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Abstract

Background.—Neurodevelopmental impairment is an important challenge for survivors after
neonatal surgery with cardiopulmonary bypass (CPB). The subventricular zone, where most neural
stem/progenitors originate, plays a critical role in cortical maturation of the frontal lobe.
Promoting neurogenesis in the subventricular zone is therefore a potential therapeutic target for
preserving cortical growth. Mesenchymal stromal cells (MSCs) promote endogenous regeneration
in the rodent brain. We investigated the impact of MSC delivery through CPB on neural stem/
progenitor cells and neuroblasts (i.e. young neurons) in the piglet subventricular zone.

Methods.—Two-week-old piglets (n=12) were randomly assigned to one of three groups: (1)
Control, (2) Deep hypothermic circulatory-arrest, and (3) Circulatory-arrest followed by MSC
administration. MSCs (10x10° per kg) were delivered through CPB during the rewarming period.
Neural stem/progenitors, proliferating cells and neuroblasts were identified using
immunohistochemistry at three hours after CPB.

Results.—CPB-induced insults caused an increased proliferation of neural stem/progenitors
(p<.05). MSC delivery reduced the acute proliferation. MSC treatment increased the number of
neuroblasts in the outer region of the subventricular zone (p<.05) where they form migrating
chains toward the frontal lobe. Conversely, the thickness of the neuroblast-dense band along the
lateral ventricle was reduced after treatment (p<.05). These findings suggest that MSC treatment
changes neuroblasts distribution within the subventricular zone.
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Conclusions.—MSC delivery through CPB has the potential to mitigate effects of CPB on
neural stem/progenitor cells and promote migration of neuroblasts. Further investigation is
necessary to determine the long-term effect of MSC treatment during CPB on postnatal
neurogenesis.
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The mortality of complex congenital heart disease (CHD) such as hypoplastic left heart
syndrome has been dramatically improved in the last 2-3 decades®. However, many complex
CHD patients who require surgical correction with cardiopulmonary bypass (CPB) during
the early postnatal period suffer developmental delay, neurological impairment or behavioral
problems23. Recent clinical studies have demonstrated that reduced oxygen delivery due to
CHD in utero results in subnormal brain development at birth4>. Additional brain damage
also occurs after cardiac surgery in neonates who have brain immaturity due to fetal
hypoxia®’.

Within the postnatal human brain, the subventricular zone (SVZ) represents the largest
source of neural stem/progenitor cells (NSPCs)8. These SVZ-derived NSPCs retain
regenerative capacity throughout life, and in various pathological situations including
traumatic and ischemic brain injury, NSPCs can proliferate, migrate to the site of injury,
differentiate into the appropriate cell-type and replace damaged or lost neurons®10:11 |t has
been recently shown that in the human brain young neurons migrate from the SVZ into the
frontal lobe for several months after birth under normal physiological conditions!2. In
addition our previous study has demonstrated that restoration of SVZ NSPCs’ neurogenic
potential is a possible therapy for improving cortical growth in CHD13,

Mesenchymal stromal cells (MSCs) are multipotent, non-hematopoietic cells that possess
both immunomodulatory and regenerative properties and can treat a wide range of disease
including hypoxic brain injuryl415, Various rodent studies have shown that MSCs in the
brain promote neurogenesis from SVZ NSPCs16:17. Multiple clinical trials have also
established the safety of MSC-based therapy!8-19. These findings led to our overall
hypothesis that MSC treatment protects neurogenic activity during cardiac surgery and
promotes cortical regeneration through the action of endogenous SVZ NSPCs. The aim of
the present study is to assess the acute effect of MSC delivery through CPB on postnatal
neurogenesis in the porcine SVZ.

Material and Methods

Experimental Model

This study involved a total of 12 Yorkshire piglets (4.2 £ 0.8 kg) at two weeks of age
(Archer Farms, Inc., Darlington, MD). Animals were randomly assigned to 3 groups
(Figure-supplement 1A): i) Control (No surgery, n=4); ii) 15°C deep hypothermic
circulatory arrest (DHCA, n=4); and iii) 15°C DHCA with MSC treatment (DHCA+MSC,
n=4). CPB was established with ascending aortic perfusion and right atrial drainage via
median sternotomy. After initial perfusion animals were cooled to a temperature of 15°C and
then underwent DHCA for 60 minutes (Figure-supplement 1B). After 20 minutes of
rewarming normal saline (DHCA group) or MSCs (10 x 108 cells/kg, DHCA+MSC group)
were administered through the aortic cannula for 10 minutes according to the protocol. After
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rewarming (40 minutes total), animals were weaned from CPB. The hematocrit level of 30%
was maintained and pH-stat strategy was performed to employ the current standard CPB
technique. Animals were continuously sedated under general anesthesia after surgery until
tissue harvest. At 3 hours after CPB, the brain was harvested after transarterial infusion of
normal saline followed by 4% paraformaldehyde in phosphate buffered saline through the
common carotid artery2%-21, We performed all experiments in compliance with the National
Institutes of Health “Guide for the Care and Use of Laboratory Animals.” The study was
approved by the Animal Care and Use Committee of the Children’s National Medical
Center.

Cellular Analysis

Cellular analysis was performed in coronal section of the brain including the SVZ around
the anterior lateral ventricle, which has been shown to be the most active neurogenic niche in
the postnatal porcine SVZ13 (Figure-supplement 1C, D). NSPCs and proliferating cells in
the SVZ were identified using specific antibodies to SOX2 and Ki67. An anti-doublecortin
(Dcx) antibody was used to identify young neurons (neuroblasts). Radial-glia like cells (i.e.
neural stem cells) were identified using an anti-glial fibrillary acidic protein (GFAP)
antibody to assess neurogenic activity close to the ventricular wall. For cellular analysis the
porcine SVZ was divided into three tiers as previously described in the human Svz12
(Figure 1). Tier 1 represents a cell-dense band of Dcx™ young neurons along the walls of the
lateral ventricle. Tier 2 contains a more dispersed collection of migrating young neurons
from the wall of the lateral ventricle. Tier 3 contains many Dcx* young neurons within
clusters frequently located around blood vessels, with dispersed migrating young neurons
around these clusters. The SVZ is further subdivided into dorsolateral (DL) and ventral (V)
regions as previously described!3 (Figure 1). Images were acquired on a Leica TCS SP8
confocal microscope (Leica Microsystems, Exton, PA). To determine cell density the
antibody-positive cells were blindly quantified in 3 microscopic fields from each region. The
process length of GFAP* radial-glia like cells was co-labeled with Dcx to determine the
thickness of a cell-dense band of young neurons around the lateral ventricle (Tier 1) in each
SVZ region.

Statistical Analysis

A two-tailed, unpaired Student’s t test was performed for single comparisons. For multiple
comparisons, a one-way or two-way analysis of variance (ANOVA) was applied with
Bonferroni post hoc test. Statistical analysis was performed using the PRISM6 software
package (GraphPad Software, Inc., La Jolla, CA). P values less than 0.05 were considered
statistically significant.

The methods of MSC development was described in the supplemental materials.
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Results

CPB-induced insults result in an increased proliferation of SVZ NSPCs during the acute
period after surgery. MSC delivery mitigates the acute proliferation

There were no differences in peri-operative conditions and biomarkers between DHCA and
DHCA+MSC groups (Supplemental table 1). Significant regional differences were found in
the number of SOX2* NSPCs between the tiers assessed (Figure-supplement 2A, £<.0001).
Similar to the human SVZ, tier 1 contained a larger number of NSPCs compared to tiers 2
and 313, Both DHCA and MSC treatment did not change the number at 3 hours after CPB
(Figure-supplement 2A). After determining the number of SOX2*Ki67* proliferating
NSPCs in the entire SVZ, there were significant differences between the two regions and
three treatment groups (Figure 2A-D). CPB/DHCA-induced insults significantly increased
the proliferation of SVZ NSPCs in tier 1 compared with control (Figure 2A,B,D). When the
SVZ was subdivided between DL-and V-SVZ, the number of proliferating NSPCs after
DHCA was significantly higher than control in both SVZ regions (Figure-supplement 2B,C),
indicating that CPB/DHCA-induced insults cause an increased proliferation of SVZ NSPCs
in the acute period after cardiac surgery. There were no significant differences in the
SOX2*Ki67* proliferating NSPC number between control and DHCA+MSC groups as well
as between DHCA and DHCA+MSC groups in the entire SVZ (Figure 2A-D) and both DL-
and V-SVZ (Figure-supplement 2B,C). Altogether the results suggest that MSC delivery
during the rewarming period mitigates CPB-induced acute proliferation of SVZ NSPCs.

MSC treatment changes distribution of young neurons within the SVZ

Recently it has been observed that SVZ neuroblasts in the human infant brain form a chain-
like structure around blood vessels in the outer region and potentially migrate tangentially
toward the frontal lobel2. When the neuroblast number was assessed in the outer region
(Tier 2 and 3), there were no differences between control and DHCA groups (Figure
3A,B,D). A significant increase was seen in the number after MSC treatment compared with
control (Figure 3A,C,D, Figure-supplement 3A). No differences in the increase of
neuroblasts were observed between DL-and V-SVZ following MSC delivery (Figure 3D).

The processes of GFAP* SVZ neural stem-like cells were co-labelled with Dex™ cells to
determine the thickness of tier 1, which is a dense cell-band of neuroblasts along the lateral
ventricle (Figure 4A-C). There were no differences in the thickness between control and
DHCA groups in the three SVZ regions analyzed (Figure 4A,B,D, Figure-supplement 3B).
The thickness of the neuroblast band in DL-SVZ region was significantly reduced after MSC
treatment compared with control (Figure 4A,C,D). Given the acute phase after proliferation
or possible caspase activation in this study, the findings may indicate that MSC therapy
alters the distribution of neuroblasts within the SVZ, namely the lateral migration from the
dense neuroblast band toward tiers 2 and 3.

In order to determine whether the potential migration from tier 1 that was observed affects
neuroblast clusters (i.e., the coronal section of chain-like migratory structures. Figure 5A
box), the number and surface area of the clusters were analyzed in tiers 2 and 3 of the SVZ.
There were no changes in the number among the three treatment groups (Figure 5A-D).
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Similarly no changes in size of neuroblast clusters were observed at 3 hours following
DHCA and MSC treatment compared with control (Figure-supplement 4A,B).

Comment

This study using a porcine model has identified the impact of MSC delivery through CPB on
acute cellular events within the SVZ, the largest source of stem and progenitor cells in the
infant brain. Our analysis has shown that brain insults associated with CPB and DHCA
result in an increased proliferation of S\VZ NSPCs during the acute period after surgery. In
addition we have demonstrated that MSC delivery mitigates the CPB-induced acute
proliferation of NSPCs. Finally our results suggest that MSC therapy changes neuroblast
distribution within the SVZ from a medial cell-dense band to outer regions of the SVZ
where neuroblasts form migration chains moving tangentially toward the frontal lobe.

One of the most important current challenges in pediatric cardiac surgery is to reduce
neurodevelopment deficits?2. Complex CHD such as hypoplastic left heart syndrome and d-
transposition of the great arteries alter fetal cerebral oxygen delivery and cause immature
and delayed brain development at birth?3.24, Additional brain damage commonly occurs
after surgery in neonates who have brain immaturity due to fetal hypoxia®’. Therefore to
reduce neurological deficits in CHD patients it will be necessary to promote recovery from
hypoxia-induced immature brain development and to mitigate brain damage associated with
cardiac surgery.

We have demonstrated that MSC therapy increased the number of neuroblasts in the outer
SVZ (Tiers 2 and 3) and reduced the thickness of a neuroblast-dense band (Tier 1). It has
been known that the alteration of cell number (i.e. increases/decreases of the cell density)
after initial proliferation or caspase activation is a long process in /n vivo brain tissues. On
the other hand the dynamic motility of neuroblasts in the postnatal SVZ is well-
characterized including the capacity of traveling a long distance during a relatively short
period (approximately 40-80 um/hr)25. Since the present study assessed the SVZ at 3 hours
after CPB, our results might capture the unique migration of neuroblasts in tier 1 toward
outer regions of the SVZ after MSC treatment. The outer SVZ (Tiers 2 and 3) contains many
neuroblasts within clusters, coronal section of migratory chains (Figure 5A Box), and
dispersed Dcx* cells around these clusters (Figure 1). Recent studies indicate that new
neurons migrate along the migratory chain to the frontal lobe and integrate into the frontal
cortex during the early postnatal period12-13, ultimately contributing to maturation of the
frontal cortex?4. Our previous study has shown that preoperative chronic hypoxia in the
piglet model reduces the number of neuroblasts in the frontal cortex'3. The current findings
therefore suggest that MSC treatment during pediatric cardiac surgery has the potential to
promote migration of SVZ neuroblasts toward the frontal lobe thereby improving cortical
maturation in the neonatal and infant brain with CHD. Further investigation is necessary to
determine the long-term effect of MSC treatment on the migration of SVZ neuroblasts and
cortical maturation. Functions of the chain-like structure in the human outer SVZ (Tiers 2
and 3) are largely unknown. Since the unique signature of human cortical development is
also displayed in the piglet brain!3, future studies using the model will provide novel
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insights of cellular and molecular mechanisms of postnatal neurogenesis in the human infant
cortex.

The present study shows that CPB/DHCA-induced insults increased proliferating NSPCs in
the SVZ. The results are consistent with our previous findings of CPB-induced proliferation
of oligodendrocyte progenitor cells in white matter within the acute period after surgery2°.
In our previous studies increased proliferation of these progenitors did not improve white
matter recovery but rather resulted in oligodendrocyte dysmaturaiton and delayed
myelination in the 4 weeks after CPB20. The current study suggests that CPB-induced acute
proliferation of SVZ NSPCs is reduced after MSC delivery. MSCs are remarkable cells that
are presently being studied for the treatment of a wide variety of diseases with their
beneficial effects including delivery of trophic factors and immune modulation6:26, In the
brain MSCs sense the danger in the cerebral environment, communicate with resident cells,
and react to the needs of the hypoxic/ischemic microenvironment through secretion of a
wide number of neuroprotective and neurotrophic factors!®17. Results from initial clinical
trials support the concept that MSCs promote endogenous recovery in the damaged brain
after strokel®19, Rapid cellular responses to systemic infusion of MSCs have been well
described2’28, For instance, MSCs induced inflammatory T cell apoptosis via FAS/FAS
ligand pathway starting from 1.5 hours after the infusion?’. It has been well known that the
migration of SVZ neuroblasts is facilitated by neurotrophic factors2%30, Some
chemoattractants secreted by MSCs therefore may contribute to the rapid migration of S\VZ
neuroblasts observed in the present study. Future studies using a porcine model will assist in
our understanding of development of SVZ NSPCs after cardiac surgery and the effects of
MSC treatment on CPB-induced dysmaturation of progenitor cells.

MSCs can be enriched and expanded from multiple sources31:32. Since the majority of
clinical trials in stroke have used bone marrow-derived MSCs33, the safety of bone marrow-
derived MSCs has been well established compared with other sources. MSC treatment may
be either autologous or allogenic. Indeed autologous transplantation has little risk of
immunoreaction but requires a longer period to expand cells for transplant3#, limiting the
use for neonates. Allogeneic bone marrow-derived MSCs therefore could be the most
clinically-relevant cell type for neonates with CHD. Allogeneic MSCs may have cellular and
humoral alloreactivity. MSC immunogenicity however is still considerably attenuated
compared with other allogeneic cell types because of their intrinsic anti-inflammatory and
immunomodulatory properties and absent to low major histocompatibility class Il antigen
expression3°36, These properties also contribute to their hypo-immunogenicity after xeno-
transplantation. The present study is indeed xeno-transplantation: however allergic reactions
have not seen after human MSC delivery in the piglet CPB model. Since CPB and surgery
cause various systemic inflammatory responses, further study is necessary to determine the
anti-inflammatory and immunomodulatory effects of MSCs after surgery.

Our previous study has shown that the density of cell populations in the SVZ varies
according to the age and regionl3. The present study used the same age and region for
assessment; however limitations to our data include the small sample size. Another
limitation is that our studies only assessed the acute effect of MSC treatment in the SVZ. It
is also possible that acute reactions of MSC may be altered according to different CPB
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conditions such as temperature and duration and between DHCA and low-cerebral
perfusion. In addition, there are various opportunities of MSC administration during CPB.
Repeated cell administration as well as different dosages of MSC should be tested to
optimize MSC treatment for children with CHD. Our previous studies have demonstrated
that CPB and circulatory arrest-induced brain insults resulted in apoptosis and dysmaturation
of oligodendrocyte lineage and microglia expansion2%-21.37, In the damaged rodent white
matter, MSCs promote endogenous proliferation and differentiation of oligodendrocyte
progenitors”:38. Administration of MSCs also regulates microglia activation after hypoxic-
ischemic brain injury3940, Future studies using the piglet model will allow us to determine
the effects of MSCs on surgery-induced developmental alterations in various cell
populations and assist in establishing the optimal regimen of MSC delivery through CPB
during pediatric cardiac surgery.

In conclusion, MSC delivery though CPB has the potential to mitigate effects of CPB on
SVZ NSPCs and promote migration of neuroblasts. Further investigation is necessary to
determine the long-term effect of MSC treatment during pediatric cardiac surgery on
postnatal neurogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations and Acronyms

ANOVA analysis of variance

CHD congenital heart disease
CPB cardiopulmonary bypass
Dcx doublecortin

DHCA deep hypothermic circulatory arrest
DL dorsolateral

GFAP glial fibrillary acidic protein
MSC mesenchymal stromal cell
NSPC neural stem/progenitor cell
Svz subventricular zone

Vv ventral
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Figure 1.
Magnified image of coronal section of the SVZ. Doublecortin stain. Scale bar, 200um. SVZ,

subventricular zone; DL-SVZ, dorsolateral-SVZ; V-SVZ, ventral-SVZ.
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Figure 2. CPB-induced insultsresult in an increased proliferation of SVZ NSPCs. MSC delivery
mitigates acute proliferation. A-D
, SOX2*Ki67" cells in dorsolateral-SVZ (A-C) and the entire SVZ (D). Pvalue was

determined by two-way ANOVA with Bonferroni comparisons.*p<0.05 vs. Control by
unpaired Student’s ftest. Data are shown as mean * standard error of mean (n=4 each).
Scale bar, 50um. DHCA, deep hypothermic circulatory arrest; MSC, mesenchymal stromal
cell; SVZ, subventricular zone.
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Figure 3. M SC treatment increases the number of neuroblasts within the outer SVZ (Tiers2 and
3).A-D

, )Dcx+ neuroblasts in Tier 2 and 3 within DL-SVZ (A-C) and both of DL and V-SVZ (D). P
value was determined by two-way ANOVA with Bonferroni comparisons. *p<0.05 vs
Control and DHCA,; Tp<0.05 vs Control by unpaired Student’s #test. Data are shown as
mean = standard error of mean (n=4 each). Scale bar, 50um. DHCA, deep hypothermic
circulatory arrest; MSC, mesenchymal stromal cell; Dcx, doublecortin; DL-SVZ,
dorsolateral-subventricular zone; V-SVZ, ventral-subventricular zone.

Ann Thorac Surg. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Maeda et al.

D E 0 e Control
E . e DHCA
‘g, foa é;— . e DHCA+MSC
a— ®
% . _I_ ° Treatment: P=0.08
@ o0 . J_Q— %_}$ Region: P < 0.01
(%]
<
=
= 0

DL-SVZ V-SVZ

Figure 4. M SC treatment reduces the thickness of the dense neuroblasts band within the DL -
SVZ.A-D

, Cell-dense band of Dcx* neuroblasts along the walls of the lateral ventricle (dotty line) in
DL-SVZ (A-C) and both of DL and V-SVZ (D). Pvalue was determined by two-way
ANOVA with Bonferroni comparisons. *p<0.05 vs Control by unpaired Student’s ftest.
Data are shown as mean + standard error of mean (n=4 each). Scale bar, 50um. DHCA, deep
hypothermic circulatory arrest; MSC, mesenchymal stromal cell; Dcx, doublecortin; GFAP,
glial fibrillary acidic protein; DL-SVZ, dorsolateral-subventricular zone; V-SVZ, ventral-
subventricular zone.
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Figure 5. The number of neuroblast clustersare not altered at 3 hours after surgery. A-C
, Dcx* neuroblast clusters in SVZ. D, Cluster number. Pvalue was determined by one-way

ANOVA with Bonferroni comparisons. Data are shown as mean + standard error of mean
(n=4 each). Scale bar, 200um. DHCA, deep hypothermic circulatory arrest; MSC,
mesenchymal stromal cell; Dcx, doublecortin; SVZ, subventricular zone; F, F ratio in the
ANOVA.
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