

In contrast to the results discussed above, recent work by Kadam et al. 2008 showed 
decreased cell proliferation in the DG region of CD-1 mice subjected to ischemia alone 
at P12. This discrepancy may be explained by the fact that different strains were 
used in the two studies or differences in the severity of the insult. CD-1 mice are 
more sensitive to HI injury than other mice strains like C57BL/686. Even though only 
unilateral carotid artery ligation was performed in the model used by Kadam et al. 
2008, histological data shows that the brain damage observed in their study was more 
severe than that experienced by the more resilient C57BL/6 strain. Nevertheless, 
one should keep in mind that hypoxia might function as an additional trigger for cell 
proliferation. Another explanation could be the different BrdU injection protocols 
that were used. Qui et al. 2007 administered BrdU from P10 to P17 once every day, 
while in the study by Kadam et al. 2008 BrdU was given every 9 hours from P18 to 
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P20. Therefore, the study by Qui et al. 2007 detected cells that were proliferating just 
after the insult, i.e., during a period when the DG is still developing in the P9 mouse, 
while the study by Kadam et al. injected the BrdU during a phase in which DG was 
almost fully developed. Thus, the study paradigm may account for the lower levels 
of proliferating cells detected in the DG region by Kadam et al. 2008 and emphasizes 
the importance of standardizing experimental set-ups. One of the major challenges 
encountered when comparing literature results is to correctly identify and account 
for differences in the selection of ischemia paradigms and experimental protocols.

3.2. Cell fate commitment of proliferating cells in the SGZ and SVZ
The next question to be addressed is the cell fate commitment of BrdU+ cells found in 
the SGZ and SVZ. At present, studies suggest that glial cell fate increases after HI in the 
dentate gyrus, while neuronal fate (commitment) remains surprisingly unchanged87,88. 
This shows that although progenitor cells are able to proliferate after a HI insult, the 
damaged dentate gyrus is incapable of increasing neurogenesis and compensating for 
lost neurons and instead there is a trend towards astrocytic cell fate commitment. 
Studies in adult rodents also suggest a limited regenerative capacity as only a few 
or no new neurons have been detected following HI injury87,88. Furthermore, studies 
by Miles et al., 2008 and Nakatomi et al., 2002 show that HI leads to extensive loss of 
neurons and that only a few newly formed neurons survive up to 6 months after HI87,89. 
It is also unclear whether the newborn neuronal cells integrate into the local circuitry 
and become functional in the immature brain, and whether this effect is long-term. It 
has been described in studies using adult rodents that newborn neuronal cells show 
attenuated electrophysiological properties, such as field excitatory postsynaptic 
potentials (fEPSPs), which means that stimulation of a presynaptic terminal, e.g., the 
Schaffer collaterals, evokes a decreased postsynaptic response in the regenerated 
hippocampus7. These data indicate that the hippocampal environment no longer 
supports neuronal cell fate commitment and functionality after HI. More systematic 
studies are necessary to clarify the mechanisms underlying impaired neuronal cell 
fate commitment in the HI injured brain.

A growing number of studies address cell fate commitment in the SVZ, striatum 
and cortex following HI. Several studies observed a significant increase in DCX/BrdU 
double-positive cells in the SVZ, striatum and cortex from one to four weeks after 
injury77,79,81-83. These double-positive cells were clustered in chains in the striatum 
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and cortex and displayed the morphology of migrating neuroblasts82-84. Studies 
investigating the differentiation rate of proliferating cells into neurons and their 
survival show contradicting results. Current data show a decrease14,78, increase83,84 
or no change (cortical area)14 in NeuN/BrdU double-labeled cells compared to healthy 
brains. This discrepancy is possibly due to the use of different strains in the studies, 
which may affect the extent of brain damage after HI. It is striking that only the 
studies that used a neonatal HI model in Wistar rats observed increased neurogenesis 
in the striatum and cortex. This suggests that Wistar rats are more resilient to HI-
induced cerebral damage than other rat or mice strains (e.g., Sprague-Dawley rats or 
CD-1 mice). For instance, in CD-1 mouse pups, a decrease in neuronal committed cells 
in the striatum and cortex was detected although substantial cell proliferation takes 
place in the HI-affected SVZ79. On the other hand, a substantial increase in GFAP/BrdU 
double labeled cells was observed at P24 and P31, suggesting that proliferating cells 
tend to differentiate towards an astrocytic cell fate79. This finding is supported by 
all studies in rodents, independent of the strain used, since in all cases a substantial 
increase in glial cell fate commitment takes place in the striatum and cortex, implying 
that the environment after injury shows a predisposition towards gliogenesis. An 
alternative conclusion would be that this predisposition towards glial cell fate could 
be expected, as astrocytes form the largest glial cell population in the brain; they 
outnumber neurons by 5 times and comprise ~50% of human brain volume90,91.

Investigations on the differentiation of neuron-committed cells in the striatum 
has surprisingly shown that most proliferating cells were calretinin (CR) positive, 
a marker for an interneuron subtype that encompasses only a small percentage of 
striatal neurons80,82. Furthermore, no BrdU+ cells were shown to differentiate into 
striatal medium-sized spiny projection neurons, cholinergic neurons or parvalbumin 
(PV), calbindin (CB) or somatostatin (SOM) interneuron subtypes. Also in the cortex 
BrdU+ cells seem to differentiate into CR-expressing interneurons, which is unexpected 
since the majority of the cortical interneurons are of the PV subtype. These findings 
suggest that the progenitors from the SVZ are predisposed to differentiate into CR- 
expressing interneurons.

Survival of newborn neurons has been shown to be impaired following a HI 
insult. Several TUNEL+/BrdU+ cells were found at P31 in the striatum, showing that 
proliferating cells undergo cell death79. Furthermore, only 15% of newly generated 
neurons in the cortex survived five weeks after HI82. The authors proposed that 
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newborn neurons mature slowly83, raising the possibility that the failure to detect 
NeuN /BrdU positive cells in previous studies78,79 may be due to the relatively short 
period of time elapsed (2-3 weeks) after BrdU injection. Yet, prolonging the interval 
after BrdU administration may also lead to negative results, as the low number of 
newborn neurons could be the consequence of both slow maturation and impaired 
survival of neuroblasts.

Little is known about the functionality of newborn neurons in the brain following HI 
injury. A recent study by our group has demonstrated for the first time that a HI insult 
induces changes in neuronal connectivity in the corticospinal tract92. To visualize 
the axonal projections from the damaged (ipsilateral) motor cortex to the lateral 
corticospinal tract (contralateral side), biotinylated dextran amine (BDA) was injected 
into the damaged (ipsilateral) motor cortex. BDA is actively taken up by neurons and 
transported anterogradely towards the axon terminals, thus allowing the detection 
of neuronal connectivity. Our data showed that axons from the damaged (ipsilateral) 
motor cortex rewire towards the contralateral (undamaged) motor cortex by crossing 
the corpus callosum instead of projecting to the spinal cord through the corticospinal 
tract. Furthermore, injection of the retrograde transsynaptic tracer PRV into the left 
forelimb muscles (labeled with mRFP) and right forepaw muscles (labeled with eGFP) 
showed a significant decrease in mRFP positive neurons indicating a loss of neurons 
projecting from the impaired cortex along the corticospinal tract. Interestingly, 
mRFP positive neurons were detected in the contralateral (undamaged) cortex 
providing evidence of adaptive functional processes taking place in the neonatal 
brain following HI.

Although the postnatal brain has the capacity to initiate regenerative processes 
following an insult, cell proliferation, neuronal differentiation, and possibly 
functionality of these newborn neurons are impaired. For this reason it seems that the 
complex network of molecular and cellular processes that orchestrate neurogenesis 
and long-term survival of newborn cells are disrupted by HI injury. It would be 
interesting to establish which factors determine postnatal cell fate commitment 
and to which degree the molecular mechanisms overlap with early developmental 
programs. The mechanisms underlying this impairment are yet to be clarified and 
will be shortly addressed in the next section.
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4. Molecular and cellular processes in the neurovascular niche fol-
lowing HI brain damage

4.1. Factors involved in regulating neurogenesis in the healthy brain
As mentioned before, the neurovascular niche plays a crucial role in regulating 
proliferation, differentiation and survival of newborn neurons. Astrocytes provide 
structural support for proliferating cells besides producing several factors that are 
required to sustain neurogenic processes. Astrocytes comprise almost half of the cells 
in the dentate gyrus and are in direct contact with proliferating cells and in proximity 
to blood vessels93,94. Endothelial cells play an important role in neurogenesis as they 
produce several factors (e.g. FGF-2) that are essential for promoting cell proliferation, 
neuronal fate commitment and supporting both projection neuron and interneuron 
cell fate95.

The precise role of proteins involved in neurogenesis in the healthy adult brain 
has still to be unravelled, but during the last decade several studies using different 
approaches, including in vivo loss and gain of gene function, have shed some light on the 
role of some of these factors. Cell proliferation is mostly regulated by growth factors 
and neurotrophins, e.g., BDNF and VEGF, but also by morphogens, such as Wnt3 and 
Shh. The latter class of proteins is also involved in neuronal cell fate commitment. 
Most factors regulate more than one process, e.g., the morphogen Noggin that plays a 
role in neuronal cell differentiation and survival, and BDNF, which is amongst others 
involved in cell proliferation and survival (see review by Zhao, Deng, and Gage, 2008)51.

Besides growth and neurotrophic factors, the local neuronal network in the 
neurovascular niche is of pivotal importance in regulating neurogenesis in the adult 
brain. Dopaminergic signalling was shown to promote proliferation, GABAergic 
innervations are important for synapse formation and glutamatergic innervations 
play a role in neuroblasts survival, dendritic development and synaptogenesis (see 
review by Pathania et al. 2010)96. More studies are necessary to determine the role that 
neurotransmitters play in regulating neuronal commitment, dendritic development, 
synaptic integration and survival of newborn neurons in the postnatal brain following 
HI injury.
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4.2. Factors involved in the modulation and maintenance of neurogenesis 
 following HI
Until now, only a few proteins that play a role in neurogenesis have been correlated 
to neurogenic processes following HI. However, growing evidence shows that a HI 
insult alters the cellular and molecular composition of the neurovascular niche96-99. 
Therefore, although cell proliferation is maintained in the SVZ and SGZ, detrimental 
changes in protein expression in the brain can lead to impairments in neuronal fate 
commitment, survival and functionality.

Results from microarray studies in the neonatal HI model show up- and down-
regulation of several genes e.g. growth factors and inflammatory proteins84,97. Recent 
studies are starting to unveil some of the proteins that may play a role in mediating 
neurogenesis after HI cerebral damage. Here, we will discuss some genes that were 
up-regulated in studies investigating neurogenesis following HI in the neonatal brain.

Increased mRNA levels of membrane receptors Notch1, EGFR and gp130 were 
observed in the ipsilateral SVZ at 48h after HI injury. These changes in mRNA levels 
coincide with increased cell proliferation in the ipsilateral SVZ, suggesting a possible 
role for these membrane receptors in regulating neurogenesis after HI brain damage84. 
Notch1 was shown to be enriched in the SVZ and SGZ areas84,100. Interestingly, recent 
data show that ablation of Notch1 expression in GFAP-expressing stem cells in 
postnatal mice results in a substantial decrease in proliferating cells and an increased 
preference for neural cell fate in the SGZ100. Alternatively, over-expression of the 
intracellular portion of Notch1 (called NICD), which initiates transcription of target 
genes101-103, increases proliferation and maintains GFAP-expressing stem cells. Notch1 
ablation also leads to less complex arborisation and branching of newly generated 
neurons, which is modulated in a dosage-dependent way. Together these findings 
suggest that Notch1 may promote cell proliferation after HI injury and that its function 
may change during the different stages of neurogenesis.

Notch1 expression is increased by activation of Glycoprotein130 (gp130), which 
is a membrane receptor important for neural stem cell survival and proliferation104. 
Importantly, Felling et al. 2006 showed that gp130 is upregulated in the SVZ where 
neurogenesis takes place following HI. Hence, it seems likely that gp130 may play a 
role in ensuring an environment that supports neurogenesis. Additionally, epidermal 
growth factor receptor (EGFR) is a receptor for several ligands, including Egf1 
and TGFα, that acts on a plethora of signalling pathways including MAPK and Rac 
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pathways and therefore, plays a crucial role in promoting proliferation, migration, 
differentiation and survival105.

Another protein that appears to play a role in neurogenic processes following 
HI is the fibroblast growth factor receptor 1 (Fgfr1), which promotes progenitor 
proliferation106 and neuronal fate commitment in proliferating cells107,108. A recent 
study demonstrated that ablation of the Fgfr1 gene from GFAP-expressing cells in mice 
leads to attenuated cell proliferation in the SVZ and decreased cortical pyramidal 
neuron production following HI109. Interestingly, Fgfr1 knock-out does not increase 
apoptosis when compared to wild-type hypoxic mice, suggesting that Fgfr1 may be 
involved in mediating neurogenesis rather than neuroprotection following hypoxic 
injury. These results can therefore be interpreted as evidence that 48h after the insult, 
the SVZ environment supports proliferation, migration and cell survival84.

Besides an increase in neurogenic factors, some pro-inflammatory cytokines 
have also been shown to be up-regulated after HI injury. Indeed, the expression level 
of the cytokines Interleukin-1β (Il1β) and Transforming Growth factor β-1 (Tgfβ1) 
increase following HI97. Il1-β is expressed by activated microglia and promotes a 
pro-apoptotic and inflammatory environment110. Tgf1β is not only expressed by 
activated microglia, but also by astrocytes. Conversely, Tgf1β is a pro-neurogenic 
factor, as down-regulation of this factor reduces neurogenesis and impairs cognitive 
behaviour111. Interestingly, the growth factor, Colony stimulation factor 1 (Csf1) 
was also up-regulated at 24h following HI97. Csf1, which is expressed in astrocytes, 
promotes microglial development and survival, which in turn play an important role 
in promoting neurogenesis following HI injury112. Microglia are involved in the uptake 
of cell debris and dying cells following an injury, which is essential for neuronal cell 
survival. Thereby, microglia can either be harmful or neuroprotective after HI (see 
Fig 1).

Future studies need to assess the level of neurogenic factors at later stages during 
neurogenesis, in order to understand how changes in the expression patterns of these 
proteins relate to neurogenic processes and cell survival.

4.3. Migration of immature neurons in the neonatal HI-injured brain
A recent study showed that the migration of neural stem cells in the SVZ can be 
followed in healthy and HI injured brains by in situ labeling the cells with MPIO and 
measuring with MRI, clearly showed that these cells no longer migrate towards the 
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olfactory bulb through the RMS, but instead migrate towards the damaged cortical 
areas113.

The mechanisms regulating neuroblast migration towards the striatum in 
the neonatal HI brain are still unclear (see review by Cayre et al., 2009). However, 
there is evidence that in the rodent adult brain SDF-1/CXCR-4 signalling mediates 
migration of neuroblasts from the SVZ to the striatum. Results show that reactive 
astrocytes produce SDF-1, while immature neurons express the receptor CXCR-4114. 
Furthermore, migration of immature neurons could be inhibited by the specific CXCR-
4 inhibitor AMD-3100, proposing that these molecules are important regulators of 
migration of immature neurons in this brain region. Another study showed that DCX/
BrdU positive neuroblasts co-localize with matrix metalloproteinases (MMPs), a 
family of zinc endopeptidases that modulate all components of extracellular matrix 
in the brain, thus allowing the neuroblasts to migrate through axonal extension115,116. 
Interestingly, inhibiting MMPs significantly suppressed migration of neuroblasts 
from the SVZ to striatum116. Furthermore, several studies have shown that MMPs are 
upregulated following ischemia117-119.

Evidence suggests that migrating neuroblasts in the hippocampus use radial glial 
fibers as a scaffold, since these cells extend their axons from the subgranular zone 
and traverse the granule layer perpendicularly (see Fig 1). Another cell type that 
regulates migration in the SGZ are the Cajal-Retzius cells that secrete reelin, which 
is an extracellular matrix (ECM) serine protease that seems to function as a stop- or 
detachment-signal for migrating neurons. The pivotal role of this protein is illustrated 
in so-called reeler mice, as lack of reelin results in an inverted cortex due to aberrant 
migration of neurons to the superficial plate120. It remains unclear exactly how reelin 
regulates neuronal migration. So far, it seems to be mediated by very low-density 
lipoprotein receptor (VLDLR) and apolipoprotein E type 2 receptor (ApoER2), which 
leads to tyrosine phosphorylation of the adaptor protein Disabled-1 (Dab-1)121.

Hypoxia is a known trigger of angiogenesis. Several studies have shown that blood 
vessels play a role in progenitor cell migration in the adult brain. Thored et al. 2006 
established that HI triggers angiogenesis in the SVZ and striatum and that DCX+ cells 
and blood vessels are closely associated. However, different numbers of progenitor 
cells were observed in areas with similar vascular density, suggesting that vessels are 
not sufficient to regulate migration efficiently.
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In conclusion, it appears that the neurovascular niche in neonatal mice does not 
support full repair following HI damage and thus does not provide the structural and 
humoral support necessary for inducing and maintaining long-term neurogenesis (see 
Fig 1). The precise balance and gradient of proteins may be tightly regulated through 
the different stages of neurogenesis. Furthermore, cell migration and network 
formation is still taking place in the neonatal brain. It is therefore crucial to assist 
the neonatal brain in the process of regeneration after cerebral ischemia, allowing it 
to repair the cellular and structural damage and to keep up with the developmental 
phase.

5. Stem-cell based therapy: Enhancing the neurogenic potential of 
neural stem cells

Until now, no definitive proof has been obtained that the primary goal of neurogenesis 
is regeneration of the brain following an injurious event. Enriched odor exposure 
increases the survival of newborn neurons in the rodent olfactory bulb, thereby 
correlating neurogenesis to olfactory experience and learning in rodents47,122. Methyl-
CpG binding proteins (Mbd1) are highly expressed in progenitor cells and neurons, 
and are possibly involved in regulating DNA methylation in the adult rodent brain123. 
Studies show that mbd1 knockout mice have decreased SGZ neurogenesis and impaired 
learning and memory123,124, suggesting a functional significance for neurogenesis in 
the SGZ of the rodent brain. Nevertheless, the fact that neurogenesis is restricted 
to specific brain regions implies that it plays a role in regulating the function of 
the hippocampus and olfactory system. Thus, current data raise the interesting 
possibility that neurogenesis may be important for the rodent brain to function 
normally. Nevertheless, evidence suggests that neurogenesis decreases following an 
injurious event, thereby proposing that regeneration may not be the primary goal of 
neurogenesis.

A growing number of studies suggest that MSC transplantation may be a promising 
tool to boost endogenous neurogenesis. Recent data show that administration of 
MSC following a HI insult significantly reduces lesion volume, improves behavioral 
performance and promotes neurogenesis35,125-127. Furthermore, studies show that 
MSCs migrate to the ischemic boundary zone where they induce changes in brain 
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environment that promote and support neurogenesis128-130. A study from our group 
showed that intracranial MSC treatment at 3 and 10 days after HI-induced injury 
changes the expression of genes involved in regenerative processes. Some key functions 
associated with an increased gene expression are cell growth, cell proliferation, 
nervous system development and cell migration. Our findings are further supported 
by studies in which human neural stem cells were transplanted intracranially at 24h 
after HI inducing an increase in the expression of genes involved in neurogenesis (e.g. 
doublecortin), migration (e.g. CXCR4) and survival (e.g. glial derived neurotrophic 
factor)34 (see figure 1). Furthermore, studies show that MSCs130 and human neural stem 
cells improve axonal sprouting and neurite plasticity by increasing the expression of 
factors like VEGF and Slit131. Results from our group show that transplanted MSCs 
themselves do not differentiate into neurons and oligodendrocytes, suggesting 
that stimulation of endogenous neural stem cells by MSC is mainly responsible for 
restoring tissue damage132. Hence, current data strongly suggest that stem cells 
secrete factors that promote neurogenic processes and boost regenerative processes 
in the HI-injured neonatal brain.

Besides showing promising results as a therapeutic strategy, the use of MSCs as a 
treatment for HI injury holds some more advantages over other strategies. One major 
appeal of using MSCs as a therapeutic tool is the considerably longer therapeutic 
window after HI, as administration of MSCs at 10 days after HI leads to improved 
motor and histological outcome132. MSC treatment has also some advantages over 
neural or embryonic stem cells therapies, since MSC do not express HLA-DR antigens 
these cells are low-immunogenic, in contrast to neural stem cells and can be used over 
the allogeneic barrier. Over the past decade, allogeneic MSCs have been widely used as 
a treatment for hematopoietic diseases133,134. Another major advantage is that they can 
be obtained easily and safely from placental tissue, umbilical cord stroma and cord 
blood, whereas neural stem cells and embryonic stem  cells can be only obtained from 
fetal tissue, thereby raising ethical issues. Transplantation of embryonic stem cells 
may have undesirable consequences as these cells can transdifferentiate into tumors 
besides differentiating into the desired tissue-type. Although it has never been shown, 
the possibility remains that MSCs become HLA-DR+ after activation and thus, lead to 
alloreactivity. However, MSCs only survive a few weeks after administration into the 
brain which will limit the risk of inducing a host versus graft response in the brain132. 
Nevertheless, autologous MSCs from the stroma or blood of the umbilical cord might 
be the safest treatment option.
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Another important aspect of stem cell therapy is finding an efficient and non-
invasive administration route. Recent studies show that intranasally administered 
MSCs migrate towards other brain regions135. This method has some advantages 
over the more conventional administration routes, i.e., intracranial and intravenous 
injection, as it is less invasive and may reduce systemic exposure. Indeed results from 
our own group show that intranasal administration of MSCs after neonatal hypoxia-
ischemia in P9 mice is as effective as intracranial MSC transplantation leading to 
improved motor efficacy of treatment may also depend on the administration route. 
Recently, it has been shown that intravenously injected mononuclear cells (MNCs)136 
and neural stem cells137 are not only detected in the brain, but also in a substantial 
amount in the spleen136, and liver and lungs, respectively137. Hence, significantly less of 
the injected stem cells will end up in the brain after intravenous delivery as they will 
circulate throughout the body and may even have an undesired effect in other organs.

6. Conclusion and Future Prospects

It is increasingly evident that the neonatal brain has a limited capacity to adapt 
and regenerate following a deleterious event, such as cerebral ischemia. Although 
neurogenesis occurs under physiological conditions and may even increase after 
an insult, the immature brain is incapable of fully regenerating following cerebral 
ischemia. This impairment may be due to the extent of cellular loss but also to a possible 
disturbed expression of growth- and differentiation factors in the neurovascular 
niche as a consequence of brain damage. Crucial questions to be answered are which 
factors play a pivotal role during the different phases of neurogenesis under normal 
conditions and on top of that how neurogenic processes within the brain are affected 
by an insult. Moreover, the molecular and cellular composition of the neurogenic niche 
that will favor regeneration has to be defined more precisely.

In the past years significant progress has been made in optimizing stem cell 
treatment as a tool to boost the limited capacity of the neonatal brain to regenerate, 
especially by the use of MSCs. The intranasal administration route may represent 
the most optimal route in rodents, but has still to be verified in humans. Before 
translating the results to the clinic, more knowledge is also needed on the exact array 
of molecules that direct MSC migration towards the damaged regions.
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Transplantation of MSCs induces regulation of the expression of many genes in the 
neonatal brain, but research is still scarce about the hierarchy or redundancy of the 
plethora of factors which are up- and down-regulated after transplantation. Although 
MSC treatment has a relatively long therapeutic window in animal models, one has 
to realize that the neonatal brain is still immature, being in a critical developmental 
phase. One of the most challenging issues to be solved in this area of research is to 
unravel the mechanism by which MSCs adapt to the developmental and regenerative 
needs of the environment after injurious events in the neonate. We also propose that 
MSCs do not integrate into the network but stimulate proliferation and differentiation 
of endogenous precursors. It will be interesting to know to what extent these new 
(autologous) neurons and other cell types of the brain survive and integrate in 
existing functional networks. However, pre-clinical research has shown by now that 
MSC therapy has the potential to become an efficient therapy to treat neonatal brain 
damage by boosting the endogenous capacity of the immature brain to regenerate, 
thereby repairing the lesion and improving motor and cognitive behavior in the long-
term. The neonatal brain may even be a better ‘target’ for stem cell therapy than 
the adult brain because of the higher availability of endogenous precursors in the 
neonatal brain.
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Abstract

Mesenchymal stem cell (MSC) administration via the intranasal route could become 
an effective therapy to treat neonatal hypoxic-ischemic (HI) brain damage. We 
analysed long-term effects of intranasal MSC treatment on lesion size, sensorimotor 
and cognitive behavior, and determined the therapeutic window and dose response 
relationships. Furthermore, the appearance of MSCs at the lesion site in relation to the 
therapeutic window was examined.

Nine day old mice were subjected to unilateral carotid artery occlusion and 
hypoxia. MSCs were administered intranasally at 3, 10 or 17 days after hypoxia-
ischemia (HI). Motor, cognitive and histological outcome was investigated. PKH-26 
labeled cells were used to localize MSCs in the brain.

We identified 0.5x106 MSCs as the minimal effective dose with a therapeutic 
window of at least 10 days but less than 17 days after HI. A single dose was sufficient 
for a marked beneficial effect. MSCs reach the lesion site within 24h when given 3 or 
10 days after injury. However, no MSCs were detected in the lesion when administered 
17 days following HI. We also show for the first time that intranasal MSC treatment 
after HI improves cognitive function. Improvement of sensorimotor function and 
histological outcome was maintained until at least 9 weeks following HI.

The capacity of MSCs to reach the lesion site within 24h after intranasal 
administration at 10 days but not at 17 days after HI indicates a therapeutic window 
of at least 10 days. Our data strongly indicate that intranasal MSC treatment may 
become a promising non-invasive therapeutic tool to effectively reduce neonatal 
encephalopathy.
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Introduction

Neonatal encephalopathy due to perinatal hypoxia-ischemia (HI) remains a significant 
cause of neonatal mortality and long-term neurological deficits such as cerebral palsy, 
mental retardation and seizures in babies born at term1-6. Presently, the only available 
treatment, hypothermia, has limited beneficial effects and is only effective in mildly-
affected children born at term7,8. Moreover, hypothermia has a narrow therapeutic 
window of 6 hours. Hence, there is an urgent need to develop therapeutic strategies 
with a longer therapeutic window.

One emerging strategy with therapeutic potential is mesenchymal stem cell (MSC) 
treatment. A growing number of studies in rodent models show that MSC treatment 
significantly improves motor outcome and reduces lesion volume after neonatal brain 
injury9-18. Currently, in most studies, MSCs are administered intracranially, which has 
serious disadvantages for clinical application. In a previous study, we explored the 
potential of intranasal MSC administration in a mouse model of neonatal HI brain 
damage. Our results showed that intranasal MSC treatment improved sensorimotor 
behaviour and decreased lesion volume 4 weeks after HI, suggesting a therapeutic 
potential16.

Neonatal encephalopathy in humans is often associated with cognitive 
impairment2,3,5. Therefore, we investigated for the first time whether intranasal 
MSC treatment after neonatal HI brain damage restores cognitive function and 
sensorimotor function 8 weeks after HI. We also determined the dose response 
relationships and therapeutic window of intranasal treatment in the HI mouse model. 
Moreover, we explored the early presence of MSCs at the lesion site in relation to the 
therapeutic window.

Materials and methods

Ethics statement
Experiments were performed according to the international guidelines and approved 
by the Experimental Animal Committee Utrecht (University Utrecht, Utrecht, 
Netherlands).
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Animals
Unilateral HI cerebral damage was induced in 9 day old C57BL/6 mice by permanent 
occlusion of the right common carotid artery under isoflurane anesthesia followed 
by 45 min 10% oxygen at 35oC 14. Our HI induction procedure has a 10% death rate. 
Sham-controls underwent anesthesia and incision only. Pups from at least five litters 
were randomly assigned to experimental groups. Analyses were performed in a 
blinded set-up.

Mesenchymal stem cells from C57BL/6 mice were purchased from Invitrogen 
(GIBCO mouse C57BL/6 MSCs, Life Technologies, UK) and cultured according to the 
manufacturer’s instructions. Characterization of cell specific antigens was performed 
in a previous study from our group16. 3 µl of hyaluronidase in PBS (100 U, Sigma-
Aldrich, St. Louis, MO) was administered to each nostril. Thirty minutes later animals 
received 3 µl MSCs or 3 µl PBS (Vehicle) twice in each nostril.

Sensorimotor function
Unilateral sensorimotor deficits were evaluated in the cylinder rearing test (CRT). 
Weight-bearing left (impaired), right (unimpaired) or both paw(s) contacting the wall 
during full rear were counted. Paw preference was calculated as ((right - left)/ (right 
+ left + both)) x 100%.

Cognitive function
To assess cognitive function, we used the social discrimination test as described19. 
After 10 min of habituation to the test environment, the test mouse was allowed to 
explore a novel conspecific of the same gender (Mouse 1), which is placed in a wire 
cage for 10 min. Five minutes later, the test mouse is exposed to a novel mouse 
(Mouse 2), which is placed in the empty wire cage while Mouse 1 remains in the other 
side chamber. This session is repeated 5 min and 3h later with a novel unfamiliar 
mouse (Mouse 3 and Mouse 4) and the now familiar Mouse 2. Time spent interacting 
with the familiar or unfamiliar conspecific was scored. Percent time spent with the 
novel mouse was calculated as ((interaction time novel mouse)/ (total interaction 
time)).

Histology
Coronal paraffin sections (8 μm) of paraformaldehyde (PFA)-fixed brains were 
incubated with mouse-anti-myelin basic protein (MBP) (Sternberger Monoclonals, 
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Lutherville, MD,) or mouse-anti-microtubuli-associated protein 2 (MAP2) ( Sigma-
Aldrich) followed by biotinylated horse-anti-mouse antibody (Vector Laboratories, 
Burliname, CA). Binding was visualized with Vectastain ABC kit (Vector Laboratories) 
and diaminobenzamidine. Ipsilateral MAP2 and MBP area loss were determined on 
sections -1.85 mm from bregma20. MBP and MAP2 staining were quantified using 
ImageJ software (http://rsb.info.nih.gov/ij/) and Adobe Photoshop CS5, respectively.

MSC tracking
MSCs were labeled with PKH-26 Red fluorescent cell linker kit (Sigma-Aldrich) and 
administered intranasally. 24h after MSC treatment brains were fixed in 4% PFA. 
Coronal cryosections (8 μm) were stained with DAPI. Fluorescent images were 
captured using a EMCCD camera (Leica Microsystems, Benelux) and Softworx 
software (Applied Precision, Washington).

Statistical analysis
Data were analyzed using (repeated measures) one-way ANOVA followed by 
Bonferroni post-tests. Significance for social discrimination was analyzed with the 
one sample t-test. p<0.05 was considered statistically significant. Data are presented 
as mean ± SEM.

Results

Dose of intranasally administered MSC
To determine the MSC dose response relationship, we administered 0.25x106, 0.5x106, 
1x106 MSCs or Vehicle intranasally at 10 days after HI. Exposure to HI markedly 
impaired sensorimotor performance in the CRT (Fig 1A). The doses of 0.5x106 and 1x106 
MSCs significantly improved sensorimotor function as determined 3, 4 and 5 weeks 
after HI (data shown for 5 weeks; Fig 1A). The beneficial effect of MSC treatment on 
sensorimotor function was lost when the dose was reduced to 0.25x106 MSCs.

We analyzed MAP2 loss as a measure of gray matter damage and MBP loss as a 
parameter of white matter loss at 5 weeks post-insult14. HI-mice receiving 0.5x106 or 
1x106 MSCs on day 10 showed a substantial decrease in MAP2 loss (Fig 1B) and MBP 
loss (Fig 1C). When a lower dose of 0.25x106 MSCs was used, we no longer observed a 
beneficial effect on MAP2 or MBP loss.
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Figure 1. Dose effect of MSCs on motor performance and lesion volume at 35 days after 
HI. Mice received 0.25x106, 0.5x106, 1x106 MSCs or Vehicle treatment at 10 days after induction 
of HI. (A) Paw preference to use the unimpaired forepaw in the cylinder rearing test (CRT) 
was assessed at 5 weeks following HI. Sham-operated littermates (Sham) were used as 
controls. Quantification of ipsilateral MAP2 (B) and MBP(C) area loss measured as 1- (ipsi-/
contralateral MAP2- or MBP-positive area) at 5 weeks after HI. (D) Representative sections 
of MAP2 loss. Insets show higher magnification of corresponding MAP2 sections. Scale bar = 
100µm. (E) Representative sections of MBP area loss. Data represent mean ± SEM. Sham n=8; 
Veh n=10; 0.25x106 MSC n=11; 0.5x106 MSC n=10; 1x106 MSC n=13. *p<0.05; **p<0.01 vs Veh. 
Data presented in this figure are results from pooled experiments out of 8 different litters. 
Treatment groups were randomly distributed between litters.
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Therapeutic window
To determine the therapeutic window of intranasal MSC treatment, we administered 
0.5x106 MSCs at 3, 10 or 17 days after HI and assessed sensorimotor performance in 
the CRT. Our data show that MSC treatment given 3 or 10 days post-insult is effective in 
improving motor behavior significantly. However, when we postponed MSC treatment 
to 17 days after HI, we no longer observed improvement of sensorimotor function as 
analyzed 5 weeks post-insult (Fig 2A). With respect to lesion volume, MSC treatment 
at 3 or 10 days, but not 17 days after HI significantly reduced MAP2 and MBP loss 
(Fig 2B, C).

Figure 2. Therapeutic window for MSC treatment. Mice received 0.5x106 MSCs or Vehicle 
at 3, 10 or 17 days following HI. Because no significant difference was found between Vehicle 
groups treated at different time-points we pooled all animals into one group. (A) Unimpaired 
forepaw preference in the CRT at 5 weeks post-insult. Quantification of ipsilateral MAP2 
(B) and MBP (C) area loss measured as 1- (ipsi-/contralateral MAP2- or MBP-positive area) 
at 5 weeks post-insult. Insets show representative examples of MAP2 or MBP staining. Data 
represent mean ± SEM. Sham n=8; Vehicle n=19; MSC 3 days n=12; MSC 10 days n=17; MSC 
17 days n=9; *p< 0.05; **p<0.01; ***p<0.001 vs. Vehicle. Data presented in this figure are 
results from pooled experiments out of 12 different litters. Treatment groups were randomly 
distributed between litters.

Effect of two MSC dosages
Previous results from our group showed that two intracranial MSC injections at 
3+10 days compared to a single injection 3 days after HI, further improved motor 
performance and decreased neuronal and white matter loss14. The data in Figure 
3A show that one intranasal dose at either 3 or 10 days is as effective in restoring 
sensorimotor function as two intranasal doses at 3+10 days following insult. 
Histological data on MAP2 or MBP staining confirmed the functional CRT analyses, 
showing that one single intranasal dose at 3 or 10 days is as effective as two doses at 
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3+10 days analyzed at 5 weeks after HI (Fig 3B, C). Furthermore, the positive effects of 
either one or two intranasal doses of MSCs on sensorimotor and histological outcome 
can still be observed at respectively 8 and 9 weeks after HI, and no additive effect of 
two doses was observed at this time-point either (Fig 4).

Figure 3. Effect of two MSC treatments on sensorimotor function and lesion size. Mice 
received 0.5x106 MSCs or Vehicle at 3, 10 or 3+10 days after insult. Because no significant 
difference was found between Vehicle groups treated at different time-points we pooled all 
animals into one group. (A) Unimpaired forepaw preference in the CRT at 5 weeks following HI. 
Quantification of ipsilateral MAP2 (B) and MBP (C) area loss measured as 1- (ipsi-/contralateral 
MAP2- or MBP-positive area) at 5 weeks after HI. Insets show representative examples of 
MAP2 or MBP staining. Data represent mean ± SEM. Sham n=7; Vehicle n=19; MSC 3+10 days 
n=13; MSC 10+17 days n=11; MSC 10 days n=17. ***p<0.001 vs. Vehicle, n.s. = non-significant. 
Data presented in this figure are results from pooled experiments out of 14 different litters. 
Treatment groups were randomly distributed between litters.

Figure 4. Long-term effect of MSC treatment on sensorimotor function and lesion 
volume. Mice received 0.5x106 MSCs or Vehicle at 3, 10 or 3+10 days after HI. Because no 
significant difference was found between Vehicle groups treated at different time-points we 
pooled all animals into one group. (A) Unimpaired forepaw preference in the CRT at 8 weeks 
after HI. Quantification of ipsilateral MAP2 (B) and MBP (C) area loss measured as 1- (ipsi-/
contralateral MAP2- or MBP-positive area). Insets show representative examples of MAP2 or 
MBP staining at 9 weeks post-insult. Data represent mean ± SEM. Sham n=23; Vehicle n=23; 
MSC 10 days n=23; MSC 3+10 days n=12. *p< 0.05; **p< 0.01 vs. Vehicle. Data presented in this 
figure are results from pooled experiments out of 13 different litters. Treatment groups were 
randomly distributed between litters.
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Effect of MSC treatment on cognitive function
To determine whether MSC treatment improves HI-induced cognitive impairment, we 
used the social discrimination test at 7 weeks after HI. This test uses the preference 
for social novelty as a measure of cognitive function i.e. the ability to discriminate 
between known or unknown conspecific.

As anticipated, sham-control mice showed preference for the novel mouse at 
5 min and 3h after the training session (Fig 5A, B). Vehicle-treated HI mice lost the 
capability to discriminate between the novel and familiar mouse at both time-points. 
Interestingly, performance in the social discrimination test normalized in the groups 
treated with MSCs at 10 days or 3+10 days following HI. During the training session 
we did not observe group differences in social interaction times (Fig 5C).

Figure 5. Effect of MSC treatment on cognitive behavior. Mice received 0.5x106 MSCs or 
Vehicle at 10 or 3+10 days following HI. Because no significant difference was found between 
Vehicle groups treated at different time-points we pooled all animals into one group. Animals 
were tested for cognitive function using the social discrimination test at 7 weeks after HI. 
Preference for novel conspecific is expressed as exploratory ratio. The total social interaction 
time did not differ between groups. (A) Preference for novel mouse after a 5 min interval. 
(B) Preference for novel mouse after a 3h interval. (C) Training session to measure preference 
for social novelty as an indication for social avoidance. Sham n=23; Vehicle n=23; MSC 10 days 
n=23; MSC 3+10 days n=12. *p<0.05; **p<0.01 in relation to 50% (no discrimination); #p< 0.05; 
##p< 0.01 vs. Vehicle. Data presented in this figure are results from pooled experiments out of 
13 different litters. Treatment groups were randomly distributed between litters.

MSC migration towards lesion site
To determine whether MSCs migrate from the nose to the lesion site, we used PKH-26 
labeled MSCs and analyzed brain sections 24h after intranasal administration. PKH-
26+ MSCs administered 3 days after HI are present predominantly in the damaged 
hippocampus (Fig 6A; ipsilateral).
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MSCs given 10 days after HI localize in the area surrounding the lesion site. At this 
time-point, the entire hippocampus was lost and PKH-26+ cells were now present in 
cortical layers 5 and 6 (Fig 6B; ipsilateral) and in the dorsal and epithalamic regions 
(data not shown). Interestingly, hardly any MSCs could be detected in the brain when 
given 17 days following HI (Fig 6C; ipsilateral).

No labeled MSCs were present in the contralateral hemisphere, although MSCs 
were given to both nostrils (Fig 6A to C). In addition, no PKH-26+ cells were observed 
in brains from sham-operated mice (Fig 6D; sham 3d and 10d). Furthermore, we 
found no evidence for tissue autofluorescence after HI either 3 or 10 days following 
the insult (Fig 6D; Vehicle).

Discussion

In the present study we show that intranasally administered MSCs reach the brain 
within just 24h after intranasal administration. Interestingly, the MSCs migrate 
specifically towards the lesion site. We determined the dose response relationship of 
MSC administration and demonstrate that one single intranasal MSC administration 
is sufficient to induce maximal improvement of functional outcome and reduction 
in brain damage. A single intranasal dose of MSC has long-lasting effects on motor, 
cognitive and histological outcome up to 9 weeks following HI injury. Moreover, we 
are the first to show that intranasal MSC treatment also improves cognitive function, 
which holds significant clinical relevance.

To determine whether the beneficial effects of intranasal MSC application are 
associated with migration of MSCs from the nasal mucosa to the lesion site, we used the 
cell tracking dye PKH-26. In contrast to other commonly used cell tracking dyes, PKH-
26 does not have any adverse effects on cell proliferation or survival. Furthermore, no 
significant cell to cell transfer or dye leakage from cells was measured21. No PKH-26+ 
MSCs were observed at the hippocampal level of sham-operated mice treated at 3 or 
10 days after HI. Interestingly, we clearly detected PKH-26 labeled MSCs at the HI 
lesion site, but not in the contralateral hemisphere of mice subjected to HI that were 
treated with MSCs via both the ipsilateral and contralateral nostril. MSCs given at 
3 days following HI migrate specifically to the damaged hippocampus. At 10 days the 
damage has evolved into an extensive lesion site, including the entire hippocampus 
and part of the cortex.
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Figure 6. Presence of MSCs in the brain. PKH-26 labeled 1.0x106 MSCs were administered 
intranasally at 3, 10 and 17 days after HI. Because no significant difference was found between 
Veh groups treated at different time-points we pooled all animals into one group.  (A, B, C) 
Notice the severe HI-induced damage, as the layer structure of the ipsilateral cortex and 
hippocampus are lost. (A) MSCs (red) in the ipsilateral hippocampus (see arrow heads) 24h 
after administration at 3 days following HI. (B) MSCs (see arrow heads) in the ipsilateral 
damaged cortex 24h after administration at 10 days after HI. (C) Lack of MSCs (see arrow 
heads) in the ipsilateral cortical areas surrounding the lesion site when MSCs are given at 
17 days following HI. Contralateral pictures depict hippocampal area (in A) and cortical area 
(in B and C). (D) Control groups showing lack of MSCs in the hippocampal area and cortical 
area at 3 and 10 days, respectively, after MSC administration in sham-operated animals and 
HI-Vehicle treated brain without MSC treatment. Asterisk = lesion site. Blue = Dapi staining. 
Scale bar 50 µm. Data presented in this figure are results from pooled experiments out of 
10 different litters. Treatment groups were randomly distributed between litters.
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When MSCs are administered intranasally at 10 days following injury, 24h later 
MSCs are located in the remaining regions of the cortex and thalamus. In contrast, 
when MSCs were administered at 17 days after HI, only a sporadic PKH-26+ MSC was 
detected in the lesion, although there is still substantial injury at 17 days post-insult. 
Notably, MSC treatment at this time-point did not have any effect on lesion size nor 
on sensorimotor function. Combined, these findings indicate that the loss of effect of 
MSCs given at 17 days after the insult will be due to reduced migration of MSC to the 
lesion site when cells are given at this time-point.

The social discrimination test was used to assess cognitive performance following 
HI. This test was chosen as it is a very sensitive measure for short-term and long-
term recognition memory function19. This type of memory describes the ability to 
discriminate between familiar and unfamiliar stimuli. The social discrimination test 
exploits the natural interest of an adult mouse to explore an unknown conspecific 
over a known conspecific. The molecular mechanisms and neuro-anatomical 
structures underlying this behavioural paradigm remain elusive. Studies have shown 
that performance on the social discrimination test requires functional olfactory bulb, 
bed nucleus of the stria terminalis and amygdalo-hippocampal network22-23. The 
hippocampus is known to be important in memory consolidation, which is essential 
for long-term memory storage in other cortical areas24. We are the first to establish 
that intranasal MSC treatment not only improves sensorimotor but also cognitive 
behavior.

The exact mechanisms underlying MSC-induced improvement of short-term 
memory after neonatal HI brain damage have yet to be clarified. HI injury leads to 
extensive unilateral loss in cortical and hippocampal areas, which explains the 
inability of Vehicle-treated group to form and/or store new information. Intranasal 
MSC treatment significantly reduces loss of cortical and hippocampal areas, which 
are both important in memory formation and storage.

Our present and previous findings14 indicate that there is no further increase in 
lesion size after day 10 following HI. Therefore, we propose that the major effect of 
MSC treatment is not mediated by inhibition of injurious processes, but rather by 
stimulating repair. We indeed have evidence from earlier studies in which we applied 
MSC intracranially that formation of new cells and differentiation of these new cells 
into neurons and oligodendrocytes is promoted by MSC treatment14,15. Moreover, we 
showed that only a very small proportion of cells of donor origin survived in the brain16. 
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Therefore, it is highly likely that MSC treatment restores cognitive as well as motor 
circuitries in the brain through stimulation of endogenous regenerative processes. 
However, it may well be possible that inhibition of injurious processes contributes to 
the observed beneficial effects of MSC treatment. If so, this will especially be the case 
when MSC are administered early after the insult. In our experiments this is 3 days 
after the insult as at this time-point the damage has not yet fully developed.

We also propose that beneficial effects of MSC transplantation are cell-specific, 
because intracranial fibroblast (3T3) administration did not affect performance in 
the CRT as well as on lesion size (unpublished observations). Although we now studied 
the effect of intranasal administration, we anticipate that the same cellular specificity 
will apply for intranasal administration, give an effect on repair, it should anyhow 
occur when cells are given directly at the lesion site.

In preparation for clinical translation of our finding that nasally administered 
MSCs improve cognitive as well as sensorimotor outcome and reduce lesion size, we 
investigated the therapeutic window, the treatment dose and frequency. We report 
here that sensorimotor function improves and lesion size reduces significantly when 
0.5x106 cells are administered via the nasal route. Decreasing the dose to 0.25x106 

MSCs had no significant effect on either the CRT performance or MAP2 and MBP 
outcome, while increasing the dose to 1.0x106 did not further improve sensorimotor 
function or reduce lesion size. Thus, a minimum of 0.5x106 MSCs per mouse is required 
to have a long-lasting beneficial effect on behavior and lesion size in our model of HI-
induced brain damage.

In the present study, we demonstrate that multiple doses at 3+10 days via the 
intranasal route did not have an additional effect on sensorimotor performance 
and brain damage compared to a single dose. This finding is clinically important as 
it would mean that only one intranasal dose of MSCs will be sufficient for optimal 
therapeutic benefit in the neonate. In contrast, we showed earlier that when MSCs 
are administered intracranially, two gifts of MSC have a stronger beneficial effect on 
outcome than one gift. One possible explanation for the finding that one intranasal 
MSC treatment already provides optimal effects is that intranasally administered 
MSCs may perform better as migration from the nasal mucosa towards the lesion may 
allow adaptation to the detrimental milieu in the brain. In contrast, intracranially 
administered cells were directly injected adjacent to the lesion size, consisting of an 
apoptotic/inflammatory milieu which may partially impair the functionality of MSCs.
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Conclusions

In conclusion, this study shows that intranasal MSC treatment has a wide therapeutic 
window, leads to long-term improvement in sensorimotor and cognitive function and 
decreases gray and white matter damage after HI. MSCs migrate specifically to the 
site of injury, despite contralateral administration. Our results clearly establish that 
intranasal MSC treatment has the potential to become a novel therapeutic strategy for 
neonatal encephalopathy.
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Abstract

Previous work from our group has shown that intranasal MSC treatment decreases 
lesion volume and improves motor and cognitive behavior after hypoxic-ischemic 
(HI) brain damage in neonatal mice. Our aim was to determine the kinetics of MSC 
migration after intranasal administration, and the early effects of MSCs on neurogenic 
processes and gliosis at the lesion site.

HI brain injury was induced in 9 day old mice and MSCs were administered 
intranasally at 10 days after HI. The kinetics of MSC migration were investigated 
by immunofluorescence and MRI analysis. BDNF and NGF gene expression was 
determined by qPCR analysis following MSC co-culture with HI brain extract. Nestin, 
Doublecortin, NeuN, GFAP, Iba-1 and M1/M2 phenotypic expression was assessed 
over time.

MRI and immunohistochemistry analyses showed that MSCs reach the lesion 
site already within 2h after intranasal administration. At 12h after administration 
the number of MSCs at the lesion site peaks and decreases significantly at 72h. The 
number of DCX+ cells increased 1 to 3 days after MSC administration in the SVZ. 
At the lesion, GFAP+/nestin+ and DCX+ expression increased 3 to 5 days after MSC 
treatment. The number of NeuN+ cells increased within 5 days, leading to a dramatic 
regeneration of the somatosensory cortex and hippocampus at 18 days after intranasal 
MSC administration. Interestingly, MSCs expressed significantly more BDNF gene 
when exposed to HI brain extract in vitro. Furthermore, MSC treatment resulted 
in resolution of the glial scar surrounding the lesion, represented by a decrease in 
reactive astrocytes and microglia and polarization of microglia towards the M2 
phenotype.

In view of the current lack of therapeutic strategies, we propose that intranasal 
MSC administration is a powerful therapeutic option through its functional repair of 
the lesion represented by regeneration of the cortical and hippocampal structure and 
decrease of gliosis.
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Introduction

Encephalopathy caused by neonatal hypoxia-ischemia (HI) results in cerebral tissue 
loss leading to long-term neurological deficits e.g. mental retardation and motor 
impairment1-5.

The capacity of stem cells to treat neonatal encephalopathy is gaining support from 
an increasing number of studies6-15. These studies describe the therapeutic potential 
of intracranially and intravenously delivered neural stem cells (NSC) or mesenchymal 
stem cells (MSCs) in rodent models of neonatal HI or neonatal stroke. We have shown 
recently that both intracranial and intranasal MSC treatment at 10 days after HI in 
neonatal mice significantly decreases cerebral lesion volume and improves long-term 
motor and cognitive behavior8,13.

In view of the therapeutic potential of non-invasive intranasal MSC administration, 
we investigated the mechanism underlying MSC mediated repair. Firstly, we studied 
the kinetics of MSC migration to the lesion site after intranasal administration. To 
visualize the arrival of MSCs in the brain, we used fluorescence microscopy and 
Magnetic Resonance Imaging (MRI). We determined the short- and long-term effects of 
MSCs on regeneration of the lesion by systematic quantification and characterization 
of precursor cells (type B cells; uncommitted precursors), neural progenitor cells 
(type A cells; neuronally-committed), neurons, microglia and astrocytes.

Material and Methods

Ethics statement
Experiments were performed according to the international guidelines from the EU 
Directive 2010/63/EU for animals experiments and approved by the Experimental 
Animal Committee Utrecht (University Utrecht, Utrecht, Netherlands).

Animals
Unilateral HI brain damage was induced in 9 day old C57BL/6 mice (Harlan 
Laboratories, The Netherlands) by permanent occlusion of the right common carotid 
artery under isoflurane anesthesia followed by hypoxia (45 min at 10% oxygen). 
Sham-controls underwent anesthesia and incision only.
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MSCs were purchased from Invitrogen (GIBCO mouse C57BL/6 MSCs, Life 
Technologies, UK) and cultured according to the manufacturer’s instructions. 
Characterization of cell specific antigens has been described previously by us14. 
Before administering 1x106 MSCs intranasally, each nostril was treated with 3µl of 
hyaluronidase (100 U, Sigma-Aldrich, St. Louis, MO) in PBS to increase permeability of 
nasal mucosa. Thirty minutes later, pups received 3 µl of MSCs or PBS (Vehicle) twice 
in each nostril.

Histology
Coronal paraffin sections (8 μm) of paraformaldehyde (PFA)-fixed brains were 
incubated with mouse-anti-myelin basic protein (MBP) (Sternberger Monoclonals, 
Lutherville, MD,) or mouse-anti-microtubule-associated protein 2 (MAP2) (Sigma-
Aldrich) followed by biotinylated horse-anti-mouse antibody (Vector Laboratories, 
Burliname, CA). Binding was visualized with Vectastain ABC kit (Vector Laboratories) 
and diaminobenzamidine.

Immunohistochemistry
MSCs were labeled with PKH-26 Red fluorescent cell linker kit (Sigma-Aldrich). 
Coronal frozen sections (8 μm) were incubated overnight at 40C with primary 
antibodies; goat anti-DCX (1:300) (Santa Cruz Biotechnology, TX, USA), rabbit anti-
Iba1 (1:500) (Wako Chemicals, Osaka, Japan), mouse anti-GFAP (1:100) (Acris 
antibodies, Herford, Germany), mouse anti-NeuN (1:200) (Chemicon, Temecula, CA), 
mouse anti-nestin (1:200) (BD Biosciences, Breda, The Netherlands), rat anti-CD16/
CD32 (1:300) (BD Pharmingen, Breda, The Netherlands), goat anti-CD206 (1:300) 
(R&D systems, Abingdon, UK). Primary antibody binding was detected by incubating 
with corresponding secondary antibodies for 1h at room temperature. Nuclei were 
counterstained with DAPI (Invitrogen, Paisley, UK) and mounted with FluoroSave 
reagent (Calbiochem, Nottingham, UK). Fluorescent images were captured using 
an EMCCD camera (Leica Microsystems, Benelux) and Softworx Software (Applied 
Precision, Washington, USA) or an AxioCam MRm (Carl Zeiss, Sliedrecht, The 
Netherlands) on an Axio Observer Microscope with Axiovision Rel 4.6 software 
(Carl Zeiss).
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MSC labeling for MRI
Culture flasks were coated with Poly-L-Lysine (0.02 mg/mL) before seeding MSCs. 48h 
later, MSCs were incubated with 0.01 mg Fe/mL fluorescent micron-sized superpara-
magnetic iron-oxide particles (MPIO; 0.86 μm) (Bangs Laboratories Inc., IN, USA) 
diluted in GlutaMAX DMEM medium (Life Technologies). After 4h, excessive MPIO 
particles were removed by washing 4 times with PBS. About 70% of the cells were 
labeled with MPIO particles. Images were taken on an Axio-Observer microscope 
(Carl Zeiss Microscopy, Jena, Germany) with Axiovision rel. 4.6 software (Carl Zeiss 
Microscopy).

MRI
MRI was performed on a 9.4T horizontal bore preclinical MRI system (Varian Inc., Palo 
Alto, CA). T2

*-weighted gradient echo images of cells in agarose were acquired with 
TR/TE = 1000/15 ms and 100µm x 100µm x 200µm spatial resolution. T2

*-weighted 
gradient echo images of ex-vivo mouse brain were acquired with TR/TE = 40/15 ms 
and a voxel size of 75 μm in all directions.

To verify the detectability of MPIO-labeled MSCs with MRI, cells were 
homogeneously distributed in 0.4% agarose in PBS at concentrations between 0 and 
1000 cells/μl. T2

*-weighted gradient echo images were acquired with a Millipede™ coil 
(Varian Inc.), using the following parameters: TR = 1 s , TE = 15 ms, flip angle = 90°, 4 
averages, field-of-view 25.6 mm x 25.6 mm, matrix size 256 x 256 and slice thickness 
0.2 mm. For the detection of MPIO-labeled cells in ex-vivo mouse brain, mice were 
perfused transcardially with 4% PFA at 2h after MSC-treatment. T2

*-weighted images 
were acquired with a 3D GE sequence, with TR = 40 ms, TE = 15 ms, flip angle = 15°, 
32 averages, field-of-view = 22mm x 12mm x 10mm and a voxel size of 75 μm in all 
directions.

MSCs co-culture with brain extracts
10 days after HI- or sham-operation, mice were euthanized by pentobarbital overdose, 
decapitated and brains were removed. The ipsilateral hemisphere was dissected on 
ice at -2.0—2 mm from bregma and was subsequently pulverized on liquid nitrogen. 
Dissected brains were dissolved in KO-DMEM medium (Life Technologies) at a final 
concentration of 150 mg/mL and centrifuged for 10 min at 3.000 g at 4oC. Supernatants 
were collected as ‘brain extract’ and protein concentration was measured with the 
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protein assay (Bio-Rad, Hercules, CA). MSCs were cultured at a concentration of 
40.000 cells per well in a 24 wells-plate for 24h before replacing the medium with 
knock-out medium containing 1mg/mL brain extract. RNA was isolated from the 
MSCs 72h after culture with brain extracts.

RNA isolation and qPCR
Total RNA was isolated with the RNAmini kit according to the manufacturer’s 
instructions (Invitrogen). The amount of RNA was measured with the nanodrop 
2000 (Thermo Scientific, Waltham, MA, USA). The RNA quality was determined with 
the OD 260/280 ratio, which was between 1,9 and 2,1. cDNA was synthetized with 
SuperScript Reverse Transcriptase (Invitrogen). The expression of BDNF and NGF 
genes was measured by quantitative reverse transcription (qRT)-PCR (Biorad IQ5, 
Thermo Scientific) analysis on individual samples. We chose these genes as they are 
important neurotrophic factors that have been shown to be secreted by MSCs16. Data 
was normalized for the expression of GAPDH and actin.

SDS-PAGE gel and Western Blot
To assess the expression of BDNF and NGF in sham and HI brain extracts used for co-
culture with MSCs, equal amounts of brain extract were loaded on a 15% SDS-PAGE 
gel (Bio-Rad) and transferred to a nitrocellulose membrane (Hybond C; Amersham 
Biosciences, Roosendaal, Netherlands). Membranes were blocked with 5% skimmed 
milk for 1 hour, followed by overnight incubation with primary antibodies for rabbit 
anti-BDNF 1:400 (Santa Cruz Biotechnology, Dallas, Texas) and rabbit anti-NGF 1:1000 
(Sigma-Aldrich). Expression was detected by incubation with donkey anti-rabbit-HRP 
1:5000 (Amersham Biosciences) and developed by enhanced chemiluminescence 
(ECL) (Advansta, Isogen Life Science, De Meern, The Netherlands) on a ProXima 
Imager (Isogen Life Science). To control for equal loading, membranes were reprobed 
for β-actin followed by donkey anti-goat-HRP 1:5000 (both Santa Cruz Biotechnology).
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Data analysis
Analyses were performed in a blinded set-up. PKH-26+ signal was determined by 
measuring pixel intensity with ImageJ 1.47f Software (Wayne Rasband, National 
Institutes of Health, USA). Co-localization of GFAP and nestin, CD16/CD32 and Iba-1, 
CD206 and Iba-1 pixels was assessed with the co-localization macro of ImageJ 1.47f 
Software. GFAP and Iba-1 positive signal was also measured by using the ImageJ 
software. The number of DCX+ and NeuN+ cells was counted manually. Statistical 
significance in relative mRNA expression was determined with an unpaired two-
tailed T-test. Statistical significance between M1 and M2 phenotype was determined 
by Multiple T-test corrected for multiple comparisons using the Holm-Sidak method. 
Statistical significance was analyzed by using (repeated measures) one-way ANOVA 
followed by Bonferroni post-tests, when not mentioned otherwise. p<0.05 was 
considered statistically significant. Data are presented as mean ± SEM. Outliers were 
identified with the Grubbs test (Q=2%) or the ROUT test (Q=2%).

Results

Kinetics of MSC migration to the lesion site
We have previously shown that intranasal MSC treatment significantly decreases 
HI brain injury at 25 days after MSC treatment (i.e. 35 days after HI)8. We assessed 
HI-induced loss of MAP2 and MBP staining as measures for gray and white matter 
damage, respectively. The results in Figure 1 confirm our previous data and show 
that intranasal treatment with 0,5x106 MSCs leads to substantial repair of both the 
somatosensory cortex and hippocampus, which are both severely damaged after HI.

We have shown in a previous study that MSCs administered intranasally to both 
nostrils, migrate specifically to the ipsilateral side, but not to the contralateral 
hemisphere8. To assess the kinetics of MSC migration to the lesion site, we administered 
PKH-26 labeled MSCs intranasally via both nostrils at 10 days after HI. We analyzed 
sections of the lesion at 2, 6, 12, 24, 48 and 72h after administration. PKH-26+-MSCs 
form clusters around the lesion site and appear to home exclusively to the ipsilateral 
side. Our results show that PKH-26+-MSCs reach the lesion site as early as 2h after 
administration and peak at 12h. At 72h, the PKH-26+-MSC signal decreases by more 
than 50% compared to levels at 12h after administration (Fig 2).
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Figure 1. Intranasal MSC treatment decreases HI lesion size. Representative images of 
(A) MAP2 and (B) MBP staining from HI-Vehicle and HI-MSC animals at 18 days after MSC 
administration (i.e. 28 days after HI).

Figure 2. MSCs reach the lesion site within 2 hours after administration. 1x106 PKH-26 
labeled MSCs were administered intranasally 10 days after HI. (A) Representative images 
of PKH-26+ cells (see arrows) at the lesion site at 2, 6, 12, 24, 48 and 72h following MSC 
administration. (B) Quantification of PKH-26+ signal/mm2 at 2, 6, 12, 24, 48 and 72h. Data 
represent mean ± SEM. *p<0.05 by ANOVA and Bonferroni post-hoc test. (n=5 per group) Red = 
PKH-26; Blue = DAPI; Asterisk = lesion; Dashed line = lesion border. scale bar = 50 µm.
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MRI of MPIO-labeled MSCs
To corroborate our observation that MSCs reach the lesion site within 2h, we performed 
ex-vivo MRI analysis of mouse brains using MSCs loaded with micron-sized superpara-
magnetic iron-oxide particles (MPIO) co-labeled with the fluorescent label Dragon 
Green. In vitro pre-screening of MPIO-labeled MSCs showed strong fluorescent signal 
indicating that MSCs had ingested MPIO particles (Fig 3A). To verify that contrast-
induced signal intensity changes represent changes in MPIO-MSC numbers, increasing 
numbers of MPIO-MSCs were assessed in vitro with MRI. The results clearly showed 
that MPIO signal intensity correlated with MSC concentration (Fig 3B).

MPIO-labeled MSCs were administered to both nostrils 10 days after HI or sham-
operation and mice were sacrificed 2h later. Hypo-intensities in T2

*-weighted images 
were detected specifically in regions adjacent to the lesion site (Fig 3C). No hypo-
intensities were observed in the brains of sham-operated mice (Fig 3D). To validate 
the MRI results, we analyzed brain sections for Dragon Green fluorescence. In the HI-
injured brain we observed a strong fluorescent signal clustered in the somatosensory 
cortex adjacent to the lesion, in a pattern comparable to the MPIO signal observed 
with MRI (Fig 3E). In agreement with our MRI results, no Dragon Green signal was 
observed in brains from sham-operated mice (Fig 3F, F’).

To control for the possibility that dying MPIO-labeled MSCs or free MPIO had been 
taken up by microglia in vivo, we also analyzed colocalization of Iba-1 and Dragon 
Green. The results show that Iba-1+ cells surround the Dragon Green fluorescent 
signal without overlapping (Fig 3E’).

Neurotrophic factor expression by MSCs
To determine whether the HI brain environment stimulates MSCs to express the 
neurotrophic factors BDNF and NGF, we co-cultured MSCs with HI or sham-operated 
brain extracts from 10 days post-insult. Our results show that BDNF mRNA expression 
significantly increases after co-culture with HI brain extract, but not with sham-
operated brain extract (Fig 4C). NGF gene expression increased after co-culture with 
both HI and sham brain extracts (Fig 4C).
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Figure 3. Magnetic Resonance Imaging of MPIO labeled MSCs. 1x106 MPIO-labeled MSCs 
were administered intranasally at 10 days after HI or sham-operation. (A) Representative 
phase-contrast and fluorescent image of MPIO-(Dragon Green) labeled MSCs. Dragon Green 
MPIOs are taken up by the MSCs. Scale bar = 10 µm. (B) T2

*-weighted gradient echo image of cell 
samples acquired at 100 x 100 x 200 µm3 spatial resolution, with TE = 15 ms. Note the increase 
in contrast as cell concentration increases. (C, D) Ex-vivo T2*-weighted images of mouse brain 
(75 x 75 x 75 µm3 resolution, TE = 15 ms), 2h following intranasal administration of MPIO-
labeled MSC at 10 days after HI (C) or sham-operation (D). (C) Arrows show signal contrast 
from MPIO-labeled MSCs surrounding damaged region (yellow dashed line). (E, F) Panorama 
of ipsilateral cortex from HI (E) or sham-operated (F) mice. Note the Dragon Green signal in 
(E). scale bar = 200 µm. (E’) Iba-1 (red) staining on sections from brain shown in (E). (F’) Insert 
of sham-operated mice. Blue = DAPI; scale bar = 20 µm.
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Figure 4. Characterization of the cellular niche at the lesion and neurotrophic factor 
expression by MSCs. (A) Brain sections from 24h after MSC-treatment were stained for NeuN 
(Green), Iba-1 (Green) and GFAP (Green) expression. (n=3 per group); Red = PKH-26; Blue = 
DAPI; scale bar = 50 µm. (B) Overlap between Iba-1+ cells and PKH-26+ signal at 2h after MSC 
administration. Green = Iba-1; Red = PKH-26; scale bar = 20 μm. (C) Relative mRNA expression 
of BDNF and NGF by MSCs at 72h after co-culture without brain extract or with either HI 
or sham-operated brain extract (n=2). Data represent mean ± SEM. * p < 0.05; **p < 0.01 by 
unpaired two-tailed T-test.

Characterization of the early regenerative niche at the lesion
To characterize the cellular environment surrounding the MSCs at the lesion site, we 
stained ipsilateral brain sections at 1 day after MSC treatment for NeuN, GFAP and 
Iba-1. PKH-26+-MSCs were primarily surrounded by Iba-1+ cells (Fig 4A). NeuN+ cells 
were found scattered around the MSCs. GFAP+ cells formed a boundary border around 
the PKH-26+-MSCs. There was no overlap between PKH-26+ MSCs and NeuN+, GFAP+ or 
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  Iba-1+ cells at 1 day. To determine whether Iba-1+ cells overlapped with PKH-26+-MSCs 
at an earlier time-point, we stained brain sections at 2h following MSC treatment 
for Iba-1. At this early time-point, we estimate that around 80% of the Iba-1+ cells 
overlapped with the PKH-26+-MSC-derived signal suggesting that Iba-1+ cells may 
phagocytose dying MSCs (Fig. 4B).

MSCs increase the number of DCX+ cells in the SVZ
First, we investigated whether MSCs affect neurogenesis in the SVZ. To this end, we 
assessed the number of neuronally-committed type A progenitor cells, i.e. neuroblasts, 
which have the phenotype of young migrating neurons. Coronal sections from the SVZ 
were stained for doublecortin (DCX) at 1, 3 and 5 days after MSC or Vehicle treatment. 
MSC administration significantly increased the number of DCX+ cells in the SVZ at 1 
and 3 days (Fig 5A-C). At 5 days after MSC treatment, the number of DCX+ cells had 
returned to the level observed in sham-operated mice (Fig 5D). DCX+ cell numbers 
increased in the contralateral SVZ at 1 days. HI alone did not lead to a significant 
increase in the number of DCX+ cells at any of the time-points measured (Fig 5).

Early effect of MSCs on neural progenitor cells at the lesion
Next, we determined the number of type B precursor cells (i.e. uncommitted 
precursors) at the lesion site, by quantifying the expression of GFAP+/nestin+ pixels 
in 10 fields, at 1, 3 and 5 days after MSC or Vehicle administration (Fig 6A). Our 
results show that the number of GFAP+/nestin+ pixels at 1 day after MSC treatment is 
almost two times higher than in HI-Vehicle or sham-operated animals (Fig 6B, C). At 
5 days the amount of GFAP+/nestin+ pixels had returned to sham level. HI only led to 
a small significant increase in GFAP+/nestin+ expression on day 3. In sham-operated 
mice, GFAP+/nestin+ expression remained stable over time. In HI-Vehicle and HI-MSC 
animals, GFAP+/nestin+ cells were located at the lesion border. These data show that 
MSC enhance the number of type B precursor cells at the lesion, which suggests the 
formation of a neurogenic niche.
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Figure 5. MSCs increase the expression of DCX in the SVZ. DCX expression in the SVZ at 1, 3 
and 5 days after MSC or Vehicle administration and in sham-operated brain. (A) Representative 
images of sham, HI-Vehicle or HI-MSC at 1, 3 and 5 days after treatment. (B-D) Quantification of 
DCX+ cells in the contra- and ipsilateral SVZ at 1 day (B), 3 day (C) and 5 day (D). Data represent 
mean ± SEM. *p<0.05; **p<0.01; ***p<0.001; n.s. = not significant by ANOVA and Bonferroni 
post-hoc test. (n=6 per group); Red = DCX; Blue = DAPI; scale bar = 32 µm.
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Figure 6. Expression of neural precursor cells increases following MSC-treatment. 
GFAP and nestin expression at the lesion site at 1, 3 and 5 days after MSC or Vehicle treatment 
and in sham-operated brain. (A) Schematic illustration of regions that were quantified. (B) 
Quantification of GFAP+/nestin+ pixels at 1, 3 and 5 days. (C) Representative images of sham, HI-
Vehicle or HI-MSC at 1 day after treatment. Data represent mean ± SEM. *p<0.05; ***p<0.001; 
n.s. = not significant by ANOVA and Bonferroni post-hoc test. (n=6 per group); Green = Nestin; 
Red = GFAP; Blue = DAPI; scale bar = 20 µm.

Next, we quantified the number of DCX+ cells at the lesion. At both 1 and 3 days after 
MSC-treatment there was a significant increase in DCX+ cells in the corpus callosum, 
and in the ipsilateral cortical and thalamic regions adjacent to the lesion (Fig 7A,C). At 
5 days, the number of DCX+ cells in the ipsilateral hemisphere had returned to sham 
level (Fig 7A,D). However, at this time-point the number of DCX+ cells in the ipsilateral 
hemisphere of MSC-treated mice was significantly higher than in the contralateral 
area (Fig 7D). In HI-Vehicle mice, DCX expression at the lesion or contralateral side was 
not changed at 1 to 5 days (i.e. 11-15 days post-HI) (Fig 7). DCX expression remained 
constant in sham-operated mice. These results demonstrate that MSCs also enhance 
the number of neuronally committed progenitor cells at the lesion.
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Figure 7. DCX expression is increased at the lesion site following MSC-treatment. DCX 
expression at the lesion at 1, 3 and 5 days after MSC or Vehicle administration and in sham-
operated brains. (A) Representative images of sham, HI-Vehicle or HI-MSC at 1, 3 and 5 days 
after treatment. (B-D) Quantification of DCX+ cells adjacent to the lesion and at the undamaged 
contralateral side at 1 day (B), 3 days (C) and 5 days (D). Data represent mean ± SEM. *p<0.05; 
**p<0.01by ANOVA and Bonferroni post-hoc test. (n=6 per group); Red = DCX; Blue = DAPI; 
Asterisk = lesion; Dashed line = lesion border. scale bar = 32 µm.

MSCs regenerate the lesioned brain
Next, we investigated whether MSC treatment leads to increased repopulation of 
lost brain structures. We determined the number of NeuN+ cells in the damaged 
somatosensory cortex and hippocampus at 1, 5 and 18 days after MSC or Vehicle 
treatment. Our results show a significant loss of tissue, encompassing the hippocampus 
and somatosensory cortex, which can be clearly discerned as a cavity at 11 days after 
HI (i.e. 1 day after MSC or Vehicle treatment) (Fig 8A). In HI-Vehicle mice this cavity 
was still discernible at 18 days (Fig 8A). The lesion in the somatosensory region 
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was repopulated by NeuN+ cells at 5 days following MSC treatment, and the number 
of neurons had significantly increased compared to HI-Vehicle mice, and reached 
sham-level (Fig 8B, C). At 18 days after MSC treatment, NeuN expression in the 
somatosensory cortex was still increased. At 5 days following MSC treatment, an area 
with hippocampal morphology started to emerge (Fig 8D). At this time-point, NeuN+ 
cells repopulated the dentate gyrus and we also observed a partial recovery of the 
CA1, CA2 and CA3 regions. At 18 days, the dentate gyrus, CA1, CA2 and CA3 regions 
had further regenerated and the hippocampal structure  was clearly discernible 
(Fig 8D).

Effect of MSCs on astrocyte and microglia activation
To assess whether MSC treatment has an effect on the number of astrocytes and 
microglia, we quantified expression of GFAP+ and Iba-1+ cells at 1, 5 and 18 days after 
MSC or Vehicle treatment. Figure 9A and B show that the number of microglia and 
astrocytes are substantially upregulated at the lesion at all time-points. Following 
HI, Iba-1+ cells show morphological characteristics that correlate with an activated 
state (amoeboid phenotype) (Fig 9A). GFAP+ cells change their star shape morphology 
to a more rounded, multipolar morphology. A dense network of reactive astrocytes 
demarcates the entire lesion (Fig 9B). At 1 day after MSC treatment, no significant 
difference in either Iba-1+ or GFAP+ expression was observed between Vehicle- and 
MSC-treated mice (Fig 9A, B). However, at 18 days following MSC treatment, GFAP 

and Iba-1 expression levels are substantially decreased compared to levels in Vehicle-
treated HI mice and have returned to sham level (Fig 9A, B).

Polarization of microglial cells following MSC-treatment
As microglia can have distinct phenotypes, e.g. pro-inflammatory (M1) or regenerative/
anti-inflammatory (M2a/b), we assessed whether MSC treatment affects microglia 
polarization. We double-stained coronal sections for CD16/32 (M1) or CD206 (M2) 
and Iba-1. Our data show that HI-Vehicle mice have a higher expression of both M1 
and M2 microglia than sham-operated mice, but no significant polarization towards 
the M1 or the M2 phenotype (Fig 9C, D). MSC treatment induced polarization towards 
the M2 phenotype.
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Figure 8. Regeneration following MSC administration. NeuN expression at 1, 5 and 18 days 
following Vehicle or MSC administration. (A) Overview of macroscopic lesion site at 1, 5 
and 18 days after Vehicle or MSC treatment. Note cortical Layer 4 (arrow) at 5 and 18 days 
after MSC treatment. Red square = insert shown in (C); Green square = insert shown in (D). 
(B) Quantification of NeuN+ cells in 4 random fields in the ipsilateral somatosensory cortex. 
(C) Representative images of NeuN expression in the somatosensory cortex of HI-Vehicle 
and HI-MSC. (D) Representative images of NeuN expression in the hippocampal structure at 
1, 5 and 18 days following MSC or Vehicle treatment. Data represent mean ± SEM. *p<0.05; 
**p<0.01; ***p<0.001 by ANOVA and Bonferroni post-hoc test. (n=6 per group). Green = NeuN; 
Blue = DAPI; Asterisk = lesion site; Dashed line = boundary lesion. scale bar = 50 µm in C, D.
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Figure 9. MSCs revert astrogliosis at the damaged region. Iba-1 and GFAP expression at the 
lesion at 1, 5 and 18 days after MSC or Vehicle administration. (A) Upper: Quantification of Iba-
1+ at 1, 5 and 18 days and a schematic view of the regions that were quantified in (A), (B) and 
(C). Lower: Representative images of Iba-1+ cells in sham, HI-Vehicle and HI-MSC at 18 days. 
(B) Upper: Quantification of GFAP+ pixels at 1, 5 and 18 days. Lower: Representative images of 
GFAP+ cells in sham, HI-Vehicle and HI-MSC at 18 days. (C) Quantification of CD16/32+/Iba-1+ 

pixels and CD206+/Iba-1+ pixels at 5 days. (D) Representative images of CD16/32+/Iba-1+  cells 
and CD206+/Iba-1+ cells at 5 days after MSC-treatment. Data represent mean ± SEM. (A, B) 
*p<0.05; **p<0.01; ***p<0.001; # = not significant for Sham 5 days vs HI-MSC 5 days and Sham 
18 days vs HI-MSC 18 days by ANOVA and Bonferroni post-hoc test. (C) *p<0.05 by multiple 
T-test corrected with the Holm-Sidak method. (n=6 per group); Red = Iba-1 (A,D); Green = GFAP 
(B), CD206, CD16/CD32 (D); Blue = DAPI; scale bar = 20 µm.
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Discussion

In view of the pre-clinical efficacy of MSC treatment and the lack of effective therapies 
for infants with neonatal brain damage, intranasal MSC administration might become 
a powerful therapeutic strategy in the future. In previous studies we described 
the potent effect that MSCs have in decreasing lesion size and improving motor 
and cognitive behavior following HI injury8, 13-15. Yet, how MSCs mediate this effect 
is unclear. Here, we describe the effect of intranasally administered MSCs on the 
cellular composition of the ‘regenerative niche’ in the SVZ and lesion. Moreover, we 
followed repair of the lesion by quantifying the number of GFAP+/nestin+, DCX+ and 
NeuN+ cells, astrocytes and microglia until 18 days after MSC-treatment (i.e. 28 days 
after HI). Following application of MSCs, cells migrate from the ipsi- and contralateral 
nasal cavities to the unilateral lesion within 2h after administration. The number 
of MSCs decreases sharply at 72h, which is in accordance with previous findings14. 
This indicates that MSCs induce a cascade of events leading to tissue repair. MSCs not 
only increase the number of GFAP+/nestin+ and DCX+ cells at the lesion within 1 day 
after intranasal administration, but also induce maturation of neuroblasts following 
HI brain injury (Fig 10). Moreover, MSCs induce microglial polarization towards a 
M2 phenotype and decrease the number of activated astroglial cells at 18 days after 
treatment. Our key finding is that intranasal MSC treatment leads to a remarkably fast 
regeneration of the lesion, as repopulation of the somatosensory and hippocampal 
regions starts within 5 days after administration.

Figure 10. Schematic overview of location and changes in number of MSCs, precursor 
cells and glial cells. (A) Schematic figure showing location of MSCs, GFAP+/nestin+, DCX+, GFAP+ 
and Iba-1+ cells at the lesion at 1 day after administration. (B) Diagram depicting changes in 
MSC, GFAP/nestin, DCX, NeuN, GFAP and Iba-1 expression over time.
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The MSC signal detected with MRI and Dragon Green fluorescence surrounding the 
lesion at 2h after administration (Fig 3) closely resembles the PKH-26+ MSC signal, 
which forms clusters alongside the lesion (Fig 2). We checked for the possibility 
that MPIOs are phagocytosed by microglia, thereby leading to false positive results. 
However, Iba-1 staining showed no overlap with the MPIO-labeled MSCs, further 
supporting that the MRI signal and the Dragon Green fluorescence correspond to the 
presence of MSCs at the lesion. Yet, at 2h after MSC administration, around 80% of the 
PKH26+ signal overlapped with Iba-1+ microglia (Fig 4B). In contrast, at 1 day there 
was no overlap between the Iba-1+ signal and the PKH26+ signal (Fig 4A). To explain the 
apparent discrepancy between results we postulate that the first MSCs reaching the 
lesion at 2h will be phagocytosed by activated microglia, which may in its turn affect 
the local brain environment that will shift towards an environment more receptive 
for MSCs. Hence, at 12h, when there is a peak in the number of MSCs in the lesion, the 
environment is more receptive to the MSCs, which are no longer phagocytosed. The 
fact that we did not observe an overlap between Dragon Green signal and the Iba-1+ 
signal at 2h after MSC administration might be due to the relatively strong Dragon 
Green staining (Fig 3E’).

Our finding that MSCs reach the damaged area within 2h makes it unlikely that 
MSCs migrate to the lesion through the brain parenchyma. Neural precursor cells have 
been shown to migrate 94µm ± 20µm per hour along the rostral migratory stream 
(RMS)17. Hence, if one would assume that MSCs migrate at a similar rate it would take 
several days to reach the damaged region. Therefore, it seems more plausible that 
MSCs migrate from the intranasal cavity towards the lesion through the meningeal 
circulation or along blood vessels in the lamina propria or via the cerebral spinal fluid.

In order to study whether MSCs increase the number of neuronally-committed 
cells in the neurogenic niche in the SVZ, we determined the presence of DCX+ cells 
in the SVZ. We show that MSCs increase the number of neuroblasts in the ipsilateral 
SVZ at 1 and 3 days after treatment (Fig 5). As we did not find MSCs in the SVZ region 
at any time-point, we postulate that MSCs at the lesion induce neurotrophic factor 
production in the SVZ, possibly through paracrine signaling by MSCs, which in turn 
promotes differentiation of type B precursor cells towards neuroblasts in the SVZ. The 
fact that most of the increase in DCX+ cells in the SVZ was detected in the ipsilateral 
side indicates that MSC presence at the lesion leads to increased precursor cells in the 
SVZ. These results raise the interesting possibility that neuroblasts in the SVZ may 
migrate towards the lesion to repopulate the damaged cortical areas18-20.
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Anderova et al., 2011, described that HI increases the number of GFAP+/nestin+ NSCs 
in the hippocampus in adult rats. Neonatal HI has also been demonstrated to increase 
the number of neuroblasts in the lesion 1-3 weeks post-insult22-24. We detected a small 
increase of GFAP+/nestin+ expression at the lesion at 3 days (i.e. 13 days after HI) after 
Vehicle treatment. We did not observe any change in DCX expression after Vehicle 
treatment. Therefore, we conclude from our data that neurogenesis is impaired 
following neonatal HI, which is in accordance with current literature25. In contrast, 
1 day after MSC treatment, the number of GFAP+/nestin+ cells surrounding the lesion 
had increased almost two times in comparison to HI-Vehicle mice (Fig 6). At 5 days 
after MSC administration the number of precursor cells had returned to sham level. 
Moreover, we found a substantial increase in DCX+ cells at 1 and 3 days after MSC, 
which declined to sham level at 5 days (Fig 7).

Our results show that this increase in the number of DCX+ cells was short-lasting as 
at 5 days after MSC administration it had returned to sham level suggesting that the 
DCX+ cells had either differentiated to a more mature phenotype or died. As GFAP+/
nestin+ cells first become nestin+ before differentiating towards DCX+ cells, we also 
investigated whether the GFAP+/nestin+ cells had differentiated towards the nestin+ 
intermediate phenotype at 5 days. We found that at 5 days, nestin+ cells are still 
significantly increased in the lesion in comparison to sham, which suggests that the 
GFAP+/nestin+ cells have become type 2 precursor cells at 5 days (data not shown). 
These data suggest that the differentiation of nestin+ cells into adult neurons and 
astrocytes may continue after 5 days following MSC treatment.

Next, we investigated whether the DCX+ cells had further differentiated into 
more mature neurons, by assessing the number of NeuN+ cells after MSC and Vehicle 
treatment. Our results show extensive tissue loss encompassing the somatosensory 
cortex and hippocampus 1 day (i.e. 11 days after HI) following Vehicle or MSC 
treatment. Furthermore, we observed that in the Vehicle-treated mice the lesion size 
did not aggravate any further after 11 days following HI. However, at 5 days after MSC 
treatment the number of NeuN+ cells increases significantly reaching sham level. These 
NeuN+ cells will repopulate the damaged somatosensory cortex resulting in cortical 
lamination, as Layer 4 can be clearly distinguished (Fig 8A-C). The hippocampal 
region also starts to regenerate at 5 days after MSC treatment. The dentate gyrus 
is well defined and the CA1, CA2 and CA3 regions are beginning to repopulate. The 
CA1, CA2 and CA3 regions develop further at 18 days. The fact that at 10 days after 

Donega.indd   87 17-7-2014   9:53:02



88 | Chapter 4

HI, there is significant tissue loss and the lesion does not augment, does not support a 
neuroprotective role for MSCs in our model. Instead, the results strongly support that 
MSC induced lesion repair is due to increased neuroregeneration.

MSCs are known to have strong immunomodulatory capacity and to decrease 
inflammatory responses following injury26-28. Astrocytes have been shown to be 
a (functionally) heterogeneous cell population that can be either detrimental to 
neurogenesis or support neuronal function27,29,30,31. Whether astrocytes will lead to 
astrogliosis and impair regeneration or promote neurogenesis and repair, depends 
on a plethora of signals including pro-inflammatory (e.g. IFN-γ and IL-1) and damage 
signals (e.g. DAMPs and PAMPs)31. At 1 day after Vehicle or MSC treatment we observed 
a significant amount of GFAP+ cells surrounding the lesion. Interestingly, 18 days after 
MSC treatment the amount of GFAP+ expressing cells had decreased back to sham 
level (Fig 9), which suggests that MSCs may also decrease gliosis, since in HI-Vehicle 
animals there is still a dense network of reactive astrocytes at the lesion border.

Microglia, like astrocytes, can have either a pro-inflammatory effect (M1) or 
promote tissue repair and anti-inflammation (M2)32-35. We show that MSCs stimulate 
microglia polarization towards a M2 phenotype (Fig 9). This may be mediated by 
the immunosuppressive effects of MSCs. In this respect, it is of interest that we have 
shown increased IL-10 mRNA expression after MSC transplantation14. MSC treatment 
decreases the number of microglia at 28 days after HI, the time-point when repair of 
the lesion by NeuN+ cells was observed. These findings suggest that lesion repair is 
associated with an anti-inflammatory environment and that the immunosuppressive 
capacity of MSCs play an important role in mediating regeneration following HI 
injury36.

In conclusion, the results in this study demonstrate that intranasal MSCs decrease 
lesion volume by promoting formation of a ‘neurogenic niche’ leading to a dramatic 
reconstruction of the hippocampus and somatosensory cortex (Fig 8). This is crucial 
as the regenerative signal induced by HI is largely insufficient25. Our present study 
demonstrates that MSCs boost the endogenous regenerative capacity by promoting 
neurogenesis and neuronal survival. Importantly, we show evidence that MSCs are 
directly involved in inducing and supporting a shift to a neurogenesis supportive 
environment, as we found that MSCs express more BDNF following contact with a 
HI environment. Co-culture of MSCs with brain extract from sham-operated mice 
doubles the mRNA expression of NGF. In contrast to BDNF, co-culture with HI brain 
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extract does not further increase the production of NGF. This may suggest that factors 
present in the brain of sham animals stimulate MSCs to maintain production of 
NGF. Following injury, endogenous stimuli in the brain will increase the production 
of BDNF by MSCs to promote neurogenesis. Therefore, this suggests that the HI 
brain environment stimulates MSCs to secrete specific neurotrophic factors.  The 
neurotrophic factor BDNF plays an important role in proliferation, migration, 
differentiation and survival of neuronal cells37. Moreover, we have previously 
shown that intracranially-administered MSCs upregulate gene expression of several 
neurotrophic factors14. Both the SVZ and lesion site may be sources of progenitor cells. 
MSCs may induce migration of DCX+ cells from the SVZ to the lesion and also stimulate 
a subset of reactive astrocytes in the lesion to develop stem cell potential. MSCs also 
revert scar formation, which is known to impair neurogenesis. These findings are of 
clinical importance as they further delineate the power of MSCs as a future therapeutic 
strategy for neonatal HI brain damage.
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Abstract

Intranasal treatment with C57BL/6 MSCs reduces lesion volume and improves motor 
and cognitive behavior in the neonatal hypoxic-ischemic (HI) mouse model. In this 
study, we investigated the potential of human MSCs (hMSCs) to treat HI brain injury 
in the neonatal mouse. Assessing the regenerative capacity of hMSCs is crucial for 
translation of our knowledge to the clinic. We determined the neuroregenerative 
potential of hMSCs in vitro and in vivo by intranasal administration 10 days following 
HI in neonatal mice.

HI was induced in P9 mouse pups. 1x106 or 2x106 hMSCs were administered 
intranasally 10 days after HI. Motor behavior and lesion volume were measured 
28 days following HI. The in vitro capacity of hMSCs to induce differentiation of mouse 
neural stem cell (mNSC) was determined using a transwell co-culture differentiation 
assay. To determine which chemotactic factors may play a role in mediating migration 
of MSCs to the lesion, we performed a PCR array on 84 chemotactic factors 10 days 
following sham-operation, and at 10 and 17 days after HI.

Our results show that 2x106 hMSCs decrease lesion volume, improve motor behavior, 
and reduce scar formation and microglia activity. Moreover, we demonstrate that the 
differentiation assay reflects the neuroregenerative potential of hMSCs in vivo, as 
hMSCs induce mNSCs to differentiate into neurons in vitro. We also provide evidence 
that the chemotactic factor CXCL10 may play an important role in hMSC migration 
to the lesion site. This is suggested by our finding that CXCL10 is significantly 
upregulated at 10 days following HI, but not at 17 days after HI, a time when MSCs 
no longer reach the lesion when given intranasally. The results described in this 
work also tempt us to contemplate hMSCs not only as a potential treatment option 
for neonatal encephalopathy, but also for a plethora of degenerative and traumatic 
injuries of the nervous system.
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Introduction

Neonatal encephalopathy due to perinatal hypoxia-ischemia (HI) is an important 
cause of mortality and long-term neurological deficits such as cerebral palsy, seizures 
and mental retardation in babies born at term1-5. However, therapeutic strategies for 
neonatal encephalopathy remain scarce. Hence, developing new treatment options 
for the newborn infant that effectively prevent or diminish the development of 
encephalopathy is of pivotal importance.

Bone marrow-derived mesenchymal stem/stromal cells (MSCs) have been shown 
to promote tissue repair in various disease models ranging from cardiovascular6 to 
graft-versus-host disease7. MSCs are valuable as a therapeutic tool as they are hardly 
immunogenic due to a lack of MHC class II expression and co-stimulatory proteins (e.g. 
CD80, CD86 and CD40)8,9. Therefore, several clinical trials are currently investigating 
the efficacy and safety of MSCs as a treatment option for various pathologies10.

We have previously shown in a mouse model of neonatal HI brain damage that 
intranasal administration of murine MSCs significantly improves motor and cognitive 
behavior and reduces cerebral lesion volume11. In contrast to current pharmacological 
therapies for neonatal HI12, we found that MSC treatment has a long therapeutic 
window of 10 days after the insult. Studies from our group and others have shown 
that intracranial and intravenous injection of murine MSCs actively promote 
proliferation and differentiation of neuronal and glial precursor cells as well as axonal 
regeneration13-17. Moreover, MSCs have been shown to exert strong anti-inflammatory 
properties and to modulate immune responses, for example by suppressing the 
proliferation of T cells and B cells in various disease models such as graft-versus-host 
disease7,18.

Before MSCs can be used in the clinic for the treatment of neonatal brain damage, 
the neuroregenerative potential of human MSCs (hMSCs) has to be determined. A few 
studies in the adult rodent MCAO model for stroke have investigated the efficacy of 
hMSCs to repair stroke induced brain lesion and behavioral deficits, but none have 
studied the effects of hMSCs on neonatal encephalopathy19-21. The results from these 
studies show that hMSCs improve motor behavior, decrease lesion size and enhance 
angiogenesis. In our study, we used an in vitro assay to assess the capacity of hMSCs to 
induce mouse neural stem cell (mNSC) to differentiate towards neuronal and glial cell 
fates. Moreover, we determined in vivo whether hMSCs are able to migrate towards 
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the injury site in our mouse model of neonatal HI brain injury and which chemotactic 
factors may mediate MSC migration to the lesion. Most importantly, we investigated 
whether treatment with hMSCs improves motor behavior and decreases lesion size 
and gliosis following HI injury in the neonatal mice.

Material and Methods

Ethics statement, hMSCs isolation, culture and characterization
MSCs are classified as Advanced Therapy Medicinal Products and expanded in the 
GMP-accredited Cell Therapy Facility of the UMC Utrecht. Bone marrow from healthy 
donors is harvested for the expansion of MSCs as approved by the Dutch Central 
Committee on Research Involving Human Subjects (CCMO) (Biobanking bone marrow 
for MSC expansion, NL41015.041.12). Either the bone marrow donor or the parent 
or legal guardian of the donor signed the informed consent approved by the CCMO. 
The MSCs are isolated from the bone marrow by plastic adherence and expanded 
using platelet lysate. Optimal MSC expansion is achieved using human platelet 
lysate as substitute for fetal bovine serum in alpha-MEM (Macopharma, Utrecht, 
The Netherlands)22. Briefly, mononuclear cells from bone marrow are isolated using 
a density separation method. Isolation and expansion of MSCs is done by plastic 
adherence using 2-layer CellStacks in combination with Macopharma seeding sets, 
medium exchange sets and harvesting sets. MSCs are harvested using TripLE and 
Passage 3 MSCs are cryopreserved in bags in Physiological Salt solution containing 
human serum albumin and 10% DMSO for clinical trials. The bags are stored in the 
vapour phase of liquid nitrogen. After thawing, ± 95% of the hMSCs are alive and 
positive for CD73, CD90 and CD105 and contain less than 0.1% CD-45 positive cells. 
Thus the hMSCs used in this study are in agreement with the release criteria described 
by the International Society for Cellular Therapy being >70% of the MSCs are CD73, 
CD90 and CD105 positive and contain <10% CD45-positive cells and <1% T cells23,24 
(Supplemental Figure 1). Furthermore, the MSCs are sterile (negative for bacteria, 
yeast, funghi, mycoplasma (<10CFU) and endotoxin (<5EU/kg/hr)).
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Ethics statement, HI induction and intranasal MSC administration
Experiments were performed according to the Dutch and European international 
guidelines (Directive 86/609, ETS 123, Annex II) and approved by the Experimental 
Animal Committee Utrecht (University Utrecht, Utrecht, Netherlands). All efforts 
were made to minimize suffering.

An unilateral HI lesion was induced in 9 day old C57BL/6 mouse pups (Harlan 
Laboratories, Boxmeer, The Netherlands) under isoflurane anesthesia, by permanent 
occlusion of the right common carotid artery followed by hypoxia for 45 min at 10% 
oxygen. Control sham-operated mouse pups underwent anesthesia and incision only. 
The HI procedure resulted in a mortality rate of 10%. Pups from 11 litters were 
randomly assigned to the different experimental groups. Analyses were performed 
in a blinded set-up. At 10 days after HI, either 1x106 or 2x106 human MSCs (Passage 
3) or PBS (Vehicle treatment) was administered intranasaly. 3 µl of hyaluronidase in 
PBS (100 U, Sigma-Aldrich, St. Louis, MO) was administered twice to each nostril to 
increase the permeability of the nasal mucosa. Thirty minutes later animals received 
3 µL twice to each nostril with a total volume of 12 µL.

In vitro proliferation assay and differentiation assay
Cell proliferation was determined with a 3H-thymidine incorporation assay (Perkin 
Elmer, Waltham, USA). MSCs were plated in a 96 wells-plate at a concentration of 
1000 cells per well. 25 µL of 3H-thymidine (5mCi (185MBq)) was added to the wells at 
0, 24, 48 and 96h after plating. Time-point 0h (T0) was designated as 4h after plating, 
allowing the MSCs to attach to the plate. Incorporated 3H-thymidine was measured 
16h later with a micro beta-plate counter (Perkin Elmer).

For the (non-contact) transwell co-culture differentiation assay25,26, 80.000 hMSCs 
were embedded in 0.2% HydroMatrix gel (Sigma-Aldrich) and cultured in transwell 
inserts for 48h (Millipore, Amsterdam, The Netherlands) in alpha-MEM with human 
platelet lysate supplement. 24 wells-plates were coated with 10 µg/mL Poly-L-
Ornithine and 5 µg/mL Laminin (both Sigma-Aldrich) before plating mouse cortical 
neural stem cells (mNSC) (R&D systems, Minneapolis, USA) at a concentration of 
25.000 cells per well in DMEM:F12 + B27 medium (Life Technologies). 20 ng/mL of 
human recombinant EGF (Peprotech, Rocky Hill, NJ, USA) and 20 ng/mL of mouse b-FGF 
(Peprotech) was added to the mNSCs cultures daily for the following 2 days. 48h after 
plating the mNSCs, co-culture was started by transferring the inserts containing 
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hMSCs (in HydroMatrix gel) into the 24-wells plates with mNSCs. The assay was 
stopped by fixing the mNSCs with 4% paraformaldehyde (PFA) at T0 (unstimulated 
mNSCs) and at T96 after starting co-culture with hMSCs. Differentiation of the mNSCs 
was assessed by immunocytochemistry.

Immunocytochemistry
Briefly, PFA-fixed mNSCs from the co-culture assay were blocked with 5% BSA 
and 0.1% saponin for 30 min followed by incubation for 1h at room temperature 
with primary antibodies: mouse anti-nestin (1:200) (BD Biosciences, Breda, The 
Netherlands), rabbit anti-Olig2 (1:400) (Millipore), mouse anti-GFAP (1:100) (Acris 
antibodies, Herford, Germany) or rabbit-anti βIII-Tubulin (1:1000) (Abcam antibodies, 
Cambridge, UK). Secondary antibodies goat anti-mouse AF488 or goat anti-rabbit 
AF594 (Invitrogen, Paisley, UK) were incubated for one hour at room temperature. 
Nuclei were counterstained with 4’6-diamidino-2-phenylindole (DAPI; Invitrogen) 
and mounted with FluoroSave reagent (Calbiochem, Nottingham, UK). Fluorescent 
images were taken with an AxioCam MRm (Carl Zeiss, Sliedrecht, The Netherlands) 
on an Axio Observer Microscope with Axiovision Rel 4.6 software (Carl Zeiss).

MSC tracking
1x106 hMSCs were labeled with PKH-26 Red fluorescent cell linker kit (Sigma-Aldrich) 
and administered intranasally to mouse pups at 10 days after induction of HI. 24h 
later, mice were perfused intracardially with PBS followed by 4% PFA. Fixed brains 
were cryoprotected in a sucrose gradient (15% followed by 30% overnight) and 
embedded in OCT compound (VWR BDH Prolab, Boxmeer, The Netherlands). Coronal 
cryosections (8 μm) were stained with DAPI (Invitrogen) for nuclei counterstaining. 
Fluorescent images were captured using an EMCCD camera (Leica Microsystems, 
Benelux) and Softworx software (Applied Precision, Washington, USA).

Gene expression profiling
Real-time PCR analysis was done on pooled samples from 10 HI mouse pups and 
6 sham-operated mouse pups on the RT2 Profiler PCR array (PAMM-022, SABiosciences, 
Venlo, Netherlands). A standard brain region was isolated at 10 and 17 days following 
HI induction or sham-operation by dissecting the ipsilateral hemisphere at bregma 
and 2 mm from bregma on ice and pulverizing on liquid nitrogen. Total RNA was 
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isolated by TRIzol according to the manufacturer’s instructions (Invitrogen). The 
amount of RNA was measured by spectrophotometry at 260 nm. The RNA quality was 
determined with the OD 260/280 ratio, which was between 1,9 and 2,1. To confirm 
that there was no RNA degradation, all samples were run on a 1% agarose gel. cDNA 
was synthetized with SuperScript Reverse Transcriptase (Invitrogen). Expression 
of 84 genes was measured according to the producer’s guidelines by using the RT2 
Real-Time SYBR green PCR master Mix (SABiosciences) on the Bio-rad IQ5 (Thermo 
Scientific, Waltham, MA, USA). Data was normalized for the expression of GAPDH and 
actin. Analysis was done with the PCR Array Data Analysis Software (SABiosciences). 
Two separate comparisons were made, i.e. the sham-operated group was compared 
to the 10 days after HI group and the 10 days after HI group was compared to the 
17 days after HI group. Changes in gene expression were determined as significant by 
an arbitrary cut-off of > 2-fold. The PCR array results were validated by quantitative 
reverse transcription (qRT)-PCR analysis on individual samples and pooled samples.

MSCs co-culture with brain extracts
10 days after HI-surgery, mice were euthanized by pentobarbital overdose, decapitated 
and brains were removed. The ipsilateral hemisphere was dissected on ice at 0 mm 
to 2 mm from bregma and was subsequently pulverized on liquid nitrogen. Dissected 
brains were dissolved in KO-DMEM medium (Gibco Life Technologies) at a final 
concentration of 150 mg/mL and centrifuged for 10 min at 3000g at 4oC. Supernatants 
were collected as ‘brain extract’ and protein concentration was measured using a 
protein assay with BSA as a standard on a Multiskan GO (Thermo Scientific). hMSCs 
were cultured at a concentration of 40.000 cells per well in a 24 wells-plate for 24h 
before replacing the medium with knock-out medium with either 1 mg/mL HI brain 
extract or without extract. After 72h of culture with brain extracts, hMSCs were lysed 
for RNA isolation.

RNA isolation and qPCR
Total RNA was isolated with the RNAmini kit according to the manufacturer’s 
instructions (Invitrogen). The amount of RNA was measured with the nanodrop 
2000 (Thermo Scientific). RNA quality was determined with the OD 260/280 ratio, 
which was between 1,9 and 2,1. cDNA was synthetized with SuperScript Reverse 
Transcriptase (Invitrogen). The expression of CXCR3 gene was measured by 
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quantitative reverse transcription (qRT)-PCR (Biorad IQ5) analysis on individual 
samples. Data was normalized for the expression of GAPDH and β-actin.

Sensorimotor function
Unilateral sensorimotor impairments were measured in the cylinder rearing test 
(CRT). Mice were placed in a transparent cylinder and the weight-bearing paw (left 
(impaired), right (unimpaired) or both) contacting the cylinder wall during full rear 
was scored. Paw preference was calculated as ((right - left)/ (right + left + both)) 
x 100%.

Histology
Coronal paraffin sections (8 μm) of paraformaldehyde (PFA)-fixed brains were 
incubated with mouse-anti-myelin basic protein (MBP) (Sternberger Monoclonals, 
Lutherville, MD,) or mouse-anti-microtubule-associated protein 2 (MAP2) (Sigma-
Aldrich) followed by biotinylated horse-anti-mouse antibody (Vector Laboratories, 
Burliname, CA). Binding was visualized with Vectastain ABC kit (Vector Laboratories) 
and diaminobenzamidine. Ipsilateral MAP2 and MBP area loss was determined on 
sections corresponding to -1.85 mm from bregma in adult mouse brain. MBP and 
MAP2 staining were quantified using ImageJ software (http://rsb.info.nih.gov/ij/) 
and Adobe Photoshop CS5, respectively.

Immunofluorescence
Coronal paraffin sections (8 μm) were blocked with 2% BSA and 0.1% saponin, 
incubated for 2h with primary antibodies rabbit anti-Iba1 (1:200) (Wako Chemicals, 
Osaka, Japan) and mouse anti-GFAP (1:100) (Acris antibodies) followed by incubation 
with secondary antibodies goat anti-rabbit AF594 and goat anti-mouse AF488 (both 
Invitrogen). Nuclei were counterstained with DAPI (Invitrogen) and mounted with 
FluoroSave reagent (Calbiochem). Fluorescent images were captured with an AxioCam 
MRm (Carl Zeiss, Sliedrecht, The Netherlands) on an Axio Observer Microscope with 
Axiovision Rel 4.6 (Carl Zeiss).

Statistical analysis
Quantification of the differentiation assay, and GFAP and Iba-1 staining was done by 
measuring pixel intensity with ImageJ software (http://rsb.info.nih.gov/ij/). Analysis 
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was performed blind to treatment groups to avoid bias. Similar thresholds were used 
for all treatment groups. The mean of all signal intensities from all individual pictures 
per sample were combined and this number was entered in the graph. For the GFAP 
and Iba-1 staining, we quantified one section per animal and 10 regions of interest 
with a 20x magnification. 7 cortical regions (3 fields in the motor cortex and 4 fields 
in the somatosensory cortex) were quantified. Of these 7 regions: 3 regions were 
just adjacent to the lesion border, in sham operated animals just above the corpus 
callosum (Cortical layer 6), 2 in the upper layers of the motor cortex and 2 in Layer 4 
of the cortex. We also quantified 3 ROI’s in the thalamic regions of the brain bordering 
the lesion cavity or the hippocampal structure in sham operated animals. We ensured 
consistency across animals by maintaining recognizable regions in the brain as 
landmarks. Examples of such landmarks are Layer 4 in the cortex and the corpus 
callosum for the vertical line and the size and structure of the hippocampus and 
corpus callosum for the horizontal line. Data are presented as mean ± SEM. Statistical 
significance was determined by using one-way ANOVA followed by Bonferroni post-
hoc tests. For the differentiation assay, statistical significance was assessed by Two-
tailed unpaired T-test. p<0.05 was considered statistically significant.

Results

Pre-treatment characterization of human MSCs
Before intranasal administration of hMSCs, we assessed expression of stem cell 
markers by the hMSCs. MSCs expressed CD73, CD90 and CD105 and contained less 
than 10% CD45 positive cells as confirmed by FACS analysis (data not shown). We also 
show that hMSCs are capable of proliferating in vitro (Fig 1A).
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Figure 1. In vitro proliferation of hMSCs. Proliferating capacity of hMSCs in vitro. 1000 hMSCs 
were plated (T0) and proliferation was assessed at 4(T0), 24(T24), 48(T48) and 96(T96) hours 
after plating the MSCs by adding 3H-thymidine to the culture and measuring 3H-thymidine 
uptake 16h later. Data represent mean ± SEM. ** p < 0.01; *** p < 0.001 by ANOVA and Bonferroni 
post-hoc test. (n=10 wells for each condition)

Human MSCs induce mouse NSCs to differentiate in vitro
To investigate the effect of hMSCs on murine neurogenesis, mouse neural stem cells 
(mNSCs) were co-cultured with hMSCs in a non-contact transwell assay. This assay 
assesses whether hMSCs can induce murine neurogenesis and whether MSCs can do 
so in a paracrine way. hMSCs were placed in a transwell insert on top of adherent 
mNSCs in a 24 wells-plate and co-cultured for 96h. Markers for nestin, Olig2, GFAP 
and βIII-Tubulin were used for cell fate determination. Our results show that the 
number of nestin+ cells, as a marker for undifferentiated stem cells, increased after co-
culture with hMSCs (Fig 2A, E). Expression of the oligodendrocyte-progenitor marker 
Olig2 decreased after co-culture with hMSCs (Fig 2B, E). Figure 2C shows that hMSCs 
were capable of inducing mNSC differentiation towards neuronal (i.e. βIII-Tubulin 
positive) cell fate (Fig 2C, E). Moreover, our data show that hMSCs also induce mNSC 
differentiation into GFAP+/astrocytic cell fate (Fig 2D, E).
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Figure 2. hMSCs induce differentiation of mouse NSCs in vitro. In vitro mNSC transwell 
differentiation assay in co-culture with hMSCs. mNSCs were fixed at 4 (T0) and 96 (T96) 
hours after co-culture with hMSCs and stained for (A) nestin (green), (B) Olig2 (red), (C) GFAP 
(green) and (D) βIII-Tubulin (red). Data represent mean ± SEM. *** p < 0.001 by Unpaired two-
tailed T-test. Scale bar = 100 μm. (n=4 wells per condition)

hMSCs migrate towards the HI-induced cerebral lesion site
In a previous study we showed that PKH-26-labeled C57BL/6 MSCs migrate specifically 
towards the HI damaged brain region within 24h after intranasal administration11. 
We demonstrated that the PKH-26+ signal is specific and not due to auto-fluorescence 
of damaged tissue as we did not see any positive signal in the HI-damaged brain 
after Vehicle treatment. As we are applying human MSCs to the mouse brain, we 
first established if intranasal delivery is an efficient administration route before 
investigating the therapeutic potential of hMSCs in vivo. We administered 1x106 PKH-
26-labeled hMSCs intranasally at 10 days after HI and sacrificed the mice 24h later. 
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At 10 days after HI, i.e. the time-point when hMSCs are administered intranasally, 
the entire hippocampus and part of the cortex had degenerated and an evident cyst 
could be discerned in the ipsilateral hemisphere. 24h after hMSC administration we 
observed a strong PKH-26+ signal, i.e. hMSCs, in the sensorimotor and epithalamic 
regions of the damaged brain, surrounding the cyst (Fig 3A). We did not detect any 
PKH-26+ signal in the contralateral hemisphere (Fig 3B).

We have previously shown that mouse MSCs no longer reach the lesion site when 
given at 17 days after HI11. Therefore, we investigated which chemotactic factors 
may be involved in regulating MSC migration towards the lesion, by comparing the 
expression profile of chemotactic factors at the lesion site from 17 days after HI 
with 10 days after the insult. First, we analyzed the chemokine profile induced by HI 
by comparing the gene expression profiles from HI mice to sham-operated mice at 
10 days following the insult. To this end a 2mm region from -2 bregma at the ipsilateral 
hemisphere was dissected and the expression of 84 chemotactic factors was analyzed 
by PCR array using an arbitrary cut off of > 2.00 fold change (Table 1). We validated 
the results from the PCR array by qPCR, which confirmed that the factors Ccl4, Ccl5, 
Cxcl10 and Itgb-2 were significantly upregulated at 10 days following HI (Fig 3C). Next 
we compared the gene expression profile of 84 chemotactic factors at the lesion site at 
10 and 17 days following HI (Table 2). Validation of the PCR array results on individual 
samples by qPCR analysis confirmed that the expression of the chemokines Ccl5 and 
Cxcl10 were significantly down-regulated at 17 days in comparison to 10 days after 
HI. The expression of Ccl4 and Itgb-2 did not change significantly at 17 days (Fig 3C).

To determine whether CXCL10 may be involved in mediating the migration of 
hMSCs towards the lesion, we performed a qPCR to assess whether hMSCs in vitro 
express CXCR3, the receptor for CXCL10. Our qPCR results show that hMSCs express 
CXCR3, without co-culturing the cells with HI brain extract. Interestingly, following 
72h of co-culture with brain extracts from 10 days after HI we observed an increase 
in CXCR3 mRNA expression.
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Figure 3. PKH-26 labeled hMSCs migrate to the lesion site. 1x106 hMSCs were labeled 
with PKH-26 and administered intranasally at 10 days after HI. (A+B) Mice were terminated 
24h following hMSC treatment. (A) PKH-26+ hMSCs in the ipsilateral damaged cortex. 
(B) Contralateral cortex shows no PKH-26+ signal. (C) qPCR validation of PCR array confirmed 
the upregulation of five genes 10 days after HI. At 17 days after HI 2 genes were down-regulated 
in comparison to 10 days following HI. (HI n=10; sham n=6). (D) hMSCs express CXCR3, which 
increases after co-culture with HI brain extract (n=2). Data represent mean ± S.E.M. *p<0.05; 
**p<0.01; ***p<0.001 by ANOVA and Bonferroni post-hoc test. Dashed line = lesion border; 
Asterisk = lesion site. Blue = Dapi staining. Scale bar = 50 µm.

Intranasal hMSC treatment improves sensorimotor outcome and lesion volume 
after HI
Next, we investigated whether hMSCs were also capable of improving sensorimotor 
behavior and decreasing lesion size in HI mice in vivo. To assess motor function we 
used the cylinder rearing test that measures the preference to use the unimpaired 
forepaw. We treated mouse pups at 10 days after HI with 1x106 or 2x106 hMSC or 
Vehicle treatment. Our results show that both doses of hMSCs significantly improved 
sensorimotor function at 21 (data not shown) and 28 days after HI as measured in the 
cylinder rearing test (Fig 4A).

Next we analyzed loss of MAP2 and MBP staining as measures for gray and white 
matter damage, respectively. Treatment with 2x106 hMSCs substantially decreased 
MAP2 loss (Fig 4B, D) and MBP loss (Fig 4C, E) at 28 days after HI. Treatment with 
the lower dose of 1x106 hMSCs was not sufficient to significantly reduce either gray 
(Fig 4B, D) or white matter injury (Fig 4C, E).
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Figure 4. Dose effect of hMSC on motor performance and lesion volume. Mice were treated 
intranasally with either 1x106 or 2x106 hMSCs or Vehicle at 10 days after HI. (A) Preference 
to use the unimpaired forepaw in the cylinder rearing test (CRT) was assessed at 28 days 
after HI. Sham-operated littermates (Sham) were used as controls. (B-C) Quantification of 
ipsilateral MAP2 (B) and MBP (C) area loss measured as 1- (ipsi-/contralateral MAP2- or MBP-
positive area) at 28 days after HI. Representative sections of MAP2 (D) and MBP (E) staining. 
Data represent mean ± SEM. **p < 0.01; ***p < 0.001 by ANOVA and Bonferroni post-hoc test. 
Sham n=13; Vehicle n =21; 1x106 hMSC n=11; 2x106 hMSC n=12. Data presented in this figure 
are results from pups pooled out of 11 different litters. Treatment groups were randomly 
distributed between litters.

GFAP and Iba-1 expression following hMSC treatment
To assess whether treatment with hMSCs reduced scar formation in the long-term, 
we stained brain sections at 28 days after HI for astrocytes and microglia with the 
markers GFAP and Iba-1, respectively. We analyzed 10 regions in the brain as depicted 
in figure 5A. Following HI, a long-lasting upregulation of GFAP+ and Iba-1+ signal in 
the region adjacent to the cystic lesion can be discerned (Fig 5B, C, E). Treatment 
with either 1 or 2x106 hMSCs decreased Iba-1 expression to sham level (Fig 5B, F, 
G). Furthermore, the highest dose of 2x106 hMSCs also significantly reduced GFAP 
expression to sham level (Fig 5B, C, G), whereas the lower dose of 1x106 hMSCs had no 
effect on GFAP expression (Fig 5C, F).
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Figure 5. hMSCs reduce the activation of glial cells at 28 days after HI. Mice were treated 
with either 1x106 or 2x106 hMSCs or Vehicle intranasally at 10 days following HI. Mice were 
sacrificed 28 days after HI. (A) Schematic overview of fields quantified. (B) Quantification 
of Iba-1+ signal/mm2 or (C) GFAP+ signal/mm2. (D-G) Representative sections of Iba-1 (red) 
and GFAP (green) expression after sham-operation (D), Vehicle (E), 1x106 hMSCs (F) or 2x106 
hMSCs (G). Sections are counterstained with DAPI (blue). Scale bar = 100 µm. Data represent 
mean ± SEM. * p < 0.05; **p < 0.01; ***p < 0.001 by ANOVA and Bonferroni post-hoc test. (Sham 
and Vehicle n=4; 1x106 and 2x106 MSC n=3)

Discussion

Our study shows that human MSCs have the capacity to promote neuroregeneration. 
This finding is reflected by our results showing that intranasal administration of 
hMSCs significantly improves motor behavior, and decreases lesion size and scar 
formation at 28 days after HI brain damage in neonatal mice. Furthermore, our in vitro 
results demonstrate that human MSCs are capable of inducing mNCSs to differentiate 
towards astrocytic and neuronal cell fate. This suggests that hMSCs do not need cell to 
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cell contact with neural stem cells, but rather promote endogenous neurogenesis and 
lesion repair by the secretion of neurotrophic factors. We also show that hMSCs reach 
the damaged brain region in the mouse within 24h after intranasal administration. 
Importantly, our work also provides new insight into the chemotactic factors that may 
regulate MSC migration towards the lesion site. Our results show that the chemokine 
CXCL10 is strongly upregulated at 10 days following HI.

We have previously shown that intranasal treatment with both 0.5x106 and 1x106 
murine MSCs decreased HI lesion volume substantially by 53% and 71%, respectively11 

and improved motor behavior by 47%. In the present work we demonstrate that hMSCs 
decrease gray and white matter lesion volume with respectively 63% and 78% and 
improve motor behavior by 58%. Our present work indicates that, provided that the 
optimal dose is used, hMSCs can be as effective as mouse MSCs and have a remarkable 
effect on both motor behavior and cerebral lesion size after HI (Fig 4). These positive 
effects may result from increased neurogenesis as we observed that hMSCs have the 
capacity to induce mNSCs to differentiate into neurons in vitro. We also observed that 
hMSCs repair white matter structures, since MBP expression increases significantly 
at 28 days after HI (i.e. 18 days after MSC treatment). Although, the results of our in 
vitro differentiation assay did not show differentiation into oligodendrocyte lineage, 
unpublished work from our group, shows that in vitro Olig2 expression increases 
when MSCs are genetically engineered to promote differentiation towards the 
oligodendrocyte lineage. These findings are in line with previous studies showing 
that neuronal cell differentiation requires downregulation of oligodendrocyte 
transcription factor 2 (Olig2), as this is a strong inhibitor of neurogenesis in vitro and 
in vivo27,28.

Recent work from our group on the development of the brain lesion following 
neonatal HI demonstrates that at 10 days after HI the lesion is fully developed and does 
not deteriorate any further (unpublished results). MAP2 and HE staining showed that 
the hippocampus degenerates resulting in a cystic lesion in the ipsilateral hemisphere. 
These data illustrate that MSCs given 10 days after HI will act by neuroregenerative 
processes leading to repair of the lesion and not neuroprotection, i.e. the prevention 
of cell death (unpublished results). Furthermore, recent work from our group shows 
that intranasal MSC administration leads to a significant increase in GFAP/ nestin- 
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and DCX-positive precursor cells, which further supports our hypothesis that MSCs 
operate via regenerative pathways (unpublished results).

Interestingly, the lower dose of hMSCs, which did not have an effect on lesion 
volume, only decreased microglia activation and had no effect on astrocyte activation. 
Moreover, the lower dose of hMSC (1x106) improved motor behavior, but did not 
decrease gray or white matter loss. In a previous study by Lee JA et al.,29 hMSCs were 
administered intracardially 3 days after HI induction in the neonatal rat without 
any positive effect on lesion size. However, in contrast to our study, the authors only 
tested one dose of hMSCs i.e. 1x106, which also had no effect in our study. Furthermore, 
the intracardial administration route may be a less efficient delivery method than 
the intranasal route, as systemic delivery may result in a smaller number of hMSCs 
homing to the injured brain. There are other studies on stem cell administration 
following HI injury, that describe restoration of behavior without significant decrease 
of lesion volume. One possible explanation is that downregulation of inflammation 
may restore motor neuron function and thus also motor behavior.

We observed that Vehicle-treated mice with extensive HI-induced cerebral cell 
loss also show substantial scar formation at 28 days after HI (i.e. 18 days after MSC 
treatment) (Fig 5). In contrast, mice that received hMSC treatment showed decreased 
lesion size, which is associated with decreased astrocyte and microglia activation. 
Reactive astrocytes contribute to a process called glial scar formation, which forms 
a physical and chemical barrier that prevents inflammation from spreading through 
the tissue, thus restricting the progression of the injury. However, a downside of 
scar formation is that it also inhibits growth cone motility, thereby impairing axon 
regeneration30-32. This may be one of the reasons underlying impaired neurogenesis 
following a HI insult in the neonatal brain33. Hence, our data suggest that hMSC-
induced reduction in astrocyte activation is crucial for repair of the lesion after HI 
brain damage. The decrease in astrocyte and microglia activity may be mediated by 
anti-inflammatory cytokines secreted by the hMSCs. We and others have previously 
shown that MSCs secrete IL-109,16, which is known to suppress the pro-inflammatory 
phenotype of both microglia and astrocytes34. Future studies should focus on the 
mechanisms underlying MSC-mediated reduction of astrocytic scar in brain lesions, 
which may be crucial in promoting a pro-neurogenic microenvironment that supports 
tissue repair.
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Besides showing the potential of hMSCs to repair the HI injured brain, we also 
provide new insight into factors that may be involved in MSC migration from the 
nose to the injury site. Our results show that expression of the integrin beta 2 protein 
(Itgb-2) is upregulated at 10 days after HI. Itgb-2 together with the Intercellular 
Adhesion Molecule 1 (ICAM-1) mediates the migration of leukocytes along endothelial 
cells35,36 and may be involved in the migration of MSCs through blood vessels 
and regulate transmigration into the brain tissue. The results from the PCR array 
show that CXCL10 is the chemotactic factor with the highest fold change at 10 days 
following HI. Interestingly, at 17 days after HI, the expression level of this chemokine 
has returned to sham level (Fig 3C). We also show that the expression of the CXCL10 
receptor, CXCR3, increases following co-culture of hMSCs with brain extract from 
10 days after HI (Fig 3D). Together these results suggest that CXCL10 may play an 
important role in regulating homing of MSCs to the lesion site. We also found that 
Ccl5 significantly decreases at 17 days following HI, which also suggests a role for 
this chemokine in MSC homing to lesion. Hence, our data propose that Cxcl10 and 
Ccl5 secreted by astrocytes, microglia and neurons37 at the lesion site attract MSCs to 
home at the lesion site.

Conclusions

To our knowledge this is the first study that shows the potent regenerative effects of 
intranasally administered human MSCs on HI brain damage in the neonatal mouse. 
Moreover, our results suggest that the decrease in glial scar formation induced by 
hMSCs is a crucial step in promoting neurogenesis. Finally, the efficiency of the 
intranasal delivery route was confirmed, as hMSCs migrate specifically towards 
the lesion site in the mouse brain. The results in this study strongly support the 
therapeutic potential of hMSCs for neonatal HI.
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Table 1. Down- or upregulated genes at 10 days after HI in comparison to  sham-
operated mice. 

RefSeq Symbol Description Fold Up- or
Down- regulation

NM_001173550.1 C5ar1 Complement component 5a receptor 1 -3,39
NM_021609.3 Ccbp2 Chemokine binding protein 2 -1,19
NM_011329.3 Ccl1 Chemokine (C-C motif) ligand 1 -1,24
NM_011330.3 Ccl11 Chemokine (C-C motif) ligand 11 1,44
NM_011331.2 Ccl12 Chemokine (C-C motif) ligand 12 3,52
NM_011332.3 Ccl17 Chemokine (C-C motif) ligand 17 1,15
NM_011888.2 Ccl19 Chemokine (C-C motif) ligand 19 1,35
NM_011333.3 Ccl2 Chemokine (C-C motif) ligand 2 7,66
NM_001159738.1 Ccl20 Chemokine (C-C motif) ligand 20 1,87
NM_009137.2 Ccl22 Chemokine (C-C motif) ligand 22 1,22
NM_019577.4 Ccl24 Chemokine (C-C motif) ligand 24 -1,34
NM_009138.3 Ccl25 Chemokine (C-C motif) ligand 25 -1,34
NM_001013412.2 Ccl26 Chemokine (C-C motif) ligand 26 -1,99
NM_020279.3 Ccl28 Chemokine (C-C motif) ligand 28 1,08
NM_011337.2 Ccl3 Chemokine (C-C motif) ligand 3 3,78
NM_013652.2 Ccl4 Chemokine (C-C motif) ligand 4 3,40
NM_013653.3 Ccl5 Chemokine (C-C motif) ligand 5 4,98
NM_009139.3 Ccl6 Chemokine (C-C motif) ligand 6 2,09
NM_013654.3 Ccl7 Chemokine (C-C motif) ligand 7 4,37
NM_021443.3 Ccl8 Chemokine (C-C motif) ligand 8 1,81
NM_011338.2 Ccl9 Chemokine (C-C motif) ligand 9 1,17
NM_009912.4 Ccr1 Chemokine (C-C motif) receptor 1 1,21
NM_007721.4 Ccr10 Chemokine (C-C motif) receptor 10 -1,14
NM_007718.3 Ccr1l1 Chemokine (C-C motif) receptor 1-like 1 1,08
NM_009915.2 Ccr2 Chemokine (C-C motif) receptor 2 3,02
NM_009914.4 Ccr3 Chemokine (C-C motif) receptor 3 1,36
NM_009916.2 Ccr4 Chemokine (C-C motif) receptor 4 -4,15
NM_009917.5 Ccr5 Chemokine (C-C motif) receptor 5 1,31
NM_001190333.1 Ccr6 Chemokine (C-C motif) receptor 6 -1,56
NM_007719.2 Ccr7 Chemokine (C-C motif) receptor 7 1,49
NM_007720.2 Ccr8 Chemokine (C-C motif) receptor 8 -1,32
NM_001166625.1 Ccr9 Chemokine (C-C motif) receptor 9 1,19
NM_145700.2 Ccrl1 Chemokine (C-C motif) receptor-like 1 1,17
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Table 1. continued

RefSeq Symbol Description Fold Up- or
Down- regulation

NM_017466.4 Ccrl2 Chemokine (C-C motif) receptor-like 2 1,28
NM_008153.3 Cmklr1 Chemokine-like receptor 1 1,29
NM_027022.4 Cmtm2a CKLF-like MARVEL transmembrane 

domain containing 2A
1,54

NM_024217.3 Cmtm3 CKLF-like MARVEL transmembrane 
domain containing 3

1,20

NM_153582.5 Cmtm4 CKLF-like MARVEL transmembrane 
domain containing 4

-1,04

NM_026066.2 Cmtm5 CKLF-like MARVEL transmembrane 
domain containing 5

1,03

NM_026036.3 Cmtm6 CKLF-like MARVEL transmembrane 
domain containing 6

1,11

NM_009142.3 Cx3cl1 Chemokine (C-X3-C motif) ligand 1 -1,06
NM_009987.4 Cx3cr1 Chemokine (C-X3-C) receptor 1 1,19
NM_008176.3 Cxcl1 Chemokine (C-X-C motif) ligand 1 -1,34
NM_021274.2 Cxcl10 Chemokine (C-X-C motif) ligand 10 12,79
NM_019494.1 Cxcl11 Chemokine (C-X-C motif) ligand 11 1,91
NM_001012477.2 Cxcl12 Chemokine (C-X-C motif) ligand 12 -1,00
NM_018866.2 Cxcl13 Chemokine (C-X-C motif) ligand 13 2,42
NM_019568.2 Cxcl14 Chemokine (C-X-C motif) ligand 14 1,34
NM_011339.2 Cxcl15 Chemokine (C-X-C motif) ligand 15 -1,34
NM_023158.6 Cxcl16 Chemokine (C-X-C motif) ligand 16 2,09
NM_009140.2 Cxcl2 Chemokine (C-X-C motif) ligand 2 1,79
NM_203320.2 Cxcl3 Chemokine (C-X-C motif) ligand 3 1,17
NM_009141.2 Cxcl5 Chemokine (C-X-C motif) ligand 5 3,02
NM_008599.4 Cxcl9 Chemokine (C-X-C motif) ligand 9 -1,19
NM_178241.4 Cxcr1 Chemokine (C-X-C motif) receptor 1 -1,29
NM_009909.3 Cxcr2 Chemokine (C-X-C motif) receptor 2 1,22
NM_009910.2 Cxcr3 Chemokine (C-X-C motif) receptor 3 2,90
NM_009911.3 Cxcr4 Chemokine (C-X-C motif) receptor 4 2,12
NM_007551.2 Cxcr5 Chemokine (C-X-C motif) receptor 5 -1,59
NM_030712.4 Cxcr6 Chemokine (C-X-C motif) receptor 6 1,09
NM_001271607.1 Cxcr7 Chemokine (C-X-C motif) receptor 7 1,03
NM_010045.2 Darc Duffy blood group, chemokine receptor 1,11
NM_013521.2 Fpr1 Formyl peptide receptor 1 -1,11
NM_001025381.2 Gpr17 G protein-coupled receptor 17 -1,15
NM_009909.3 Cxcr2 Chemokine (C-X-C motif) receptor 2 1,22
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Table 1. continued

RefSeq Symbol Description Fold Up- or
Down- regulation

NM_009910.2 Cxcr3 Chemokine (C-X-C motif) receptor 3 2,90
NM_009911.3 Cxcr4 Chemokine (C-X-C motif) receptor 4 2,12
NM_007551.2 Cxcr5 Chemokine (C-X-C motif) receptor 5 -1,59
NM_030712.4 Cxcr6 Chemokine (C-X-C motif) receptor 6 1,09
NM_001271607.1 Cxcr7 Chemokine (C-X-C motif) receptor 7 1,03
NM_010045.2 Darc Duffy blood group, chemokine receptor 1,11
NM_013521.2 Fpr1 Formyl peptide receptor 1 -1,11
NM_001025381.2 Gpr17 G protein-coupled receptor 17 -1,15
NM_010431.2 Hif1a Hypoxia inducible factor 1, alpha 

 subunit
1,03

NM_008337.3 Ifng Interferon gamma 1,50
NM_010551.3 Il16 Interleukin 16 1,15
NM_008361.3 Il1b Interleukin 1 beta 2,58
NM_021283.2 Il4 Interleukin 4 -1,37
NM_031168.1 Il6 Interleukin 6 1,19
NM_001082960.1 Itgam Integrin, alpha M 1,52
NM_008404.4 Itgb2 Integrin beta 2 3,31
NM_001038663.1 Mapk1 Mitogen-activated protein kinase 1  -1,08
NM_001168508.1 Mapk14 Mitogen-activated protein kinase 14 -1,18
NM_019932.4 Pf4 Platelet factor 4 -1,07
NM_023785.2 Ppbp Pro-platelet basic protein -2,37
NM_178804.3 Slit2 Slit homolog 2 (Drosophila) 1,01
NM_011577.1 Tgfb1 Transforming growth factor, beta1 1,53
NM_011905.3 Tlr2 Toll-like receptor 2 2,96
NM_021297.2 Tlr4 Toll-like receptor 4 1,91
NM_013693.2 Tnf Tumor necrosis factor 2,04
NM_138302.1 Tymp Thymidine phosphorylase -1,28
NM_008510.1 Xcl1 Chemokine (C motif) ligand 1 1,05
NM_011798.4 Xcr1 Chemokine (C motif) receptor 1 -1,18
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Tabel 2. Down- or upregulated genes at 17 days after HI in comparison to 10 days 
after HI. 

RefSeq Symbol Description Fold Up- or 
Down- regulation

NM_001173550.1 C5ar1 Complement component 5a receptor 1 1,02
NM_021609.3 Ccbp2 Chemokine binding protein 2 1,33
NM_011329.3 Ccl1 Chemokine (C-C motif) ligand 1 1,01
NM_011330.3 Ccl11 Chemokine (C-C motif) ligand 11 -1,13
NM_011331.2 Ccl12 Chemokine (C-C motif) ligand 12 -4,73
NM_011332.3 Ccl17 Chemokine (C-C motif) ligand 17 -1,77
NM_011888.2 Ccl19 Chemokine (C-C motif) ligand 19 1,06
NM_011333.3 Ccl2 Chemokine (C-C motif) ligand 2 -2,18
NM_001159738.1 Ccl20 Chemokine (C-C motif) ligand 20 -1,16
NM_009137.2 Ccl22 Chemokine (C-C motif) ligand 22 -1,42
NM_019577.4 Ccl24 Chemokine (C-C motif) ligand 24 3,50
NM_009138.3 Ccl25 Chemokine (C-C motif) ligand 25 1,02
NM_001013412.2 Ccl26 Chemokine (C-C motif) ligand 26 1,69
NM_020279.3 Ccl28 Chemokine (C-C motif) ligand 28 2,31
NM_011337.2 Ccl3 Chemokine (C-C motif) ligand 3 -3,39
NM_013652.2 Ccl4 Chemokine (C-C motif) ligand 4 -2,40
NM_013653.3 Ccl5 Chemokine (C-C motif) ligand 5 -3,28
NM_009139.3 Ccl6 Chemokine (C-C motif) ligand 6 -1,91
NM_013654.3 Ccl7 Chemokine (C-C motif) ligand 7 -1,87
NM_021443.3 Ccl8 Chemokine (C-C motif) ligand 8 -1,34
NM_011338.2 Ccl9 Chemokine (C-C motif) ligand 9 1,05
NM_009912.4 Ccr1 Chemokine (C-C motif) receptor 1 -1,38
NM_007721.4 Ccr10 Chemokine (C-C motif) receptor 10 1,02
NM_007718.3 Ccr1l1 Chemokine (C-C motif) receptor 1-like 2,54
NM_009915.2 Ccr2 Chemokine (C-C motif) receptor 2 -1,92
NM_009914.4 Ccr3 Chemokine (C-C motif) receptor 3 1,07
NM_009916.2 Ccr4 Chemokine (C-C motif) receptor 4 -1,28
NM_009917.5 Ccr5 Chemokine (C-C motif) receptor 5 1,09
NM_001190333.1 Ccr6 Chemokine (C-C motif) receptor 6 1,67
NM_007719.2 Ccr7 Chemokine (C-C motif) receptor 7 -2,74
NM_007720.2 Ccr8 Chemokine (C-C motif) receptor 8 -1,12
NM_001166625.1 Ccr9 Chemokine (C-C motif) receptor 9 -1,03
NM_145700.2 Ccrl1 Chemokine (C-C motif) receptor-like 1 1,06
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Table 2. continued

RefSeq Symbol Description Fold Up- or 
Down- regulation

NM_017466.4 Ccrl2 Chemokine (C-C motif) receptor-like 2 -1,32
NM_008153.3 Cmklr1 Chemokine-like receptor 1 -1,32
NM_027022.4 Cmtm2a CKLF-like MARVEL transmembrane 

domain containing 2A
-1,18

NM_024217.3 Cmtm3 CKLF-like MARVEL transmembrane 
domain containing 3

-1,48

NM_153582.5 Cmtm4 CKLF-like MARVEL transmembrane 
domain containing 4

1,09

NM_026066.2 Cmtm5 CKLF-like MARVEL transmembrane 
domain containing 5

1,15

NM_026036.3 Cmtm6 CKLF-like MARVEL transmembrane 
domain containing 6

-1,11

NM_009142.3 Cx3cl1 Chemokine (C-X3-C motif) ligand 1 1,10
NM_009987.4 Cx3cr1 Chemokine (C-X3-C) receptor 1 -1,16
NM_008176.3 Cxcl1 Chemokine (C-X-C motif) ligand 1 1,02
NM_021274.2 Cxcl10 Chemokine (C-X-C motif) ligand 10 -5,44
NM_019494.1 Cxcl11 Chemokine (C-X-C motif) ligand 11 -3,47
NM_001012477.2 Cxcl12 Chemokine (C-X-C motif) ligand 12 1,01
NM_018866.2 Cxcl13 Chemokine (C-X-C motif) ligand 13 -1,41
NM_019568.2 Cxcl14 Chemokine (C-X-C motif) ligand 14 1,03
NM_011339.2 Cxcl15 Chemokine (C-X-C motif) ligand 15 1,64
NM_023158.6 Cxcl16 Chemokine (C-X-C motif) ligand 16 -1,73
NM_009140.2 Cxcl2 Chemokine (C-X-C motif) ligand 2 -1,57
NM_203320.2 Cxcl3 Chemokine (C-X-C motif) ligand 3 -1,39
NM_009141.2 Cxcl5 Chemokine (C-X-C motif) ligand 5 1,48
NM_008599.4 Cxcl9 Chemokine (C-X-C motif) ligand 9 1,11
NM_178241.4 Cxcr1 Chemokine (C-X-C motif) receptor 1 1,71
NM_009909.3 Cxcr2 Chemokine (C-X-C motif) receptor 2 3,47
NM_009910.2 Cxcr3 Chemokine (C-X-C motif) receptor 3 -3,15
NM_009911.3 Cxcr4 Chemokine (C-X-C motif) receptor 4 -1,71
NM_007551.2 Cxcr5 Chemokine (C-X-C motif) receptor 5 1,21
NM_030712.4 Cxcr6 Chemokine (C-X-C motif) receptor 6 -1,02
NM_001271607.1 Cxcr7 Chemokine (C-X-C motif) receptor 7 -1,56
NM_010045.2 Darc Duffy blood group, chemokine receptor -1,07
NM_013521.2 Fpr1 Formyl peptide receptor 1 -1,07
NM_001025381.2 Gpr17 G protein-coupled receptor 17 -1,30
NM_010431.2 Hif1a Hypoxia inducible factor 1, alpha 

 subunit
-1,11
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Table 2. continued

RefSeq Symbol Description Fold Up- or 
Down- regulation

NM_008337.3 Ifng Interferon gamma -3,17
NM_010551.3 Il16 Interleukin 16 -1,16
NM_008361.3 Il1b Interleukin 1 beta -1,26
NM_021283.2 Il4 Interleukin 4 -1,05
NM_031168.1 Il6 Interleukin 6 1,11
NM_001082960.1 Itgam Integrin, alpha M -1,34
NM_008404.4 Itgb2 Integrin beta 2 -2,03
NM_001038663.1 Mapk1 Mitogen-activated protein kinase 1 -1,14
NM_001168508.1 Mapk14 Mitogen-activated protein kinase 14 1,22
NM_019932.4 Pf4 Platelet factor 4 -1,10
NM_023785.2 Ppbp Pro-platelet basic protein 1,11
NM_178804.3 Slit2 Slit homolog 2 (Drosophila) -1,01
NM_011577.1 Tgfb1 Transforming growth factor, beta1 -1,44
NM_011905.3 Tlr2 Toll-like receptor 2 -1,79
NM_021297.2 Tlr4 Toll-like receptor 4 -1,53
NM_013693.2 Tnf Tumor necrosis factor -2,06
NM_138302.1 Tymp Thymidine phosphorylase 1,25
NM_008510.1 Xcl1 Chemokine (C motif) ligand 1 1,24
NM_011798.4 Xcr1 Chemokine (C motif) receptor 1 -1,88
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Abstract

We have previously shown that intranasal MSC treatment significantly improves 
sensorimotor and cognitive behavior and decreases lesion size at 5 weeks following 
hypoxia-ischemia (HI) in neonatal mice. For possible clinical translation, we assessed 
whether intranasal MSC treatment induces neoplasia in the brain or periphery at 
14 months after HI. Furthermore, the long-term effects on behavior and lesion volume 
were determined following MSC administration.

HI was induced in 9 day old mouse pups. Pups received intranasal administration 
of 0.5x106 MSCs or Vehicle at 10 days after HI. Full macroscopical and microscopical 
pathological analysis on 39 organs per mouse was performed by two board-certified 
veterinary pathologists. Sensorimotor behavior was assessed in the CRT at 10 days, 
28 days, 6 and 9 months. Cognition was measured with the NORT at 3 and 14 months 
post-HI. Lesion volume was determined by analyzing MAP2 and MBP area loss at 
5 weeks and 14 months.

At 14 months following HI we did not observe any significant lesion or neoplasia 
in the nasal turbinates, brain or other peripheral organs of HI-mice treated with 
MSCs in comparison to controls. Furthermore, our results show that MSC induced 
improvement of sensorimotor and cognitive function are maintained for at least 
9 and 14 months, respectively. In contrast, HI-Vehicle mice showed severe behavioral 
impairment. Recovery of MAP2 and MBP area lasted up to 14 months following MSC 
treatment.

Our results provide strong evidence of the long-term safety and positive effects of 
MSC treatment following neonatal HI in mice. This work is an important step towards 
translation to the clinic.
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Introduction

Neonatal encephalopathy due to hypoxia-ischemia (HI) remains a major health issue 
worldwide. A HI-insult results in brain damage with subsequent development of motor 
and cognitive impairments like cerebral palsy and mental retardation1-5. Currently, 
hypothermia is the only available treatment, but is only moderately neuroprotective 
and solely effective in babies born at term if applied within 6h following HI. Hence, 
there is a strong need for novel treatment strategies1-5.

Over the past years mesenchymal stem cells (MSCs) have become a potentially 
attractive therapeutic option for several diseases6,7. The growing interest in MSC 
therapy is partially due to the immunosuppressive capacities of MSCs. Furthermore, 
MSCs can be easily and effectively obtained from e.g. bone marrow or Wharton’s 
Jelly and are hardly immunogenic as they do not express MHC class II antigens or co-
stimulatory proteins (e.g. CD40, CD80 and CD86)8-9.

We have recently demonstrated that intranasal MSC treatment significantly 
improves cognitive and motor behavior and declines lesion volume following neonatal 
HI brain injury in the mouse10. Furthermore, we showed that MSC treatment has a 
long therapeutic window of 10 days. We demonstrated that intranasally administered 
MSCs reach the lesion site within 24h after application to both nostrils11. Moreover, 
previous studies from our group showed that intracranial MSC treatment increases 
gene expression of several neurotrophic and anti-inflammatory factors in the 
brain12,13. Therefore, intranasal MSC administration holds strong potential as a non-
invasive therapeutic strategy to repair neonatal HI brain injury.

However, the long-term safety of MSC administration remains under debate. 
Therefore, we investigated in depth whether MSC treatment is associated with 
malignancies in the brain or other organs after intranasal MSC treatment at 14 months 
after HI. To this end, mice were submitted to thorough histopathological analysis 
performed by board-certified mouse pathologists. Furthermore, we determined 
at 14 months following HI whether MSC treatment has effects on sensorimotor and 
cognitive behavior, and lesion size.
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Material and Methods

Ethics statement
Experiments were approved by the Experimental Animal Committee Utrecht 
(DEC-ABC, University Utrecht, Utrecht, Netherlands) and performed according to 
international guidelines.

HI induction and intranasal MSC administration
An unilateral HI brain lesion was induced in 9 day old C57BL/6 mouse pups (Harlan 
Laboratories, The Netherlands) under isoflurane anesthesia (5% induction, 
1,5% maintenance in O2: air; 1:1) by permanently occluding the right common carotid 
artery, followed by hypoxia for 45min at 10% oxygen. Control mouse pups, i.e. sham-
operated, underwent anesthesia and incision only. The HI procedure resulted in a 
mortality rate of 10%. At 10 days  after HI, 3 µl of PBS diluted hyaluronidase (100 U, 
Sigma-Aldrich, St. Louis, MO) was administered twice to each nostril to increase the 
permeability of the nasal mucosa. After thirty minutes, mice received either 0.5x106 

C57BL/6 mice bone marrow-derived MSCs or PBS (HI-Vehicle group). 3 µL of cell 
suspension was administered twice to each nostril making an end volume of 12 µL. 

Animals were randomly assigned to each experimental group. Occasionally some 
animals did not perform on the behavioral tests due to a lack in motivation. Therefore, 
these animals were not included to the analyses. Furthermore, 3 sham-operated 
animals died before the end of the study.

MSCs
MSCs were purchased from Invitrogen (GIBCO mouse C57BL/6 MSCs, Life Technologies, 
UK) and cultured according to the manufacturer’s instructions. Characterization of 
cell specific antigens has been described previously by us13.

Sensorimotor and cognitive function
Unilateral sensorimotor impairment was assessed in the cylinder rearing test (CRT). 
Weight-bearing left (impaired), right (unimpaired) or both paw(s) contacting the wall 
during full rear were scored. Paw preference was calculated as ((right - left)/(right + 
left + both)) x 100%.
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Cognitive function was assessed with the novel object recognition test (NORT). 
Briefly, habituation to the test environment was performed the day before the actual 
experiment, in an empty cage for 10 min. At the day of the test, two similar objects 
were first placed in the cage and the mouse was allowed to explore for 10 min. The 
mouse was then removed from the test cage and returned to its home cage for 5 min. 
In the second phase, one of the explored objects was replaced by a novel object. We 
measured the time that the mouse spends exploring the familiar and novel object 
during 5 min. Time spent with the novel object was calculated as ((interaction time 
novel object)/ (total interaction time)x100%).

Pathological assessment
Sham-operated (n=13), HI-Vehicle (n=17) and HI-MSC (n=17) mice were submitted 
to the Dutch Molecular Pathology Center (DMPC), Utrecht University for post-
mortem examination at 14 months after HI. Mice were euthanized by an overdose of 
pentobarbital and subsequently examined for external and internal lesions. Significant 
lesions were recorded, scored and photographed. Representative specimens were 
collected from 39 organs (Table 2) from every mouse and fixed in 10% neutral buffered 
formalin. After fixation the organs were trimmed according to the DMPC standard 
protocol, embedded in paraffin and sectioned. The presence of histopathological 
lesions was examined microscopically on Hematoxylin-Eosin (HE) stained sections. 

The brains from 30 mice (n=10 per group) were analyzed for pathological lesions. 
The skull was decalcified and sliced transversely at the level of the nasal turbinates. 
The sections were processed for histopathology as described above. Five brain 
sections and three sections from the nasal turbinates were examined for each mouse.

Histological assessment of lesion volume
Histological assessment of brain lesion volume was determined from the remaining 
mice (Sham-operated n=3; HI-Vehicle n=7; HI-MSC n=7). Briefly, mice were perfused 
intracardially with 4% paraformaldehyde (PFA) and brains were removed and 
embedded in paraffin. 8 μm coronal brain sections were incubated with mouse-anti-
myelin basic protein (MBP) (Sternberger Monoclonals, Lutherville, MD,) or mouse-anti-
microtubule-associated protein 2 (MAP2) (Sigma-Aldrich) followed by biotinylated 
horse-anti-mouse antibody (Vector Laboratories, Burliname, CA). Binding was 
visualized with Vectastain ABC kit (Vector Laboratories) and diaminobenzamidine.
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Statistical analysis
Analyzes were performed in a blinded set-up. Quantification of ipsilateral MAP2 or 
MBP area loss was determined by Adobe Photoshop CS5 and ImageJ software (http://
rsb.info.nih.gov/ij/), respectively. Data are presented as mean ± SEM. Statistical 
significance was determined by using Two-way ANOVA followed by Bonferroni post-
hoc tests for all analyzes except the NORT, where statistical significance was assessed 
by one-sample T-test (Two-tailed). p<0.05 was considered statistically significant. 
Outliers were detected with the Grubbs (Q=5%) and ROUT (Q=5%) tests. Removed 
outliers: In the NORT 3 months; 1 outlier (sham-operated), in the CRT 6 months; 
3 outliers (MSC-treated), in the CRT 9 months; 2 outliers (sham-operated and MSC-
treated), in the MPB 5 weeks; 1 outlier (MSC-treated).

Results

MSC administration induces long-term motor and cognitive improvement after HI
To investigate the long-term effects of intranasal MSC treatment on motor 
performance, we assessed sensorimotor behavior in the cylinder rearing test (CRT), 
which measures the preference to use the unimpaired forepaw. CRT was measured at 
10 and 28 days and at 6 and 9 months following sham-operation or HI induction. All 
mice show similar motor impairment at 10 days following HI. Our results show that 
motor impairment in HI-Vehicle mice further deteriorated over time. In contrast, MSC 
treatment at 10 days following HI induces long-term improvement of sensorimotor 
behavior (Fig 1). Our results show a significant decrease in the preference to use 
the unimpaired forepaw in HI-MSC mice at 28 days following the insult. At 9 months 
following HI, motor performance of HI-MSC mice had improved even further and 
impairment had decreased another 79% reaching sham level.

We used the novel object recognition test (NORT) to assess cognitive behavior at 
3 and 14 months after HI. As expected, sham-operated animals showed a significant 
preference for the novel object. HI-Vehicle mice had no preference for either the 
novel or the known object (Fig 2). However, MSC treatment significantly restored 
cognitive performance as our results demonstrate that HI-MSC mice have a significant 
preference to explore the novel object at 3 and 14 months following HI.
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Figure 1. Long-term effect of MSC-treatment on sensorimotor behavior over time. Mice 
received either 0.5x106 MSCs or Vehicle intranasally at 10 days after HI. Performance in the 
CRT was assessed at 10 days (i.e. before treatment) and 28 days and at 6 and 9 months post-HI-
induction or sham-operation. The results show that MSC administration improves performance 
in the CRT up to 9 months post-HI. *** p< 0.001; # p< 0.001 (HI-MSC 28d vs HI-MSC 9 months) 
with Two-way ANOVA and Bonferroni post-hoc test. 10 days Sham n=16; HI-Vehicle/HI-MSC 
n=17; 28 days Sham n=15; HI-Vehicle/HI-MSC n=17 per group; 6 months Sham n=15; HI-Vehicle 
n=17; HI-MSC n=14; 9 months Sham n=13; HI-Vehicle n=16; HI-MSC n=13
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Figure 2. Long-term effect of MSC-treatment on cognitive behavior over time. Cognitive 
performance in the NORT was assessed at 3 and 14 months  after HI induction or sham-
operation. Intranasal MSC administration at 10 days following HI significantly improves 
performance in the NORT up to 14 months after HI. *p<0.05; **p<0.01; ***p<0.001 with one 
sample T-test (two-tailed) vs. 50% interaction time. 3 months Sham n=13; HI-Vehicle n=15; HI-
MSC n=16; 14 months Sham n=8; HI-Vehicle n=10; HI-MSC n=11.

Changes in lesion volume over time
To assess long-term effects of MSC treatment on lesion volume we sacrificed mice 
at 5 weeks and 14 months after HI or sham-operation and analyzed brain sections 
for MAP2 and MBP staining as a measure of gray- and white-matter injury volume, 
respectively. Our results show that at 5 weeks following HI the entire hippocampus 
and part of the sensorimotor cortex were absent following vehicle administration. 
MSC treatment, however, significantly decreased both gray- and white-matter damage 
at 5 weeks after HI. The sensorimotor cortex was completely restored and part of the 
hippocampal structure could be distinguished. The effect of MSCs on neuronal and 
white matter damage remained constant over time between 5 weeks and 14 months 
(Fig 3A, B). Moreover, the sensorimotor cortex remained intact over time. In HI-Vehicle 
mice, MAP2 area loss decreased non-significantly from 5 weeks to 14 months (Fig 3A, 
B). In HI-Vehicle mice MBP area loss did not change significantly over time either.

MSCs do not induce neoplasia in the brain and nasal turbinates in the long-term
To determine whether MSC treatment has any adverse long-term effects in the brain 
or nasal turbinates, HE stained sections from sham-operated, HI-Vehicle and HI-MSC 
mouse brains were examined for histopathological changes at 14 months. Importantly, 
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our results show no evidence of neoplasia in the brain or nasal turbinates in any of 
the examined mice (n=10 per group) (Fig 4). Several mice had mild nasal mucosal 
degeneration and necrosis with presence of intracellular eosinophilic hyalinized 
materials typical of murine nasal mucosal epithelial hyalinosis, but there were no 
differences between the experimental groups (Sham: 2/13; HI-Vehicle: 5/17; HI-MSC: 
5/17).

No significant increase in systemic pathological lesions after MSC treatment
Next, we determined whether intranasal MSC treatment had any adverse effects on 
other peripheral organs and tissues at 14 months after HI induction. To this end, 38 
organs were analyzed for macroscopic and/or microscopic lesions. Multisystemic 
lymphosarcoma affecting the lymph nodes, uterus and salivary glands was found in 
two mice; one HI-Vehicle (out of 17 mice) and one HI-MSC (out of 16 mice) (Table 1 
and 2). One HI-MSC mouse (out of 10 mice) had a poorly differentiated focal uterine 
sarcoma that was compatible with a leiomyosarcoma. No other significant lesions 
were found in any of the examined mice.
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Figure 3. Long-term effect of MSCs on gray and white matter injury over time. Ipsilateral 
loss of MAP2 and MBP at 5 weeks and 14 months following HI. (A) MSC treatment significantly 
decreases MAP2 area loss at 5 weeks after HI. (A’) Representative sections of MAP2 staining. 
(B) MSC treatment decreases MBP area loss at 5 weeks after HI. (B’) Representative sections of 
MBP staining. **p<0.01 with Two-way ANOVA and Bonferroni post-hoc test. MAP2 Sham n=3; 
HI-Vehicle 5 weeks n=9; HI-Vehicle 14 months n=8; HI-MSC 5 weeks n=10; HI-MSC 14 months 
n=8. MBP Sham 5 weeks n=3; Sham 14 months n=4; HI-Vehicle 5 weeks n=10; HI-Vehicle 
14 months n=7; HI-MSC 5 weeks n=9; HI-MSC 14 months n=6.
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Figure 4. No malignancies are induced in the nasal turbinates or brain after intranasal 
MSC treatment. HE staining of brain and nasal turbinates sections from Sham-operated, 
HI-Vehicle and HI-MSC mice at 14 months following HI. No neoplasia or lesion was observed. 
Examples of the nasal turbinates and cortical, hippocampal and thalamic brain regions. 
n=10 per group; arrows=nasal/olfactory mucosa; star=olfactory nerve; asterisk=damaged 
hippocampus; Scale bar=200μm.

Discussion

Previous work by our group has demonstrated the strong therapeutic potential of 
intranasal MSC administration for repair of neonatal ischemic brain damage using the 
mouse model. Intranasal MSC treatment significantly improves motor and cognitive 
behavior and decreases lesion volume at 5 weeks after HI. However, for translation to 
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the clinic it is absolutely essential to determine whether MSCs may have any adverse 
effects, especially during aging. Another important question is how long the positive 
effects of MSC-induced brain repair last. To our knowledge this is the first study 
to investigate whether intranasally administered MSCs applied early in life induce 
tumor formation or any other microscopic or macroscopic lesions later in life. We 
followed the mice for a considerable period of time, as C57BL/6 mice have a normal 
life span of about 18-24 months. The mice examined in our study were 14 months 
old when pathological assessment was carried out. Detailed pathological analysis 
was performed by unbiased assessment at a pathological center. Our findings show 
that intranasal MSC administration does not induce any macroscopic or microscopic 
lesions in the brain or in any peripheral organ in the long-term.

We assessed 47 mice (Sham-operated (n = 13), HI-Vehicle (n = 17) and HI-MSC (n = 17) 
mice) for macroscopic or microscopic lesions in the brain, nasal turbinates and 
also in 38 other organs (Table 1 and 2). All analyses were performed without prior 
knowledge of the mouse identification code. Our data shows no evidence of tumor 
formation or other significant lesions in the brain of any of the examined mice (Fig 4). 
No tumor formation was observed in the brain or the nasal turbinates following 
MSC-treatment. Lymphosarcoma and the other non-cerebral lesions (e.g. nasal 
hyalinosis, lymphocytic sialoadenitis) are common findings in aged mice and are 
considered spontaneous lesions that are not related to intranasal MSC treatment14. 
We observed lymphosarcoma following both Vehicle and MSC treatment. Incidence 
of lymphosarcoma in B6C3F1 mice (i.e. C57BL/6 and C3HJ/HeJ hybrids) has been 
reported to be 8.3% in males and 16.8% in females at the age of 22-28 months15,16. 
The uterine sarcoma observed in one HI-MSC mouse (out of 7 mice) is likely a primary 
uterine tumor that originated from the uterine smooth muscle (i.e. leiomyosarcoma) or 
from the uterine mesenchyme (i.e. fibrosarcoma). The finding that MSCs do not induce 
tumor formation or any other lesion in the brain or nasal turbinates has significant 
implications for the clinic.

One possible explanation as to why MSC administration has no adverse effects in the 
long-term is that MSCs actually do not engraft in the brain following administration. 
We have previously demonstrated that the number of MSC decreased drastically 
to <1% at 18 days after intracranial administration13. On the basis of these data we 
proposed that MSCs do not differentiate into neurons or astrocytes themselves but 
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rather stimulate endogenous neural stem cells via secretion of neurotrophic factors 
promoting proliferation and differentiation into functional neurons13,17. Indeed, 
we have shown that MSC treatment induces functional cortical rewiring following 
HI18. Another important factor is that we administered MSCs intranasally and not 
systemically in our HI model, which may significantly reduce the chance of MSCs 
reaching peripheral tissues with possible systemic adverse effects. Taken together, 
these data indicate that intranasal MSC administration early in life does not lead to 
negative adverse effects with respect to the induction of microscopic or macroscopic 
lesions during the life time of the animal.

As discussed before, MSCs are hardly immunogenic and have been found to 
possess immunosuppressive and immunomodulating capacities. For instance, MSCs 
secrete anti-inflammatory cytokines such as IL-10 and TGFβ and suppress expansion 
of T cells and activation of NK cells19,20,21. On the basis of these cellular characteristics 
a growing number of clinical trials (www.clinicaltrials.gov) are assessing efficacy 
and safety to use MSCs as a therapeutic strategy for various pathologies ranging from 
cardiovascular to auto-immune diseases.

In the present work we show that the positive effects of intranasal MSC-treatment 
both on sensorimotor and cognitive behavior last up to 9 and 14 months of age in 
neonatal mice treated with MSCs at 10 days following HI. The latter is important with 
respect to clinical application. Our data show that the MSC-induced neurogenesis 
results in functional neurons as HI-MSC mice still showed improved cognitive and 
sensorimotor performance at 9 and 14 months post-HI induction. Furthermore, based 
on our results, it does not seem likely that long-term functional impairments due to 
potential cellular aberrations in the endogenous neural precursors occur.

The lesion volume in HI-MSC and HI-Vehicle mice did not change significantly over 
time, which suggests that once the lesion is formed, it does not deteriorate any further. 
The data in Figure 3 indicate that some endogenous repair may also take place in HI 
animals as lesion size decreases (although not significantly) over time. However, we 
suggest on the basis of our data that in HI-Vehicle mice the lesion is not repopulated by 
functionally integrated neurons, since we did not observe cognitive or sensorimotor 
improvement over time, whereas MSC treatment apparently restores functional 
neuronal repopulation following a HI event. Hence, our results demonstrate that MSC 
treatment is essential for long-term neuroregeneration and recovery of motor and 
cognitive behavior.
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Conclusions

We show here for the first time that intranasal MSC treatment after neonatal HI 
does not induce any malignancies or other pathological abnormalities in the brain, 
nasal turbinates or any peripheral tissues as shown by the unbiased and thorough 
assessment performed by an independent pathological center. This study also 
highlights the lifelong effects of intranasal MSC treatment on both cognitive and 
sensorimotor behavior and lesion size following neonatal HI injury in the mouse. 
This work may have important impact for effective and safe translation of intranasal 
MSC treatment to the clinic and strongly supports intranasal MSC administration as a 
realistic therapeutic neuroregenerative option for neonatal encephalopathy.
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Tables

Table 1. Necropsy findings per animal. Sham-operated n=13; Vehicle-treated n=17; 
MSC-treated n=17.
Sham-operated Vehicle-treated MSC-treated
Mild right corneal opacity 
(n=1/13)

Mesenteric left node has
lymphoma
(n=1/17)

Multisystemic lymphoma in 
nodes, uterus and intestines 
(n=1/17)

Right uterine mucometra/
hydrometra (n=1/13)

Acute hemorrhage: Left lung 
lobe (n=1/17)

Severe cerebellar atrophy
(n=1/17)

Olfactory lobe appeared smaller 
(n=1/17)

Both olfactory lobes appeared 
atrophied (n=1/17)

Right corneal opacity (n=1/17) Spleen is firmer and smaller 
(n=1/17)

Acute linear hemorrhage in liver 
(could be traumatic) (n=1/17)
Liver is pale and atrophied 
(n=1/17)
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Table 2. Full report of histopathological findings. Sham-operated n=13; Vehicle-
treated n=17; MSC-treated n=17. NSL=non-significant lesion.
Organs Sham-operated Vehicle-treated MSC-treated
Trachea NSL NSL Mild mucosal atrophy

(n=2/17)
Larynx NSL NSL NSL
Oesophagus NSL NSL NSL
Thymus NSL Early lymphoma 

(n=1/17)
NSL

Nasal turbinates 
( nasal mucosa, ol-
factory mucosa and 
nerves)

Mild mucosal 
 hyalinosis (2/13)

Mild mucosal 
 hyalinosis (5/17)

Mild mucosal 
 hyalinosis (5/17)

Eye, harderian gland NSL NSL NSL
Mammary gland NSL NSL NSL
Spinal cord, sciatic 
nerve

NSL NSL Mild gliosis in the cord 
(2/17)

Femur (bone and 
joint)

NSL NSL NSL

Vertebra NSL Minimal cartilaginous 
degeneration (n=2/17)

Minimal cartilaginous 
degeneration (n=2/17)

Bone marrow NSL NSL NSL
Adrenal glands Mild cortical atrophy 

(n=1/13)
Mild cortical atrophy 
(n=1/17)

Mild cortical atrophy
(n=1/17)

Axillary, mesenteric 
and mammary lymph 
nodes

Mild Lymphoid 
 hyperplasia (n=1/13)

Early lymphoma 
(n=1/17)

Lymphoma (n=1/17)

Aorta NSL Mild lymphocytic and 
neutrophilic pannicu-
litis (n=1/17)

NSL

Heart NSL Moderate lymphocytic
inflammation 
(n=1/17)

NSL

Salivary glands Mild lymphocyt-
ic  inflammation 
(n=8/13)

Mild lymphocyt-
ic  inflammation 
(n=5/17)
Early lymphoma 
(n=1/17)

Mild lymphocytic 
inflammation 
(n=5/17)

Tongue NSL Mild granuloma-
tous inflammation 
(n=1/17) (likely for-
eign body granuloma)

NSL
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Table 2. continued
Organs Sham-operated Vehicle-treated MSC-treated
Thyroid/
parathyroid

NSL NSL NSL

Pituitary NSL NSL NSL
Spleen NSL NSL Severe extramedul-

lary hematopoiesis 
(n=1/17)

Kidneys Mild polyarteritis 
nodosa (n=1/13)

Mild membranous 
glomerulonephritis 
(n=1/17)

Minimal 
glomerulonephritis 
(n=1/17)

Urine bladder Mild hyalinosis of 
bladder mucosa 
(n=1/13)

Mild lipidosis (n=1/17) Mild hyalinosis of 
bladder mucosa 
(n=1/17)

Liver Mild biliary cystic 
hyperplasia (n=1/13)
Mild to moderate hepatic 
lipidosis (n=1/13)

Mild lipidosis (n=1/17)
Mild fatty change (n=1/17)
Mild atrophy (n=1/17)

Mild necrosis and 
inflammation 
(n=1/17)

Pancreas Mild islets hyperplasia 
(n=1/13) NSL NSL

Gastrointestinal 
tract

NSL NSL Mild polyarteritis 
nodosa (n=1/17)

Testis, 
 epididmyis

Mild degeneration with 
mild Leydig cell hyper-
plasia (n=1/8)

NSL NSL

Male sex glands NSL NSL NSL
Mammary Gland NSL NSL NSL
Ovary NSL Mild to Moderate atrophy 

(n=2/10)
NSL

Uterus Moderate pleocellular 
inflammation (n=1/6)

Moderate cystic 
 hyperplasia (n=1/10)

Solitary 
leiomyosarcoma 
(n=1/7)

Lung NSL Early crystal pneumonia 
(n=1/17)

Mild crystal 
acidophilic pneumonia 
(n=1/17)

Skin Mild lymphocytic 
panniculitis (n=2/13)

Small trichogranuloma 
(n=1/17)
Mild lymphocytic and 
neutrophilic panniculitis 
(n=1/17)

NSL

Skeletal Muscle NSL Focal necrosis with 
pleocellular inflammation 
(n=1/17)

Focal area of acute 
skeletal necrosis 
with suppurative 
inflammation 
(n=1/17)
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Summary and General Discussion

The work described in this thesis demonstrates the potential of MSCs to repair hypoxic-
ischemic (HI) brain injury in our mouse model of neonatal HI. The key findings of 
this thesis will be discussed in this chapter and I will conclude by deliberating on the 
main question whether intranasal MSC administration has a future as a therapeutic 
strategy for human infants suffering from neonatal encephalopathy.

MSCs en route to the lesion site
The intranasal administration route was first explored in the 70’s as a technique to 
deliver oxytocin to the periphery to induce labor in pregnant women1. Subsequent 
studies assessed the efficacy of the intranasal route to administer a variety of 
drugs ranging from insulin2 to vaccines3. It was only much later, in the beginning of 
the 21st century that the intranasal delivery route was explored as a way to deliver 
neurotrophic factors to the brain. In 2009, Danielyan et al. described for the first 
time the intranasal delivery of stem cells to the intact brain. Ever since, a growing 
number of studies have investigated the efficiency of delivering neurotrophic factors 
and cells to the brain5-10. To the best of our knowledge we are the first who have used 
the intranasal route to deliver MSCs to the damaged brain as a possible therapeutic 
strategy10,11.

However, the question how biologics and cells delivered via the nose reach the 
brain remained unanswered. Studies by Thorne et al. demonstrated that biologics 
may diffuse from the nose to the brain tissue along olfactory and trigeminal nerve 
components. Another route may be through or alongside blood vessels and lymphatic 
vessels in the olfactory epithelium or via the cerebral spinal fluid (CSF) to the 
subarachnoid space12.

Our studies show that MSCs migrate specifically towards the lesion site within just 
2h following intranasal administration (chapter 4). If MSCs would migrate through 
brain tissue with a similar speed as neuroblasts, which migrate at 60 µm per hour, 
it would take several days for the MSCs to reach the lesion site. Importantly, our 
data show that intranasally administered MSCs reach the lesion site within 2h after 
administration, and therefore, suggest that MSCs reach the lesion site by migrating 
through cerebral blood vessels (chapter 4). Furthermore, MSCs migrate specifically 
towards the site of injury but do not remain in the contralateral side even though 
MSCs are administered to both nostrils. This strongly suggests that chemotactic 
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factors expressed by e.g. glial cells at the lesion site, attract MSCs towards the lesion in 
a very accurate way. Moreover, migration and homing of MSCs to the damaged region 
may be facilitated by the increased permeability of the blood brain barrier (BBB) 
following HI13. The expression of adhesion molecules on the endothelial cells at the site 
of injury may have been up-regulated, thereby facilitating migration to the lesion site. 
Nevertheless, it will be important to determine in future studies the percentage of the 
administered MSCs that actually reach the lesion. The question whether intranasally 
administered MSCs also reach organs in the periphery also has to be addressed.

Homing and engraftment of MSCs to the ischemic myocardium following 
intracardial administration has been shown to be regulated by the expression of 
P-selectin, VLA-4/VCAM and Itgb2/ICAM-1. These receptors mediate rolling and 
adhesion of cells to the endothelial cell lining of blood vessels14,15. Extravasation 
into the brain tissue may be regulated by CCR2/MCP-1, VLA-4/VCAM and matrix 
metalloproteinase (MMP)-216-18. The chemokine CX3CL1 (alias fractalkine) seems to 
play a role in MSC migration following systemic intravenous administration in rats 
with hypoglossal nerve injury or Middle Cerebral Artery Occlusion (MCAO)19,20. In 
chapter 4, we provide evidence that the chemotactic factor CXCL10 (alias IP-10) may 
be a strong attractant for intranasally administered MSCs in the neonatal HI model. 
Our PCR-array for chemotactic factors demonstrates that CXCL10 is the strongest 
upregulated factor at 10 days following HI, but has returned to sham level at 17 days 
after HI. As a consequence intranasally administered MSCs no longer reach the lesion 
site (chapter 3). Increasing CXCL10 expression at 17 days after HI in the lesion by 
intracranial injection may restore MSC migration although the neurotrophic signaling 
at the lesion site may not be enough to foster further endogenous stimulation of 
neurogenic stem cells. Furthermore, we found that the expression of the CXCL10 
receptor, i.e. CXCR3, increases both on murine and human MSCs after co-culture with 
HI brain extracts. It would be interesting to investigate whether CXCR3 expression 
on MSCs is crucial for trafficking. This could be done by administrating MSCs that 
do not express CXCR3 as a proof of principle that the CXCR3-CXCL10 axis mediates 
MSC migration towards the lesion after HI. Together, these data suggest that CXCL10 
may play an important role in mediating MSC migration towards the lesion following 
intranasal application.

These results are very important as they demonstrate that administration of 
MSCs through the nose will target the injury site very specifically and efficiently. 
Evidence that MSCs reach the lesion through blood vessels, increases the likelihood of 
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intranasal MSC application being an effective administration route in humans despite 
the greater distance between the olfactory bulb and nasal cavity in humans. The data 
presented in chapter 3 and 4 of this thesis strongly advocate in favor of the potential 
to deliver MSCs to the injured human brain through intranasal administration.

MSC-induced lesion repair: Regeneration versus neuroprotection
In chapter 3, we show that intranasal MSC administration at 10 days after HI 
significantly improved sensorimotor and cognitive behavior and decreased lesion 
volume at 25 days following MSC treatment. However, the mechanisms underlying 
MSC-mediated lesion repair have yet to be clarified. Therefore, in chapter 4, we 
investigated the early effects of MSCs on lesion repair. Importantly, our work provides 
strong evidence that MSCs promote repair and do not induce neuroprotection, as at 
10 days after HI, the moment when MSCs are given intranasally, the HI lesion is fully 
developed and does not progress any further over time21. Indeed, at 10 days after HI 
the entire hippocampus and part of the somatosensory cortex have been replaced by 
a cystic lesion, which remains up to 14 months after HI induction. The capacity of 
the MSCs to repair this extensive lesion further emphasizes the strong therapeutic 
potential of these cells.

Over the past years, a number of studies have been investigating how stem cells 
repair brain injury. For instance, studies by Phinney et al.21-23 show evidence of MSC 
engraftment in the neonatal and adult brain following intracranial administration. The 
authors showed that MSCs engraft and differentiate into GFAP+ cells in the striatum, 
SVZ and cerebellum at 12 days after intracranial injection in 3 day old mouse pups 
without brain damage24. These results indicate that MSCs may induce lesion repair 
by differentiating into new neurons, astrocytes or oligodendrocytes themselves. Our 
work, however, challenges the general validity of this idea, as our results demonstrate 
that the number of MSCs decreases sharply over time. We found that PKH-26+-MSC 
signal decreases by 86% at 72 hours after administration (chapter 4) and previous 
work by our group show that only 1% of GFP+-MSC signal remains at 18 days following 
administration25. Importantly, in chapter 4 we demonstrate that lesion repair after 
MSC administration results from stimulation of endogenous regenerative processes 
rather than from the differentiation of MSCs into neurons or astrocytes.

These findings raise the interesting question as to the source of the newborn 
neurons in our model. In chapter 4 we provide evidence that MSCs increase the 
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number of doublecortin (DCX) positive cells, that is, young migrating neurons in the 
subventricular zone (SVZ) at 1 and 3 days after administration and at the lesion site 
at 3 days following application. Interestingly, at 5 days after MSC administration we 
observed a significant increase in NeuN+ cells at the lesion, suggesting that MSCs 
promote maturation of young migrating DCX+ neuronal cells. Indeed, our results 
demonstrate a dramatic repair of the somatosensory cortex and hippocampal region 
within just 5 days following intranasal administration of MSCs (Fig 1). Cell fate 
mapping studies should investigate which neuronal populations are formed following 
MSC treatment. Our finding that MSC-treated mice still show improved behavior at 
14 months following HI, suggests that these newborn neuronal cells are functional 
neurons. Future studies should also address whether these newborn neurons 
functionally integrate into the local network by performing electrophysiological 
assessments.

Figure 1. Schematic overview of the effects of MSCs on neurogenesis (left) and gliosis 
(right) that are likely to play a role in MSC-induced brain repair. MSCs may affect 
the HI brain environment through paracrine or juxtacrine signaling. These MSC derived 
factors will stimulate (1) proliferation of endogenous neural stem cells (GFAP+/Nestin+) and 
(2) differentiation towards neuroblast (DCX+) and (3) more mature neuronal cells (NeuN+). 
Concomitantly, MSC signaling will (4) inhibit and resolve the glial scar (i.e. gliosis) by inducing 
reactive astrocytes and activated microglia to revert into a “resting” state.

We know from our behavioral studies that at 11 days after MSC treatment, the 
preference to use the unimpaired forepaw decreases, while HI-Vehicle mice develop 
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severe motor deficits. Furthermore, we have also shown that cognitive performance 
in social discrimination test and the Novel Object Recognition test (NORT) improves 
following treatment with MSCs (chapter 3 and 5). These tests suggest that short-
term memory recovers following treatment with MSCs, which may be explained 
by improved connectivity between olfactory and visual stimuli to cortical regions 
involved in short-term memory storage. Other hippocampal-dependent tasks, such 
as the Morris Water maze, may be used to assess spatial learning and memory. This 
would be interesting to study as one could determine whether full functional recovery 
takes place, despite partial recovery of hippocampal volume.

Another important question that remains to be answered is how MSCs stimulate 
the endogenous neural stem cells to differentiate and repopulate the lost brain regions. 
As mentioned before, chapter 3 of this thesis shows that MSCs migrate specifically to 
the injury site. Chapter 4 demonstrates that MSC treatment increases the number 
of DCX+ cells in the SVZ. This suggests that MSCs in the lesion sense the environment 
and induce differentiation of endogenous NSCs through paracrine signaling. Indeed, 
a growing number of studies demonstrate that MSCs have a remarkable capacity to 
sense the local brain environment and act accordingly26,27. MSCs have been shown 
to regulate endogenous cells by juxtacrine or paracrine signaling28,29. For instance, 
transplanted MSCs secrete neurotrophic factors such as BDNF and NGF30, which are 
involved in neurogenesis (chapter 4). In chapter 5, we showed that co-culture of 
hMSCs with mouse NSCs induces differentiation of mouse NSCs towards neuronal 
and glial cell fate. This demonstrates the paracrine effects that MSCs can have on 
their local environment. Furthermore, secretion of anti-inflammatory factors such 
as IL-1025 may inhibit microglia and thereby inflammatory processes at the lesion 
site. Indeed, in chapter 4 and chapter 5 we demonstrate that MSCs induce glial scar 
resolution and that reverting the astrocytic scar is likely pivotal for regeneration to 
occur.

MSCs: Cells with a therapeutic potential?
In chapter 6 we show that the positive effects of MSC treatment on sensorimotor 
and cognitive behavior, and lesion volume are long-lasting. Thorough investigation of 
possible pathological side-effects of intranasal MSC treatment revealed no evidence 
of any malignancy in the nasal turbinates or brain or any other organ. Besides, as 
discussed in the previous section, we found no indication of MSC engraftment 
following intranasal or intracranial administration.
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In the last few years, studies have shown that neurogenesis takes place in the SVZ, 
hippocampus and striatum of the neonatal and adult human brain31,32. This means 
that like other mammalian species, the human brain maintains a certain neurogenic 
potential throughout life. Future studies will tell the extent of this neurogenic 
capacity. Nevertheless, this recent groundbreaking work on the neurogenic potential 
of the human brain paves the way for the development of therapeutic strategies for 
neurodegenerative diseases and other brain injuries, as it could serve as a tool to 
regenerate lost or damaged tissue. Animal studies show that following HI injury, a 
shift occurs from neurogenesis to gliogenesis, thus favoring an astrocytic cell fate for 
newborn cells (chapter 2).

We show in this thesis that intranasal MSC administration is an efficient route to 
deliver MSCs to the brain. Another advantage of MSCs is that they are relatively easy 
to obtain and to maintain in in vitro settings. However, before efficient translation 
to the clinic is possible, the optimal dose and time of administration should be 
carefully determined. We showed in chapter 3 and 5 that the effect of MSCs is dose 
dependent, as the lowest dose of mMSCs and hMSCs did not decrease lesion volume. 
Therefore, determining the optimal dose will be pivotal for treatment efficiency. 
Another important aspect to keep in mind is the optimal time-point to start MSC 
administration in the human neonate. The treatment may not be efficient if MSCs 
are given too late, that is, past the period when the brain environment expresses the 
necessary factors to attract the MSCs to the lesion and stimulate the transplanted 
cells to induce neurogenesis and ultimately lead to brain repair. We did not determine 
whether there is a limit in how early one can start with MSC treatment. The earliest 
time-point we determined is 3 days following HI induction (chapter 3). Therefore, 
we cannot exclude the possibility that MSC treatment before 3 days may not be 
effective due to the detrimental (inflammatory) environment in the brain following 
HI. Unfortunately, accurate translation of the therapeutic window directly from mice 
to humans is not possible. Furthermore, we know exactly when the HI insult occurred 
in our HI mouse model, which is not always the case in the clinical setting. This has 
also to be taken into account when determining the optimal therapeutic window. As 
our results clearly show a time-point when MSCs no longer reach the lesion site and 
thus, have no effect on the lesion, it would be safest to treat neonatal encephalopathy 
as soon as possible. Therefore, one approach would be to administer MSCs as soon as 
encephalopathy has been diagnosed (within 24-72 hours) by electroencephalogram 
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(aEEG), magnetic resonance imaging (MRI) or near infrared spectroscopy (NIRS). 
This would mean that babies with encephalopathy could be treated within the first 
week after birth.

In conclusion, this thesis shows the potential of intranasal MSCs to become a safe 
and efficient therapeutic strategy for neonatal HI. Moreover, it also underlines the 
prospect to effectively use MSCs intranasally to treat other diseases of the central 
nervous system. Critical assessment of clinical trials will be crucial to evaluate 
efficacy in the clinic and its future as a treatment.
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Nederlandse Samenvatting

Neonatale encefalopathie veroorzaakt door hypoxie-ischemie (HI) is een belangrijke 
oorzaak van mortaliteit en hersenschade bij pasgeboren baby’s. HI wordt veroorzaakt 
door een tekort aan zuurstof en bloedtoevoer in het neonatale brein. Wereldwijd 
worden er 1-6 per 1000 baby’s geboren die HI hersenschade ontwikkelen. Door het 
tekort aan zuurstof en glucose ontstaan er vrije zuurstof radicalen (i.e. schadelijke 
moleculen) die onder andere het celmembraan en de celkern van de hersencellen 
beschadigen waardoor de hersencellen sterven en er hersenschade ontstaat. Hoe 
meer hersencellen dood gaan, hoe ernstiger de schade is. HI hersenschade kan 
ernstige levenslange gevolgen hebben voor het kind door het veroorzaken van 
ernstige neurologische aandoeningen, zoals epilepsie, motorische afwijkingen en 
mentale retardatie. Dit eist veel van hun familie en de samenleving. De therapeutische 
mogelijkheden die momenteel voor handen zijn, zijn niet bij alle baby’s met HI 
hersenschade effectief. Daarom is onderzoek naar nieuwe behandelingsmethoden 
van cruciaal belang.

Mesenchymale stam cellen (MSC) zijn stam cellen die bijvoorbeeld uit het beenmerg 
of vetweefsel kunnen worden geïsoleerd. Deze stam cellen zijn multipotente stam 
cellen, dat wil zeggen dat ze verschillende soorten cellen kunnen worden uit een type 
weefsel (in dit geval mesenchym). Uit deze mesenchymale stam cellen kunnen vet 
cellen, bot cellen en kraakbeen cellen ontstaan. Recent heeft onze onderzoeksgroep 
laten zien dat het toedienen van mesenchymale stam cellen (MSC) via de neus van 
neonatale muizen met HI hersenschade de motoriek herstelt en het laesie volume 
vermindert na HI. Studies uit andere onderzoeksgroepen hebben aangetoond dat 
MSC ook effectief zijn als behandeling voor verschillende (hersen)aandoeningen zoals 
beroerte en de ziekte van Parkinson. Op het moment lopen er wereldwijd meer dan 
300 clinical trials om de veiligheid en effectiviteit van MSC behandeling bij mensen te 
onderzoeken.

Om het effect van MSC op neonatale HI hersenschade te kunnen onderzoeken, 
hebben we HI nagebootst in een muis model. In dit muis model ontstaat er een cyste in 
de rechter hersenhemisfeer, dit wil zeggen dat in bepaalde gebieden de hersencellen 
vervangen worden door hersenvloeistof. Deze muizen met HI hersenschade 
ontwikkelen langdurig motorische en cognitieve beperkingen, welke met gedragtesten 
zoals de ‘cilinder rearing test’ en de ‘sociale discriminatie test’ meetbaar zijn.
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In hoofdstuk 2 van dit proefschrift bespreek ik de capaciteit van het neonatale 
muisbrein om te herstellen, door de aanmaak van nieuwe neuronen te verhogen. 
Tijdens dit proces, genaamd neurogenese, worden nieuwe neuronen gemaakt vanuit  
neurale stam cellen, dat wil zeggen stam cellen die alleen neuronen (grijze stof cellen), 
oligodendrocyten (witte stof cellen) en astrocyten (belangrijke cellen die een rol 
spelen in verschillende processen zoals metabolisme, inflammatie en activiteit van 
neuronen) kunnen worden. Ik concludeer dat hoewel er nieuwe neuronen worden 
aangemaakt deze niet uitrijpen tot functionele neuronen. Dit betekent dat het brein van 
muizen pups met HI hersenschade niet in staat is om te herstellen zonder behandeling. 
Een nog belangrijkere conclusie is dat het brein wel de capaciteit heeft om te herstellen 
als we deze kunnen boosten door middel van bijvoorbeeld MSC toediening.

In hoofdstuk 3 van dit proefschrift hebben we het effect van MSC op motoriek, 
cognitie en laesie volume na HI onderzocht. Muizenpups zijn op 10 dagen na HI 
behandeld met MSC of saline via de neus. Onze resultaten laten zien dat behandeling 
met MSC via de neus, de motoriek en cognitie van muizenpups met HI hersenschade 
sterk verbetert en dat het laesie volume in de hersenen significant vermindert. Ook 
van belang is dat we laten zien dat de MSC specifiek naar het laesie gebied migreren 
en clusters van cellen vormen rondom de cyste. We zien dat MSC die op 17 dagen na HI 
intranasaal zijn toegediend niet in het laesie gebied aankomen en als gevolg daarvan, 
dat de behandeling dus ook geen effect heeft op motoriek of laesie volume na HI.

In hoofdstuk 4 hebben we eerst bepaald hoe snel de MSC in het schade gebied 
terechtkomen. We laten zien dat de MSC al binnen twee uur na intranasale toediening 
specifiek naar het laesie gebied in de hersenen migreren. Dit is erg snel als je je 
voorstelt dat endogene stam cellen met een snelheid van 60 μm per uur door het 
brein migreren en de afstand van de neus tot het schade gebied meer dan 2000 μm 
bedraagt. Deze bevinding suggereert dat de MSC niet via het brein migreren, maar 
door de bloedvaten of meningeale circulatie. Onze resultaten laten ook zien dat de 
MSC niet lang in het brein aanwezig blijven. Dit blijkt uit onze data die laten zien 
dat het aantal toegediende MSC op 12 uur na toediening piekt in de hersenen en al 
significant verlaagd is op 72 uur na toediening.

We weten uit hoofdstuk 3 dat MSC een sterk herstellend effect hebben op HI 
hersenschade. In hoofdstuk 4 hebben we onderzocht hoe de MSC dit effect bereiken. 
Onze resultaten laten zien dat de MSC binnen 5 dagen het laesie gebied kunnen 
herstellen. We zien dat nieuwe neuronen ontstaan die de hersenstructuren her-
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opbouwen. Een belangrijke bevinding is dat de MSC niet zelf in de hersenen worden 
ingebouwd, met andere woorden zelf geen nieuwe hersencellen, zoals neuronen of 
astrocyten, vormen. We hebben aangetoond dat MSC herstel van het brein bevorderen 
door endogene stam cellen te stimuleren tot proliferatie en de uitrijping van nieuwe 
neuronen tot functionele neuronen te bevorderen, ofwel neurogenese stimuleren. 
Bovendien stimuleert MSC behandeling het herstel van het brein door de schadelijk 
inflammatoire omgeving te dempen, waardoor het ontstaan van nieuwe neuronen 
wordt ondersteund. We hebben aangetoond dat MSC direct betrokken zijn bij herstel 
mechanismen aangezien de stam cellen, na het kweken in een HI hersenextract milieu, 
factoren produceren die zeer belangrijk zijn voor het ontstaan van nieuwe neuronen.

In hoofdstuk 5 hebben we onderzocht of humane MSC ook een positieve effect 
kunnen hebben op HI hersenschade. Dit onderzoek is in samenwerking met de 
Stam Cel Faciliteit van het UMC Utrecht uitgevoerd. De humane MSC die wij hebben 
gebruikt worden al in de kliniek gebruikt om andere ziektebeelden te behandelen. 
We laten zien dat humane MSC, neuronale stam cellen van muis origine kunnen 
aanzetten tot uitrijping naar neuronen en astrocyten. Ook hebben we gevonden dat 
humane MSC naar het laesie gebied kunnen migreren in muizen hersenen met een HI 
insult. Van groot klinisch belang is dat onze resultaten laten zien dat humane MSC 
ook in staat zijn om HI hersenschade in de muis significant te verminderen en de 
motoriek van de muizen te verbeteren. Een andere hoogtepunt uit mijn onderzoek, 
welke we in hoofdstuk 6 bespreken, is dat intranasale MSC toediening geen nadelige 
bijwerkingen heeft. We hebben dit onderzocht door muizen met een HI insult, 
geïnduceerd op neonatale leeftijd, tot 14 maanden na MSC behandeling te volgen. Dit 
is een aanzienlijk lange periode aangezien muizen maximaal 1.5 tot 2 jaar kunnen 
leven. We hebben geen evidentie gevonden voor tumor vorming in het brein of neus 
epithelium na methodologisch onderzoek door het Dutch Molecular Pathology Center 
van de Universiteit Utrecht. We laten ook zien dat de motoriek en cognitie van de 
muizen behandeld met MSC nog steeds verbeterd is op 14 maanden na behandeling en 
dus dat de effecten van MSC behandeling langdurig zijn. Dit is van groot belang voor 
de kliniek.

In dit proefschrift laten we zien dat het mogelijk is om het door HI beschadigde 
neonatale brein te herstellen/repareren door intranasale MSC behandeling. De 
effecten van deze MSC behandeling zijn langdurig en MSC behandeling induceert geen 
nadelige bijwerkingen in de muis. Ter conclusie, intranasale MSC behandeling is een 
zeer potente, toekomstige, therapeutische mogelijkheid om ne
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ANOVA Analysis of Variance
BRDU [3H]-thymidine or 5-bromo-2’-deoxy-uridine
CA Cornu Ammonis
CRT Cylinder Rearing Test
DAPI 4’6-diamidino-2-phenylindole
DCX Doublecortin
DG Dentate Gyrus
GFAP Glial Fibrillary Acidic Protein
HE Hematoxylin and Eosin
HI Hypoxia-Ischemia
Iba-1 Ionized calcium binding adaptor molecule-1
MAP-2 Microtubule-associated protein-2
MBP Myelin Based Protein
MRI Magnetic Resonance Imaging
hMSC human Mesenchymal Stem Cell
MSC Mesenchymal Stem Cell
NeuN Neuronal specific nuclear protein
NORT Novel Object Recognition Test
NSC Neural Stem Cells
OB Olfactory Bulb
Olig2 Oligodendrocyte transcription factor 2
PBS Phosphate Buffered Saline
PFA Paraformaldehyde
RMS Rostral Migratory Stream
SEM Standard Error of the Mean
SGZ Subgranular Zone
SVZ Subventricular Zone
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