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Oxyhaemoglobin Level Measured
Using Near-Infrared Spectrometer
Is Associated with Brain
Mitochondrial Dysfunction After
Cardiac Arrest in Rats
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Kei Hayashida, Tomoaki Aoki, Tai Yin,
Takeyuki Kiguchi, Taku Iwami, and Lance B. Becker

Abstract

Cerebral blood oxygenation (CBO), measured
using near-infrared spectroscopy (NIRS), can
play an important role in post-cardiac arrest
(CA) care as this emerging technology allows
for noninvasive real-time monitoring of the
dynamic changes of tissue oxygenation. We
recently reported that oxyhaemoglobin (oxy-
Hb), measured using NIRS, may be used to
evaluate the quality of chest compressions by
monitoring the brain tissue oxygenation,
which is a critical component for successful
resuscitation. Mitochondria are the key to
understanding the pathophysiology of post-
CA oxygen metabolism. In this study, we
focused on mitochondrial dysfunction, aiming
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to explore its association with CBO parame-
ters such as oxy-Hb and deoxyhaemoglobin
(deoxy-Hb) or tissue oxygenation index
(TOI). Male Sprague-Dawley rats were used
in the study. We applied NIRS between the
nasion and the upper cervical spine. Following
10 min of CA, the rats underwent cardiopul-
monary resuscitation (CPR) with a bolus
injection of 20 pg/kg epinephrine. At 10 and
20 min after CPR, brain, and kidney tissues
were collected. We isolated mitochondria
from these tissues and evaluated the associa-
tion between CBO and mitochondrial oxygen
consumption ratios. There were no significant
differences in the mitochondrial yields (10 vs.
20 min after resuscitation: brain, 1.33 + 0.68
vs. 1.30 £ 0.75 mg/g; kidney, 19.5 £ 3.2 vs.
16.9 + 5.3 mg/g, respectively). State 3 mito-
chondrial oxygen consumption rates, known
as ADP-stimulated respiration, demonstrated
a significant difference at 10 vs. 20 min after
CPR (brain, 170 = 26 vs. 115 = 17 nmol/min/
mg protein; kidney, 170 +20 vs. 130 + 16 nmol/
min/mg protein, respectively), whereas there
was no significant difference in ADP non-
dependent state 4 oxygen consumption rates
(brain, 34.0 £ 6.7 vs. 31.8 = 10 nmol/min/mg
protein; kidney, 29.8 £4.8 vs. 21.0 £ 2.6 nmol/
min/mg protein, respectively). Consequently,
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the respiratory control ratio (RCR = state 3/
state 4) showed a significant difference over
time, but this was only noted in the brain
(brain, 5.0 = 0.29 vs. 3.8 = 0.64; kidney,
5.8 £ 0.53 vs. 6.2 = 0.25 nmol/min/mg pro-
tein, respectively). The oxy-Hb levels had a
dynamic change after resuscitation, and they
had a significant association with the RCR of
the brain mitochondria (r = 0.8311,
p = 0.0102), whereas deoxy-Hb and TOI did
not (r = —0.1252, p = 0.7677; r = 0.4186,
p =0.302, respectively). The RCRs of the kid-
ney mitochondria did not have a significant
association with CBO (oxy-Hb, r = —0.1087,
p =0.7977; deoxy-Hb, r =0.1565, p=0.7113;
TOIL, r = —0.1687, p = 0.6896, respectively).
The brain mitochondrial respiratory dysfunc-
tion occurred over time, and it was seen at the
time points between 10 and 20 min after
CPR. The oxy-Hb level was associated with
brain mitochondrial dysfunction during the
early post-resuscitation period.
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1 Introduction

Recent guidelines for cardiopulmonary resuscita-
tion (CPR) state that high-quality CPR plays a
key role in improving patient survival from car-
diac arrest (CA) [1]. Previously, we introduced
that the oxyhaemoglobin (oxy-Hb) levels
between CA and during CPR have the potential
to evaluate the quality of CPR in a rat CA model
[2]. We also showed that near-infrared spectros-
copy (NIRS) identified a decrease in oxy-Hb
after the return of spontaneous circulation
(ROSC), and this result has the potential to aid
understanding of the mechanism of how and why
adrenaline interferes with the improvement of
neurological outcomes post-CA [3]. In this study,
we focused on the relationship between mito-
chondrial function and cerebral blood

oxygenation (CBO) parameters, including oxy-
Hb, after CA.

2 Methods

2.1 Animal Preparation

The Institutional Animal Care and Use
Committees of the Feinstein Institutes for
Medical Research approved the study protocol.
The details of the methods for a rat asphyxia CA
model have been described previously [4, 5].
Briefly, adult male Sprague-Dawley rats (450—
550 g, Charles River Laboratories) were anaes-
thetised with 4% isoflurane (Isosthesia,
Butler-Schein AHS) and intubated with a 14-gage
angio catheter (Surflo, Terumo Medical
Corporation). Anaesthesia was maintained with
isoflurane 2% at a fraction of inspired O, (FiO,)
of 0.3 under mechanical ventilation. The left
femoral artery was cannulated (sterile polyethyl-
ene-50 catheter inserted for 20 mm) for continu-
ous arterial pressure monitoring. The oesophageal
temperature was maintained at 36.5 + 1.0 °C dur-
ing the surgical procedure. The left femoral vein
was cannulated with a polyethylene-50 catheter,
which was advanced into the inferior vena cava
for drug infusion. We attached a NIRS (NIRO-
200NX, Hamamatsu Photonics, Japan) from the
nasion to the upper cervical spine of the rats. The
distance between the emission and the detection
probes was 3 cm. We examined the mean arterial
pressure (MAP) and oxy/deoxy-Hb and tissue
oxygenation index (TOI). The NIRS device
recorded the oxygen saturation level (TOI) and
the changes in concentration of oxy-Hb and
deoxy-Hb in real-time (100 Hz). Data averaged
every 20 s were used. After instrumentation
setup, the neuromuscular blockade was achieved
by slow intravenous administration of 2 mg/kg of
vecuronium bromide (Hospira, USA). Asphyxia
was induced in the rats by switching off the ven-
tilator, and CA normally occurred 3—4 min after
asphyxia started. We defined CA as a MAP below
20 mmHg; CA was completely untreated for
10 min after asphyxia. Mechanical ventilation
was restarted at a FiO, of 1.0, and manual CPR
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was delivered to the CA animals. Chest compres-
sions were performed at a rate of 240-300 per
min. At 30 s after the beginning of CPR, a 20 pg/
kg bolus of adrenaline was given to the animals
through the venous catheter. Following ROSC, to
evaluate the brain mitochondrial dysfunction in
conjunction with the measurement of CBO, we
sacrificed the rats and collected the tissues at
two-time points: 10 min and 20 min after CPR.
Concerning CBO, we calculated the delta, which
was the difference between the current average
and the average of the end of the asphyxia period
regarded as a baseline.

Isolation of Mitochondria
and Evaluation

of Mitochondrial Respiratory
Function

2.2

All operations were performed at 4 °C. Harvested
tissues were immediately placed in a mitochon-
drial isolation buffer (MESH) composed (in mM)
of 210 mannitol, 70 sucrose, 10 Hepes, and 0.2
EGTA at pH 7.3 with 0.2% w/v fatty acid free-
BSA (MESH-BSA). The tissue was blot-dried on
filter paper, weighed, and placed in MESH-
BSA. Low-speed centrifugation was set at
5600 x g for 1 min, and high-speed centrifuga-
tion was set at 12,000 x g for 6 min. Finally, the
mitochondrial yields were expressed as mg mito-
chondrial protein/g tissue. For mitochondria iso-
lation, the tissues were diluted in MESH-BSA for
homogenisation. The homogenate was centri-
fuged at low speed, and the supernatant was col-
lected. This supernatant was then centrifuged at
high speed. The supernatant was gently decanted
with pipettes without disturbing the mitochondria
pellet. Finally, the pellet was resuspended in
MESH without BSA and centrifuged at high
speed. The mitochondria pellet was suspended,
and the mitochondrial concentration was deter-
mined by the BCA assay using BSA as the stan-
dard. Concerning the method of measuring
oxygen consumption rate (OCR), we used a
Clark-type oxygen electrode (Strathkelvin,
Motherwell, UK). Mitochondria were assayed in
an assay buffer containing 80 mM KCI, 50 mM

MOPS, 1 mM EGTA, 5 mM KH,PO,, and 1 mg
defatted BSA/mL at pH 7.4. ADP-dependent
(state 3), ADP-limited (state 4), and DNP-
dependent (uncoupled) OCR were measured at
30 °C in 150 pL of the mitochondrial suspension
(0.5 mg/mL) using glutamate + malate as sub-
strates. Rates of substrate oxidation were
expressed as nano-atoms oxygen consumed/
minute/mg mitochondrial protein [6, 7].

23 Statistical Analysis

Data are presented as mean and standard devia-
tion. The Mann—Whitney U test was used to com-
pare variables between two independent groups.
Other values were compared between the groups
using the one-way analysis of variance with post-
hoc analysis using Tukey’s test. In the compari-
son of multiple parameters, correlation coefficient
(r) values were collected. All statistical analyses
were conducted using JMP (version 10.1 soft-
ware: SAS Institute, Cary, NC, USA). P-values
less than 0.05 were considered statistically
significant.

3 Results

ROSC was achieved in all animals. First, we
determined the mitochondrial respiratory func-
tion by comparing the 10-min post-CPR group
with the 20-min post-CPR group. Regarding the
yield of isolated tissues, there was no significant
difference between the two groups (brain,
1.33 = 0.68 and 1.30 = 0.75 mg/g; kidney,
19.5 = 3.2 and 16.9 = 5.3 mg/g, respectively).
Regarding state 3 OCR, there were significant
differences in both brain and kidney tissues
between the two groups (brain, 170 + 26 and
115 £ 17 nmol/min/mg protein; kidney, 170 + 20
and 130 + 16 nmol/min/mg protein, respectively).
Regarding state 4 OCR, there was no significant
difference among the groups (brain, 34.0 = 6.7
and 31.8 = 10 nmol/min/mg protein; kidney,
29.8 £ 4.8 and 21.0 + 2.6 nmol/min/mg protein,
respectively). Regarding the respiratory control
ratio (RCR), there was a significant difference in
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Fig. 1 The dynamic changes of the mean arterial pres- compression. The delta is the difference between the cur-

sure and differences in cerebral blood oxygenation,
including oxyhaemoglobin and deoxyhaemoglobin and
tissue oxygenation index, during the three types of chest
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Fig. 2 The evaluation of mitochondrial respiratory function isolated in the brains and kidneys of the animal models.
10 min, 10-min-after-CPR; 20 min, 20-min-after-CPR. #P < 0.05 compared with the 20-min-after-CPR group

the brains between the two groups (brain,
5.0 £ 0.29 and 3.8 + 0.64; kidney, 5.8 + 0.53 and
6.2 + 0.25 nmol/min/mg protein, respectively)
(Fig. 1). We next evaluated the MAP and CBO by
comparing the 10-min post-CPR group with the
20-min post-CPR group, which did not reveal
any significant differences between the groups
among all parameters (MAP, 107 + 35 and
141 £ 21 mmHg, p = 0.107; delta oxy-Hb,
23.1+4.0and 19.1 £ 7.2 nmol/L, p =0.552; delta
deoxy-Hb, —25.4 + 6.7 and —20.8 + 9.0 nmol/L,
p = 0.445; delta TOI, 35.8 + 4.4 and 29.9 + 7.3%,
respectively) (Fig. 2). Finally, we examined the

correlation between brain mitochondrial function
and CBO. Concerning the brain mitochondria,
only oxy-Hb showed a significant correlation
with the RCR (r = 0.8311, p = 0.0102), whereas
deoxy-Hb and TOI did not show a significant cor-
relation with the RCR (r = —0.1252, p = 0.7677,
r = 0.4186, p = 0.302, respectively) Concerning
the kidney mitochondria, none of the CBO
parameters showed a significant correlation with
the RCR (oxy-Hb, r = —0.1087, p = 0.7977,
deoxy-Hb, r = 0.1565, p = 0.7113; TOI,
r=-0.1687, p = 0.6896, respectively) (Table 1).
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4 Discussion

This experiment reported here demonstrates that
the dynamic change of oxy-Hb was associated
with the RCR of the brain mitochondria but not
that of the kidney. This is the first study of its
kind that investigated the relationship between
oxy-Hb and mitochondrial dysfunction after
CPR. Our previous study has revealed that the
values of oxy-Hb during the CPR phase could
support the quality of CPR. Some studies have
brought up the concept of evaluating brain mito-
chondrial dysfunction by using NIRS. One of the
novel methods utilised CBO and brain
cytochrome-c-oxidase [8], and NIRO was
reported in a clinical study [9]. Utilising NIRS
measurements is difficult due to the large vari-
ability of CBO between individuals. To adjust for
differences between individuals, we standardised
the values of CBO with itself during CA (asphyx-
iation). Previously, our study showed that the
CBO, as detected by NIRS and MAP, had similar
levels between 10 and 20 min after CPR. Thus, in
this study, we determined whether NIRS could
serve as a monitor for the ischemic-reperfusion
acute phase 10 and 20 min after CPR. The pres-
ent study has several limitations. The CBO and
mitochondrial dysfunction should be compared
not only at two-time points but also at additional
time points, which may be realised in future stud-
ies. The extent to which ischemic and reperfusion
injuries are involved also needs to be evaluated.
The evaluation of mitochondrial dysfunction
other than that from oxygen consumption mea-
surements, or the evaluation of brain damage
based on nonmitochondrial mechanisms, should
also be conducted. For example, it might be help-
ful to measure mitochondrial enzyme activities
such as citrate synthetase [10] to further evaluate
the health status /quality of the isolated mito-
chondria at the two time points used in this study.
Additionally, it is necessary to investigate
whether the levels of oxy-Hb in other organs are
correlated with the level of mitochondrial dys-
function in those organs.

5 Conclusion

Oxy-Hb has the potential to correlate with the
brain mitochondrial dysfunction and Oxy-Hb
may be a useful parameter of the post-CA
syndrome.
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