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Neuroprotective effect of selective hypothermic cerebral — |[® cneck for updates
perfusion in extracorporeal cardiopulmonary
resuscitation: A preclinical study
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ABSTRACT ...

Objective: Neurologic complications seriously affect the survival rate and quality of
life in patients with extracorporeal cardiopulmonary resuscitation (ECPR) undergo-
ing cardiac arrest. This study aimed to repurpose selective hypothermic cerebral ?
perfusion (SHCP) as a novel approach to protect the brains of these patients.
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Methods: Rats were randomly allocated to Sham, ECPR, and SHCP combined ECPR
(CP-ECPR) groups. In the ECPR group, circulatory resuscitation was performed at {
6 minutes after asphyxial cardiac arrest by extracorporeal membrane oxygenation. \
The vital signs were monitored for 3 hours, and body and brain temperatures were — ¢ . diagram of SHCP approach in rats with
maintained at the normal level. In the CP-ECPR group, the right carotid artery cath- = ecpr.

eterization serving as cerebral perfusion was connected with the extracorporeal

membrane oxygenation device to achieve selective brain cooling (26-28 °C). Serum  CENTRAL MESSAGE

markers of brain injury and pathomorphologic changes in the hippocampus were  SHCP had an important neuro-
evaluated. Three biological replicates further received RNA sequencing in ECPR . ;
and CP-ECPR groups. Microglia activation and inflammatory cytokines in brain tis- protection effect via downregu-
sues and serum were detected. lation of neuroinflammation in

Results: SHCP rapidly reduced the brain-targeted temperature and significantly ~ats with ECPR.
alleviated nerve injury. This was evident from the reduced brain injury serum
biomarker levels, lower pathologic scores, and more surviving neurons in the hip- | PERSPECTIVE

pocampus in the CP-ECPR group. Furthermore, more differentially expressed genes | SHCP could rapidly reduce the brain-targeted
for inflammatory responses were clustered functionally according to Kyoto Ency- | temperature and significantly - alleviate nerve
clopedia of Genes and Genomes pathway analysis. And SHCP reduced microglia | "7 " rats receiving ECPR.Its protective mech-

. . . anism may predominantly relate to the down-
activation and the release of proinflammatory mediators. mey P any et
regulation of neuroinflammation. SHCP may

Conclusions: Our preliminary data indicate that SHCP may serve as a potential | serve asa potential therapy for improving neuro-
therapy to attenuate brain injury via downregulation of neuroinflammation in pa- | 08ic prognosis in patients with ECPR.
tients with ECPR. (JTCVS Open 2022;12:221-33)

Cardiac arrest (CA) is one of the main causes of death and
disability in patients and remains a major public health
concern worldwide.' The American Heart Association recom-
mended that extracorporeal cardiopulmonary resuscitation

|Z| Video clip is available online.
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Abbreviations and Acronyms

CA = cardiac arrest

DEGs = differentially expressed genes

ECMO = extracorporeal membrane oxygenation

ECPR = extracorporeal cardiopulmonary
resuscitation

H&E = hematoxylin—eosin

Ibal = ionized calcium-binding adaptor
molecule 1

ICAM-1 = Intercellular adhesion molecule-1

IHC = immunohistochemistry

IL-143/6/8 = interleukin-13/6/8

MAP = mean arterial pressure
NSE = neuron-specific enolase
PCR = polymerase chain reaction

RNA-seq = RNA sequencing
S1008 = S-1008 protein

SHCP = selective hypothermic cerebral
perfusion
TNF-o¢ = tumor necrosis factor-«

UCH-L1 = ubiquitin C-terminal hydrolase-L1

(ECPR) be considered for patients undergoing CA with revers-
ible etiologies.” The extracorporeal membrane oxygenation
(ECMO) technique was gradually developed as a feasible
resuscitation method for refractory CA.” Although ECPR
has been effective for many patients with CA, the discharge
survival rate is only 23% to 41%."° Notably, nervous
system injury is the leading cause of death and one of the
most common complications in patients with ECPR,” with
less than one-third of these patients retaining favorable neuro-
logic function.”* The neurologic complications include
hypoxic—ischemic brain damage, ischemic stroke, cerebral
hemorrhage, and brain death,g which seriously affect the sur-
vival rate and quality of life in patients suffering from CA.
Brain protection is the key point of advanced life support,
with neurologic recovery used as a sign for evaluating the
ultimate success of resuscitation. Targeted temperature
management is the only therapeutic strategy that has been
clinically proved to benefit the neural functional recovery
in patients with CA.'” However, several systemic complica-
tions resulting from general hypothermia, such as coagula-
tion disorders, respiratory depression, electrolyte disorders,
and cardiac arrhythmias,'""'” have greatly limited its imple-
mentation as a clinical treatment in patients with CA under-
going ECPR. Therefore, it is imperative to develop a more
targeted and safer treatment modality to improve the neuro-
logic prognosis of these patients. Selective hypothermic ce-
rebral perfusion (SHCP), as a selective brain-cooling
method, is commonly used as a cerebral-protection strategy
in complex aortic surgeries.'” There is considerable clinical
evidence that SHCP provides patients with continuous
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cerebral blood flow and repays the oxygen debt accumu-
lated during circulatory arrest.'* It can also effectively
reduce the incidence of perioperative stroke and operative
mortality."”

Therefore, we innovatively combined SHCP with ECPR
in CA rats to explore the effect of this method on neurologic
outcomes and its potential neuroprotective mechanism. We
aimed to propose a novel and effective neuroprotective
approach for patients with ECPR undergoing CA.

METHODS
Ethical Approval

All experimental procedures were approved by the Ethical Committee
of Lanzhou Second Hospital, Lanzhou University, Gansu (no. D2021-
139) and performed in compliance with the “Guide for the Care and Use
of Laboratory Animals” published by the National Institutes of Health (Na-
tional Academy Press, revised 2011).

ECMO Circuits Installing and Priming

The principal components of the ECMO circuit include a peristaltic
pump (PreFluid), membrane oxygenator, and tubing (Xijing Medical).
Priming without blood was done using 6% hydroxyethyl starch 130/0.4
(5 mL), 8.4% sodium bicarbonate (1 mL), 0.01 mg/mL epinephrine
(0.3 mL), and 300 IU/kg heparin (0.7 mL).

Anesthesia and Surgical Preparation

The animals were anesthetized with 5% sevoflurane in a closed cham-
ber and then placed supine on the operating table, followed by oral endo-
tracheal intubation. The ventilation parameters were set as follows:
respiratory frequency 70 to 75 times/min, tidal volume 8 to 10 mL/kg, pos-
itive end-expiratory pressure 3 cmH,O, inspiration/expiration ratio 1:2, and
oxygen flow 3 L. Anesthesia was maintained with 1.5% to 2% sevoflurane
during the experiment. The probes of the electronic thermometer were
respectively placed at 2 to 3 cm from the anal verge for the body temper-
ature and the nasopharyngeal area for the brain temperature. Both the
body temperature and the brain temperature of the rats were kept at
36 £ 0.5 °C by a heating pad.

CA and CP-ECPR Modeling

After skin preparation and disinfection in the anterior cervical region
and bilateral inguinal area, local infiltration anesthesia was performed
with 1% lidocaine. The left femoral artery was separated under a surgical
microscope, and a 22-G catheter was inserted for electrocardiogram moni-
toring, followed by giving heparin (400 U/kg). A 24-G catheter was in-
serted in the right femoral artery for continuous arterial perfusion during
ECMO. The right jugular vein was exposed and cannulated with a specially
designed catheter, which served as the venous drainage. In the CP-ECPR
group, a 22-G catheter was inserted into the right carotid artery for cerebral
perfusion. The cerebral perfusion tube connected to the ECMO circuits was
covered with a cooling bag.

Before starting ECMO, the rats were given cisatracurium besylate
(2 mg/kg) through the right jugular vein while mechanical ventilation
was suspended. When the mean arterial pressure (MAP) dropped below
20 mm Hg, the rat model of asphyxial CA was successfully established. Af-
ter 6 minutes, cardiopulmonary resuscitation, including restoring mechan-
ical ventilation and starting ECPR, was performed. ECMO was initially
established at a lower flow rate, and later increased to the optimal flow
rate (80 mL/kg/min) that could maintain the desired arterial pressure,
and gas flow (90% O,) was set at 80 to 100 mL/min. Sodium bicarbonate
(8.4%; 1 mmol/kg) was used for electrolyte imbalances, and vasoactive
drugs, such as epinephrine, norepinephrine, and dopamine, were
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administered to maintain MAP > 60 mm Hg. If no return of spontaneous
circulation exceeded 20 minutes, the resuscitation failed. In particular,
the brain temperature was selectively decreased at 26 to 28 °C in the CP-
ECPR group during ECPR. After 3 hours, the animals were weaned off
ECMO, and all rats were humanely killed under deep anesthesia. The
left femoral artery catheterization was performed for hemodynamic moni-
toring in the Sham group without CA and venoarterial ECMO, and the right
femoral artery and right jugular vein were ligated. In the Sham group, the
brain temperature and body temperature were maintained at normal levels,
and the rats were sacrificed after 3 hours of monitoring.

Enzyme-Linked Immunosorbent Assay

S-1008 protein (S1008), neuron-specific enolase (NSE), ubiquitin
C-terminal ~ hydrolase-L1 (UCH-L1), interleukin-13  (IL-18),
interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor-«
(TNF-«) serum concentrations and the level of these inflammatory
cytokines in the brain tissue homogenates were measured using
enzyme-linked immunosorbent assay kits from Mlbio, in accordance
with the manufacturer’s instructions.

Hematoxylin—-Eosin (H&E) and Nissl Staining

The hippocampi were fixed for histopathologic assessment. Paraffin
sections (4 um thick) were prepared. After conventional dewaxing and hy-
dration, the sections were stained with H&E (Beyotime Biotechnology).
The neurologic injury of the CA1 regions in the hippocampus was evalu-
ated by a blind method according to a O to 4 grading scale reported by
Hua and colleagues'® (the significance of pathologic scores was as follows:
0 = no damage; 1 = 0%-12.5% damage; 2 = 12.5%-25% damage;
3 = 25%-50% damage; 4 > 50% damage). These scores were based on
the characteristics of cell death, which exhibited shrunken cell bodies,
triangulated pyknotic nuclei, and eosinophilic cytoplasm. Nissl staining
were performed with Crystal Violet (Beyotime Biotechnology) according
to the manufacturer’s instruction. The number of surviving hippocampus
neurons in the CA1 regions was calculated by a counting procedure.

RNA Sequencing (RNA-seq) Analysis

In the ECPR and CP-ECPR groups, 3 brain tissue samples from each
group were randomly selected for RNA-seq, followed by total RNA extrac-
tion, clustering, sequencing, quality control, transcriptome assembly, gene
expression quantification, and bioinformatics analysis. The “DESeq” R
package v1.10.1 (AT&T Bell Laboratories) was used to identify differen-
tially expressed genes (DEGs), which were converted to official genetic
symbols based on the Kyoto Encyclopedia of Genes and Genomes pathway
analysis and grouped according to common biological characteristics.
Based on the transcriptomic analysis, quantitative real-time polymerase
chain reaction (PCR) was further used to validate the expression of
DEGs in the CP-ECPR group relative to the ECPR group.

RNA Extraction and Quantitative Real-Time PCR

RNA was extracted from the brain tissues using TRIzol reagent (Invitro-
gen). RNA concentration was determined by nanodrop (Thermo Fisher Sci-
entific). The equal amounts of RNA were reversely transcribed into cDNA
by the PrimeScript RT reagent Kit (TaKaRa) according to the manufac-
turer’s instruction. Quantitative PCR was performed in real-time PCR sys-
tem (Roche LightCycle 96), using primers and SYBR Green Master Mix
(TaKaRa). B-actin was selected as housekeeping gene. The gene relative
expression levels were calculated using the 2~ A AcCT method. The exper-
iments were independently repeated 3 times.

The primers used were as follows:

Ccl2: 5" - ATGAGTCGGCTGGAGAACTA - 3,5’ - ACTTCTGGACC
CATTCCTTATTG - 3

Cxcll: 5" - GCACCCAAACCGAAGTCATA - 3/, 5 - GGGACAC
CCTTTAGCATCTTT - 3/

Icaml: 5 - CTGCCTCTGAAGCTCAGATATAC - 3, 5’ - CAGG
GTTCTGTCCAACTTCTC - 3

116: 5" - GAAGTTAGAGTCACAGAAGGAGTG - 3, 5’ - GTTTGCCG
AGTAGACCTCATAG - 3’

B-actin: 5’ - AGATCCTGACCGAGCGTGGC - 3, 5 - CCAGGGAG
GAAGAGGATGCG - 3

Immunohistochemistry (IHC)

The hippocampi were collected for IHC of ionized calcium-binding
adaptor molecule 1 (Ibal) and postfixed in 4% paraformaldehyde for
24 hours. After a high-pressure antigen retrieval method, the sections
were incubated in an endogenous peroxidase blocker (Zhongshan Golden
Bridge Biotechnology) for 20 minutes to inactivate endogenous peroxi-
dases. The nonspecific binding was blocked by incubation with blocking
reagent (Zhongshan Golden Bridge Biotechnology) for 20 minutes.
Then, the slices were incubated with rabbit anti-Ibal (1:400; Wako) at
4 °C overnight, followed by incubation in goat anti-rabbit IgG (Zhongshan
Golden Bridge Biotechnology) for 15 minutes at 25 °C. The sections were
visualized with diaminobenzidine for a few seconds before they were coun-
terstained with hematoxylin. Finally, the average number of activated
microglia was calculated in the CA1 regions of the hippocampus.

Statistical Analysis

All statistical analyses and graphical representations were performed
with GraphPad Prism 8.0. Data were presented as mean = standard devia-
tion or median with 25th and 75th percentile. When data followed normal
distribution, the statistical differences between groups were determined us-
ing Student’s 7-test or one-way analysis of variance. Kruskal-Wallis test
was used to compare the differences of nonparametric data among the 3
groups.

RESULTS
SHCP Could Rapidly Achieve Brain Cooling

The flow chart of animal modeling is shown in Figure 1,
A, and the schematic diagram of the SHCP approach is
shown in Figure 1, B. Spontaneous circulation was restored
in all animals rescued by ECPR. The physiologic data dur-
ing ECPR are summarized in Table E1. MAP was stably
maintained above 80 mm Hg in the ECPR and CP-ECPR
groups. Once hypothermic brain perfusion was initiated,
the cerebral temperature decreased sharply in the CP-
ECPR group. The brain temperatures, starting at
36.38 £ 0.22 °C at the onset of perfusion, dropped to
26.74 £ 0.47 °C after 30 minutes and did not exceed
28 °C for the remainder of the time. In contrast, the brain
temperature of the ECPR rats was maintained within a
normal range via the heating pad (Figure 2, A). The use of
SHCP had a limited impact on the rectal temperature. Start-
ing at 36.14 £ 0.38 °C, the rectal temperature slightly drop-
ped to 35.37 + 0.28 °C after 30 minutes in the CP-ECPR
rats, and never decreased below 34.5 °C during ECMO
(Figure 2, B). Video 1 shows the CP-ECPR modeling in
more detail. These data indicated that successful selective
brain cooling was implemented.

SHCP Alleviated Neuronal Damage
To evaluate the degree of neuronal damage, serum bio-
markers of brain injury were measured. These biomarkers

JTCVS Open ¢ Volume 12, Number C 223
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FIGURE 1. The protocols of animal modeling. A, Flow chart of animal modeling. The rats were randomly allocated to 3 groups: Sham (n = 15), ECPR
(n =20), and CP-ECPR (n = 20) groups. B, Schematic diagram of SHCP approach in the ECPR rats. The tube for cerebral perfusion, covered with a cooling
bag, was connected to the ECMO circuits. The brain temperature selectively decreased to 26 to 28 °C in the CP-ECPR rats. MAP, Mean arterial pressure;
ECPR, extracorporeal cardiopulmonary resuscitation; CP-ECPR, SHCP combined ECPR; SHCP, selective hypothermic cerebral perfusion; ECMO, extra-

corporeal membrane oxygenation; BP, blood pressure.

in the ECPR rats were significantly greater than those in the
Sham group (S10006: 44.85 + 2.07 pg/mL vs 84.21 £ 5.01
pg/mL, P < .001; NSE: 865 + 031 ng/mL vs
1687 + 160 ng/mL, P < .001; UCH-LI:
11.14 + 0.78 ng/mL vs 24.48 + 1.77 ng/mL, P < .001;
Figure 3, A-C). In the CP-ECPR group, the biomarkers
were significantly decreased compared with those of the
ECPR group (S1008: 8421 =+ 501 pg/mL vs
76.52 £ 6.96 pg/mL, P = .0084; NSE: 16.87 £ 1.60 ng/
mL vs 1475 + 0.80 ng/mL, P < .001; UCH-LI:
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24.48 + 1.77 ng/mL vs 21.24 + 1.92 ng/mL, P < .001;
Figure 3, A-C). Furthermore, no neuronal injury was
observed in the Sham group, whereas a large number of
neuron losses were seen in the ECPR group. H&E staining
showed that the pyramidal cells were sparsely arranged and
the outlines were fuzzy in the hippocampal CA1 and CA3
areas. The pathologic scores of the CP-ECPR group in the
CAl region were lower than those of the ECPR group (1
[1-1.5] vs 3 [2-3], P = .0238; Figure 3, D and E). For Nissl
staining, the number of surviving pyramidal neurons
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FIGURE 2. Brain and body temperatures in Sham (n = 15), ECPR (n = 20), and CP-ECPR (n = 20) groups during procedures. Temperatures in (A) the
nasopharynx and (B) the rectum measured in a time-dependent manner in 3 groups. The cerebral temperature decreased sharply after the initiation of hy-
pothermic brain perfusion and stabilized after 30 minutes in the CP-ECPR group. The rectal temperature of the CP-ECPR rats slightly dropped but never less
than 34.5 °C. Graphs represent means + standard deviation. ™*P < 001 represents Sham versus CP-ECPR, **#P < 001 represents ECPR versus CP-ECPR.
ECPR, Extracorporeal cardiopulmonary resuscitation; CP-ECPR, SHCP combined ECPR.

robustly increased in the CP-ECPR rats compared with that
in the ECPR group (Figure 3, F' and G). These promising re-
sults showed that the application of SHCP could ameliorate
cerebral injury for rats receiving ECPR (Figure 4).

SHCP Reduced Microglia Activation and
Neuroinflammation

To identify the underlying mechanisms of SHCP, we
further performed RNA-seq on rat brains between the
ECPR and CP-ECPR groups. A total of 594 DEGs,

including 71 up- and 523 down-regulated genes, were iden-
tified between the 2 groups. The Kyoto Encyclopedia of
Genes and Genomes pathway analysis showed that most
down-regulated DEGs were involved in the “TNF signaling
pathway,” “cytokine-cytokine receptor interaction,” and
“NF-kappa B signaling pathway,” suggesting that the role
of SHCP might be correlated to inhibiting the inflammation
response during ECPR (Figure 5, A). Next, the transcrip-
tomics data were validated by quantitative real-time PCR
(Figure 5, B). Compared with the ECPR group, the

JTCVS Open ¢ Volume 12, Number C 225
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VIDEO 1. Surgical procedure in the rat model of selective hypothermic
cerebral perfusion combined with extracorporeal cardiopulmonary resusci-
tation. Video available at: https://www.jtcvsorg/article/S2666-2736(22)
00302-3/fulltext.

mRNA levels of 116, Ccl2, Cxcll, and Icaml in the CP-
ECPR group were significantly decreased. Microglia acti-
vation was evaluated by calculating the number of Ibal™
microglial cells. Compared with the ECPR group, the
Ibal™ microglia numbers in hippocampus CA1 area signif-
icantly reduced in the CP-ECPR group (Figure 6, A and B).
Moreover, the use of SHCP decreased the levels of IL-1,
IL-6, IL-8, and TNF-« in both serum (Figure 6, C-F) and
brain tissues (Figure 6, G-J) when compared with those in
the ECPR group. The role of SHCP might be correlated to
downregulating neuroinflammation during ECPR.

DISCUSSION

In this study, SHCP combined with ECPR was applied
for the first time in rats suffering from CA. The aim was
to determine the neuroprotective efficacy of this modality
on the neurologic prognosis and provide a novel approach
for improving neurologic outcomes in patients with
ECPR. Our results showed that the application of SHCP
rapidly reduced the brain-targeted temperature after the
beginning of resuscitation, decreased the levels of serum
biomarkers for brain injury in the ECPR rats, and amelio-
rated the histopathologic damage in the hippocampus. In
particular, SHCP significantly reduced the activation of mi-
croglia and the release of proinflammatory mediators (TNF-
«, IL-18, IL-6, intercellular adhesion molecule-1 [ICAM-
1], etc).

Brain damage is a major cause of death and disability in
patients with ECPR after CA.'” In a meta-analysis of 6261
patients with ECPR, Migdady and colleagues'® found that
the favorable neurologic recovery rate was only 24%
(95% confidence interval, 21%-28%). Two key points of
restoring neuronal function are maintaining cerebral blood
perfusion and reducing brain temperature. Hypothermia
has been shown to potentially reduce mortality and neuro-
logic morbidity in patients with ECPR.'”*" In recent years,
targeted temperature management has gained consensus as
an important therapeutic measure for neuroprotection after
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cardiopulmonary resuscitation.'” However, this treatment
could bring a variety of systemic complications, which
strongly limits its clinical application in patients with
ECPR.'" Compared with systemic hypothermia, selective
brain cooling has generally gained interest as a compelling
and feasible approach to provide a faster, deeper, and more
targeted temperature reduction and maximize neurologic
benefit over systemic complications.'” Rutherford and col-
leagues”' respectively carried out whole-body cooling and
selective head cooling therapies in newborns with
hypoxic—ischemic encephalopathy, their results showed
that the infants treated with selective head cooling had a
lower proportion of severe cortical lesions than the infants
cooled with whole-body cooling. Nevertheless, Rustic-
Buckland and colleagues® found that cerebral blood flow
also decreases with decreased brain temperature. This
decrease in cerebral blood flow may lead to the persistence
of brain injury. Cerebral perfusion with hypothermia is
increasingly applied to complex aortic surgeries, especially
when brain temperature drops to 20 to 28 °C, the ideal neu-
roprotective effect for selective cerebral perfusion can be
achieved.”” Inspired by the aforementioned results, we
aimed to develop a targeted and safe treatment modality
for these patients, especially for patients who are not
eligible for systemic cooling. Therefore, the purpose of
our study was not exactly the same as that of Wang and col-
leagues”; in addition to better maintaining cerebral perfu-
sion, we took into account the potential harm caused by
systemic hypothermia and the neurologic benefits brought
by hypothermia to patients undergoing ECPR.

In this study, by monitoring nasopharyngeal tempera-
ture, a reliable indicator of brain temperature,”” we found
that SHCP could rapidly reduce brain temperature to 26 to
28 °C with the support of venoarterial ECMO and had a
minor effect on the core temperature in rats. To date,
serum S1008, NSE, and UCH-L1 have been shown to
accurately predict adverse neurologic outcomes after CA
independent of temperature.”®*” To further clarify the un-
derlying mechanisms, RNA-seq analysis was conducted to
determine the brain gene expression profiles in the ECPR
and CP-ECPR rats. The preliminary results suggested that
this modality may have a protective effect on the brain by
inhibiting neuroinflammation. The inflammatory cascade
plays a major part in cerebral ischemia—reperfusion
injury.”® Cerebral ischemia triggers inflammation as a
response to necrotic cells followed by the production of
reactive oxygen species and cytokines from inflammatory
cells. Nucleic acids released from necrotic cells and other
immune molecules then activate microglia, which pro-
duces more proinflammatory mediators, including TNF-
a, IL-18, and IL-6."" These cytokines can up-regulate
the expression of adhesion molecules such as ICAM-1
on the surface of cerebrovascular endothelial cells.””
As shown by Vemuganti and colleagues,”’ inhibiting
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FIGURE 3. The application of SHCP ameliorated cerebral injury for the ECPR rats. A-C, Levels of S1003, NSE, and UCH-L1 serum concentrations in
Sham (n = 6), ECPR (n = 12), and CP-ECPR (n = 12) groups. A significant decrease of the biomarkers observed in the CP-ECPR group compared with
those in the ECPR group. (D) Damaged neurons identified by H&E staining in representative hippocampal CA1 and CA3 regions (arrows; scale bars repre-
sent 50 um) in each group (n = 5 per group). No neuronal injury observed in the Sham group. Compared with the CP-ECPR rats, a larger number of damaged
neurons could be seen in the ECPR group. E, Pathologic scores in the hippocampal CA 1 region for each group (n = 5 per group). Pathologic scores of the CP-
ECPR group are lower than those of the ECPR group. F and G, Large number of pyramidal neurons in the hippocampal CA1 and CA3 regions of the Sham
group using Nissl staining. Clear cell boundaries and abundant Nissl bodies could be observed. The number of surviving pyramidal neurons in the hippo-
campal CA1 area robustly increased in the CP-ECPR rats compared with that in the ECPR group (n = 5 per group) (scale bars represent 50 wm). Graphs
represent means =+ standard deviation or median with 25th and 75th percentile. The box-and-whiskers dot plots include the minimum value, the lower quar-
tile (25th percentile), the median, the upper quartile (75th percentile), and the maximum value. SHCP, Selective hypothermic cerebral perfusion; S7008, S-
1008 Protein; NSE, neuron-specific enolase; ECPR, extracorporeal cardiopulmonary resuscitation; UCH-LI, ubiquitin C-terminal hydrolase-L1; CP-ECPR,
SHCP combined ECPR; H&E, hematoxylin—eosin.

JTCVS Open ¢ Volume 12, Number C 227



Adult: Mechanical Circulatory Support: Basic Science

Zhai et al

Selective hypothermic cerebral perfusion could serve as a novel approach to

alleviate neuronal damage in rats with extracorporeal cardiopulmonary resuscitation
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SHCP rapidly reduced the brain-targeted temperature and decreased the levels of serum biomarkers for brain injury in ECPR rats.

This study provides a potential therapy for improving neurological prognosis in patients with ECPR.

FIGURE 4. The rats were randomly allocated to Sham (n = 15), ECPR (n

= 20), and SHCP combined ECPR (CP-ECPR) (n = 20) groups. Brain injury

serum markers, pathomorphologic changes in the hippocampus, RNA sequencing, microglia activation, and inflammatory cytokines in brain tissues and

serum were detected. The main results showed that SHCP rapidly reduced the brain-targeted temperature and brain injury serum biomarker levels.
SHCP could serve as a novel approach to alleviate neuronal damage in ECPR rats. MAP, Mean arterial pressure; ECPR, extracorporeal cardiopulmonary

resuscitation; SHCP, selective hypothermic cerebral perfusion; CP-ECPR,
acid; S1008, S-1008 protein.

ICAM-1 level can protect brain tissue and reduce the vol-
ume of cerebral infarction. Meanwhile, chemokines such
as CXCL-1 recruit circulating immune cells to the
damaged brain parenchyma.’” Leukocytes and central im-
mune cells further release inflammatory mediators, which
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selective hypothermic cerebral perfusion combined ECPR; RNA, ribonucleic

ultimately aggravate neuronal damage.”® Studies have
shown that successful neuroinflammation blocking can
ameliorate brain injury in stroke models.” This suggests
a protective role in the brain for SHCP by alleviating neu-
roinflammation in patients with ECPR.
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pathway. The color bar represents the P value of the KEGG pathway. B, Transcriptomics data validated by qRT-PCR. Compared with the ECPR group, the
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FIGURE 6. The role of SHCP might be correlated to downregulating neuroinflammation during ECPR. A and B, Activated microglia identified by Ibal
IHC in representative hippocampal CA1 and CA3 regions (arrows; scale bars represent 50 um) in each group (n = 5 per group). Compared with the ECPR
group, the Ibal™ microglia numbers in the hippocampus CA1 area significantly reduced in the CP-ECPR group. C-F, Levels of IL-18, IL-6, IL-8, and TNF-«
serum concentrations in Sham (n = 6), ECPR (n = 12), and CP-ECPR (n = 12) groups. G-J, Contents of IL-14, IL-6, IL-8, and TNF-« in brain tissues in
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We can see a promising future for SHCP combine with
ECPR in transforming from preclinical trials to the clinical
settings. During cerebral perfusion in complex aortic sur-
geries, axillary, subclavian, and carotid arteries are the com-
mon sites for arterial cannulation, which are easily exposed
and achieved by direct cannula insertion.”* Therefore, we
speculate that while professional teams set up ECMO for
patients undergoing CA, the carotid artery may be used as
an additional arterial perfusion. It simultaneously ensures
appropriate brain blood flow and brain hypothermia to pro-
mote cerebral resuscitation. However, it is worth noting that
the severe aortic atherosclerosis increases the risk of stroke
and cerebral embolism when SHCP is employed. The dis-
lodging of atherosclerotic debris may occur as the result
of cannulation and blood perfusion during SHCP.”” There-
fore, we suggest that performing epiaortic ultrasonography
before SHCP to evaluate for the presence of aortic and pe-
ripheral artery vascular pathology and determine an athero-
sclerotic plaque-free site for the cannulation.

There are some limitations to this study. First, we evalu-
ated the short-term brain protection effect of this novel
strategy, and its influence on the long-term neurologic prog-
nosis still needs to be identified. In this study, samples were
collected during the acute phase, so we believed that the
apoptotic signaling of neurons had not been completely
activated due to the limited intervention time (3 hours). In
the following research, apoptosis assays are also needed
to identify the neurologic prognosis of this strategy. Second,
translating rodent experiments to other mammals will also
be the next challenge. Third, we explored the effect of
SHCP with a restricted temperature range (26-28 °C) and
limited cooling time. ECMO support was performed for
only 3 hours to alleviate blood damage from the pump.
Moreover, hypothermia results in loss of cerebral autoregu-
lation, and in these cases, cerebral perfusion is largely influ-
enced by blood pressure, which is a potential interference
factor. Continuous hemodynamic monitoring showed that
there were no statistical differences in blood pressure be-
tween the ECPR and CP-ECPR groups at different times.
Therefore, we believe that this variable would not signifi-
cantly affect the results of this study. And in the future,
we will pay more attention to the effect of blood pressure
on brain protection during SHCP. Finally, whether systemic
cooling with perfusion would be necessary and whether the
neuroprotective effects of this method are superior to that of
systemic cooling are problems worthy of inquiry.

CONCLUSIONS

In this study, the ECPR models for asphyxial CA rats
were successfully established, and selective brain cooling
was achieved by SHCP. Our preliminary data indicate that
SHCP could reduce brain injury in ECPR rats, and its pro-
tective mechanism may predominantly relate to the down-
regulation of neuroinflammation. This study provides a

potential therapy for improving the neurologic prognosis
in patients with ECPR. The safety and mechanism of this
treatment should be verified in the future.
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Adult: Mechanical Circulatory Support: Basic Science

TABLE E1. The physiological data during ECPR

Physiological parameters Sham ECPR CP-ECPR

Weight, g 275.16 + 9.87 272.93 £+ 10.24 274.54 + 11.61
Time between asphyxia and CA, min - 397 £0.71 3.72 £ 0.66
Time of CA, min - 6 6

Time of ROSC, s - 71.33 £ 54.35 52 £ 17.05
Epinephrine usage (0.01 mg/mL), mL - 0.40 £ 0.14 0.38 £0.16
Baseline MAP, mm Hg 105.86 + 4.23 108.73 + 7.41 102.00 + 5.71
ECPR 15 min MAP, mm Hg - 103.53 + 17.39 94.92 + 15.23
ECPR 30 min MAP, mm Hg - 89.07 + 7.56 87.31 +9.82
ECPR 60 min MAP, mm Hg - 82.07 + 11.14 84.23 +7.74
ECPR 90 min MAP, mm Hg - 82.73 £+ 11.60 82.15 £ 9.36
ECPR 120 min MAP, mm Hg - 83.93 £+ 13.77 81.15 + 8.38
ECPR 150 min MAP, mm Hg - 8333 £ 11.18 82.38 £ 8.17
ECPR 180 min MAP, mm Hg - 83.40 £ 12.89 82.69 + 8.94

Data are presented as mean =+ standard deviation. ECPR, Extracorporeal cardiopulmonary resuscitation; CP-ECPR, SHCP combined ECPR; CA, cardiac arrest; ROSC, return of

spontaneous circulation; MAP, mean arterial pressure; SHCP, selective hypothermic cerebral perfusion.
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