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Abstract

Involvement of the cerebellum in the pathophysiology of hypoxic-ischemic encepha-
lopathy (HIE) in preterm infants is increasingly recognized. We aimed to assess the
neuroprotective potential of intravenously administered multipotent adult progenitor
cells (MAPCs) in the preterm cerebellum. Instrumented preterm ovine fetuses were
subjected to transient global hypoxia-ischemia (HI) by 25 minutes of umbilical cord
occlusion at 0.7 of gestation. After reperfusion, two doses of MAPCs were adminis-
tered intravenously. MAPCs are a plastic adherent bone-marrow-derived population
of adult progenitor cells with neuroprotective potency in experimental and clinical
studies. Global HI caused marked cortical injury in the cerebellum, histologically indi-
cated by disruption of cortical strata, impeded Purkinje cell development, and
decreased dendritic arborization. Furthermore, global HI induced histopathological
microgliosis, hypomyelination, and disruption of white matter organization. MAPC
treatment significantly prevented cortical injury and region-specifically attenuated
white matter injury in the cerebellum following global HI. Diffusion tensor imaging
(DTI) detected Hl-induced injury and MAPC neuroprotection in the preterm cerebel-
lum. This study has demonstrated in a preclinical large animal model that early sys-
temic MAPC therapy improved structural injury of the preterm cerebellum following
global HI. Microstructural improvement was detectable with DTI. These findings sup-
port the potential of MAPC therapy for the treatment of HIE and the added clinical
value of DTI for the detection of cerebellar injury and the evaluation of cell-based

therapy.
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1 | INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) is an important cause of mor-
tality and morbidity in preterm neonates. Global HIE in preterm
infants affects individual brain regions differently.l'2 HIE was recog-
nized primarily as a white matter disease of the cerebrum, leaving cer-
ebellar involvement underappreciated in the clinical setting.?
However, previous findings demonstrate that cerebellar injury plays
an important role in the high prevalence of nonmotor deficits (ie, cog-
nition, learning, and behavior) in survivors of prematurity.>*

During the third trimester of pregnancy, the cerebellum exhibits a
rapid increase in growth and development.? Any disturbance of cere-
bellar growth, for example, by hypoxia-ischemia or inflammation, may
lead to irreversible aberrations of the cerebellar integrity.>> Moreover,
cerebellar lesions in the developing brain can cause or aggravate
contra-lateral supratentorial deficits (cerebellocerebral diaschisis).?

Until recently, acute cerebellar injuries were rarely detected with
conventional clinical neuroimaging, such as T1- and T2-weighted mag-
netic resonance imaging (MRI).® Clinical imaging studies using new
advanced MRI modalities, including diffusion tensor imaging (DTI),
however, showed that cerebellar injury in premature survivors with
neonatal encephalopathy is common and associated with adverse clin-
ical outcome.” Moreover, disturbed cerebellar development in prema-
turely born children can still be detected at school age/adolescence
with advanced neuroimaging.®

Therefore, protection of the cerebellum following preterm birth
and/or HI is clinically highly relevant and cell-based therapy has
proven to be a promising treatment to improve neurodevelopmental
outcomes in preterm infants.” We have previously shown that intra-
venous administration of mesenchymal stem cells and multipotent
adult progenitor cells (MAPCs) protect cerebral structure and function
in a fetal sheep model of HIE.X®! |n this model of preterm brain
injury, we demonstrated that the injurious effects of global hypoxia-
ischemia and therapeutic effects of intravenous stem cell therapy
could be readily detected in the cerebral white matter using DTI.1°

The primary aim of this study was therefore to assess the neuro-
protective potential of MAPCs in the cerebellum following global
hypoxia-ischemia (HI). We hypothesized that MAPC therapy would
reduce structural injury in the preterm cerebellum following global
HI. To test this hypothesis, 0.7 gestation instrumented fetal sheep
were exposed to global hypoxia-ischemia by umbilical cord occlusion
(UCO) and subsequently treated with intravenously delivered MAPCs.
Cerebellar injury was assessed by histopathology and diffusion
weighted MRI.

2 | MATERIALS AND METHODS

21 | Study approval
All animal procedures were performed in accordance with the guide-
lines and approval of the institutional Animal Ethics Research commit-

tee of Maastricht University, The Netherlands.

Significance statement

Cerebellar injury after asphyxia was reduced with systemic
multipotent adult progenitor cells (MAPCs) therapy. These
findings in the cerebellum essentially extended the authors'
previous experimental work showing that MAPCs induced
structural and functional neuroprotection after asphyxia in
the ovine cerebrum. MAPCs are a clinical-grade product
with extensively proven safety. A recent clinical trial in adult
stroke patients showed that MAPCs improved functional
outcomes after 1-year follow-up. This study in a relevant
large animal model with clinical-grade stem cells greatly
improves the potential for translation into neonatal

medicine.

2.2 | Multipotent adult progenitor cells

MAPCs are a plastic adherent bone-marrow-derived population of
adult progenitor cells with long-term culture expansion and
potency.'?® MultiStem, the clinical grade MAPC product, is cur-
rently being tested for neuroprotection in an international
phase llI trial of adult stroke (ClinicalTrials.gov NCT03545607).1%
Differentiation capacity, functional characteristics, and genomic
and epigenetic stability of the MAPCs were confirmed as previ-
ously described.'>'®* MAPCs were expanded under good
manufacturing practice as previously described® and stored in
liquid nitrogen. Before administration, the MAPCs were thawed
and washed twice and suspended in phosphate buffered saline
(PBS) at a concentration of 10 x 10° cells/mL. The fetuses ran-
domized to MAPC treatment received two intravenously delivered
doses of 10 x 10° cells in 1 mL PBS via the right brachial vein. The
first dose was administered 1 hour after reperfusion. The second

dose was administered on day 4 after reperfusion.

2.3 | Experimental design

Fetuses of time-mated Texel ewes were instrumented as previously
described.’® The outcome of the cerebrum of these animals has been
previously reported.* We assessed the cerebellum of 23 (n = 26) sin-
gleton fetuses (both sexes), which had been randomly assigned to one
of the four following experimental groups: (a) sham UCO, saline treat-
ment (sham-SAL; n = 8), (b) sham UCO, MAPC treatment (sham-
MAPC; n = 4), (c) UCO, saline treatment (HI-SAL or HI; n = 7), and
(d) UCO, MAPC treatment (HI-MAPC; n = 7). Power analysis indicated
that with a sample size of n = 5 in the HI-MAPC group significant
treatment effects could be detected in the cerebellum, which was
based on previous reported MAPC-mediated white matter protection

|11,16718 work

in the cerebrum.!? Previous clinical’* and experimenta
has extensively shown safety of MAPCs under control conditions.

Therefore, a smaller sham-MAPC group of n = 4 was considered
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acceptable to exclude MAPC-induced changes in the cerebellum
under sham conditions.

Fetal instrumentation was performed at 102 days of gestation
(experimental day —4). At 106 days of gestation (experimental
day 0) fetuses were subjected to 25 minutes of UCO or sham con-
ditions. At the time of UCO, brain maturation is broadly equiva-
lent to 30 weeks of human gestation which coincides with the
high-risk window of brain injury in preterm infants.!? The dynam-
ics of physiological parameters during UCO were previously
reported.!! Blood pressure, heart rate, pH, pCO,, and pO, at dif-
ferent time points are shown in Table S1. Fetuses received two
doses of MAPCs or an equal volume of the saline vehicle (1 hour
and 4 days following UCO). Randomization, (sham) UCO and tis-
sue sampling was performed by investigators who were blinded

for treatment allocation.

2.4 | Brain sampling

After a reperfusion period of 7 days, animals were sacrificed at
113 days
(200 mg/kg). Brains were collected and the right hemisphere

of gestation with intravenous pentobarbitone
was submersion fixated in 4% paraformaldehyde (PFA) at 4°C

for 3 months.

2.5 | Magnetic resonance imaging

To wash out the PFA, 48 hours prior to MRI imaging the right hemi-
sphere was washed with PBS and stored in PBS containing 1% sodium
azide. DTI images were acquired using an echo planar imaging (EPI)
sequence with diffusion gradients (b = 4000 seconds/mm?) applied in
66 noncollinear directions and 6 BO measurements. An average of
60 slices was recorded within 36 minutes using a repetition time
(TR) = 500 ms and echo time (TE) = 75 ms. Isovolumetric voxel size
was 0.5 mm?®. The field of view (FOV) was 30 x 60 x 60 mm and scan
matrix size 60 x 120 x 60 mm.

Diffusion weighted images were processed using ExploreDTI
version 4.8.6 running in Matlab (R2015, The MathWork, Inc,,
Natick, Massachusetts).?’ To optimize image quality, all data sets
were corrected for motion, EPIl-induced distortions, and Eddy cur-
rents.2%21 Diffusion tensors were calculated robustly using the
REKINDLE approach to exclude motion-induced outliers prior to
tensor estimation.?? For each data set, color-coded fractional
anisotropy (FA) maps were spatially aligned with the T2 image, and
visualized as a semitransparent overlay on the T2 maps. This visual-
ization approach improved localization of the desired anatomical
regions of interest. After region of interest (ROI) placement in the
cerebellum (white matter and cortex), FA values were obtained for
each ROI in Explore DTI. Manual delineation of ROIs was per-
formed by a neonatologist with expertise in DTI analysis who was

blinded for the treatment allocation.
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2.6 | Histology and immunohistochemistry

The right hemisphere of the cerebellum was embedded in paraffin
and serial sagittal sections (4 um) were cut with a Leica RM2235
microtome (Leica, Rijswijk, The Netherlands).?® At the intersection of
the cerebellar peduncles, Nissl and Luxol Fast Blue (LFB) stainings
were performed for morphological and anatomical analysis. Immuno-
histochemical analysis was performed on three sections per animal
(every 10th consecutive section). Adjacent sections were stained with
an anti-ionized calcium binding adaptor molecule 1 (IBA-1) antibody
(019-19 741, Wako Pure Chemical Industries) for microglia, a glial
fibrillary acidic protein (GFAP) antibody (ZO334, Dako) for astroglia, a
myelin basic protein (MBP) antibody (MAB386, Milipore) for mature
oligodendrocytes and myelin, a calbindin antibody (CB-38a, Swant)
for Purkinje cells (PC), and a cleaved caspase-3 antibody (#9664, Cell
signaling) for apoptotic cell death.

Endogenous peroxidase activity was inactivated with 0.3% H,0,
treatment. Antigen retrieval was performed by microwave boiling of
tissue sections in citrate buffer (pH 6.0).2% Nonspecific binding was
blocked by incubation with bovine, goat, or donkey serum in PBS.
Sections were incubated overnight at 4°C with the diluted primary
antibody (IBA-1, GFAP, MBP & Caspase-3 1:1000; calbindin 1:6000).
The following day sections were incubated with the specific second-
ary antibody and staining was enhanced with a Vectastain ABC perox-
idase Elite kit (Vector Laboratories, Inc., Burlingame, California) and

(nickel) 3,3’-diaminobenzidine staining.

2.7 | Qualitative analysis

Nissl stained sections were analyzed by a neuropathologist with
expertise in the field of neonatal brain injuries and two independent
researchers who were blinded for the experimental setup. Sections
were assessed for structural and inflammatory changes including the
presence of gliosis, hemorrhages, and structural damage including cyst
formation. LFB sections were evaluated for myelin structure and mye-
lin abnormalities.

2.8 | Quantitative analysis of Nissl staining

The thickness of cerebellar strata was measured on Nissl| stained sec-
tions. The molecular layer (ML) and external granular layer (EGL) thick-
ness were determined in Image) 1.49v (U. S. National Institutes of
Health, Bethesda, Maryland) using x20 images of lobule I-X from Niss|
stained cerebellar sections. The thickness of the ML was defined as
the distance between the top of the purkinje cell (PC) soma and the
internal border of the EGL. EGL thickness was determined relative to
the ML. Measurements were performed in duplicate by two indepen-
dent researchers on 20 images per animal. One image was taken of
the crest and one of the insert of each lobule (lobule I-X) (Figure 1),

resulting in 20 images per animal.
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FIGURE 1
Thickness of the external granular layer and molecular layer was measured in the crest (*) and inserts (**) of the anterior lobe and the posterior
lobe of the cerebellum. B, Immunohistochemical stainings were analyzed in lobe Il and in lobe IX and in the cerebellar peduncles. The black
squares indicate the regions of interest in cerebellar white matter, cerebellar cortex, and the peduncles. * = crest of the lobule; ** = inset of lobule.
Scale bar = 5 mm. AL, anterior lobe; PL, posterior lobe

2.9 | Quantitative analysis of
immunohistochemical stained sections

Immunohistochemical stainings were analyzed using a light micro-
scope (Leica DM2000) equipped with Leica QWin Pro version 3.4.0
software (Leica Microsystems, Mannheim, Germany). Inflammatory
changes were assessed by IBA-1 immunoreactivity (IR) and white mat-
ter alterations were assessed by MBP IR in the anterior cerebellum
(lobule 111) and posterior cerebellum (lobule 1X) (Figure 1). ROls were
both the white matter and cortex of the cerebellum; as illustrated in
Figure 1 the cortical ROl comprised all three cortical layers, that is,
internal granular layer (IGL), ML, and EGL, whereas the white matter
was marked from the beginning of the lobe till the boundary of the
IGL. Area fractions were determined using a standard threshold to
detect positive staining with Leica QWin Pro V 3.5.1 software (Leica,
Rijswijk, The Netherlands). In the same regions, caspase positive cells
were counted and expressed as positive cells/mm?.

PC density was quantified by counting all cell somas positive for
calbindin that intersect with a horizontal line of known length and
then dividing the number of cells by the length of the line. Counting
was performed in lobule Il and IX in four random fields of views per
lobule.

The areal densities of GFAP* cells and in particular GFAP*
Bergmann glia that are only located in the ML were determined by
measuring area fractions of GFAP IR in the cerebellar white matter
and IGL and ML of the cerebellar cortex using Leica QWin Pro V 3.5.1
software (Leica, Rijswijk, The Netherlands). In addition to area frac-
tions, the linear density of the Bergmann glial fibers (GFAP* fibers) in
the ML was determined using ImagelJ. Perpendicular to the Bergmann

Overview of quantitative analysis. A,B, Immunohistochemical Nissl staining depicting regions of interest in the cerebellum. A,

glial fibers a horizontal line was drawn and fibers that intersected this
line were counted in three random fields of view in lobe Ill and three
in lobe IX (six fields of view per animal). Linear density was calculated
by dividing the number of intersecting fibers by the length of the line

and displayed in intersections/mm.

210 | Statistical analysis

Summary statistics of all outcome variables are shown as means with
SE of the mean (SEM). Groups' comparisons of all outcome parame-
ters were drawn with analysis of variance or with random intercept
models in case of repeated measurements per animal (eg, different
sections per brain). HI (sham vs HI) and treatment (saline vs MAPC)
were the fixed effects. For random intercept models, animals consti-
tuted additionally the random effect. A false discovery rate (FDR) of
5% was used for multiple testing corrections. Groups' differences with
FDR corrected P < .05 were considered statistically significant. Statis-
tical analysis was performed with IBM SPSS Statistics Version 22.0
(IBM Corp., Armonk, New York; SPSS, RRID: SCR_002865) and Gra-
phPad Prism software (version v5.0; GraphPad Software, Inc., La Jolla,

California).

3 | RESULTS
Structural and functional benefits of MAPC in the cerebrum after
global HI have been previously reported.!! Reproducibility of the ani-

mal model was confirmed by nonsignificant differences in bradycardia,
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hypotension, hypoxia, and combined acidosis between the HI-SAL
and HI-MAPC groups (Table S1). One animal in the HI-MAPC group
was excluded from analysis because of maternal postoperative com-
plications necessitating early delivery (day 3 post-UCO) of the fetus
before the end of the experiment (day 7 post-UCQ). In the cerebel-
lum, no significant differences in histopathological and neuroimaging
outcome parameters were found between the sham-SAL and sham-
MAPC group which is consistent with previous experimental stud-
jes.111618 For readability, only a representative histological image of

the sham-SAL group was shown (Figures 2, 4, and 5).

3.1 | MAPC therapy prevented histopathological
alterations in the cerebellar cortex after global Hi

Global HI significantly induced a decrease of the ML thickness (sham-
SAL vs HI-SAL P <.001) and—to a lesser extent—a significant
decrease in EGL thickness (sham-SAL vs HI-SAL P = .043). This
resulted in a significant increase of the EGL/ML-ratio (sham-SAL vs

HI-SAL P = .032) (Figure 2). Following HI, cortical layers were

TRANSLATIONAL MEDICINE

morphologically less defined and cellular density within the EGL and
ML was increased following HI compared to control animals
(Figure 2).

Purkinje cells (PCs) were analyzed based on cell number and mor-
phology by means of Nissl and calbindin staining. Nissl staining
showed that global HI reduced the number of morphologically normal
PCs, increased empty spaces or gaps within the PC layer, and
increased the number of pyknotic PCs (Figure 2). Pyknotic PCs
showed shrunken nuclei with chromatin condensation and reduced or
bright pink, acidophilic cytoplasm (Figure 2D, inset). Moreover, there
were more PCs present in the IGL and cerebellar white matter follow-
ing HI compared to controls, indicating more ectopic PCs (data not
shown).

Global Hl-induced loss of PCs was confirmed by a significant
(sham-SAL vs HI-SAL P < .001) decrease of calbindin® cells following
HI (Figure 2). In addition, dendritic arborization of calbindin® cells was
reduced following HI compared to controls indicating altered Purkinje
cell development or injury (Figure 2). Interestingly, the reduction of
dendritic arborization in the cerebellar cortex was more pronounced

in the anterior lobes compared to the posterior lobes of the
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FIGURE 2 MAPC treatment protected Hl-induced cerebellar cortical alterations. Graphical presentation of (A) EGL/ML-ratio, (E) calbindin®
cells, and (1) GFAP linear density in the cerebellar cortex. Means + SEM and levels of significance are depicted. Immunohistochemical (B-D), Nissl|
(F-H) calbindin, and (J-L) GFAP staining in the cerebellar cortex at x400 magnification. Global HI increased the EGL/ML-ratio and decreased the
number of calbindin® cells in the preterm cerebellum. Furthermore, global Hl increased the number of pyknotic cells (arrow in insert of panel C),
caused more “gaps” within the PC layer (arrowhead in panel C), and disturbed dendritic arborization of PCs (panel G). MAPC therapy significantly
prevented the increase of EGL/ML-ratio and loss of calbindin® cells after global HI. HI and MAPC treatment did not induced changes in GFAP
linear density. MAPC treatment significantly increased GFAP IR after global HI. Scale bar = 50 pm. EGL, external granular layer; GFAP, glial
fibrillary acidic protein; HI, hypoxia-ischemia; IR, immunoreactivity; MAPC, multipotent adult progenitor cell; ML, molecular layer; PC, Purkinje
cell; SAL, saline
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cerebellum (Figure 3), indicating region-specific neuronal vulnerability
in the cerebellum after global HI. Moreover, in the anterior lobe
(Figure 3E) markedly more “gaps” within the PC layer were detected
as compared to the posterior lobe (Figure 3G), indicating that loss of
PCs was more pronounced in the anterior lobe. Caspase-3* cells were
moderately increased after global HI compared to controls, but the
difference did not reach significance (sham-SAL vs HI-SAL P = .100).
Systemic MAPC administration prevented the alterations of cere-
bellar cortical strata after global HI as shown by a significantly
decreased EGL/ML ratio in the total cerebellum (HI-SAL vs HI-MAPC
P =.021). MAPC therapy prevented Hl-induced loss of Purkinje cells
as evidenced by significantly increased number of calbindin® cells in
the total cerebellum (HI-SAL vs HI-MAPC P < .001). Furthermore, the
MAPCs prevented loss of dendritic arborization after global HI
(Figure 2). No significant differences in EGL/ML ratio were found
between the sham groups and the treatment group (HI-MAPC).

3.2 | Cortical Bergmann glia were not altered after
global HI and MAPC therapy

We assessed linear fiber density of GFAP* Bergmann glia, which are
specialized astrocytes located in the ML of the cerebellar cortex and
act as a migration scaffold for granule cells which in turn are important
for PC development.?*2?> Fiber linear density was not significantly
altered following global HI (sham-SAL vs HI-SAL P = .346) (Figure 2I-L).
Systemic MAPC administration did not alter GFAP* fiber linear

ANTERIOR LOBE
(A) p=0.058 p=0578 (B) p=0.006 p <000t
0.8
© SAL ¢ o SAL
o . + MAPC * MAPC

2 0.6 *

3 o0 | & 3

('B 0.2 o

density in the cerebellar cortex following HI (HI-SAL vs HI-MAPC
P =.559) (Figure 2I-L).

No significant differences in GFAP IR were found in the cerebellar
white matter (CTR vs HI P = .999) and cerebellar cortex GFAP IR (CTR
vs HI P = .999) after global HIl. MAPC administration significantly
increased GFAP IR in the cerebellar cortex following HI (HI vs HI-
MAPC P = .017) (Figure 2I-L). MAPCs did not alter GFAP expression

in sham conditions.

3.3 | MAPC therapy region-specifically prevented
histopathological cerebellar white matter injury after
global HI

White matter injury was assessed by measuring area fraction of MBP
IR and quantitative analysis of LFB staining. Global HI significantly
reduced MBP IR in the cerebellar white matter (sham-SAL vs HI-SAL
P = .009) indicating hypomyelination (Figure 4A-D). Both MBP
(Figure 4B-D) and LFB (Figure 4F-H) staining showed evident disrup-
tion and disorganization of myelin sheaths in cerebellar white matter
following global HI. No cystic formation or hemorrhages were found
in all experimental groups in the cerebellum following global HI.
Systemic MAPC administration increased MBP-IR following
global HI in the white matter of the cerebellum; however, the differ-
ence did not reach significance (HI-SAL vs HI-MAPC P = .059)
(Figure 4A). Subanalysis indicated that MAPC administration did sig-

nificantly increase MBP-IR in the posterior lobe of the cerebellum
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FIGURE 3 The anterior cerebellum displayed a morphological phenotype distinctly different from the posterior cerebellum following HI. A-D,
Graphical presentation of EGL/ML-ratio and calbindin® cells in the (A, B) anterior lobe and (C, D) posterior lobe. Means + SEM and levels of
significance are depicted. E-H, Immunohistochemical (E, G) Nissl and (F, H) calbindin staining in the cerebellar cortex at x100 magnification.
Global HI induced more pronounced disruption of cortical layers and loss of calbindin® cells in the (E, F) anterior lobe compared to the (G, H)

posterior lobe of the cerebellum. More “gaps” (arrows in panel E) within the PC layer of the anterior lobe were seen as compared to the posterior
lobe. MAPC therapy prevented Hl-induced calbindin® cell loss in both lobes and prevented disruption of cortical strata in the posterior lobe. Scale
bar = 200 pm. EGL, external granular layer; HI, hypoxia-ischemia; MAPC, multipotent adult progenitor cell; ML, molecular layer; PC, Purkinje cell;
SAL, saline
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FIGURE 4 MAPC treatment region-specifically prevented disruption of white matter and hypomyelination without modulating microgliosis in
the cerebellar white matter. Graphical presentation of (A, E) MBP IR area fractions of the (A) total cerebellum and (E) posterior lobes and (1) IBA-1
IR area fractions in the total cerebellar white matter. Means + SEM and levels of significance are depicted. Immunohistochemical (B-D) MBP,
(F-H) Luxol fast blue, and (J-L) IBA-1 staining in the cerebellar white matter. Global HI caused marked hypomyelination with disorganization of
myelin sheets and microglial proliferation in cerebellar white matter. Activated microglia were colocalized with PCs or “gaps” in the PC layer
(arrows in insert of panel K). MAPC therapy prevented white matter injury in the preterm cerebellum after global HI. MAPC therapy did not alter
microglial proliferation in cerebellar white matter. Images are taken at x400 magnification. Scale bar = 50 um. HI, hypoxia-ischemia;

IR, immunoreactivity; MAPC, multipotent adult progenitor cell; MBP, myelin basic protein; PCs, Purkinje cells; SAL, saline

after global HI (HI-SAL vs HI-MAPC P = .018) (Figure 4E). No signifi-
cant differences in MBP IR were detected between the sham groups
and the treatment group (HI-MAPC).

3.4 | MAPC therapy did not alter histopathological
microgliosis in the preterm cerebellum after global Hi

The cerebellar inflammatory response after global HI was studied by
assessing microglial proliferation using ionized calcium binding adap-
tor, which is a highly specific marker for resting and activated
microglia in sheep.!? Global HI significantly increased IBA-1 immuno-
reactivity in cerebellar white matter (sham-SAL vs HI-SAL P = .029)
indicating microglial proliferation in this region (Figure 4H-K). Within
the cerebellar white matter, IBA-IR was increased in the anterior lobes
(sham-SAL vs HI-SAL P = .018) but did not reach significance in the
posterior lobes (sham-SAL vs HI-SAL P = .116). In the cerebellar cor-
tex, no significant change in IBA-1 IR was detected after global Hl
(sham-SAL vs HI-SAL P = .073) (data not shown). Morphological
assessment showed that activated microglia were localized in close
association with PCs following HI (Figure 4K, inset).

Systemic MAPC administration did not alter IBA-1 IR (HI-
SAL vs HI-MAPC P = .478) in the preterm cerebellum following
HI (Figure 4). No significant differences in IBA-1 IR were
detected between the sham groups and the treatment group
(HI-MAPC).

3.5 | MAPC therapy prevented microstructural
changes detected by DTl in the cerebellar cortex after
global HI

FA is a sensitive DTI marker to detect microstructural changes in both
white matter and cortex.2 FA values in the total cerebellum were sig-
(sham-SAL vs HI-SAL
P = .018) (Figure 5). The decrease of FA values was particularly pro-
nounced in the cerebellar cortex (sham-SAL vs HI-SAL P = .009) and
did not reach statistical significance in cerebellar white matter (sham-
SAL vs HI-SAL P = .061). In the cerebellar cortex, FA values were posi-

tively related to the number of calbindin® cells in total cortex

nificantly decreased following global HI

(Pearson's r = 0.58, P = .018) and in the posterior lobe (Pearson's

r = 0.66, P = .009). FA values in cerebellar white matter were
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positively related to MBP IR in the total (Pearson's r = 0.62, P = .002)
and anterior lobe of the cerebellum (Pearson's r = 0.69, P < .001).
Systemic MAPC administration significantly increased FA values
of the total cerebellum (HI-SAL vs HI-MAPC P = .050). The MAPC-
induced increase of FA values was particularly pronounced in cerebel-
lar cortex (HI-SAL vs HI-MAPC P = .020) and did not reach statistical
difference in cerebellar white matter (HI-SAL vs HI-MAPC P = .472)
(Figure 5). No significant differences in FA values were detected
between the sham groups and the treatment group (HI-MAPC).

4 | DISCUSSION
Cerebellar injury is increasingly recognized as a contributor to HIE in
preterm infants. Nowadays, cell-based therapy is considered a promis-
ing strategy for the treatment of Hl-induced white matter injury in the
neonatal brain.2” This is the first study in a preclinical large animal
model demonstrating that systemic stem cell therapy may additionally
have the potential to protect the preterm cerebellum after global HI.
We found in our model that global HI induced a pattern of injury
with disrupted cortical strata, white matter injury and microgliosis in
the preterm ovine cerebellum. More precisely, we showed that global
HI increased the EGL/ML-ratio, which could not be explained by
altered apoptotic cell death within this layer. The latter finding might
be explained by the involvement of other mechanisms of cell death
(ie, necrosis or autophagy) and/or timing of analysis, since apoptotic
markers increased earlier (48 hours) after global HI in a similar fetal
sheep model.?® The altered EGL/ML ratio may also be the result of
impeded migration of the granular cells from the EGL to the IGL
reflecting cerebellar underdevelopment following global HI.2 In line,
global HI increased the number of ectopic PCs, which is indicative for
a migration arrest of PCs from the ependymal zone to the cerebellar
cortex.’ The disruption of cortical strata within this important devel-
opmental period may form the prestage for cerebellar underdevelop-
ment which is frequently observed in preterm infants and associated
with various neurodevelopmental disorders in later life.2 The alter-
ations in the cerebellar strata following global HI were paralleled by

marked loss and reduced dendritic arborization of Purkinje cells

(PC) which play a pivotal role in structural and functional organization
of cerebellar circuitry.2?*° Developmental disturbances in the cerebel-
lar cortex were more pronounced in the anterior lobe as compared to
the posterior lobe after global HI. This spatial vulnerability might
reflect distinct molecular properties acquired during development ren-
dering the anterior lobe more vulnerable to injury.3¥3? We observed
hypomyelination and disorganization of myelin structure in the pre-
term cerebellum following global HI, which in this model similarly
occurred in the cerebral subcortical white matter as previously
reported.! Excessive activation of microglia is considered as one of
the essential steps leading to white matter injury.3® Accordingly, we
found increased microgliosis in the white matter of the cerebellum fol-
lowing global HI. Our findings are in line with previous studies demon-
strating white matter injury in the ovine cerebellum after repeated
global HI** or an alternative pro-inflammatory stimulus such as sys-
temic endotoxin®® indicating the vulnerability of cerebellar white mat-
ter during early development.

We demonstrated that early systemic MAPC treatment modu-
lated the pattern of injury in the preterm cerebellum after global Hl,
as indicated by protection of ultrastructure of cortical strata, preven-
tion of PC loss and region-specific prevention of cerebellar white mat-
ter injury. These findings extend our previous results showing that the
MAPCs prevented hypomyelination of the periventricular white mat-
ter in the ovine preterm brain after global HI.**

MAPCs have been shown to possess strong anti-inflammatory
and regenerative properties.t”*® Therefore, the first dose of MAPCs
was administered early after Hl, targeted to modulate the emerging
inflammatory response, which plays an important role in the etiology
of HIE.2® The second dose of MAPCs was administered in the sub-
acute phase after global HI to support neuroregeneration after pri-
mary cell death has been initiated.>®> We showed that MAPCs
prevented hypomyelination and reduced PC cell injury to control
levels after global HI. We consider it to be unlikely that regeneration
of PC cells and oligodendrocytes (and remyelination) would occur in
the short follow-up period of 7 days. Therefore, we consider that
neuroprotection was primarily established by the first dose of MAPCs
by reducing direct cellular injury and dampening the peripheral and
cerebral inflammatory rather than

response, regeneration of
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oligodendrocytes and PC cells by the second dose. Such pharmacolog-
ical benefit of MAPC-driven immunomodulation was previously
shown in experimental studies where MAPCs modulated the cerebral
and peripheral inflammatory response after various types of central
nervous system (CNS) injury, thereby providing an environment for
recovery and repair of brain function and structure.r”-*® More pre-
cisely, the neuroprotective effect was attributed to modulation of the
peripheral inflammatory response in a spleen-mediated fashion®3¢
and modulation of the cerebral inflammatory response by inducing a
microglial-type switch from a pro-inflammatory M1 phenotype to an
anti-inflammatory M2 phenotype.*”*%7 Despite protection of struc-
ture and cellularity of the cerebellar cortex and white matter, the cur-
rent study did not confirm the hypothesis of MAPC-mediated
modulation of microgliosis in the cerebellum. We postulate that this
discrepancy could be explained by the fact that microgliosis in the cer-
ebellum appeared to be milder than in the periventricular white mat-
ter'? and that dynamics of white matter injury and repair in these two
regions may differ. Furthermore, we could not confirm a MAPC-
induced switch toward a dominant neuroprotective M2 phenotype
since ovine-specific reagents are currently not available to discrimi-
nate M1 from M2 microglia. Moreover, we were not able to incorpo-
rate various time points to assess the cerebral inflammatory and
structural changes over time or to discriminate between the therapeu-
tic effect of the first and second dose of MAPCs. These limitations are
inherent to limited experimental groups to make large animal experi-
ments feasible. An alternative pathway by which MAPC therapy
prevented neuronal loss might be by modification of astrocyte reactiv-
ity. GFAP* astrocytes, including Bergmann glia, support injured neu-
rons by the release of neurotrophic factors and nitric oxide synthase.®
Therefore, the increase in GFAP™ astrocyte activation after MAPC
treatment in HI conditions might provide indirect support for PCs and
account for the protection of these cells.

We showed neuroprotection with an early treatment strategy,
which was initiated 1 hour after global HI. Recent work in a similar
ovine model of HIE indicated that later (12-24 hours after global HI)
administration of stem cells similarly protected the preterm brain.383?
Moreover, recent clinical data showed that MAPCs are neuro-
protective when administered 18 to 36 hours after ischemic stroke.'*
Based on these combined findings, we expect that administration of
MAPCs to neonates at a clinically more feasible time point (24 hours)
after the hypoxic-ischemic event will result in comparable neuro-
protective effects as shown in our current study.

The work in this preclinical animal model enabled us to correlate
microstructural histological changes with DTI. Although acute cerebel-
lar injury was found in a large (>80%) percentage of infants in human
postmortem studies,*® conventional MRI (eg, T1- and T2-weighted
imaging) is notoriously poor in detecting acute cerebellar injury.** We
showed that DTI
MAPC-mediated microstructural improvement, both of which were

readily detected HI-induced injury and
concurrently demonstrated with histopathology. Furthermore, FA
values correlated well with several relevant histopathological markers
of cerebellar injury, further indicating the added value of assessing

microstructural injury and repair with this advanced imaging
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technique. Our data suggest that DTI allows early detection of cere-
bellar alterations in pediatric patients. Therefore, we advocate the use
of DTI to evaluate HI damage to the brain and to monitor the effects
of future neuroprotective strategies in vivo in humans. However, not
all histological changes in our study were detected by DTI and effect
sizes appear to be more pronounced in histopathological analysis
suggesting that even with advanced MRI techniques such as DTI, cer-
tain pathological phenomena could be underestimated. Currently,
advanced imaging algorithms and postprocessing methods are being
developed, which will increase sensitivity and specificity of DTl and
thereby further improve the clinical use of DTI as a biomarker of indi-
vidual neurodevelopment and therapeutic effect in the future.

One important limitation of this large animal study is the low
number of animals. The dropout of one animal in the HI-MAPC group
may have influenced therapeutic effect sizes. Given the relatively
small animal numbers per group, we reported actual P values and
tended to interpret P values between .05 and .1 as biologically
relevant.*? This assumption decreases the chance of a false-negative
finding but increases the chance that one of these differences is a
false-positive result.*® Importantly, the observed treatment effects in
the cerebellum were consistent with our previous experimental work
showing MAPC-mediated neuroprotection after global HI.**

MAPCs have been approved for clinical use in adult CNS injury. A
recent clinical trial in adult stroke patients showed that early adminis-
tration of a single dose of MultiStem (the clinical name for the MAPC
derived product) was safe and significantly improved functional out-
comes after 1-year follow-up.'* An international multicentered
phase lll trial further evaluating the neuroprotective potential of these
cells in adult stroke patients has been initiated in 2018 (ClinicalTrials.
gov NCT03545607). Altogether, our findings of neuroprotection in
the preterm cerebrum®® and cerebellum may extend future clinical
application of clinical-grade MAPCs from adult stroke to neonatal
brain injury.

In conclusion, this is the first study in a preclinical animal model
that indicated that early systemic MAPC therapy induced microstruc-
tural improvement in the preterm cerebellum following global
HI. Moreover, microstructural alterations in the cerebellum were
detectable with DTI, indicating the added clinical value of this imaging
technique. Our findings underline the potential of MAPC therapy for

the treatment of preterm brain injury after HI.
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