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Transcriptome profiling reveals activation of inflammation
and apoptosis in the neonatal striatum after deep
hypothermic circulatory arrest
Lan N. Tu, PhD,a,b Andrew E. Timms, PhD,b Nataliya Kibiryeva, PhD,c Douglas Bittel, PhD,c,d

Anna Pastuszko, PhD,e Vishal Nigam, MD,a,b and Peter Pastuszko, MDf
ABSTRACT

Objectives: Brain injury, leading to long-term neurodevelopmental deficits, is a
major complication in neonates undergoing cardiac surgeries. Because the stria-
tum is one of the most vulnerable brain regions, we used mRNA sequencing to
unbiasedly identify transcriptional changes in the striatum after cardiopulmonary
bypass and associated deep hypothermic circulatory arrest.

Methods: Piglets were subjected to cardiopulmonary bypass with deep
hypothermic circulatory arrest at 18�C for 30 minutes and then recovered for
6 hours. mRNA sequencing was performed to compare changes in gene
expression between the striatums of sham control and deep hypothermic
circulatory arrest brains.

Results: We found 124 significantly upregulated genes and 74 significantly
downregulated genes in the striatums of the deep hypothermic circulatory arrest
group compared with the sham controls. Pathway enrichment analysis
demonstrated that inflammation and apoptosiswere the strongest pathways activated
after surgery. Chemokines CXCL9, CXCL10, and CCL2 were the top upregulated
genes with 32.4-fold, 22.2-fold, and 17.6-fold increased expression, respectively, in
the deep hypothermic circulatory arrest group compared with sham controls.
Concomitantly, genes involved in cell proliferation, cell-cell adhesion, and structural
integrity were significantly downregulated in the deep hypothermic circulatory
arrest group. Analysis of promoter regions of all upregulated genes revealed
over-representation of nuclear factor-kB transcription factor binding sites.

Conclusions: Our study provides a comprehensive view of global transcriptional
changes in the striatum after deep hypothermic circulatory arrest and found strong
activation of both inflammatory and apoptotic signaling pathways in the deep
hypothermic circulatory arrest group. Nuclear factor-kB, a key driver of
inflammation, appears to be an upstream regulator of the majority of the
upregulated genes; hence, nuclear factor-kB inhibitors could potentially be tested
for beneficial effects on neurologic outcome. (J Thorac Cardiovasc Surg
2019;158:882-90)
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Central Message

Our study provides a comprehensive view of tran-

scriptional changes in the striatumafterdeephypo-

thermic cardiac arrest and found strong activation

of both inflammatory and apoptotic pathways.
Perspective

Brain injury is a major complication in

neonates undergoing cardiac surgeries. mRNA

sequencing identified strong activation of both

inflammatory and apoptotic signaling pathways

in the striatum after CPB and associated

DHCA. NF-kB, a key driver of inflammation,

appears to be an upstream regulator of the

majority of the upregulated genes; hence,

NF-kB inhibitors could potentially be tested

for beneficial effects on neurologic outcome.
See Commentaries on pages 891 and
893.
Congenital heart disease is one of the most common birth
defects necessitating early surgical intervention. As
survival increases, the focus has now been shifted to improve
long-term outcomes, particularly neurodevelopmental ones.
Long-term follow-up studies have shown that school-age
survivors of newborn or infant cardiac bypass surgery have
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CPB ¼ cardiopulmonary bypass
CSF ¼ cerebrospinal fluid
DHCA ¼ deep hypothermic circulatory arrest
NF-kB ¼ nuclear factor kappa-light-chain-enhancer
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a high prevalence of cognitive impairment, attention-deficit
hyperactivity disorder, and impaired visual-motor skills.1,2

The etiology for this neurodevelopmental sequelae is
multifactorial, comprising of both patient factors such as
congenital syndromes and genetic abnormalities, as well as
procedure-related factors.1-3 Because patient factors are not
readily modifiable, deeper understanding about the etiology
of brain injuries caused by the procedure itself would help
improve neurologic outcomes.

Most neonatal cardiac surgeries use cardiopulmonary
bypass (CPB) pump to maintain organ perfusion. In certain
complex surgeries, deep hypothermic circulatory arrest
(DHCA) is used, in which complete cessation of circulation
is accompaniedwith profound systemic hypothermia at 18�C
to 20�C to preserve vulnerable organs such as the brain.
Despite the efforts to minimize organ damages, it has been
documented that hypoxic-ischemic insult followed by
reperfusion insult can have detrimental effects.4 Hypoxic-
ischemic insult is believed to be the leading cause of
postoperative neuronal death that subsequently results in
long-term neurologic disability. Microemboli, cooling-
rewarming, hemodilution and exposure to blood products,
artificial surface, and chemicals are other CPB-associated
insults that could play a role in the pathogenesis of neuronal
dysfunction after cardiac surgery.4

By using piglet models of CPB and DHCA, we and others
have demonstrated that the mechanism of neuronal death is
primarily by apoptosis, which occurs as early as a few hours
in reperfusion and continues for several days.5-7 However,
further mechanistic insights into cellular pathways driving
apoptosis or other substantial changes besides apoptosis
remain limited. Current strategies for neuroprotection
include prevention of injuries by improving anesthetic and
surgical techniques, or promotion of growth at recovery
phase using erythropoietin and neurotrophic factors.3,4 These
approaches have not eliminated the damage to the brain. To
The Journal of Thoracic and Ca
strategically develop new neuroprotective agents to block
early signaling cascades that lead to the damage, we need to
first understand the early molecular changes in the brain.
In this study, we subjected newborn piglets to 2 hours of

CPB with DHCA for 30 minutes at 18�C, followed by
recovery for 6 hours. We focused on the striatum because
striatum is critically involved in decision-making, reward
cognition, control, and refinement of motor functions. Our
previous studies also showed that striatum is one of the
most vulnerable regions in the brain.6,8 Therefore, we
performed whole transcriptome sequencing to unbiasedly
delineate all transcriptional changes in the striatum after
CPB and associated circulatory arrest. We also aimed to
identify upstream transcription factors (TFs), which are
proteins that turn specific genes ‘‘on’’ and ‘‘off’’ by
binding to their promoter sequences. This helps us gain
understandings of how transcriptional response to DHCA
is regulated at the genomic level.

MATERIALS AND METHODS
Animal Model

Experiments were conducted as described previously.6,8 Briefly,

12 newborn piglets from multiple litters were obtained from Meck Swine,

LLC (Refton, Pa) at 3 to 5 days old. The piglets were anaesthetized with

4% isoflurane and then intubated and mechanically ventilated. Animals

were maintained with 1.5% isoflurane supplemented with fentanyl citrate

(30mg/kg bolus) as needed. Pancuronium bromide (0.1mg/kg bolus

repeated, as needed) was used to induce neuromuscular blockade.

For the CPB procedure, median sternotomy was performed, and the

ascending aorta and the right atrial appendage were cannulated. The

cardiopulmonary circuit was primedwithwhole blood obtained from a donor

pig; a dose of steroid was added to the circuit during priming. CPB flow rate

was maintained at approximately 150mL/kg/min. The piglets were then

cooled over a 20- to 30-minute period by pH-stat blood gas management

to a nasopharyngeal/brain temperature of 18�C. The temperature-corrected

arterial blood pH was maintained at 7.4 by the addition of CO2. Once the

target temperature was achieved, the piglets were subjected to 30 minutes

of DHCA. CPB was then resumed at 150mL/kg/min, and the piglets were

rewarmed to 37�C � 1�C for a 30-minute period. CPB was discontinued

when body temperature reached 37�C and ventilation was reinitiated

5 minutes before weaning from CPB. All animals received analgesia,

paralysis, and mechanical ventilation, and were continuously monitored

throughout the recovery period of 6 hours after weaning from CPB. No

inotropes were used, and the post-CPB arterial blood pressure was main-

tained with an infusion of saline/packed red blood cells to keep mean arterial

blood pressure above 50 mm Hg. The hematocrit of the animals was main-

tained at 25% to 30% throughout the duration of bypass and recovery. At

the end of each experiment, piglets were first perfusedwith heparinized saline

and the striatum was extracted and frozen immediately for RNA extraction.

All animal procedures were carried out in accordance with the National

Institutes of Health Guide for the Care and Use of Laboratory Animals and

were approved by the Institutional Animal Care and Use Committee of the

University of Pennsylvania.

Whole Transcriptome Shotgun Sequencing
Total RNA from the striatum was extracted using the MirVana RNA

extraction kit (Invitrogen, Carlsbad, Calif). The concentration and quality

of total RNA for each sample were quantified and evaluated by

spectrophotometric (Epoch; Thermo Scientific, Waltham, Mass) and

automated chip electrophoresis analyses (Experion, BioRad, Hercules,
rdiovascular Surgery c Volume 158, Number 3 883
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FIGURE 1. Diagrams of experimental procedure and whole transcriptome sequencing result. A, All piglets were anaesthetized, mechanically ventilated,

and monitored throughout the procedure. CPB was initiated in the experimental group, followed by 30 minutes of DHCA. Six hours after weaning from

CPB, animals were euthanized and striatum was dissected for transcriptome sequencing. B, The plot showed details of flow rate and temperature changes

during the procedure. CPB flow rate was first maintained at 150 mL/kg/min. Piglets were then cooled over 20 to 30 minutes to reach a brain temperature of

18�C. Once the target temperature was achieved, piglets were subjected to 30 minutes of DHCA. CPB was then resumed at 150 mL/kg/min, and the piglets

were rewarmed to 37�C for 30 minutes. When body temperature reached 37�C, CPB was discontinued. C, Volcano plot shows fold changes and P values of

all transcripts detected in the striatum after DHCA. Genes with adjusted P<.05 (above red line) were included in further analysis. In total, there were 74

sigificantly downregulated genes and 124 significantly upregulated genes. CPB, Cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest.
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Calif), respectively. Each sample met our quality standards of a 260/280

ratio greater than 2.0 and a RNA integrity number greater than 9. Illumina

TruSeq RNA Sample Preparation Kit was used to generate cDNA libraries

from 1 mg total RNA and sequenced on a HiSeq 1500 platform (Illumina,

San Diego, Calif) by the Children’s Mercy OMICS Research Core Lab,

Kansas City, Missouri.

Statistical Analysis
RNA sequence reads were aligned to the Pig genome (Sscrofa11.1)

using Star.9 Aligned reads mapping to the exons of a gene were assigned

using featureCounts.10 DESeq211 was used to normalize the data using

regularized-logarithm to examine the relationship between samples and

to test for differential expression. Sample relationships were observed by

plotting the first 2 principal components. DESeq2 uses the Wald test for

determining if a gene is significantly differentially expressed, and P values

were adjusted for multiple testing using Benjamini-Hochberg adjustment.

These data have been deposited at GEO (GSE120863).

Differentially expressed genes were classified by gene ontology terms

using Protein Analysis Through Evolutionary Relationships tool at

Pantherdb.org. Pathway enrichment analysis was performed using gene

annotation and analysis resource Metascape at metascape.org. Conserved

TF binding sites that are over-represented in the gene list were analyzed

using oPOSSUM at opossum.cisreg.ca. Each TF was assigned a Fisher

score that determines the probability of a nonrandom association between

the gene set and the TF of interest, and a z-score that measures frequency of

occurrence of a TF binding site in the gene set comparedwith a background

set in the oPOSSUM database.
RESULTS
In this study, newborn piglets were subjected to DHCA at

18�C for 30 minutes, followed by rewarming and full flow
884 The Journal of Thoracic and Cardiovascular Surg
of CPB at 150 mL/kg/min; total CPB support was 2 hours
(Figure 1, A and B). After 6 hours of recovery, striata
were harvested for whole transcriptome sequencing to
compare changes in gene expression between sham and
experimental groups (n ¼ 6 animals/group). Of 21,036
transcripts detected by sequencing, 15,740 transcripts
were successfully mapped to the annotated swine genome.
A total of 124 genes were found significantly upregulated
(adjusted P < .05) and 74 genes were significantly
downregulated (adjusted P < .05) in the DHCA group
compared with the sham controls (Figure 1, C).

We first used Protein Analysis Through Evolutionary
Relationships tool (PANTHER) to classify significantly up-
regulated genes by the molecular functions they perform on
their direct targets and by the cellular component, which is
the location where they perform their functions. A large
proportion of the genes have binding (43%) or catalytic ac-
tivities (36%) (Figure 2, A). Main locations are cell parts
(40.7%) that include cytoplasm and plasma membrane,
and cellular organelles (25%), comprising mainly the
nucleus (Figure 2, B). Pathway enrichment analysis was
then performed using Metascape to identify biological
processes that were significantly altered after DHCA
exposure. We found strong enrichments in inflammatory
response pathways with 73 genes classified as involved in
cytokine and chemokine signaling (Figure 3). In particular,
the chemokines C-X-C motif chemokine ligand 9
ery c September 2019
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FIGURE 2. Distribution of gene ontology terms for significantly upregulated genes in the striatum after DHCA using Protein Analysis Through

Evolutionary Relationships tool. A, Distributions of gene ontology term describing molecular functions of all significantly upregulated transcripts.

Forty-three percent of the genes have binding activity, and 36% of the genes have catalytic activity. B, Distributions of gene ontology term describing

cellular components of all significantly upregulated transcripts. Cellular component is the location where a gene performs its function. The majority of

the upregulated genes are located in the cell parts (40.7%) that include cytoplasm, plasma membrane, and cellular organelles (25%), comprising mainly

the nucleus.
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(CXCL9), C-X-C motif chemokine ligand 10 (CXCL10),
and C-C motif chemokine ligand 2 (CCL2) were the top 3
upregulated genes with 32.4-, 22.2-, and 17.6-fold
increases, respectively, after DHCA exposure compared
with sham controls (Table 1). Interferon regulator factor 4
(IRF4) (up 15.6-fold), one of the top 3 genes specifically
involved in inflammation (Figure 3, B), is a TF that activates
microglia/macrophages and modulates proinflammatory
responses. In addition, apoptotic signaling is the second-
most enriched pathway with 50 genes upregulated in the
DHCA group (Figure 3). Oxidative stress induced growth
inhibitor 1-OSGIN1 (up 3.7-fold) and Ras-related protein
RAB20 (up 3.3-fold) are key activators of apoptosis in
Cellular response to IFNγ
Multicellular organism process
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FIGURE 3. Pathway enrichment analysis for significantly upregulated genes i

pathways were inflammatory signaling pathways (in red) and cellular apoptotic p

A total of 33 genes (in red) were specifically involved in inflammatory pathways

of 10 genes (in blue) were specifically involved in apoptosis, and the top 3 upre

were classified as commonly involved in both inflammation and apoptosis, and

genes (in green) were classified as involved in other pathways, and the top 3 upr

tive oxygen species; GM-CSF, Granulocyte-macrophage colony-stimulating fac
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response to oxidative stress and hypoxia, respectively12-16

(Table 1). Among genes specifically involved in apoptosis
(Figure 3, B), growth arrest and DNA damage-inducible a
and b GADD45A/B were the most upregulated with 3.2-
fold increase after DHCA (Table 1). Tribble homolog 3
(TRIB3) (up 2.9-fold, Table E1) could sensitize cells to
apoptosis and negatively regulate AKT1,17 which is a cell
survival serine/threonine kinase. Tissue plasminogen acti-
vator (PLAT) (up 2.9-fold, Table E1), a key player in throm-
bolysis, has been demonstrated to promote cell death.18 Of
note, there was significant overlap between inflammatory
and apoptotic responses because up to 40 genes were clas-
sified as involved in both inflammatory and apoptotic
15
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and the top 3 upregulated genes were CXCL9, CXCL10, and CCL2. A total

gulated genes were GADD45A/B, TRIB3, and PLAT. A total of 40 genes

the top 3 upregulated genes were CCL2, ADM, and IGFBP3. A total of 41

egulated genes were TGM3, STX11, and EMP1. IL, interleukin; ROS, reac-
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TABLE 1. List of genes that were significantly upregulated at least 3-fold in the striatum

ID Name FC Adjusted P value

CXCL9 C-X-C motif chemokine ligand 9 32.4 .042

CXCL10 C-X-C motif chemokine ligand 10 22.2 <.001

CCL2 C-C motif chemokine ligand 2 17.6 .001

TGM3 Transglutaminase 3 16.4 <.001

IRF4 Interferon regulatory factor 4 15.6 <.001

ADM Adrenomedullin 9.6 <.001

MT1A Metallothionein 1A 8.5 <.001

STX11 Syntaxin 11 6.3 <.001

IGFBP3 Insulin like growth factor binding protein 3 5.8 <.001

THBS1 Thrombospondin 1 5.6 <.001

SERPINE1 Serpin family E member 1 5.5 <.001

EMP1 Epithelial membrane protein 1 5.4 <.001

BATF2 Basic leucine zipper ATF-like transcription factor 2 5.0 .001

CD274 CD274 molecule 4.7 .002

FAM111A Family with sequence similarity 111 member A 4.6 <.001

GEM GTP binding protein overexpressed in skeletal muscle 4.4 <.001

SLA Src like adaptor 4.3 <.001

CEBPD CCAAT enhancer binding protein delta 4.1 <.001

OSGIN1 Oxidative stress induced growth inhibitor 1 3.7 .001

FKBP5 FK506 binding protein 5 3.7 <.001

LRRC32 Leucine rich repeat containing 32 3.7 <.001

PTGS2 Prostaglandin-endoperoxide synthase 2 3.5 .001

TIFA TRAF interacting protein with forkhead associated domain 3.5 .001

SRGN Serglycin 3.4 <.001

RAB20 RAB20, member RAS oncogene family 3.3 <.001

TLR2 Toll like receptor 2 3.3 <.001

HAVCR2 Hepatitis A virus cellular receptor 2 3.2 <.001

GADD45A Growth arrest and DNA damage inducible alpha 3.2 <.001

MAFF MAF bZIP transcription factor F 3.1 .026

RTL9 Retrotransposon Gag like 9 3.1 .004

GADD45B Growth arrest and DNA damage inducible beta 3.1 .018

ICAM1 Intercellular adhesion molecule 1 3.1 .009

SLC7A2 Solute carrier family 7 member 2 3.1 <.001

OSMR Oncostatin M receptor 3.1 .003
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signaling pathways (Figure 3, B). Insulin like growth factor
binding protein 3 (IGFBP3) (up 5.8-fold) and CCAAT/
enhancer-binding protein delta (CEBPD) (up 4.9-fold)
were previously shown as common regulators of
both inflammatory and apoptotic processes.19,20

Adrenomedullin (ADM) (up 9.6-fold) is a vasodilator hor-
mone with unclear significance in brain physiology.
Together, these results indicate that both inflammation
and apoptosis were strongly activated in the striatum early
postsurgery. Several other pathways were also significantly
altered in the DHCA group (Figure 3, A) with 41 genes
being upregulated (Figure 3, B). The top 3 genes
886 The Journal of Thoracic and Cardiovascular Surg
were transglutaminase 3 (TGM3) (up 16.4-fold), syntaxin
11 (STX11) (up 6.3-fold), and epithelial membrane protein
1 (EMP1) (up 5.4-fold).

The significantly downregulated genes have diverse
molecular functions and were not enriched in relevant
pathways. However, we noticed that several genes critically
involved in promoting cell growth and proliferation were
severely downregulated after DHCA, such as Forkhead
box genes FOXQ1 (down 5.7-fold) and FOXF2 (down
4.0-fold), and growth factors: Epidermal growth factor
(EGF) (down 2.4-fold) and fibroblast growth factor 11
(FGF11) (down 1.7-fold) (Tables 2 and E2). This result
ery c September 2019



TABLE 2. List of genes that were significantly downregulated at least 3-fold in the striatum

ID Name FC Adjusted P value

TTR Transthyretin 7.4 .042

ALS2CL ALS2 C-terminal like 6.9 <.001

FCRL1 Fc receptor like 1 6.1 .006

SLC52A3 Solute carrier family 52 member 3 5.9 <.001

ARHGEF15 Rho guanine nucleotide exchange factor 15 5.8 .005

PCDH12 Protocadherin 12 5.7 <.001

FOXQ1 Forkhead box Q1 5.7 .034

CA4 Carbonic anhydrase 4 5.3 .002

PRDM8 PR/SET domain 8 5.0 .010

SLC19A3 Solute carrier family 19 member 3 4.9 <.001

USHBP1 Usher syndrome 1C binding protein 1 4.3 .001

FOXF2 Forkhead box F2 4.0 .012

KRT23 Keratin 23 3.4 .006

ZIC5 Zic family member 5 3.4 .020

PGGHG Protein-glucosylgalactosylhydroxylysine glucosidase 3.2 .006

ADAMTS16 ADAM metallopeptidase with thrombospondin type 1 motif 16 3.2 .042

FBXL13 F-box and leucine rich repeat protein 13 3.1 .042

HBB Hemoglobin subunit beta 3.1 .001

VWA2 Von Willebrand factor A domain containing 2 3.0 .042

MEGF6 Multiple EGF like domains 6 3.0 .005
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further supports our observation of increased apoptosis in
the striatum after DHCA. Moreover, there was noticeable
decline in cell-cell adhesion and structural integrity, charac-
terized by reduced expressions of protocadherin genes
PCDH12 (down 5.7-fold) and PCDH18 (down 1.9-fold);
laminin subunit a1 (LAMA1) (down 1.6-fold); and interme-
diate filaments keratin 23 (KRT23) (down 3.4-fold) and
nestin (NES) (down 2.5-fold) (Tables 2 and E2). Carbonic
anhydrase 4 (CA4), the enzyme responsible
for maintaining acid-base balance in tissues, was
downregulated by 5.3-fold, indicating significant
acid-base disturbance due to exposure to hypoxic-
ischemic condition during DHCA-CPB. Last, the most
significantly downregulated gene, transthyretin (TTR)
(down 7.4-fold), has the main function of transporting
thyroxine and retinol in cerebrospinal fluid (CSF) and is
strongly associated with amyloidosis and proteotoxicity.
Its level has been found to be low in several neurologic dis-
orders, but the function and relevance in this context are
unclear.

To identify upstream TF that might play a role in
activating the observed transcriptional response to DHCA,
we searched for enrichment of TF binding sites in the
10-kb sequence upstream and downstream of transcription
start sites of all 124 significantly upregulated genes. We
found striking over-representation of binding sites for
RELA (NF-kB p65) (P ¼ 8.38E�14), nuclear factor
kappa-light-chain-enhancer of activated B cells – NF-kB
The Journal of Thoracic and Ca
(P ¼ 2.92E�12), and c-REL (P ¼ 3.84E�11), which all
belong to the NF-kB family, as well as signal transducer
and activator of transcription 1 (STAT1) (P ¼ 6.17E�10)
and nuclear factor of activated T cells 2 (NFATC2)
(P¼ 2.00E�06) (Figure 4, A). Of note, we found that a large
number of genes have putative binding sites for multiple
TFs in their promoters. For instance, 44 genes have binding
sites for all NF-kB TFs, STAT1, and NFATC2 (in dark blue)
(Figure 4, B); only 3 genes have exclusive binding site for
NF-kB TFs (in yellow), and only 26 genes are specifically
regulated by NFATC2 (in light blue) (Figure 4, B). Further-
more, NF-kB target genes accounted for 63% of all the
significantly upregulated genes in the DHCA-exposed stria-
tum (Figure 4, C). In different pathway subsets, NF-kB
target genes accounted for 64%, 68%, and 51% of genes
involved in inflammation, apoptosis, and other pathways,
respectively. This strongly indicates that activation of
NF-kB pathway could be upstream signaling responsible
for the inflammatory and apoptotic responses in the striatum
after DHCA-CPB surgery.

DISCUSSION
Neurologic complications of cardiac surgery in

neonates and infants have long been documented, with the
prevalent theory that neuronal apoptotic death due to
hypoxic-ischemic injury is the leading cause.1-3,5

However, there has not been a systematic and unbiased
investigation to elucidate all cellular pathways being
rdiovascular Surgery c Volume 158, Number 3 887



B

NF-kB family
NFATC2

STAT1

0 20 40
Number of genes

60 80 100

C

NF-kB family
NFATC2-specific
Others

63%

20%

17%

NF-kB family
NFATC2-specific
Others

D

Inflammation

11%

25%

64%

Apoptosis

20%

12% 68%

Others

51%

27%

22%

–10
0

5

10

15

A

–5 0 5 10
z-score

F
is

h
er

 s
co

re
 (

–l
o

g
P

)

15 20 25

mean + stdev*2
mean + stdev*1

NFATC2

STAT1
REL

NF-kB

RELA

FIGURE 4. Identification of TFs regulating upregulated genes in the striatum after DHCA using oPOSSUM. A, TFs whose binding sites were enriched in

the promoters of significantly upregulated genes were identified and are highlighted in red. The Fisher exact probability test (x axis) determines the prob-

ability of a nonrandom association between the gene set and the TF of interest. The z-score (y axis) measures frequency of occurrence of a TF binding site in

the gene set comparedwith a background set in the oPOSSUMdatabase.We found over-representation of binding sites for RELA, NF-kB, and c-REL, which

all belong to the NF-kB family, as well as STAT1 and NFATC2. B, The graph showed the number of genes that have binding sites for NF-kB TF family,

NFATC2, and other TFs in their promoter regions. Several genes had putative binding sites for multiple TFs. C, The pie chart showed proportions of all

upregulated genes that have binding sites for NF-kB TF family, NFATC2-specific, and other TFs. NF-kB target genes accounted for 63% of all the signif-

icantly upregulated genes. D, The pie chart shows proportions of genes involved in inflammation, apoptosis, and other pathways that have binding sites for

NF-kB TF family, NFATC2, and other TFs. NF-kB target genes accounted for 64%, 68%, and 51% of genes involved in inflammation, apoptosis, and other

pathways, respectively. NF-kB, Nuclear factor kappa-light-chain-enhancer of activated B cells.
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altered in the brain after surgery. Therefore, using a piglet
model and whole genome transcriptome sequencing,
our study provided a comprehensive view of all
transcriptional changes in the striatum after DHCA-CPB.

Piglets were used to leverage the similar stage of brain
development and the similar size to human neonates.
Newborn piglets were subjected to 2 hours of CPB with
DHCA at 18�C for 30 minutes, which is representative of
standard protocol adopted by surgeons in clinical practice
for complex cardiac surgeries. Striatum was harvested
6 hours after recovery, which is an early postoperative
time point when we expect to capture significant
transcriptional changes that could drive later pathological
outcomes.

We and other groups have demonstrated that neuronal
death is prominent in striatum after surgery primarily by
apoptosis, as characterized by increased TUNEL-positive
cells, elevated caspase-3 and 8 activities, and translocation
of cytochrome c from mitochondria to cytosol.5-8 Our
888 The Journal of Thoracic and Cardiovascular Surg
results not only further corroborate that apoptosis is
strongly upregulated in the striatum early after
DHCA-CPB but also provide further insights into mecha-
nisms leading to apoptosis. RAB20, a direct transcriptional
target of hypoxia-inducible factor HIF1a,12,13 was
upregulated by 3.3-fold, clearly indicating the presence of
hypoxic injury in the striatum. RAB20 has physiologic
functions in intracellular trafficking12,13 but localizes to
mitochondria to induce apoptosis in response to hypoxia13

and inhibits neurite growth.21 OSGIN1, upregulated by
3.7-fold, is a key activator of apoptosis in response to
oxidative stress,14-16 very likely due to ischemia–
reperfusion injury. OSGIN1 is activated by p53 and has
been shown to translocate to mitochondria and responsible
for inducing release of cytochrome c to cytosol.15,16 It
has been proposed that postoperative mitochondrial
dysfunction also plays a role in triggering cytochrome c
release.22 However, we found no significant changes in
expression of mitochondrial metabolic genes, except for
ery c September 2019
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significant downregulation of mitochondrial fatty acid
oxidation gene CPT1b by 2.1-fold (Table E2).

Systemic inflammation during cardiac surgery has been
recognized for years as evidenced by increased levels of
serum cytokines interleukin-1b, 6, and 8 in neonatal
patients after surgery.23,24 The damaging effect of such
systemic response on the brain is presumed but yet to be
clearly demonstrated, because correlation between
serum cytokine level and neurologic outcome remains
controversial.25 One widely accepted mechanism is that
systemic inflammatory cytokines could disrupt the
blood-brain barrier,26 alter neurotransmission, and thus
release cerebral specific proteins into CSF and blood
circulation. This has been demonstrated by increased
levels of some biomarkers for brain damage such as
neuron-specific enolase and s100B in sera of neonatal
patients after cardiac surgery.27 Evidence for local
inflammation in the brain and CSF is not yet available
from patients, but only in animal models of bypass.
Proinflammatory cytokines interleukin-1b and 6, and tumor
necrosis factor-a were found significantly elevated in
different brain regions after bypass surgery in rats.28,29

With the use of a piglet model of DHCA, our study
provided a holistic map of all transcriptional changes and
concluded that inflammatory signaling was not only
present but also the strongest response in the striatum
after DHCA-CPB. Inflammation might have arisen
concurrently with apoptosis or more likely contributed to
drive apoptosis per se because we found significant overlap
between the genes involved in these 2 processes. Indeed,
one of the top upregulated chemokines CXCL10 has been
shown to induce apoptosis in neurons.30 In addition, we
speculate that early upregulation of chemokines CXCL9,
CXCL10, and CCL2 could play a key role in recruitment
and activation of infiltrating immune cells, resulting in
further brain damage at a later postoperative stage.
Furthermore, these chemokines might be potential
biomarkers for inflammation and injury in the striatum
and the whole brain. CXCL9 and CXCL10 have been
demonstrated as reliable CSF chemokine markers for
multiple sclerosis.31 This application would be helpful in
postoperative management.

We found that NF-kB binding sites were prominently
enriched in promoters of 63% upregulated genes,
suggesting a crucial role of NF-kB signaling in mediating
the majority of transcriptional response to DHCA. Indeed,
several top upregulated genes in our data have been shown
as direct targets of NF-kB such as IRF4,32 GADD45B,33

and CEBPD.34 NF-kB is a powerful TF that controls expres-
sion of various cytokines, chemokines, and cell survival
proteins in response to stress stimuli. NF-kB expression
has been found upregulated in the brain of several animal
models for bypass but often detected at a much later postop-
erative timepoint.28,29 Here we speculate that expression of
The Journal of Thoracic and Ca
NF-kB could be elevated early and responsible for acti-
vating various genes in inflammatory and apoptotic cas-
cades. Therefore, pharmacologically blocking NF-kB
signaling might be a novel targeted approach to control
inflammation and minimize cell death in CPB surgery.
Study Limitations
The main limitation in our study is that the contribution

of CPB versus DHCA to the observed responses cannot
be determined because the piglets were exposed to both in
this model. Further studies examining the effect of
continuous CPB alone on the striatum injury are warranted
in the future. Moreover, as new perfusion techniques evolve
as an adjunct or alternative to DHCA, new animal models
need to be developed to fully assess superiority among the
techniques regarding brain injury protection. Finally, given
the complexity of more than 10 cell types present in the
striatum,35 it was impossible to accurately attribute certain
transcriptional changes to a specific cell type, and
single-cell RNA sequencing in future studies would be
helpful to provide us the answer. It would also be interesting
to examine other regions of the brain such as hippocampus
and frontal cortex to compare their transcriptional responses
with the striatum in future studies.
CONCLUSIONS
Brain injury is a major complication in neonates under-

going cardiac bypass surgeries. Our study provided a
comprehensive view of global transcriptional changes in
the striatum, one of the most vulnerable brain regions, after
CPB and DHCA.We found strong activation of both inflam-
matory and apoptotic signaling pathways in the DHCA
group 6 hours after surgery. NF-kB, a key driver of inflam-
mation, appears to be an upstream regulator of the majority
of the upregulated genes; hence, NF-kB inhibitors could
potentially be tested for beneficial effects on neurologic
outcome.
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TABLE E1. List of genes that were significantly upregulated in the

striatum after deep hypothermic circulatory arrest

ID Name FC

Adjusted

P value

CXCL9 C-X-C motif chemokine ligand 9 32.4 .042

CXCL10 C-X-C motif chemokine ligand 10 22.2 <.001

CCL2 C-C motif chemokine ligand 2 17.6 .001

TGM3 transglutaminase 3 16.4 <.001

IRF4 interferon regulatory factor 4 15.6 <.001

ADM adrenomedullin 9.6 <.001

MT1A metallothionein 1A 8.5 <.001

STX11 syntaxin 11 6.3 <.001

IGFBP3 insulin like growth factor binding

protein 3

5.8 <.001

THBS1 thrombospondin 1 5.6 <.001

SERPINE1 serpin family E member 1 5.5 <.001

EMP1 epithelial membrane protein 1 5.4 <.001

BATF2 basic leucine zipper ATF-like

transcription factor 2

5.0 .001

CD274 CD274 molecule 4.7 .002

FAM111A family with sequence similarity

111 member A

4.6 <.001

GEM GTP binding protein overexpressed

in skeletal muscle

4.4 <.001

SLA Src like adaptor 4.3 <.001

CEBPD CCAAT enhancer binding protein

delta

4.1 <.001

OSGIN1 oxidative stress induced growth

inhibitor 1

3.7 .001

FKBP5 FK506 binding protein 5 3.7 <.001

LRRC32 leucine rich repeat containing 32 3.7 <.001

PTGS2 prostaglandin-endoperoxide

synthase 2

3.5 .001

TIFA TRAF interacting protein with

forkhead associated domain

3.5 .011

SRGN serglycin 3.4 <.001

RAB20 RAB20, member RAS oncogene

family

3.3 <.001

TLR2 toll like receptor 2 3.3 <.001

HAVCR2 hepatitis A virus cellular receptor 2 3.2 <.001

GADD45A growth arrest and DNA damage

inducible alpha

3.2 <.001

MAFF MAF bZIP transcription factor F 3.1 .026

RTL9 retrotransposon Gag like 9 3.1 .004

GADD45B growth arrest and DNA damage

inducible beta

3.1 .018

ICAM1 intercellular adhesion molecule 1 3.1 .009

SLC7A2 solute carrier family 7 member 2 3.1 <.001

(Continued)

TABLE E1. Continued

ID Name FC

Adjusted

P value

OSMR oncostatin M receptor 3.1 .003

TRIB3 tribbles pseudokinase 3 2.9 .015

PLAT plasminogen activator, tissue type 2.9 <.001

EDN1 endothelin 1 2.9 .002

CCR1 C-C motif chemokine receptor 1 2.9 .023

PDK4 pyruvate dehydrogenase kinase 4 2.9 .022

CASP7 caspase 7 2.8 .009

TICAM2 toll like receptor adaptor molecule 2 2.8 .033

CEBPB CCAAT enhancer binding protein

beta

2.8 <.001

TIMP1 TIMP metallopeptidase inhibitor 1 2.8 .015

PIK3AP1 phosphoinositide-3-kinase adaptor

protein 1

2.7 <.001

CDKN1A cyclin dependent kinase inhibitor 1A 2.7 .026

RDH10 retinol dehydrogenase 10 2.6 <.001

CSF2RB colony stimulating factor 2 receptor

beta common subunit

2.6 .010

PLA2G3 phospholipase A2 group III 2.5 .001

TNFAIP6 TNF alpha induced protein 6 2.4 .036

STK17B serine/threonine kinase 17b 2.4 .008

MT2A metallothionein 2A 2.4 <.001

SAMSN1 SAM domain, SH3 domain nuclear

localization signals 1

2.4 .003

CD14 CD14 molecule 2.3 .010

CITED2 carboxy-terminal domain 2 2.3 .011

CISH cytokine inducible SH2 containing

protein

2.3 .021

PLAGL2 PLAG1 like zinc finger 2 2.3 <.001

CLIC2 chloride intracellular channel 2 2.3 .006

SPIDR scaffold protein involved in DNA

repair

2.2 .008

ACER2 alkaline ceramidase 2 2.2 <.001

ACKR3 atypical chemokine receptor 3 2.2 <.001

FZD4 frizzled class receptor 4 2.2 <.001

CCNL1 cyclin L1 2.2 .002

USP53 ubiquitin specific peptidase 53 2.2 .020

FAM83D family with sequence similarity 83

member D

2.2 .035

SLC39A8 solute carrier family 39 member 8 2.1 .034

RGS2 regulator of G protein signaling 2 2.1 .008

RBM3 RNA binding motif protein 3 2.1 .001

TMEM100 transmembrane protein 100 2.1 .003

ZFAND5 zinc finger AN1-type containing 5 2.0 .026

PIM1 Pim-1 proto-oncogene,

serine/threonine kinase

2.0 .041
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TABLE E1. Continued

ID Name FC

Adjusted

P value

SOD2 superoxide dismutase 2 2.0 .003

PLCD1 phospholipase C delta 1 2.0 .002

RHOJ ras homolog family member J 2.0 <.001

TRIB1 tribbles pseudokinase 1 1.9 .022

ODC1 ornithine decarboxylase 1 1.9 .002

EFHD2 EF-hand domain family member D2 1.9 .005

RELL1 RELT like 1 1.9 .015

DDX3X DEAD-box helicase 3 X-linked 1.9 .020

ITGA5 integrin subunit alpha 5 1.9 .021

GBP2 guanylate binding protein 2 1.9 .042

CD38 CD38 molecule 1.9 .007

YBX3 Y-box binding protein 3 1.9 .023

TCTN3 tectonic family member 3 1.9 .001

MAP3K8 mitogen-activated protein kinase

kinase kinase 8

1.9 .050

GLCCI1 glucocorticoid induced 1 1.8 .035

EHD4 EH domain containing 4 1.8 .023

EMP2 epithelial membrane protein 2 1.8 <.001

CIART circadian associated repressor of

transcription

1.8 .009

ELMSAN1 ELM2 and Myb/SANT domain

containing 1

1.8 .043

IRAK2 interleukin 1 receptor associated

kinase 2

1.8 .042

PGM2 phosphoglucomutase 2 1.7 .006

ZC3H12C zinc finger CCCH-type containing

12C

1.7 .022

LITAF lipopolysaccharide induced TNF

factor

1.7 .009

RCL1 RNA terminal phosphate cyclase

like 1

1.7 .003

FAM129A family with sequence similarity 129

member A

1.7 .020

QTRT2 queuine tRNA-ribosyltransferase

accessory subunit 2

1.7 .050

UMPS uridine monophosphate synthetase 1.6 .043

KLF9 Kruppel like factor 9 1.6 .024

C3orf70 chromosome 3 open reading frame 70 1.6 .026

MCL1 MCL1, BCL2 family apoptosis

regulator

1.6 .017

CEP85L centrosomal protein 85 like 1.6 .026

CDH5 cadherin 5 1.6 .036

RCAN1 regulator of calcineurin 1 1.6 .012

POLR3B RNA polymerase III subunit B 1.6 .037

RASL11B RAS like family 11 member B 1.6 .010

(Continued)

TABLE E1. Continued

ID Name FC

Adjusted

P value

NET1 neuroepithelial cell transforming 1 1.6 .023

JAK3 Janus kinase 3 1.6 .012

STAT3 signal transducer and activator of

transcription 3

1.6 .001

PTPN1 protein tyrosine phosphatase,

non-receptor type 1

1.5 .011

ABHD4 abhydrolase domain containing 4 1.5 .007

FOSL2 FOS like 2, AP-1 transcription factor

subunit

1.5 .003

DDIT4 DNA damage inducible transcript 4 1.5 .042

PFKFB4 6-phosphofructo-2-kinase/

fructose-2,6-biphosphatase 4

1.5 .033

COG2 component of oligomeric golgi

complex 2

1.5 .036

SSH2 slingshot protein phosphatase 2 1.5 .050

DNAJB1 DnaJ heat shock protein family

(Hsp40) member B1

1.5 .021

ETS2 ETS proto-oncogene 2,

transcription factor

1.5 .049

CORO1C coronin 1C 1.4 .014

JAG1 jagged 1 1.4 .023

RAE1 ribonucleic acid export 1 1.4 .037

SH3BP4 SH3 domain binding protein 4 1.4 .029

RASAL2 RAS protein activator like 2 1.3 .030

TBC1D20 TBC1 domain family member 20 1.3 .036
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TABLE E2. List of genes that were significantly downregulated in the striatum after deep hypothermic circulatory arrest

ID Name FC Adjusted P value

TTR transthyretin 7.4 .042

ALS2CL ALS2 C-terminal like 6.9 <.001

FCRL1 Fc receptor like 1 6.1 .006

SLC52A3 solute carrier family 52 member 3 5.9 <.001

ARHGEF15 Rho guanine nucleotide exchange factor 15 5.8 .005

PCDH12 protocadherin 12 5.7 <.001

FOXQ1 forkhead box Q1 5.7 .034

CA4 carbonic anhydrase 4 5.3 .002

PRDM8 PR/SET domain 8 5.0 .010

SLC19A3 solute carrier family 19 member 3 4.9 <.001

USHBP1 Usher syndrome 1C binding protein 1 4.3 .001

FOXF2 forkhead box F2 4.0 .012

KRT23 keratin 23 3.4 .006

ZIC5 Zic family member 5 3.4 .020

PGGHG protein-glucosylgalactosylhydroxylysine glucosidase 3.2 .006

ADAMTS16 ADAM metallopeptidase with thrombospondin type 1 motif 16 3.2 .042

FBXL13 F-box and leucine rich repeat protein 13 3.1 .042

HBB hemoglobin subunit beta 3.1 .001

VWA2 von Willebrand factor A domain containing 2 3.0 .042

MEGF6 multiple EGF like domains 6 3.0 .005

NCF1 neutrophil cytosolic factor 1 2.8 .033

SLC22A6 solute carrier family 22 member 6 2.7 <.001

ACVRL1 activin A receptor like type 1 2.6 <.001

SEMA3G semaphorin 3G 2.6 <.001

GPAT3 glycerol-3-phosphate acyltransferase 3 2.6 .019

NES nestin 2.5 .004

RASAL3 RAS protein activator like 3 2.5 <.001

ALOX15 arachidonate 15-lipoxygenase 2.5 .005

NR2F2 nuclear receptor subfamily 2 group F member 2 2.4 .021

EGF epidermal growth factor 2.4 .008

EFCC1 EF-hand and coiled-coil domain containing 1 2.4 .009

RARG retinoic acid receptor gamma 2.3 <.001

MILR1 mast cell immunoglobulin like receptor 1 2.3 .020

PIK3R6 phosphoinositide-3-kinase regulatory subunit 6 2.3 .015

LEF1 lymphoid enhancer binding factor 1 2.3 .004

FAM83H family with sequence similarity 83 member H 2.2 .021

SLC16A4 solute carrier family 16 member 4 2.2 <.001

PTPN14 protein tyrosine phosphatase, non-receptor type 14 2.2 .044

CPT1B carnitine palmitoyltransferase 1B 2.1 .007

NR2F1 nuclear receptor subfamily 2 group F member 1 2.1 .026

ARHGAP27 Rho GTPase activating protein 27 2.1 .001

THSD1 thrombospondin type 1 domain containing 1 2.1 .001

APCDD1 APC down-regulated 1 2.1 .012

ARAP3 ArfGAP with RhoGAP domain, ankyrin repeat and PH domain 3 2.0 .005

(Continued)
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TABLE E2. Continued

ID Name FC Adjusted P value

ZBTB40 zinc finger and BTB domain containing 40 2.0 .001

HSPA12B heat shock protein family A (Hsp70) member 12B 2.0 .011

GPR17 G protein-coupled receptor 17 1.9 .036

SERPINH1 serpin family H member 1 1.9 .017

GNAS GNAS complex locus 1.9 .010

FES FES proto-oncogene, tyrosine kinase 1.9 .020

CEP164 centrosomal protein 164 1.9 .022

SLC46A3 solute carrier family 46 member 3 1.9 .033

PCDH18 protocadherin 18 1.9 .001

ADAMTS10 ADAM metallopeptidase with thrombospondin type 1 motif 10 1.8 .026

ITPR3 inositol 1,4,5-trisphosphate receptor type 3 1.8 .018

PHLDA1 pleckstrin homology like domain family A member 1 1.8 .042

CD34 CD34 molecule 1.8 .004

TRAF3IP3 TRAF3 interacting protein 3 1.7 .042

FGF11 fibroblast growth factor 11 1.7 .024

MAF MAF bZIP transcription factor 1.7 .015

LRRK1 leucine rich repeat kinase 1 1.7 .009

PTPN6 protein tyrosine phosphatase, non-receptor type 6 1.7 .036

FAM84B family with sequence similarity 84 member B 1.7 .042

CDC7 cell division cycle 7 1.6 .036

ABCC5 ATP binding cassette subfamily C member 5 1.6 .003

ZNF449 zinc finger protein 449 1.6 .049

FMNL3 formin like 3 1.6 .006

LAMA1 laminin subunit alpha 1 1.6 .042

SLCO2B1 solute carrier organic anion transporter family member 2B1 1.5 .009

SALL1 spalt like transcription factor 1 1.5 .015

HYLS1 HYLS1, centriolar and ciliogenesis associated 1.5 .020

RBM5 RNA binding motif protein 5 1.4 .002

PRKDC protein kinase, DNA-activated, catalytic subunit 1.3 .011
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