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a b s t r a c t

Aim of the study: Sudden cardiac arrest (CA) is one of the leading causes of death worldwide. Previously
we demonstrated that administration of sodium sulfide (Na2S), a hydrogen sulfide (H2S) donor, markedly
improved the neurological outcome and survival rate at 24 h after CA and cardiopulmonary resuscitation
(CPR) in mice. In this study, we sought to elucidate the mechanism responsible for the neuroprotective
effects of Na2S and its impact on the long-term survival after CA/CPR in mice.
Methods: Adult male mice were subjected to potassium-induced CA for 7.5 min at 37 ◦C whereupon CPR
was performed with chest compression and mechanical ventilation. Mice received Na2S (0.55 mg kg−1

i.v.) or vehicle 1 min before CPR.
Results: Mice that were subjected to CA/CPR and received vehicle exhibited a poor 10-day survival rate
(4/12) and depressed neurological function. Cardiac arrest and CPR induced abnormal water diffusion in
the vulnerable regions of the brain, as demonstrated by hyperintense diffusion-weighted imaging (DWI)
24 h after CA/CPR. Extent of hyperintense DWI was associated with matrix metalloproteinase 9 (MMP-9)

activation, worse neurological outcomes, and poor survival rate at 10 days after CA/CPR. Administration
of Na2S prevented the development of abnormal water diffusion and MMP-9 activation and markedly
improved neurological function and long-term survival (9/12, P < 0.05 vs. Vehicle) after CA/CPR.
Conclusion: These results suggest that administration of Na2S 1 min before CPR improves neurological
function and survival rate at 10 days after CA/CPR by preventing water diffusion abnormality in the brain
potentially via inhibiting MMP-9 activation early after resuscitation.

© 2012 Elsevier Ireland Ltd. All rights reserved.
. Introduction

Sudden cardiac arrest (CA) is a leading cause of death
orldwide.1 Despite advances in cardiopulmonary resuscitation

CPR) methods,2,3 about 10% of adult out-of-hospital CA victims
urvive to hospital discharge,4 and up to 60% of survivors have mod-
rate to severe cognitive deficits 3 months after resuscitation.5 To

ate, no pharmacological agent is available to improve outcome
rom post-CA syndrome.

� A Spanish translated version of the abstract of this article appears as Appendix
n the final online version at doi:10.1016/j.resuscitation.2012.02.020.
∗ Corresponding author at: Department of Anaesthesia and Critical Care, Mas-

achusetts General Hospital, 149 13th Street, 4315, Charlestown, MA 02129, USA.
el.: +1 617 643 0987; fax: +1 617 643 4490.

E-mail address: fichinose@partners.org (F. Ichinose).

300-9572/$ – see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.resuscitation.2012.02.020
Hydrogen sulfide (H2S) is a colorless gas with a characteristic
rotten-egg odor.6,7 It has been reported that administration of an
H2S donor (Na2S) attenuates myocardial ischemia-reperfusion (IR)
injury in rodents8 and pigs.9 Along these lines, we have recently
reported that administration of Na2S 1 min before CPR markedly
improved neurological outcome and survival 24 h after CA/CPR in
mice.10 Beneficial effects of Na2S were associated with inhibition of
caspase-3 activation and neuronal death. While these observations
suggest that Na2S exert neuroprotection after CA/CPR, mechanisms
responsible for the neuroprotective effects of Na2S and whether or
not Na2S improves long-term survival after CA/CPR remain to be
determined.

The primary goal of this study was to examine the mechanisms
responsible for the neuroprotective effects of Na2S after CA/CPR.

We hypothesized that Na2S protects brain after CA/CPR by pre-
venting brain edema by mitigating the disruption of blood brain
barrier (BBB). To address this hypothesis, we assessed abnormality
in water diffusion in the brain caused by BBB leakage by DWI in live

dx.doi.org/10.1016/j.resuscitation.2012.02.020
http://www.sciencedirect.com/science/journal/03009572
http://www.elsevier.com/locate/resuscitation
http://dx.doi.org/10.1016/j.resuscitation.2012.02.020
mailto:fichinose@partners.org
dx.doi.org/10.1016/j.resuscitation.2012.02.020
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ice. Here, we report that administration of Na2S at the initiation
f CPR improves neurological function and 10-day survival after
A/CPR by mitigating the BBB disruption via inhibition of matrix
etalloproteinase-9 (MMP-9) activation.

. Methods

.1. Animals and materials

After approval by the Massachusetts General Hospital Subcom-
ittee on Research Animal Care, we studied 2–3-month-old age

nd weight-matched male C57BL/6J wild-type mice. Sodium sul-
de (Na2S; IK1001) was a generous gift from Ikaria Inc. (Seattle,
A, USA).

.2. Animal preparation

Mice were anesthetized with 100 �g g−1 of ketamine and
.25 �g g−1 fentanyl delivered by intraperitoneal injection and
echanically ventilated (FiO2 = 0.21, mini-vent, Harvard Appara-

us, Holliston, MA, USA). Arterial blood pressure was measured via
eft femoral arterial line. A saline-filled microcatheter (PE-10, Bec-
on Dickinson, Franklin Lakes, NJ, USA) was inserted into the left
emoral vein for drug and fluid administration. Blood pressure and
eedle-probe ECG monitoring data were recorded and analyzed
ith the use of a PC-based data acquisition system.

.3. Murine CPR model

CA and CPR in mice were performed as previously described.10,11

riefly, after instrumentation under anesthesia, CA was induced
y administration of 0.08 mg g−1 potassium chloride (KCl) through
he femoral catheter and was confirmed by loss of arterial pres-
ure and asystolic rhythm on ECG. Although the induction of CA
y bolus administration of KCl may have limited clinical rele-
ance, we believe that this model provides a valuable platform
or elucidating the mechanisms of post-CA brain injury and defin-
ng the effects of therapeutic strategies on long-term outcomes
fter CA/CPR. Instead of the 8 min arrest time as we used in the
revious study,10 we used a 7.5 min arrest time in this investiga-
ion to enable longer survival of mice after CA/CPR. After 7.5 min
f CA, chest compressions were delivered using a finger at a
ate of 340–360 beats per minute with resumption of mechani-
al ventilation (FiO2 = 1.0) (Supplemental Fig. 1 in the online-only
upplementary data). Epinephrine was infused at 0.3 �g min−1

tarting 30 s before CPR and continued until heart rate (HR) became
igher than 300 bpm. Total dose of epinephrine used in this study
as within the range of recommended dose in Advanced Cardiac

ife Support guideline (Supplemental Table 1 in the online-only
upplementary data).12 Core body temperature was maintained at
7 ◦C by a warming lamp for the first hour after CPR. Mice were
eaned from mechanical ventilation and extubated at 1 h after
PR. Study drug (Na2S) or vehicle was injected via the femoral
enous line 1 min before CPR. Based on the previous studies, we
dministered 0.55 mg kg−1 (7.0 �mol kg−1) of Na2S.

.4. Assessment of neurological function

Neurological function was assessed at 24 and 96 h after CA/CPR
sing a previously reported neurological function scoring system
ith minor modifications.10,11,13
.5. Acquisition and analysis of MRI

To investigate the degree of ischemic brain injury after CA,
WI was performed in mice treated with vehicle (n = 7) or Na2S
83 (2012) 1292–1297 1293

(n = 8) 24 h after CPR. During magnetic resonance imaging (MRI),
mice were anesthetized with isoflurane administered through a
nose cone. Imaging employed a conventional multi-shot spin-echo
sequence with an isotropic resolution of 230 �m in the image plane
and ten 1 mm slices to nearly cover whole brain using a repetition
time of 1500 ms and an echo time of 20 ms. Two diffusion-
sensitizing gradients (154 and 1294 s mm−2) were applied in the
slice direction, and eight DWI pairs were acquired over 25 min. To
minimize image artifacts due to respiration, repeated MRI acquisi-
tions were averaged using a weighting function equal to the inverse
of the global variance with respect to the mean. Time-averaged
images were registered to the coordinate space of the Allen Mouse
Brain Atlas14 by automated 12-parameter affine alignment fol-
lowed by adjustment of three-dimensional distortion fields using
publicly available software distributed by the Neuroimaging Infor-
matics Tools and Resources Clearinghouse (NITRC). Maps of the
apparent diffusion coefficient (ADC in units of �m2 ms−1) were
computed for each animal in the standardized space. Bilaterally
symmetric regions of interest were defined based upon subject-
averaged ADC maps and anatomical delineations from the mouse
brain atlas. ADC values were computed in each mouse across each
region of interest (ROI) and group average ADC of mice treated with
vehicle or Na2S was reported for each ROI.

2.6. Gelatin zymography

MMP-9 activity in the brain was assessed with gelatin zymog-
raphy according to the method described previously.15 Data were
quantified with image densitometry.

2.7. In vivo hybridization of cerebral MMP-9 mRNA expression
after CA/CPR

To determine the spatial correlation between brain regions
with abnormal water diffusion exhibited by hyperintense DWI
and brain damage as determined by MMP-9 mRNA expression,
FITC-labeled antisense phosphorothioate-modified oligodeoxynu-
cleotide (sODN)-MMP-9 (120 pmol kg−1, i.p) was delivered imme-
diately after brain MRI at 24 h after CA/CPR in subgroups of
mice that were treated with Na2S or vehicle (n = 3 in each
group). Sequence and synthesis of the FITC-sODN-MMP-9 has been
reported elsewhere.16 Mice were euthanized 12 h after FITC-sODN-
MMP-9 injection, retrogradely perfused with ice-cold phosphate
buffered saline and 4% paraformaldehyde (PFA), and the brain was
removed and incubated in 4% PFA followed by 10–30% sucrose at
4 ◦C. Brain tissue section of 20 �m thickness were dissected with
cryostat and stored at −80 ◦C. Cell nuclei were counterstained with
Hoechst. Cells expressing MMP-9 mRNA were detected as FITC-
positive cells, as previously described.16

2.8. Detection of neuronal degeneration

Neuronal degeneration in the brain was assessed with Fluoro-
Jade B staining according to the method described previously.17

Fluoro-Jade B positive cells in cortex and caudoputamen (CPu) were
counted by an investigator blinded to the treatment group, and the
number of Fluoro-Jade B positive cells per 1 mm2 in examined area
was reported.

2.9. Statistical analysis

All data are expressed as mean ± SEM. Normally distributed

data were analyzed using unpaired t-test, two-way repeated
measures ANOVA, or one-way ANOVA with a Holm–Sidak or Bon-
ferroni post hoc test. Difference in survival rate was analyzed by
Gehan–Breslow test. Numbers of Fluoro-Jade B positive cells were
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Fig. 1. Survival rate during the first 10 days after cardiac arrest (CA) and cardiopul-
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onary resuscitation (CPR). Vehicle, mice subjected to CA/CPR treated with vehicle.
a2S, mice subjected to CA/CPR treated with Na2S 1 min before CPR. *P < 0.05 vs.
ehicle.

ompared with the Mann–Whitney U test because the values are
ot normally distributed. Sigmastat 3.01a (Systat Software Inc., San

ose, CA, USA) and GraphPad Prism 5.0 (GraphPad Software Inc., La
olla, CA, USA) were used for statistical analyses.

. Results

.1. Na2S improves long-term survival rate after CA and CPR

ROSC was achieved in all mice after CPR. There was no dif-
erence between treatment groups in the total epinephrine dose,
lood pressure, and heart rate 1 h after CPR. CPR time to ROSC was
lightly shorter in mice treated with Na2S (Supplemental Table 1 in
he online-only supplementary data). Shortening of the arrest time
rom 8 to 7.5 min markedly prolonged survival time in all mice com-
ared to our previous study.10 Administration of Na2S 1 min before
PR markedly improved long-term survival after CA/CPR in mice
Fig. 1).

.2. Na2S improves neurological function at 24 and 96 h after CA
nd CPR

The neurological function score was better in surviving mice
hat were treated with Na2S than in mice that were treated with
ehicle at 24 and 96 h after CPR (Fig. 2).

.3. Na2S prevents water diffusion abnormality in the brain
easured by MRI in live mice 24 h after CA and CPR

MRI acquired 24 h after CA/CPR in mice that were treated

ith vehicle showed areas of hyperintense DWI in brain sug-

esting the water diffusion abnormality (Fig. 3A). Administration
f Na2S largely prevented the development of hyperintense DWI
Fig. 3A). The degree of abnormal water diffusion was quantitated

ig. 2. Neurological function scores in surviving mice at 24 and 96 h after car-
iac arrest (CA) and cardiopulmonary resuscitation (CPR). Dead mice (indicated by
core = 0) were excluded from the statistical analysis. *P < 0.05 vs. Vehicle.
83 (2012) 1292–1297

by calculated average ADC in several ROI including ventral–lateral
hippocampus (Hipp), caudoputamen (CPu), and lateral–frontal cor-
tex (Cortex) (Fig. 3B). Na2S prevented the reduction of ADC values
in Hipp and CPu (Fig. 3C). These results suggest that administration
of Na2S prevents the development of the ischemia-induced water
diffusion abnormality in the brain 24 h after CA/CPR.

3.4. Na2S prevents the development of MMP-9 activation

Gelatin zymography showed that MMP-9 activities were
markedly increased 24 h after CA/CPR in the brain of mice that
were treated with vehicle. In contrast, mice that were treated with
Na2S did not show the increase of MMP-9 activation in the brain
(Fig. 4). In vivo hybridization of FITC-sODN-MMP-9 showed that
MMP-9 mRNA expression spatially coincided with brain regions
with hyperintense DWI in mice that were subjected to CA/CPR
and treated with vehicle. Increased MMP-9 mRNA expression was
demonstrated in the areas with hyperintense DWI (Fig. 5A), but not
in areas with normal DWI (Fig. 5B). No MMP-9 mRNA was detected
in mice that were treated with Na2S at the initiation of CPR (data not
shown). These results suggest that Na2S mitigates BBB disruption
by inhibiting MMP-9 in the brain 24 h after CA/CPR.

3.5. Na2S prevents neuronal degeneration after CA and CPR

The number of degenerated neurons in cortex and CPu was
markedly increased at 72 h after CA/CPR in vehicle-treated mice.
Administration of Na2S attenuated CA/CPR-induced neurodegen-
eration in cortex and CPu (Fig. 6A and B). These results suggest that
administration of Na2S prevents neurodegeneration after CA/CPR.

4. Discussion

The present study demonstrates that administration of Na2S at
the initiation of CPR markedly improves neurological function and
survival rate in mice after CA. Global brain ischemia induced by
CA/CPR induced abnormal water diffusion, and subsequent neu-
ronal death, in the multiple regions of the brain including cortex,
hippocampus, and caudoputamen. In mice subjected to CA/CPR,
MMP-9 activity was increased in the brain homogenates and MMP-
9 mRNA expression was found in the brain regions that exhibited
abnormal water diffusion on MRI. Administration of Na2S attenu-
ated the CA/CPR-induced water diffusion abnormality and neuronal
degeneration after CA/CPR. Administration of Na2S also prevented
MMP-9 activation in the brain regions with hyperintense DWI at
24 h after CA/CPR. These observations suggest that administration
of Na2S protects brain and improves survival by mitigating the
MMP-9-mediated BBB disruption early after resuscitation.

Prognostic values of brain MRI have been suggested in animal
models of CA,18 as well as in patients recovering from CA/CPR.19

In the present study, we observed that severity of water diffusion
abnormality, demonstrated by hyperintense DWI on brain MRI in
live mice, correlated with histological evidence of neuronal degen-
eration and poor survival 10 days after CA/CPR. These observations
further support the prognostic utility of brain DWI after CA/CPR.

We have previously demonstrated that Na2S improves the neu-
rological function and survival rate after 8 min of CA followed by
CPR.10 The observation period in that study was, however, limited
to only 24 h after return of spontaneous circulation. The present
study, on the other hand, revealed that Na2S prevents neurologi-
cal dysfunction beyond this period of time, and improves survival
rate at 10 days after CA/CPR in mice. Consistent with our findings,

Knapp and colleagues recently reported that the administration of
Na2S reduced the sensorimotor deficits 72 h after CA/CPR in rats.
However, administration of Na2S failed to improve survival rate in
the study.20 Differences in the species and methods might explain
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Fig. 3. (A) Representative diffusion-weighted image (DWI) of mice 24 h after cardiac arrest (CA) and cardiopulmonary resuscitation (CPR). White arrows indicate the areas of
hyperintense DWI. (B) Representative MR images showing brain slices containing regions of interest [ROI]. Slice positions are identified in millimeters with respect to bregma
in the coordinate space of the Allen Mouse Brain Atlas.14 Ba and Bb depict portions of ROI (red = lateral cortex; green = caudoputamen; blue = ventral–lateral hippocampus).
Average ADC values of the slice plane for mice that treated with vehicle (n = 7) [Vehicle]. Average ADC values of the slice plane for mice that treated with Na2S (n = 8) [Na2S].
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olor bar on the right side indicates color-code for ADC values (�m2 ms−1). (C) Av
audoputamen; Cortex, lateral cortex) across all planes in mice that were treated w

he conflicting results of these studies. For example, Knapp and
olleagues used 6 min arrest time, and vehicle-treated rats showed
igh survival rate (92%, 23 out of 25) at 7 days after CA/CPR. In
ontrast, we selected an arrest time of 7.5 min, resulting in a more
evere ischemic insult with a 7-day survival rate of only 33% (4 out
f 12) in our vehicle-treated mice.

In contrast to the studies in rodents, Derwall et al. reported
hat two dosing regimen of Na2S (low dose: 0.3 mg kg−1 bolus fol-
owed by infusion at 0.3 mg kg−1 h−1 for 2 h; high dose: 1 mg kg−1

olus followed by infusion at 1 mg kg−1 h−1 for 2 h) did not improve
he resuscitatability and compromised post-resuscitation hemo-
ynamics in swine after CA.21 While reasons for the apparent
ifference are likely to be multifactorial, higher cumulative doses
f Na2S (0.9 and 3 mg kg−1 compared to 0.55 mg kg−1 in our studies

n mice) and continuous Na2S administration in the studies by Der-

all et al. may have adversely affected cardiovascular function. In
act, relatively narrow therapeutic range of Na2S has been reported
n a murine model of cardiac ischemia and reperfusion.8 Further
ADC values of each 3 dimensional ROI (Hipp, ventral–lateral hippocampus; CPu,
hicle (Vehicle, n = 7) or Na2S (Na2S, n = 8) after CA and CPR. *P < 0.05 vs. Vehicle.

studies in larger mammals are needed to determine the optimal
dosing regimen of sulfide to improve outcomes after CA/CPR before
clinical application of Na2S is considered.

It has been suggested that MMP-9 has deleterious roles in the
early phase after cerebral ischemia. MMP-9 disrupts the BBB by
degrading the tight junction proteins (e.g., occludin and claudin-
5) and basal lamina proteins (e.g., fibronectin, laminin, collagen,
proteoglycans, and others), thereby leading to BBB leakage, leuko-
cyte infiltration, brain edema, and hemorrhage.22,23 Studies have
demonstrated that inhibition of MMP-9 activation, either by gene
deletion or by administration of an inhibitor, is associated with
attenuation of BBB leakage and reduced brain injury after cerebral
ischemia.24–26 In the present study, using an in vivo hybridiza-
tion technique, we revealed that brain regions exhibiting increased

MMP-9 mRNA expression spatially coincided with the brain areas
with hyperintense DWI in mice subjected to CA/CPR and treated
with vehicle. In contrast, administration of Na2S markedly pre-
vented the development of hyperintense DWI and activity and
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xpression of MMP-9. These observations suggest that protective
ffects of Na2S against water diffusion abnormality after CA/CPR
re associated with inhibition of MMP-9.

The inhibitory effect of H2S donors (i.e., NaHS and Na2S)
n MMP-9 activation has previously been reported in aortic
anding-induced LV pressure overload,27 vascular remodeling,28

nd hyperhomocysteinemia.29,30 For example, Tyagi et al. demon-
trated that an imbalance between MMPs and tissue inhibitor of
etalloproteinase (TIMP) activities, which regulate MMPs, can lead

o MMP-9 activation and increased cerebral vascular permeabil-
ty. On the other hand, H2S supplementation ameliorates cerebral
ascular permeability via normalizing the MMP/TIMP ratio in the
rain.29 It is conceivable that administration of Na2S at the time of
PR prevented BBB disruption via mechanisms related to normal-

zation of MMP/TIMP ratio.
Studies have demonstrated that delayed neuronal death after

erebral ischemia is significantly reduced in mice that are treated
ith the broad-spectrum metalloproteinase inhibitor BB-94 and in
MP-9-deficient mice.31 Previously, we reported that Na2S miti-
ates the post-resuscitation apoptosis in the brain, as indicated by
ecreased cleaved caspase 3-positive cells in the CA1 region of the
ippocampus at 24 h after CA/CPR.10 In the present study, Fluoro-

ade B staining revealed that Na2S markedly prevented neuronal

citation (CPR). White bands represent areas of enzymatic activity of MMP-9.
Mean intensity of zymography bands was normalized to sham control. Sham,
sham-operated mice; Vehicle, mice treated with vehicle; Na2S, mice treated with
Na2S 1 min before CPR. n = 4 in each group. *P < 0.05 vs. Sham. #P < 0.05 vs. Vehicle.

ig. 5. (A) Representative photomicrographs of brain sections subjected to in vivo hybridization with FITC-sODN-MMP-9 to determine the expression of elevated MMP-9
RNA 24 h after CA/CPR in vehicle-treated mice. Samples were counterstained with Hoechst for nuclei and merged images were shown. Brain regions of a vehicle-treated
ouse with hyperintense DWI indicated by a white arrow in the DWI image and red box in the brain atlas shown below. (B) Brain regions of the same vehicle-treated mouse
ith normal DWI signal indicated by a white arrow in the DWI image and green box in the brain atlas shown below.

ig. 6. (A) Representative photomicrographs of brain sections showing Fluoro-Jade B positive cells in cortex and caudoputamen (CPu) at 72 h after CA/CPR. Vehicle, mice
reated with vehicle; Na2S, mice treated with Na2S 1 min before CPR. Size bar = 500 �m. (B) Number of Fluoro-Jade B positive cells per 1 mm2 in cortex and CPu in the brain.
= 4 for each group. *P < 0.05 vs. Vehicle.
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egeneration in cortex and CPu at 72 h after CA/CPR, two regions of
he brain in which hyperintense DWI were observed with MRI at
4 h after CA/CPR. These observations further support the hypoth-
sis that administration of Na2S prevents neuronal degeneration in
he vulnerable regions of the brain after CA/CPR.

. Conclusion

In summary, administration of Na2S 1 min before CPR markedly
mproved neurological function and survival rate at 10 days after
A/CPR by preventing water diffusion abnormality in the brain,
otentially via inhibiting MMP-9 activation after resuscitation. The
bility of Na2S to prevent the development of neurological dysfunc-
ion and promote survival rate in mice, if extrapolated to human
eings, may be highly clinically relevant.
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