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Abstract

We investigated the effects of ECMO on pro-apoptotic and pro-inflammatory
signaling in the striatum of piglets following cardiac arrest. 3-week-old piglets
were anesthetized, paralyzed and ventilated. Oxygen in the ventilated gas was
decreased from 21% to 7% - 10% over 30 min, then ventilation stopped until
cardiac arrest. Three minutes after arrest, resuscitation began in two groups,
without ECMO (CA) and with ECMO (ECMO). In a control group (C), the
animals were sham operated. After 6 hours of recovery, the piglets were eu-
thanized and stratum harvested. Measurement of apoptotic and inflammatory
proteins was performed by RayBiotech, Inc. The results are means (6) + SEM.
There were no differences between CA and ECMO groups for anti-apoptotic
proteins. ECMO significantly decreased pro-apoptotic proteins (Bax, cytoC,
IGFBP-6, TNF-beta and TRAIR 1 and 3) as compared to CA group. Bcl-2 to
Bax ratio increased in ECMO group suggesting that ECMO can least partially
protect striatum from apoptotic injury. With respect to inflammation, ECMO
significantly decreased both anti-inflammatory (ANG-1, FGF-21, IFN-alpha and
beta, IGF-2, IL-10, IL-13, IL-1ra, IL-22, IL-4, IL-6, NCAM-1, SCF, TGF-alpha,
TIMP-1and 2, VECF) and pro-inflammatory proteins (IL-12p40, IL-21, IL-15,
IL-1 alpha and beta, IL-8, MIP-1 beta, OPG, PIGF-2, RANTES and TGF beta)
in striatum of piglets. Conclusions: In a piglet model of cardiac arrest, ECMO
significantly reduced levels of pro-apoptotic proteins without changing the
levels of anti-apoptotic proteins. ECMO also significantly decreased the levels
of both pro- and anti-inflammatory proteins. This decrease in the levels of
both pro- and anti-inflammatory proteins may lead to disturbed neuronal
metabolism and amplify inflammatory cell death.
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1. Introduction

Extracorporeal membrane oxygenation (ECMO) is a cardiopulmonary life-saving
support system used in critically ill neonates and young children with severe
cardiorespiratory failure and congenital heart disease [1]. ECMO has reduced
the mortality by about 80%, but in most cases it causes multi-system organ dys-
function [2] [3].

The mechanisms of the adverse consequences of ECMO are still not fully un-
derstood. It is, however, established that ECMO induces the systemic inflamma-
tory response syndrome (SIRS) characterized by a “cytokine storm” that may im-
portantly contribute to various post-ECMO injuries. Inflammation involves a dis-
ruption of the delicate balance between pro-inflammatory and anti-inflammatory
mediators; an unbalance in this system can lead to injuries of multiple organs.
Both clinical studies and animals’ experiments indicated that ECMO changes
this balance by increasing levels of pro-inflammatory cytokines in serum and
tissue [4] [5] [6] [7]. The increased serum concentrations of inflammatory cyto-
kines can be caused by their increased de novo synthesis or/and their redistribu-
tion from tissue into plasma [5].

In the brain, an increase of pro-inflammatory cytokines can trigger apoptosis
and necrosis [8] [9], impair the blood-brain barrier and increase its permeability
[10], cause injury of glial and neuronal cells [11], increase free radicals [12]. These
biochemical changes may facilitate embolic strokes, hypoxic-ischemic encepha-
lopathy, cerebral infarction, intracranial and subarachnoid hemorrhages, sei-
zures and cerebral edema [13]. The inflammatory response is detectable within
the first few hours of ECMO.

In this study, we used a porcine model of cardiac arrest to investigated effect
of ECMO following cardiac arrest on key pro- and anti-inflammatory proteins in
the striatum, the main input site within the basal ganglia. We also investigated
anti- and pro-apoptotic proteins and changes in their ratio because the ratio was
a sensitive index of susceptibility to apoptotic injury. Apoptosis, particularly in
neonates and young children, plays a major role in neuronal cell death after hy-

poxia-ischemia, brain trauma, and neurodegenerative diseases [14].

2. Abbreviations and Acronyms

ECMO (Extracorporeal membrane oxygenation), Bcl-2 (B-cell lymphoma 2), Bcl-w
(B-cell lymphoma-w), HSP (Heat shock proteins 27, 60 and 70), IGFBP (insu-
lin-like growth factor binding protein land 3), cytoC (cytochrome C), Bax
(Bcl-2-associated X protein), IGFBP-6 (insulin-like growth factor binding pro-
tein 6), TNF-beta (Tumor Necrosis Factor-beta), TRAILR 1 and 3 (Tumor ne-
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crosis factor related apoptosis-inducing ligand 1 and 3), ANG-1(Angiogenin 1),
FGF-21(Fibroblast growth factor -21), IFN-alpha and beta (Interferon alpha and
beta), IGF-2 (insulin-like growth factor 2), IL-4, 6, 8, 10, 13,15, 21, 22, IL-12p40,
IL-1alpha, IL-1beta (Proteins of Interleukins Family), IL-1ra (interleukin-1 re-
ceptor antagonist), NCAM-1 (Neural cell adhesion molecule 1), SCF (Skp, Cul-
lin, F-box containing complex-a multi-protein E3 ubiquitin ligase complex), TGF
alpha and beta (Transforming growth factor alpha and beta), TIMP 1 and 2 (a
tissue inhibitor of metalloproteinases), VEGF (Vascular endothelial growth fac-
tor), MIP-1 beta(Macrophage inflammatory protein), OPG (Osteoprotegerin),
PIGF-2 (Placental growth factor), RANTES (an acronym for Regulated upon Ac-

tivation, Normally T-Expressed, and presumably Secreted).

3. Material and Methods

Animal Model: Eighteen male piglets from different litters, approximately 3-
week-old and weighing 4 - 5 kg, were obtained from Meck Swine, LLC (Lancas-
ter, PA) and were used within 4 days of delivery. The piglets were anesthetized
with 4% isoflurane, intubated and mechanically ventilated with air/30% oxygen
(O,) mixture with ventilation parameters appropriate to maintain normocapnia.
Anesthesia was maintained with 1.5% - 3% isoflurane supplemented with IV in-
fusion of morphine (0.1 - 0.3 mg/kg/h). A femoral vein and arterial catheters
were placed. Blood gases (PaCO,, Pa0O,), pH, hemoglobin, electrolytes and glu-
cose concentrations were monitored using i-STAT blood gas machine (Abbot
Point of Care Inc., Princeton, NJ). Mean arterial blood pressure (MAP), ECG
and rectal temperature were monitored throughout the study.

All animal procedures were carried out in strict accordance with the NIH
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,
Philadelphia, PA (protocol number 805971).

Experimental groups: the animals were randomly assigned to one of three
groups: 1) Circulatory arrest (CA group, n = 6), 2) CA with ECMO (ECMO
group, n = 6), and 3) Control (sham-operated, n = 6). The animals in the control
group were anesthetized, intubated and mechanically ventilated for 6 hrs in the
same manner as the animals in the other two groups.

Experimental protocol: after stabilization, inspiratory pO, was gradually de-
creased from 21% to 7% - 10% over 30 min after which ventilation was stopped
until the occurrence of heart arrest. Three min before the end of hypoxic period
a short acting neuromuscular blocker, Vecuronium (0.2 - 1.0 mg/kg) was admi-
nistered IV. Three min after heart arrest, resuscitation was begun with restoration
of mechanical ventilation and chest compressions. If needed, epinephrine (0.02 -
0.1 mg/kg IV) was injected. The usual code dose is 0.1 mg/kg but frequently
smaller dose is giving because it overshoots on the blood pressure. The pediatric
defibrillator was used to restart the heart rhythm.

If the resuscitation was successful:
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e CA group was ventilated for 1 hr with 100% O, and then for 5 hrs with 30% O,;

e ECMO group had the carotid vessels cannulated and was placed on ECMO;
500 U heparin was administered IV and perfusion flow rate was set at ap-
prox. 150 ml/kg/min. Body temperature was maintained at 36°C for 6 hrs
with arterial blood pressure, blood gases, pH, glucose monitored at 30 min
intervals and adjusted, if needed.

The ECMO circuit consisted of a Cobe Roller Pump (Cobe, Lakewood, CO), a
membrane oxygenator with integrated arterial filter (Capiox FX05, Terumo Car-
diovascular Systems Corp., Ann Arbor, MI), and Sarns Heater-Cooler System
(Terumo). The circuit was primed with Plasmalyte-A (Baxter Healthcare Corp.,
Deerfield, Ill.) and 25% albumin. Porcine donor whole blood (Innovative Re-
search Inc., MI) was added to maintain a hematocrit value of approximately
30%. Heparin (1000 units), calcium chloride (150 mg), sodium bicarbonate (25
mEq) were added to the pump prime.

At the end of each experiment, while still anesthetized, the piglets were eutha-
nized with an IV injection of Euthasol (0.2 ml/kg), the brains were removed,
dissected and stored at —80°C for further analysis.

Determination of striatal protein levels: total protein was extracted from about
100 mg of striatal tissue and the levels of apoptotic and inflammatory proteins
were determined by RayBiotech, Inc. (Norcross, GA).

Statistical analysis: data were analyzed using one-way ANOVA looking for sta-
tistically significant differences in the three possible configurations: 1) C vs. CA
group; 2) C vs. ECMO group; and 3) CA vs. ECMO group. Protein levels are

presented as percentage of the mean in the C (sham operated) group.

4. Results

Effect of hypoxia and ECMO on physiological parameters in piglets

Systolic blood pressure, mean blood pressure, Heart rate, pH, pCO,, the per-
cent saturation of oxygen in the blood (SPO,) were measured before hypoxia, at
the end of hypoxia, at the end of CPR (rhythm of hear return) and after 1, 3 and
5 hrs of recovery. The significant difference between hypoxia and ECMO group
was observed only in SPO, at the end of hypoxia. SPO, decreased from 98.5 +
0.84 to 16.75 + 5.4 in hypoxic group and 48.6 + 9.8 in ECMO group (p < 0.05).
There were not significant differences in SPO2 between hypoxia and ECMO
groups in other measured time points.

Effect of ECMO on immunoreactivities of striatal anti- and pro-apoptotic
proteins

Immunoreactivities of the proteins involved in apoptotic and inflammatory
responses were determined in the striatum of piglet brains following cardiac ar-
rest and 6 hrs of post-cardiac arrest recovery with or without ECMO.

Effect of ECMO on anti- and pro-apoptotic proteins is presented on Figure 1.

The striatal levels of anti-apoptotic proteins-Bcl-2, Bcl-w, HSP27, HSP60,
HSP70, IGFBP-1, IGFBP-3, Livin, Survivin, didn’t change significantly between
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experimental groups. Concurrently, ECMO significantly decreased the levels of six
pro-apoptotic proteins as compared to CA group (Bax from 99% to 72% (p < 0.05);
cytochrome C from 115% to 71% (p < 0.05); IGFBP-6 from 115% to 76% (p < 0.05);
transforming growth factor B (TGFp) from 113% to 74% (p < 0.05); TRAIR-1 from
106% to 57% (p < 0.05); TRAIR-3 from 89% to 48% (p < 0.05)). The calculated
Bcl-2 to Bax ratio in ECMO group as compared to CA group increased by 30%.

Effect of ECMO on striatal anti-inflammatory proteins

The levels of 17 anti-inflammatory proteins that were significantly lower in
ECMO group as compared to CA group are presented on Figure 2.

The proteins that have only anti-inflammatory responses are: ANG-1 de-
creased from 189% to 106% (p < 0.025); FGF-21 from 102% to 31% (p < 0.01);
IEN-a from 65% to 28% (p < 0.05); IFN-f from 138% to 57% (p < 0.01): IGF-2
from 137% to 47% (p < 0.01); IL-10 from 120% to 63% (p < 0.05); IL-13 from 95
to 12% (p < 0.005); IL-1 receptor antagonist (IL-1ra) from 134% to 56% (p <

(a) (b)140% T <005 b<00leardlacArrest ECMO
140% m Cardiac Arrest  ~ ECMO 120% «<0.05 <0.05 b<0.05
120% oy 05 bon
<0.05
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80%
80% I I
10/
60% 60% I I
40% 40%
20% 20%
0% 0%
bcl-2  bc-w HSP27 HSP60 HSP70 IGFBP-1IGFBP-3 Livin Survivin bax IGFBP-6  TNF-beta TRAILR-1  TRAILR-3

Figure 1. Effect of ECMO on levels of anti-apoptotic (A) (Figure 1(a)) and pro-apoptotic proteins (Figure 1(b)) in striatum of

piglets. Protein levels are presented as p

ercentage of the mean in the C (sham operated) group. Bars represent the means + SEM

for the density of the bands for six independent experiments. p < 0.05 was considered statistically significant difference between

the indicated groups. Data were analyzed using one-way ANOVA looking for statistically significant differences in the three poss-
ible configurations: (a) C vs. CA group; (b) C vs. ECMO group; and (c) CA vs. ECMO group.
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Figure 2. Effect of ECMO on levels of anti-inflammatory in striatum of piglets. Protein levels are presented as percentage of the

mean in the C (sham operated) group. Bars represent the means + SEM for the density of the bands for six independent experi-

ments. p < 0.05 was considered statistically significant difference between the indicated groups. Data were analyzed using one-way
ANOVA looking for statistically significant differences in the three possible configurations: (a) C vs. CA group; (b) C vs. ECMO

group; and (c) CA vs. ECMO group.
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0.025); IL-4 from 124% to 45% (p < 0.005); NCAM-1 from 83% to 58% (p <
0.05) and TIMP-1 from 95% to 45% (p < 0.01) and TIMP-2 from 68% to 47% (p
< 0.05). They are presented on Figure 2(a).

The five proteins presented in Figure 2(b) also significantly decreased in ECMO
group as compared to CA group but, depending on other concurrent changes,
they can exert either anti-inflammatory or pro-inflammatory effects. They were:
IL-6 decreased from 92% to 48% (p < 0.05); IL-22 from 92% to 28% (p < 0.005);
SCF from 112% to 16% (p < 0.005); TGFa from 124% to 44% (p < 0.005); and
VEGEF from 91% to 29% (p < 0.005).

Effect of ECMO on striatal pro-inflammatory proteins

Effect of ECMO on 11 pro-inflammatory proteins is shown on Figure 3.

As compared to CA group, ECMO group has significantly decreased levels of
IL-12p40 from 94% to 42% (p < 0.05); IL-21 from 179% to 55% (p < 0.005);
IL-15 from 114% to 16% (p < 0.025); IL-1a from 87% to 51% (p < 0.05), IL-153
from 44% to 5% (p < 0.005), IL-8 from 89 to 44% (p < 0.05); MIP-14 from 104%
to 72% (p < 0.05), OPG from 94% to 31% (p < 0.05), PIGF-2 from 134% to 96%
(p < 0.05), RANTES from 103% to 44% (p < 0.005) and TGFp from 93% to 52%
(p <0.05).

5. Discussion

The purpose of our study was to determine the effects of ECMO applied follow-
ing cardiac arrest on the levels of apoptotic and inflammatory proteins in the
striatum of piglets. Striatum is involved in the control of motor behavior and various
aspects of behavioral plasticity and is highly sensitive to hypoxia/ischemia-induced
injury among different brain regions.

Effect of ECMO on anti- and pro-apoptotic proteins

We found no significant differences between CA and ECMO groups for an-
ti-apoptotic proteins. In contrast, there were significant differences between the

two groups in the levels of pro-apoptotic proteins. Six pro-apoptotic proteins
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Figure 3. Effect of ECMO on levels of pro-inflammatory in striatum of piglets. Protein levels are presented as percentage of the
mean in the C (sham operated) group. Bars represent the means + SEM for the density of the bands for six independent experi-
ments. p < 0.05 was considered statistically significant difference between the indicated groups. Data were analyzed using one-way
ANOVA looking for statistically significant differences in the three possible configurations: (a) C vs. CA group; (b) C vs. ECMO
group; and (c) CA vs. ECMO group.
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were significantly decreased in CA with ECMO group as compared to CA with-
out ECMO group. Of particular importance among the proteins that control
apoptosis are those that belong to the Bcl-2 family, with Bcl-2 and Bax being
most significant. Bcl-2 has anti-apoptotic effects and enhances cell survival pos-
sibly by regulating cytosolic and intranuclear Ca** concentrations [15]. In con-
trast, the pro-apoptotic protein Bax promotes cell death by activating caspases
[16]. The active form of Bcl-2 heterodimerizes with Bax and their ratio deter-
mines the cellular susceptibility to apoptotic stimuli [17] [18]. Accordingly, an
increased ratio of Bax to Bcl-2 increases predisposition to apoptosis in hypoxic
and hypocapnic newborn brains.

Based on our findings, ECMO does not change Bcl-2 level but significantly
decreases Bax level by about 30%. Therefore, the Bcl-2 to Bax ratio increased,
suggesting that ECMO offers protection from apoptotic injury.

Effect of ECMO on inflammatory response in the striatum of piglets

Inflammatory proteins are regulators of multiple responses to infection, im-
mune responses, inflammation, and trauma. Cytokines include chemokines, in-
terferons, interleukins, lymphokines and tumor necrosis factor. Some cytokines
increase inflammation (pro-inflammatory), whereas others reduce inflammation
and promote healing (anti-inflammatory). Major anti-inflammatory cytokines
include IL-1ra, IL-4, IL-10, IL-11, and IL-13. The major pro-inflammatory cyto-
kines responsible for early inflammatory responses are IL-1a, IL-15 and TNFa.
IL-6 and transforming growth factor (TGFp) and, depending on the conditions,
can have either anti-inflammatory or pro-inflammatory actions. The inflammato-
ry responses are determined by the balance between pro- and anti-inflammatory
cytokines. We found that ECMO significantly decreased the levels of major an-
ti-inflammatory proteins, including IL-4, IL-6, IL-10, IL-13, IL-1ra, as well as
major pro-inflammatory proteins (IL-1a, IL-158, TGFp). The level of TNFaq, a
major pro-inflammatory protein, did not differ between the CA and ECMO
groups.

The decrease in pro-inflammatory proteins found in our study in ECMO
group is in agreement with the recent study of Zhang et al [19], who reported
that in pig brain cortex ECMO applied after cardiac arrest decreased the levels of
pro-inflammatory cytokines: IL-1, IL-6, TNFa and TGEp.

The pro-inflammatory proteins included in our study play key roles in in-
flammatory responses. Both animal experiments and clinical studies suggest that
increased circulating pro-inflammatory cytokines, such as IL-1p, IL-6, and TNFaq,
are associated with increased mortality [20]. Notably, inhibition of IL-1/ con-
verting enzyme or deletion of IL-18and IL-1a results in markedly reduced ischem-
ic damage and neuronal death.

TGFp1is another key inflammatory protein. Some studies suggest that this cytoki-
nase can have a protective effect [21] but it mainly functions as a pro-inflammatory
protein that can cause damage of the blood-brain barrier, hemorrhage, neuroin-
flammation, cell death [22] and increase expression of IL-15and TNFa [23].
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IL-6 is a powerful pro-inflammatory cytokine that is essential for the inflam-
matory acute phase response induced by tissue damage. An increased plasma
concentration of IL-6 levels in children after cardiopulmonary bypass were asso-
ciated with poorer neuromotor performance and, therefore, possible damage in
the striatum [24]. However, this protein can also act as anti-inflammatory cyto-
kinase by inhibiting TNF and IL-1 production.

Collectively our study indicates that ECMO, by decreasing the level of impor-
tant pro-inflammatory proteins can have protective effect in the striatum. How-
ever, we also found a decrease in several key ant-inflammatory proteins whose
major function is to inhibit the synthesis of pro-inflammatory cytokines. In par-
ticular, IL-10 is the most important anti-inflammatory cytokine found within
the human immune response. It prevents immunopathology in several diseases
and disease models, both in the central nervous system and peripheral organs
[25] [26]. Another key anti-inflammatory protein that decreased in ECMO group
is IL-1ra (IL-1receptor antagonist). IL-1ra functions as a specific inhibitor of the
two other functional members of the IL-1 family, IL-1a and IL-14. IL-1ra blocks
the action of IL-1a and IL-18by competitive inhibition at the IL-1 receptor level.
IL-1ra has been reported to decrease hypoxic-ischemic injury [27] [28] and re-
duced the brain injury and death of the cranial nerves. Consistent with these
findings, neonatal mice deficient in IL-1 converting enzyme are resistant to hy-
poxic-ischemic insults, and inhibition of endogenous IL-1 activity with IL-1ra
protects against ischemic injury [29]. Similarly, inhibition of IL-1b converting
enzyme or deletion of IL-1a and IL-1/ results in markedly reduced ischemic
damage and neuronal death.

Because ECMO decreases both ant-inflammatory and pro-inflammatory pro-
teins it is not clear whether ECMO changes the balance between the two antago-
nistic protein groups and, therefore, has a net protective or damaging effect on
striatal tissue. If we look at the changes in IL-1a and IL-1flevels and their inhi-
bitor IL-1ra, we can see that IL-1a and IL-1/ decreased by 36% - 39% and IL-ra
decreased by 78%. This would suggest that ECMO has more prominent effect on
IL-1ra than on IL-1a and IL-14. From this can be postulate that ECMO will have
negative effect on striatal tissue by disproportionately stronger effect on the an-
ti-apoptotic IL-1ra than on the pro-apoptotic IL-1a and IL-15.

What mechanisms lead to the changes in anti- and pro-inflammatory proteins
uncovered in our study is unclear and will require future investigation. The
study of Mcilwain [5] on neonatal porcine model of ECMO has shown that
TNFa and IL-8 concentrations rose faster in plasma than in the peripheral tis-
sues during ECMO. They concluded that the rising plasma levels of these cyto-
kines immediately following the initiation of ECMO could not be completely ex-
plained on the basis of increased de novo synthesis in inflamed tissues and may
have resulted, at least partially, from a redistribution of preformed stores of
these cytokines. One possible explanation for the decrease of inflammatory pro-

teins in striatal tissue observed in our study would be that they are release from
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tissue to plasma, thereby depleting the corresponding tissue levels; this will be

required future investigation.

6. Limitations of Our Study

The limitation of our study is that we determine apoptotic and inflammatory pro-
tein levels at one time point, at 6 hrs following CA. There could be earlier transient
changes and changes that occurred at longer times after recovery and were not
captured in our study. Indeed, there are reports that different pro-inflammatory
proteins are up- or down-regulated at different time points following a variety of
hypoxic-ischemic insults. For example, IL6 has a short half-life in plasma and
peaks at 2 hrs after onset of cardiopulmonary bypass. Hedtjarn et al [30] meas-
ured expression of 148 genes related to the immune-inflammatory response in
immature brain following hypoxia-ischemia (HI). They reported that at 2 hrs
after HI only three genes were upregulated, but at 8 hrs the number of signifi-
cantly upregulated genes had increased to 49. Twenty-four and 72 hrs after HI,
77 and as many as 119 genes were, respectively, upregulated. We selected 6 hrs
as our target time point because it fitted well with a typical duration of clinical
surgical procedures with ECMO. Still, to better elucidate the interactions among
the pro- and anti-apoptotic and pro- and anti-inflammatory proteins in the
context of fundamental mechanisms promoting and impeding preservation of
brain function following ECMO, it would be of interest to study both shorter
and longer time intervals than the 6 hrs period used in our study. It would also
be of interest concurrently measure tissue, plasma and cerebrospinal fluid levels
of the key proteins of interest. Our present findings should help in the design of

future studies.
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