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Cardiac Arrest Induced by Asphyxia Versus
Ventricular Fibrillation Elicits Comparable
Early Changes in Cytokine Levels in the Rat
Brain, Heart, and Serum
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BACKGROUND: Current postresuscitative care after cardiac arrest (CA) does not address the cause of CA. We previously re-
ported that asphyxial CA (ACA) and ventricular fibrillation CA (VFCA) elicit unique injury signatures. We hypothesized that the
early cytokine profiles of the serum, heart, and brain differ in response to ACA versus VFCA.

METHODS AND RESULTS: Adult male rats were subjected to 10 minutes of either ACA or VFCA. Naives and shams (anesthesia
and surgery without CA) served as controls (n=12/group). Asphyxiation produced an =~4-minute period of progressive hypox-
emia followed by a no-flow duration of =6+1 minute. Ventricular fibrillation immediately induced no flow. Return of spontaneous
circulation was achieved earlier after ACA compared with VFCA (42+18 versus 105+22 seconds; P<0.001). Brain cytokines
in naives were, in general, low or undetectable. Shams exhibited a modest effect on select cytokines. Both ACA and VFCA
resulted in robust cytokine responses in serum, heart, and brain at 3 hours. Significant regional differences pinpointed the
striatum as a key location of neuroinflammation. No significant differences in cytokines, neuron-specific enolase, S100b, and
troponin T were observed across CA models.

CONCLUSIONS: Both models of CA resulted in marked systemic, heart, and brain cytokine responses, with similar degrees of
change across the 2 CA insults. Changes in cytokine levels after CA were most pronounced in the striatum compared with
other brain regions. These collective observations suggest that the amplitude of the changes in cytokine levels after ACA
versus VFCA may not mediate the differences in secondary injuries between these 2 CA phenotypes.

Key Words: brain/metabolism m cardiopulmonary resuscitation ® corpus striatum/metabolism ® cytokines/metabolism ® heart arrest/
physiopathology ® tumor necrosis factor-a/metabolism

from prolonged cardiac arrest (CA), patients may

develop a “sepsis-like” syndrome with systemic
cytokine responses, resulting in myocardial and brain
dysfunction, endothelial disruption, and increased
blood-brain barrier permeability. This deleterious, exag-
gerated systemic inflammatory response to whole-body
ischemia-reperfusion resembles the pathophysiologic

After successful cardiopulmonary resuscitation

processes commonly seen in infection-related sepsis.
The term post-CA syndrome has been coined for this
complex multiorgan dysfunction.’

After successful resuscitation, cerebral reperfu-
sion, although essential and effective in restoring en-
ergy stores, triggers harmful biochemical cascades,
among which neuroinflammation is thought to play
a key role. Various inflammatory cytokines have
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Uray et al

CLINICAL PERSPECTIVE

What Is New?

e Both models of cardiac arrest (CA) (ie, asphyx-
ial CA and ventricular fibrillation CA) resulted
in marked systemic, heart, and brain cytokine
responses that displayed similar degrees of
change across the 2 CA insults.

e Biomarkers of central nervous system and car-
diac injury were also similar, suggesting compa-
rable severity of the respective insults.

e The inflammatory response was most pro-
nounced in the striatum in both models.

What Are the Clinical Implications?

e Previously documented differences in out-
comes between these 2 CA phenotypes, with
worse neurologic injury after asphyxia contrast-
ing worse cardiac injury after ventricular fibril-
lation, may not be mediated by inflammatory
response.

e FEither model could be used in future stud-
ies to test novel therapies targeting post-CA
syndrome.

Nonstandard Abbreviations and Acronyms

ACA asphyxial cardiac arrest
CA cardiac arrest

GMCSF  granulocyte-macrophage colony-
stimulating factor

NSE neuron-specific enolase

ROSC return of spontaneous circulation

RT resuscitation time
VFCA ventricular fibrillation cardiac arrest

been implicated as important mediators of ischemia/
reperfusion injury in both the brain and extracerebral
organs.?

Current postresuscitative care for survivors of
CA does not account for the cause of CA. However,
there are significant differences between the patho-
physiological features and outcome from asphyxial
CA (ACA) versus ventricular fibrillation CA (VFCA). We
previously reported that ACA results in worse neuro-
logic outcomes and greater cerebral oxidative stress,
whereas VFCA with the same duration of no flow re-
sults in worse cardiac injury.® We hypothesized that
a mechanistic explanation for differences in brain in-
jury between ACA and VFCA might be higher brain
cytokine levels after ACA versus higher amplitude
increases in the serum and heart after VFCA. Our
goal was to define the inflammatory response in the
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early postresuscitation phase to subsequently identify
insult-specific targets for future therapies. To this end,
we characterized changes in cytokine concentrations
3 hours after ACA versus VFCA in the rat heart, serum,
and 4 selectively vulnerable regions of the brain (ie,
cortex, striatum, hippocampus, and cerebellum).

METHODS

The study protocol was approved by the Institutional
Animal Care and Use Committee of the University of
Pittsburgh (protocol No. 13021161; “neuroinflammation
after prolonged cardiac arrest”). The data that support
the findings of this study are available from the corre-
sponding author on reasonable request. We used our
previously established models of ACA and VFCA.*

Preparation Phase

Inbrief, adult male Sprague-Dawley rats (350-400 g) were
obtained from a licensed vendor (Hilltop Lab Animals,
Scottdale, PA) and housed under 12 hours/12 hours
light/dark in a holding facility for at least 2 days before
the experiment. Water was provided ad libitum until the
experiment. Standard chow was removed 12 hours
before experiment. On the day of the experiment, rats
were anesthetized with 4% isoflurane (Baxter, Deerfield,
IL) in fraction of inspired oxygen 1.0 in a plexiglass jar,
intubated with a 14-gauge cannula (Becton Dickinson,
Sandy, UT), and mechanically ventilated (Harvard
Ventilator 683; Harvard Rodent Apparatus, South Natick,
MA) with tidal volume 8 mL/kg, positive end-expiratory
pressure 3 cm H,O, and respiratory rate 30 to 40/min
to maintain normocapnia. Anesthesia was maintained
with 2% isoflurane (fraction of inspired oxygen of 0.5).
Arterial (PES0) and venous (PEQQ) femoral catheters
were inserted via cut downs for blood pressure monitor-
ing and drug administration. In rats scheduled for VFCA,
a 5F pacing catheter was introduced through the jugu-
lar vein to the junction of right atrium and right ventricle.
Rats in sham and ACA groups were subjected to jugular
vein ligation to mirror surgical effects. ECG and mean
arterial pressure (MAP) were continuously monitored and
recorded (Polygraph; Grass Instruments, Quincy, MA).
Rectal temperature was maintained at 37.0+0.5°C with
a temperature-controlled operating table, an overhead
heating lamp, and a fan. After surgery, fraction of inspired
oxygen was reduced to 0.3 and isoflurane was gradually
weaned over 10 minutes in rats scheduled for CA.

CA and Resuscitation Phase

Four groups were studied: (1) naive rats; (2) sham con-
trols; (3) rats subjected to ACA; (4) rats subjected to
VFCA. Naive rats were deeply anesthetized with isoflu-
rane, intubated, and perfused transcardially with 250 mL
of ice-cold heparinized normal saline. Sham controls
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were anesthetized and instrumented as described
above (see Preparation Phase), but were not subjected
to CA, and resuscitative drugs were not used. Isoflurane
anesthesia was maintained throughout the experiment.
Normothermia was maintained during the experiment.

Randomization was not possible for logistical reasons,
as the preparations for individual insults differed and the
experimenters could not be fully masked to the technical
protocol. However, the researchers were masked to the
allocation to individual groups during statistical evalua-
tion of the primary and secondary end points.

In rats subjected to ACA, neuromuscular blockade
was induced with cisatracurium (1 mg/kg; AbbVie,
North Chicago, IL), mechanical ventilation was stopped,
and the rat was disconnected from the ventilator. This
gradually resulted in pulseless electrical activity. The pe-
riod of no flow was defined as MAP <10 mm Hg. After
10 minutes of ACA (total insult) manual chest com-
pressions were started at a rate *360/min along with
mechanical ventilation with 100% oxygen. Epinephrine
(0.01 mg/kg; Abbott, Abbott Park, IL) was given with
compressions. Sodium bicarbonate (1 mEg/kg; Abbott)
was given at the start of resuscitation.

In rats subjected to VFCA, no flow was induced by
a 2-minute impulse of 12 V/50 Hz alternating current
and ensured by ECG readings and reduction in MAP
<10 mm Hg. The pacing catheter was then removed,
and the jugular vein was ligated. After 10 minutes of
untreated VFCA, manual chest compressions were
started at a rate =360/min along with mechanical
ventilation with 100% oxygen. Epinephrine (0.01 mg/
kg; Abbott) was given with start of compressions.
Additional epinephrine (0.005 mg/kg) was given at
1 minute resuscitation time (RT). Sodium bicarbonate
(1 mEag/kg; Abbott) was given at the start of resus-
citation. At 2 minutes after the start of resuscitation
(2 minute RT), defibrillation was attempted with a bi-
phasic 10 J impulse (Zoll M series defibrillator; Zoll,
Chelmsford, MA). If unsuccessful, subsequent shocks
were delivered every 30 seconds, with a maximum of 5
attempts over 4 minutes of resuscitation effort. Return
of spontaneous circulation (ROSC) was defined as sus-
tained supraventricular rhythm with MAP >50 mm Hg.

Postoperative Care

After ROSC, rats were mechanically ventilated with
fraction of inspired oxygen 1.0, tidal volume (Vi) 8 mL/
kg, positive end-expiratory pressure 5 cm H,O, and
respiratory rate adjusted to maintain normocapnia.
Epinephrine infusion was titrated to maintain MAP
>65 mm Hg. Controlled normothermia (36.5-37.5°C)
was maintained for 3 hours. At 3 hour RT, serum sam-
ples were obtained, rats were deeply anesthetized with
isoflurane 4%, and rats were perfused transcardially
with 250 mL of ice-cold heparinized normal saline. Rats
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were then decapitated, and hearts and brains were re-
moved and dissected into 4 regions of interest (ie, cor-
tex, hippocampus, striatum, and cerebellum). Individual
tissue samples were then snap frozen in liquid nitrogen
and stored at —70°C until further processing.

Cytokine Measurements

Tissues were then processed for cytokine assessment
using the Luminex-200 multiplex analyzer (Luminex,
Austin, TX) to simultaneously measure 10 cytokines
(tumor necrosis factor-a [TNF-q], interleukin 1a [IL-1a],
interleukin 1b [IL-1b], interleukin 2 [IL-2], interleukin 4 [IL-
4], interleukin 6 [IL-6], interleukin 10 [IL-10], interleukin
12 [IL-12], interferon-y, and granulocyte-macrophage
colony-stimulating factor [GMCSF]) using a rat-specific
kit (Millipore, Billerica, MA). All values were corrected for
protein concentration. The tissue was homogenized in
PBS by applying a Dounce homogenizer for 20 strokes.
The homogenate was then sonicated for 10 seconds for
3 times with an interval of 20 seconds, followed by cen-
trifugation at 16,000g for 30 minutes. The supernatant
was used for cytokine analysis. Protein levels in the su-
pernatants were measured using the BCA (bicinchoninic
acid) protein kit (Thermo Fisher Scientific Inc, Rockford,
IL). The samples were run singly. Data for individual cy-
tokines that were undetectable or out of range across
multiple groups, suggesting a problem with the assay,
are not shown (eg, interferon-y in serum or GMCSF lev-
els in all individual brain regions). The values beyond the
standard range were extrapolated automatically from
the calibration curve by the Luminex software. Cytokine
concentrations that were read as “out of range below”
were nominally assigned a value at one hundredth of
the lowest level on the calibration scale.

Biomarkers of Organ-Specific Injury
Biomarkers of neuronal injury (neuron-specific enolase
[NSE]) and glial injury (S100b) were assessed using
ELISA kits (MyBioSource catalog Nos. MBS028924
and MBS046922, respectively), according to manu-
facturer’s instructions. Myocardial injury was assessed
using rat-specific troponin-T ELISA kit (MyBioSource
catalog No. MBS269369).

Statistical Analysis

The analysis was performed using IBM SPSS Statistics
26.0 software (International Business Machines
Corporation, Armonk, NY). Data were tested for normal-
ity using the Kolmogorov-Smirnov test. All physiologic
and biochemical data are expressed as the mean+SD.
Cytokine levels are presented as median and the first
and the third quartile. The differences in cytokines
between groups were assessed using the Kruskal-
Walllis test, followed by the Mann-Whitney test with the
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Bonferroni post hoc correction. The differences in phys-
iological and biochemical values between groups were
evaluated with an ANOVA with the Bonferroni post hoc
correction (MAP, heart rate, and biochemical values) or
the Tukey post hoc test (NSE, S100b, and troponin T).
Changes in physiological and biochemical parameters
compared with baseline values were evaluated using a
paired-sample t test. Two-sided P values are reported.
P<0.05 was considered statistically significant.

RESULTS

Asphyxia resulted in =6+1 minute no flow. Ventricular
fibrillation resulted in immediate CA and no flow of
10 minutes (Figure 1). Three rats in the ACA group did
not achieve ROSC, whereas 2 rats in the VFCA group
did not achieve ROSC and 1 rat did not survive until
the planned euthanasia at 3 hours RT. These rats
were excluded from further analyses, for not achiev-
ing the study protocol. ROSC was achieved earlier

Cytokines After Cardiac Arrest

after ACA versus VFCA (42+18 versus 105+22 sec-
onds; P<0.001). Both ACA and VFCA resulted in
significant metabolic derangements versus baseline
values. Metabolic acidosis was more pronounced
and lactate levels were higher after VFCA versus
ACA. These derangements were gradually corrected
over time (Table 1). Heart rate and MAP were lower
in the early postarrest period after VFCA compared
with ACA. The total dose of epinephrine needed to
maintain MAP >65 mm Hg was 160+200 ug in ACA
versus 190+160 ug in VFCA group (P>0.05).

Brain

In general, brain cytokines in naive rats were low or un-
detectable. Isoflurane, anesthesia, and/or instrumen-
tation in sham controls had a modest effect on select
cytokines. Both ACA and VFCA resulted in robust in-
creases in select cytokines. However, no significant dif-
ferences in the amplitude of the cytokine increase were
observed between the 2 CA models. The following

start of resuscitati

't of no-flow in ACAZ

Figure 1.

Representative traces of ECGs (green line), arterial pressures (red line), and central

venous pressures (blue line) during ventricular fibrillation cardiac arrest (VFCA; top panel) and

asphyxial cardiac arrest (ACA; bottom panel).

No-flow time was defined as mean arterial pressure <10 mm Hg in the ACA model. ROSC indicates return

of spontaneous circulation.

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657
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Table 1. Biochemical and Hematological Values After 10 minute Asphyxial Cardiac Arrest (ACA) or Ventricular Fibrillation

Cardiac Arrest (VFCA)

BL RT5 RT60 RT120 RT180
HR, bpm SHAM 327+24 333+212 3244191 328+27 332+18'
ACA 321+22 386602 305+49° 327+39 350+38
VFCA 333+20 304+582 352+230f 333172 369+35
MAP, mmHg SHAM 89+8 909 83«11 85+9 90+11
ACA 91+10 139146 7716 83+20 8218
VFCA 91+8 11142 74211 80+12 79+15
pHa SHAM 7.39+0.06 7.38+0.03" 7.38+0.03 7.39+0.03 7.39+0.03
ACA 7.41+0.05 7.22+0.13 7.37+0.07 7.41+0.05 7.41+0.07
VFCA 7.42+0.03 7.18+0.19f 7.37+0.07 7.35+0.11 7.40+0.09
pa02, mmHg SHAM 208+43 2741124 399+759n 362196 427+48"
ACA 194435 235+63° 3224920 328+97 351+114"
VFCA 195+41 355+98° 324+86° 318+85 399+65
paCO2, mmHg SHAM 42479 41+5 41+5 38+4 38+49
ACA 39+5 39412 42+7 39+5 38+8
VFCA 36+69 33+13 38+6 37+9 3359
BE, mmol/L SHAM 1£2 —1£39K —2+2 —2+2 —2+42
ACA 0+2 114k 13 0+3 -1+2
VFCA -1x2 —15+69 -3+6 —2+7 -3+5
Hct SHAM 42+3 41+4 40+49 41+3 38+4
ACA 44+3 50+6°k 4415 43+6 39+7
VFCA 42+3 43+3° 44+4d 4416 4214
Glucose, mg/dL SHAM 221+112 191£112 169+111 157+87 163+58
ACA 156135 109482 127+18 15119 146158
VFCA 196+92 196+155 155+93 187+108 178+90
Lactate, mmol/L SHAM 0.7+0.4¢ 0.7+0.49% 0.6+0.4%% 0.9+0.5 1.0+0.6¢9
ACA 0.8+0.4 9.0+1.82K 3.0+1.3% 1.8+0.6! 1.4+0.6
VFCA 1.0£0.4 13.0+£5.8%9 6.3+6.0° 5.4+8.6 3.4+1.59

ACA vs. VFCA: a = p<0.05; b = p<0.01; ¢ = p<0.005; VFCA vs. sham: d = p<0.05; e = p<0.01; f = p<0.005; g = p<0.001; ACA vs. sham: h = p<0.05; i =
p<0.01; j = p<0.005; k = p<0.001. BE indicates base excess; BL, baseline; Hct, hematocrit; HR, heart rate; MAP, mean arterial pressure; pHa, arterial pH; and
RT, resuscitation time. Analysis of variance with the Bonferroni post hoc correction (n=12/group).

review of individual regions is presented from frontal
to dorsal regions, with P values given in the text for
overall between-group differences (Kruskal-Wallis test)
in individual cytokines. Differences between individual
groups are displayed in the corresponding figures.

Cortex

CA led to a significant increase in the major proinflam-
matory cytokines TNF-a (P=0.04), IL-1a (P<0.001),
IL-6 (P=0.001), and IL-12 (P=0.002), along with anti-
inflammatory IL-10 (P=0.01). In contrast, interferon-y
(P<0.001) levels were decreased after CA compared
with naive or sham control subjects (Figure 2).

Hippocampus

IL-1a (P<0.001), IL-6 (P=0.002), and IL-10 (P=0.004) lev-
els were increased after CA. A significant decrease
was again observed in interferon-y (P<0.001) after CA.

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657

Surprisingly, TNF-a (P=0.969) was not increased after
CA. IL-1b (P=0.019) levels were decreased after CA com-
pared with naive subjects. Levels of IL-12 (P=0.013) in-
creased slightly without reaching statistical significance
between groups. GMCSF was not detectable in any
group (Figure 3).

Striatum

The striatum showed the most pronounced proin-
flammatory response after CA, with increased TNF-a
(P=0.001), IL-1a (P<0.001), IL-6 (P=0.002), and IL-12
(0.002). IL-10 (P=0.002) was also increased after ACA.
Interferon-y (P<0.001) was decreased after CA versus
naive or sham controls (Figure 4).

Cerebellum

Il-1a (P<0.001), but not TNF-a (P=0.083) or IL-
1b (P=0.277), levels were increased after CA. IL-6
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(P=0.001), IL-10 (P=0.005), and IL-12 (P=0.001) lev-
els were increased, with statistical significance only
after VFCA compared with naive and/or sham con-
trols. Interferon-y (P=0.001) was decreased after CA.
GMCSF was not detectable (Figure 5).

Serum

Serum levels of most cytokines were increased after
CA over naive and/or sham controls. Significant
between-group differences were observed in the
concentration of TNF-q, IL-1a, IL-1b, IL-2, IL-4, IL-6,

Cytokines After Cardiac Arrest

IL-10, and IL-12 (all P<0.001). In contrast with brain
tissues, interferon-y was not detected but GMCSF
levels were increased after CA over sham controls
(P=0.002 between groups) (Figure 6).

Heart

Levels of both proinflammatory and anti-inflammatory
cytokines were increased after CA (except GMCSF and
interferon-y, which were detectable only in naive rats;
both P=0.01). Significant increases were observed
in TNF-a (P=0.007), IL-1b (P=0.014), I.-6 (P=0.002),
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Figure 2.
ventricular fibrillation cardiac arrest (VFCA).

Individual regional cytokine profile in cortex at 3 hours after 10 minutes asphyxial cardiac arrest (ACA) or

All values are given in pg/mg protein. The box plot represents 25" to 75th interquartile ranges, the line across the box plot represents
the median, and the whiskers are minimum-maximum values. The round marker and asterisk represent outliers. The thick line in each
panel signifies statistical difference between groups. The solid line represents P<0.05 between groups. The dashed line represents
P<0.01 between groups. IFN-y indicates interferon-y; IL, interleukin; and TNF-a, tumor necrosis factor-a.
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Figure 3. Individual regional cytokine profile in the hippocampus at 3 hours after 10 minutes asphyxial cardiac arrest (ACA)

or ventricular fibrillation cardiac arrest (VFCA).

All values are given in pg/mg protein. The box plot represents 25™ to 75th interquartile ranges, the line across the box plot represents
the median, and the whiskers are minimum-maximum values. The round marker and asterisk represent outliers. The thick line in each
panel signifies statistical difference between groups. The solid line represents P<0.05 between groups. The dashed line represents
P<0.01 between groups. IFN-y indicates interferon-y; IL, interleukin; and TNF-a, tumor necrosis factor-a.

IL-10 (P=0.005), and IL-12 (P=0.017). A strong trend
was identified in the analyses of IL.-1a concentration
(P=0.051) (Figure 7).

Biomarkers of Organ-Specific Injury
Significant differences between groups in serum bio-
markers of central nervous system (CNS) injury were
found for both NSE (P<0.001) and S100b (P=0.009)
and in the serum biomarker of myocardial injury, tro-
ponin T (P=0.003), with higher levels after CA versus
naive rats and/or sham controls (Table 2).

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657

Regional Differences in the Amplitude of
Cytokine Changes in Response to CA

To date, our measurements did not reveal robust dif-
ferences in cytokine levels across the 2 CA models.
However, there appeared to be regional differences in
the amplitude of the brain’s response to CA. This was
examined further by contrasting the changes in cytokine
concentrations (ie, the difference compared with sham
control subjects) across the 4 brain regions (Figures 8
and 9). The graphs of the relative (versus sham) changes
in cytokine levels give us the opportunity to detect
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Figure 4. Individual regional cytokine profile in the striatum at 3 hours after 10 minutes asphyxial cardiac arrest (ACA) or

ventricular fibrillation cardiac arrest (VFCA).

All values are given in pg/mg protein. The box plot represents 25" to 75th interquartile ranges, the line across the box plot represents
the median, and the whiskers are minimum-maximum values. The round marker and asterisk represent outliers. The thick line in each
panel signifies statistical difference between groups. The solid line represents P<0.05 between groups. The dashed line represents
P<0.01 between groups. IFN-y indicates interferon-y; IL, interleukin; and TNF-a, tumor necrosis factor-a.

region-specific and cross-regional effects. These analy-
ses revealed regional differences in interferon-y levels (P
value of main effect <0.001), with a more profound de-
crease in interferon-y after ACA and VFCA in the striatum
compared with the cortex and cerebellum, and less loss
of interferon-y in the cortex compared with hippocam-
pus (Figure 8A). No regional differences were noted in
the responses of Il-1a, IL-1b, IL-2, IL-4, and IL-6 to CA
(Figure 8A through 8F). In the ACA but not the VFCA ani-
mals, the increase in IL.-10 levels was higher in the stria-
tum than cerebellum (main effect P=0.021; Figure 8Q).
The amplitude of the change in TNF-a levels after both

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657

ACA and VFCA was higher in the striatum than hip-
pocampus (main effect P<0.001; Figure 8I). There was
no main effect of injury type in any brain region, confirm-
ing that ACA and VFCA induce equivalent changes in
brain cytokine levels. Similarly, there were no differences
between the 2 injury types in serum or heart, with the
exception of the magnitude of the IL-10 response, as IL-
10 increased to higher levels after VFCA compared with
ACA, in both serum and heart tissue (Figure 8J and 8K).
A comprehensive display of cross-organ cytokine re-
sponses reveals the magnitude of the cytokine response
in the serum and heart compared with the brain, and
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Figure 5. Individual regional cytokine profile in the cerebellum at 3 hours after 10 minutes asphyxial cardiac arrest (ACA)

or ventricular fibrillation cardiac arrest (VFCA).

All values are given in pg/mg protein. The box plot represents 25" to 75th interquartile ranges, the line across the box plot represents
the median, and the whiskers are minimum-maximum values. The round marker and asterisk represent outliers. The thick line in each
panel signifies statistical difference between groups. The solid line represents P<0.05 between groups. The dashed line represents
P<0.01 between groups. IFN-y indicates interferon-y; IL, interleukin; and TNF-a, tumor necrosis factor-a.

also highlights the brain regions with the most dramatic
changes (the striatum and cerebellum), which can be
contrasted with the less-responsive parts of the telen-
cephalic cortex (cerebral neocortex and hippocampal
archicortex; Figure 9).

DISCUSSION

The goal of the present study was to explore the
systemic, myocardial, and regional neuroinflamma-
tory cytokine signatures after 2 types of CA with
distinct neurological outcomes in both experimental

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657

and clinical settings. Naive rats and shams subjected
to anesthesia served as robust controls. In general,
brain cytokines in naive rats were low to undetect-
able. Isoflurane anesthesia and instrumentation in
sham controls had a distinct, but mild, effect on
selected cytokines. Both ACA and VFCA resulted
in robust increases in the concentration of selected
cytokines in the brain, heart, and serum, along with
increases in serum biomarkers of end-organ injury.
Unexpectedly, no significant differences in brain cy-
tokines were observed between the 2 CA models.
The no-flow time was shorter in the ACA model (ie,



Uray et al Cytokines After Cardiac Arrest
600 1000
5001 gog] T . 600 seeeeeeresessesssnsennnn
400 ’ ’
(1}
— S % . 2 400-
zZ 300 il '
= ) - 400 —_
200 . 200
100-| ; 200 ! l 5
o = Q - = - = £
T \ T 1 T 1 I I T T I I
NAIVE SHAM ACA VFCA NAIVE SHAM ACA VFCA NAIVE SHAM ACA VFCA
4000 3 10000
,,,,,,,,,,,,,,,,,,,,,,,,,,, .
8000
3000 1.00—
6000
N | ©
—J 2000~ 3 4 . =
50+ i i 4000
1000 |
@ 25 @ 2000 i
0 & é .00 0 T T : :
T T T T T T T T T
NAIVE SHAM ACA VFCA NAIVE SHAM ACA VFCA NAIVE SHAM ACA VFCA
2000 6000 i 7 o
......................... 5000
1500 e
40001 LL
o N ) 30
: 1000 5 : 3000 O
-_— —_— = 20
2000 Q (O]
500
% 1000 q:f 107 &]
0 = 0 0 =
I | | I I I I | T | | |
NAIVE SHAM ACA VFCA NAIVE SHAM ACA VFCA NAIVE SHAM ACA VFCA
Figure 6. Individual regional cytokine profile in serum at 3 hours after 10 minutes asphyxial cardiac arrest (ACA) or

ventricular fibrillation cardiac arrest (VFCA).

All values are given in pg/mL. The box plot represents 25" to 75th interquartile ranges, the line across the box plot represents the
median, and the whiskers are minimum-maximum values. The round marker and asterisk represent outliers. The thick line in each
panel signifies statistical difference between groups. The solid line represents P<0.05 between groups. The dashed line represents
P<0.01 between groups. GMCSF indicates granulocyte-macrophage colony-stimulating factor; IL, interleukin; and TNF-a, tumor

necrosis factor-a.

~B6 minutes versus 10 minutes in the VFCA model),
although the total insult times were equivalent when
considering the hypoxemic interval preceding no flow
in the ACA model. This observation implies that the
hypoxic perfusion before no flow in the ACA model
substantially contributes to the resulting injury, both
systemically and in key target organs after resuscita-
tion, such as the heart and brain. The contribution of
the hypoxic perfusion preceding no flow in the ACA
model also gains importance when considering that
the resuscitation phase was longer in the VFCA group
than in the ACA group. Thus, shorter duration of ACA

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657

appears to generate greater brain injury than VFCA.
Prior work examining NSE and S100b within the first
24 hours after resuscitation demonstrated higher lev-
els in the ACA group.® Similar to prior observations,
VFCA resulted in greater early shock® because of
myocardial dysfunction,® producing increased meta-
bolic acidosis and decreased MAP, but not myocar-
dial tissue injury, based on troponin levels. However,
we did not detect any differences in biomarkers of
CNS or myocardial injury between CA groups.

The mechanistic role of inflammatory cytokines
after CA remains controversial. Cytokines may be
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Figure 7. Individual regional cytokine profile in the heart at 3 hours
after 10 minutes asphyxial cardiac arrest (ACA) or ventricular fibrillation
cardiac arrest (VFCA).

All values are given in pg/mg protein. The box plot represents 251 to 75th interquartile
ranges, the line across the box plot represents the median, and the whiskers are
minimum-maximum values. The round marker and asterisk represent outliers. The
thick line in each panel signifies statistical difference between groups. The solid line
represents P<0.05 between groups. The dashed line represents P<0.01 between
groups. GMCSF indicates granulocyte-macrophage colony-stimulating factor;
IFN-y, interferon-y; IL, interleukin; and TNF-a, tumor necrosis factor-a.
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Table 2. Levels of NSE, S100b, and TnT at 3 Hours After
10 Minutes ACA or VFCA

Variable Naive Sham ACA VFCA
NSE, ng/mL 0.010.02 | 0.08+£0.03 | 0.1+£0.04* | 0.14+0.07*t
S100b, pg/mL 21.8+0.6 22.8+1.6 25.4+1.1 29.2+7.2%F
TnT, pg/mL 4.4+1.2 4.8+1.2 6.9+1.28 74423+

ANOVA with the Tukey post hoc test (n=6-8/group) was performed.
ACA indicates asphyxial cardiac arrest; NSE, neuron-specific enolase; TnT,
troponin T; and VFCA, ventricular fibrillation cardiac arrest.

*P<0.01 vs naive.

P<0.01 vs sham.

+P<0.05 vs sham.

5P<0.05 vs naive.

viewed both as stress-responsive biomarkers cor-
related with CA outcomes, but also as therapeutic
targets that modify tissue injury, repair, and recovery.
Furthermore, most cytokines appear to play a pleio-
tropic role, acting as both prodegenerative factors and
trophic molecules, depending on the cellular context
and the extracellular milieu. Individual cytokines are
often classified as “proinflammatory” (eg, TNF-q, IL-1,
or IL-6), whereas others are typically viewed as “anti-
inflammatory” (eg, IL-10). It is likely, however, that this
binary view is oversimplified, as it fails to take into con-
sideration factors such as tissue concentration and
cellular context as well as possible differential effects
based on the time of appearance after the initial in-
jury. For example, low TNF-a levels promote neuro-
nal differentiation and improve myocyte function, but
higher levels are deleterious after injury. This nonlinear
concentration-dependent response is further com-
plicated by the binding of TNF-a to 2 cell receptors:
tumor necrosis factor receptor 1 or tumor necrosis fac-
tor receptor 2. Cell death signaling is initiated by tumor
necrosis factor receptor 1-mediated activation of nu-
clear factor-kB and/or several additional nondeath sig-
naling pathways.” In contrast, TNF-a binding to tumor
necrosis factor receptor 2 forms a complex inhibiting
the inflammatory reaction.®='° Traditionally, TNF-a is
considered a “primary” cytokine that can stimulate pro-
duction of other cytokines, such as IL-1,"" but this se-
quence can also be reversed' and/or fueled by other
proinflammatory factors, such as interferon-y."® Aside
from these subtle biological strategies, multiple CNS-
resident cells are capable of producing cytokines, and
the CNS is engaged in cross talk with extracerebral

Cytokines After Cardiac Arrest

organs subjected to systemic and organ-specific in-
flammation. For these reasons, systemic inflammation
and neuroinflammation after CA remain active areas
of investigation in resuscitation science.'*'® Thus, we
have defined both neuronal and systemic inflammatory
response to CA in 2 established rodent models that
represent clinically relevant CA phenotypes.

In the present study, the concentration of most cy-
tokines was higher after CA, whether proinflammatory
or anti-inflammatory. In addition, we have demon-
strated significant spatial differences across differen-
tially vulnerable regions, in that the striatum displayed
the most profound changes in interferon-y and TNF-a.
On the other hand, the amplitude of the cytokine re-
sponse was similar for the 2 CA models, despite un-
equal no-flow times. Similar NSE, S100b, and troponin
T levels further support the comparable degree of se-
verity of these insults. Previous studies demonstrated
brain region-specific cytokine responses in the VFCA
model of shorter durations (6 and 8 minutes VFCA)."®
In the current study, we extended the no-flow time to
10 minutes to maximize the cytokine response, as the
effects appeared to be dose dependent. Herein, we
have reproduced the unique cytokine signatures after
VFCA and, surprisingly, discovered a lack of robust
differences across CA phenotypes. Similar patterns
were also observed in our model of exsanguination CA
rescued with extracorporeal cardiopulmonary resus-
citation.?® As we have previously shown, ACA results
in increased histological injury compared with similar
duration of VFCAS3; the lower levels of cytokines ob-
served early after CA may precede later rises driven
by cell death. Thus, the concept of early inflammation
as a cause of greater ACA brain injury, as opposed to
the result of greater injury, cannot be supported by our
observation.

Brain cytokine levels in naive rats were low or below
the limits of detection, except for interferon-y and IL-
1b. We also included a sham group, as prior studies
had indicated that prolonged exposure to anesthesia?®'
and/or surgery can induce both systemic and brain-
specific cytokine responses.?25 In sham rats, levels
of select cytokines were higher than in naive rats (ie,
I.-2 and IL-4) across all brain regions, which may be
the effect of either surgery or extended anesthesia
duration.?6:27

Figure 8. Regional differences in cytokine responses at 3 hours after 10 minutes asphyxial cardiac arrest (ACA) or ventricular
fibrillation cardiac arrest (VFCA).

All values are given in pg/mg protein. Cytokine concentrations are displayed as differences between indicated groups and sham
control subjects (demarcated as a dotted horizontal line). Violin plots illustrate the median, 25" to 75th interquartile ranges, and density
estimations of data distributions. Heat maps above each graph depict the median cytokine concentrations. Each blue diamond and
red square denotes an individual animal experiencing ACA and VFCA, respectively. The thick line in each panel signifies statistical
difference between groups. The solid line represents P<0.05 between groups. The dashed line represents P<0.01 between groups.
Individual panels are as follows: interferon-y (IFN-y) (A); interleukin (IL)-1a (B); IL-1b (C); IL-2 (D); IL-4 (E); IL-6 (F); IL-10 (G); IL-12 (H);
tumor necrosis factor-a (TNF-a) (I); IL-10 in serum (J); and IL-10 in heart (K). C indicates cortex; CA, cardiac arrest; CB, cerebellum;
HPC, hippocampus; and STR, striatum.

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657 12
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Striatal TNF-a levels were robustly increased by
CA, in agreement with prior studies in our laboratory,
demonstrating a unique and reproducible neuroinflam-
matory response in this brain region early after CA. In

contrast, hippocampal levels of TNF-a remained low.
Although the striatum and hippocampus harbor highly
vulnerable medium spiny and CA1 neurons, respec-
tively, they exhibit markedly different early TNF-a profiles
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Figure 9. Stacked bar charts illustrating cross-organ cytokine responses at 3 hours after 10 minutes asphyxial cardiac

arrest (ACA) or ventricular fibrillation cardiac arrest (VFCA).

All values are presented in pg/mg protein, compared with sham measurements (demarcated as dotted vertical line). Upper panels
depict brain, heart, and serum cytokine levels (ACA [A]; VFCA [B]), to emphasize the scale of the serum cytokine responses. Lower
panels depict only brain and heart cytokine levels for clarity (ACA [C]; VFCA [D]). CA indicates cardiac arrest; IFN-y, interferon-y; IL,

interleukin; and TNF-q, tumor necrosis factor-a.

after resuscitation. Both IL-1a and IL-6, other prominent
proinflammatory cytokines, were increased after CA
across all regions. Anti-inflammatory cytokine IL-10
was also increased after CA across regions, suggest-
ing that both proinflammatory and anti-inflammatory
cascades operate simultaneously. Surprisingly, IL-1b
was not affected by CA in either of our models. IL-12
levels were increased after CA in cortex, striatum, and
cerebellum but not in hippocampus. Low levels of in-
terferon-y were seen in both naive and sham subjects
and decreased after CA, particularly in the striatum. In
our prior study in rats subjected to VFCA, levels of IL-12
decreased from =5 to 1 to 2.5 pg/mg protein between
3 and 6 hours. The levels of interferon-y remained at
the same level of =0.5 pg/mg protein between 3 and
6 hours.'® Thus, our current findings of decreased in-
terferon-y may be interpreted with caution and warrant
further clarifications. Technical differences between
the experiments (ie, animal models and laboratory
techniques) could have played a role.

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657

IL-12 represents one of the most potent regulators
of interferon-y production in T-helper type 1 cells. The
blood-brain barrier does not seem to be disrupted in
our CA-induced global brain ischemia model,?® con-
trasting the situation in a focal brain ischemia model?®
in which T-helper type 1 cells invade the lesion and
could be responsible for the cytokine production, in-
cluding IL-12 and interferon-y. We have not attempted
to identify the cell source of the cytokines in our cur-
rent study. We have previously identified various CNS
cells as sources of individual cytokines in the brain.!®:2°
CNS-originating cytokines may exhibit a distinct time
course that may not correlate with systemic cytokine
response by extracerebrally originating cytokines.
This may need to be evaluated in future longitudinal
studies.

In a clinical study of systemic inflammatory re-
sponse syndrome after out-of-hospital CA, neither IL-
12 nor interferon-y was associated with mortality at any
time point (at admission or at 24, 48, or 72 hours).% It
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seems that neither IL-12 nor interferon-y represents key
players determining outcome from CA in the early re-
covery phases. In contrast, IL.-6 was higher in nonsur-
vivors. It remains to be determined whether IL-6 acts
as a biomarker of end-organ injury, or if it represents a
therapeutic target that could affect the outcome.

A limited number of studies have explored brain
tissue cytokines in preclinical models of CA and have
yielded conflicting results. In a rodent model of CA, ce-
rebrospinal fluid levels of TNF-a or IL-6 could not be
detected.®! In a porcine model of VFCA, serum levels
of TNF-a did not correlate with cerebrospinal fluid lev-
els, consistent with the concept of immune privilege
of the CNS.%? Saito et al reported early increases in
“primary” proinflammatory cytokines TNF-a, IL-1b, and
IL-6 in brain after transient global ischemia in gerbils.33
Yasuda et al reported the most comprehensive long-
term brain cytokine profile using a 4-vessel occlusion
isolated global brain ischemia model in rats. Most cy-
tokines were increased in a delayed phase (7-21 days)
but not at 6 hours, and earlier time points were not in-
vestigated.®* Taken together, there may exist 2 distinct
therapeutic windows for cytokine modulation after CA,
one targeting the early response after reperfusion, and
the other targeting delayed neuroinflammation and/or
regeneration in survivors.

Microglia are considered the primary CNS-resident
immunocompetent cells. However, we previously re-
ported that the cellular source of the early TNF-a in-
crease after VFCA was neuronal,’” whereas IL-1a
and IL-12 colocalized with astrocyte markers. Hence,
microglia may not be the major source of brain cy-
tokines in our CA models at this early stage.?® Other
CNS-resident cells may produce cytokines in delayed
phases of neuroinflammation.®®

Systemically, ischemia-reperfusion acts as a pow-
erful stimulus for leukocytes, which rapidly respond
with massive production of cytokines that negatively
affect extracerebral organs and vascular endothe-
lium, resulting in organ dysfunction and increased
vascular permeability in post-CA syndrome. We have
observed a marked increase in serum cytokines mea-
sured in the 2 CA models. This overwhelming cyto-
kine response is unique, as prior studies yielded mixed
results. In a porcine model of VFCA, systemic TNF-a
was detected early (15 minutes RT) after reperfusion,
and its peak levels coincided with maximal myocar-
dial depression. TNF-a levels returned to baseline at
3 hours RT. IL-6 remained unchanged over the course
of 6 hours.®® In contrast, in a recent study on porcine
VFCA, both TNF-a and IL-6 levels were increased at
5 minutes RT and continued to rise over 6 hours.*” Our
current results show that TNF-a levels were increased
at 3 hours, compared with naive controls. However,
we cannot rule out that TNF-a peaked even earlier,
and that the levels were already decreasing. IL-6 was

J Am Heart Assoc. 2021;10:e018657. DOI: 10.1161/JAHA.120.018657
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increased at 3 hours over both naive and sham con-
trols. The observation that serum levels peak early is
supported by prior work in rats subjected to 6 minutes
VFCA. Those studies failed to show increased levels of
IL-6, IL-10, or TNF-a from 6 hours until 7 days, whereas
IL-1b was increased at 6 and 24 hours but not at later
time points.®® Similarly, Wender et al did not observe
increased serum TNF-a levels past 24 hours in a rat
CA model.®® Yang et al reported that serum IL-6 and
TNF-a levels were both increased at 6 hours after
6 minutes VFCA in rats. Although the severity of the
no flow was identical, resuscitation was prolonged.*®
It is thus conceivable that serum cytokine levels would
have been increased even in this milder insult at ear-
lier time points, and the levels reflect also resuscitation
characteristics. In the present work, NSE and S100b
levels were increased 3 hours after VFCA and ACA, but
not to different degrees, suggesting that any distinc-
tions between these injuries might not be manifested
in these biomarkers until later time points.

Multiple cytokines are thought to mediate cardiac
dysfunction in post-CA syndrome. The exact mecha-
nisms of action of individual cytokines on the heart have
not been fully explored. TNF-a—induced Ca*™ mishan-
dling, overproduction of NO via inducible NO synthe-
tase induction, and desensitization of 3 receptors have
all been implicated in cardiovascular dysfunction and
cardiomyocyte apoptosis.*"#? |L-1a is released directly
from necrotic cardiomyocytes, whereas IL-1b is re-
leased by activated leukocytes, and both contribute to
cardiac dysfunction. We have documented increases
in several cytokines, including TNF-a and IL-1b, within
cardiac tissue after both ACA and VFCA. No differ-
ences in cytokines or troponin T were seen across the
2 CA models. The myocardial dysfunction and shock
observed in VFCA exceeded that of ACA in the first 5
to 60 minutes after ROSC but by the time of cytokine
assay had resolved, which may explain the similarity.

Our study has several limitations. Cytokine sig-
natures were explored at a single time point (3 hours
RT), based on our prior study on VFCA, in which we
explored both early (3 and 6 hours RT) and late peri-
ods (14 days).”® In that study, earlier time points showed
more robust cytokine response than later time points,
providing the rationale for focusing on changes in the
acute stages of injury in the present work. Hence, we
have focused on proteins already present at this early
time point, as proteins are the workhorses of the cell
and they could directly aggravate or ameliorate the
ischemia-reperfusion injury. Other methods (eg, quan-
titative reverse transcription—polymerase chain reaction)
may have detected additional temporal-spatial cytokine
signatures. However, an increase in mRNA may not fully
translate into increased protein levels. A comprehensive
temporal analysis of cytokine response to CA should
be evaluated in future longitudinal studies. We did not
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adjust for multiple comparisons in our statistical analy-
sis. We cannot exclude that some of the significant dif-
ferences may have been caused by chance alone.

Another limitation of the present study is that we only
studied healthy young male rats. More pronounced
systemic cytokine responses have been observed
after ACA in aged rats.®! A significant sex difference
in plasma cytokine responses to CA has also been re-
ported.®® We were unable to truly “match” the insults
despite matching the total insult duration. Our findings
represent associations; without inhibitor or knockdown
studies, the mechanism of these cytokines, signaling
injury or protection, cannot be established.

In conclusion, we have demonstrated that ACA
and VFCA are associated with similar early systemic
and region-specific cytokine responses in the brain.
Despite a shorter duration of no flow in the ACA model
than the VFCA model, a similar biomarker injury profile
was also observed. Our findings suggest that thera-
peutic strategies to manipulate these cytokines may
have similar merit across these 2 CA phenotypes. As
most patients experiencing CA die within days, largely
from acute neurologic injury, the early-stage cytokine
storm may play a significant role in morbidity and mor-
tality, representing a valid therapeutic target for both
ACA and VFCA.
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