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a b s t r a c t

Background: Transcranial direct current stimulation (tDCS) modulates neuronal activity and is a potential
therapeutic tool for many neurological diseases. However, its beneficial effects on post cardiac arrest
syndrome remains uncertain.
Objective/hypothesis: We investigated the effects of repetitive anodal tDCS on neurological outcome and
survival in a ventricular fibrillation (VF) cardiac arrest rat model.
Methods: Cardiopulmonary resuscitation was initiated after 6min of VF in 36 Sprague-Dawley rats. The
animals were randomized into three groups immediately after resuscitation (n¼ 12 each): no-treatment
control (NTC) group, targeted temperature management (TTM) group, and tDCS group. For tDCS, 1mA
anodal tDCS was applied on the dorsal scalp for 0.5 h. The stimulationwas repeated for four sessions with
1-h resting interval under normothermia. Post-resuscitation hemodynamic, cerebral, and myocardial
injuries, 96-h neurological outcome, and survival were evaluated.
Results: Compared with the NTC group, post-resuscitation serum astroglial protein S100 beta and cardiac
troponin T levels and 96-h neuronal and myocardial damage scores were markedly reduced in the tDCS
and TTM groups. Myocardial ejection fraction, neurological deficit score, and 96-h survival rate were also
significantly better for the tDCS and TTM groups. The period of post-resuscitation arrhythmia with he-
modynamic instability was considerably shorter in the tDCS group, but no differences were observed in
neurological outcome and survival between the tDCS and TTM groups.
Conclusions: In this cardiac arrest rat model, repeated anodal tDCS commenced after resuscitation im-
proves 96-h neurological outcome and survival to an extent comparable to TTM by attenuating post-
resuscitation cerebral and cardiac injuries.

© 2018 Published by Elsevier Inc.
Introduction

With an incidence ranging from 35 to 125 cases per 100,000
people, out-of-hospital cardiac arrest (OHCA) remains a major
public health problem all over the world [1]. Although initial suc-
cess of cardiopulmonary resuscitation (CPR) is approximately 25%e
40%, the overall survival rate remains less than 10% [2,3]. Patients
resuscitated from OHCA usually develop a post cardiac arrest syn-
drome (PCAS), resulting in early in-hospital mortality [4]. This
eering and Imaging Medicine,
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syndrome comprises anoxic brain injury, post cardiac arrest
myocardial dysfunction, systemic ischemia/reperfusion response,
and persistent precipitating pathology. The severity of these com-
ponents often leads to multiple organ failure contributing to low
survival rates [5].

The final link in the chain of survival, effective post-resuscitation
care, is aimed at reversing the pathophysiological manifestations of
PCAS [6]. Among all interventions suggested and/or recommended,
therapeutic hypothermia or targeted temperature management
(TTM) is the most persuasive and has proven benefits both for the
brain and the heart [6,7]. Although TTM greatly improves neuro-
logical outcome after resuscitation from cardiac arrest, the bene-
ficial effects of TTM remain controversial because recent clinical
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studies were unable to show significant improvements on long-
term survival [8,9]. At the same time, the risk of adverse events
may increase during TTM, since various side effects and compli-
cations have been observed in clinical trials [10,11]. Therefore, the
development of alternative and widely applicable therapeutic ap-
proaches is an unmet medical need in improving the prognosis of
these patients [12,13].

Transcranial direct current stimulation (tDCS) is a neuro-
modulation technique that uses weak, direct electric currents
applied through electrodes placed over the scalp to induce changes
in cortical excitability. Compared to other invasive brain stimula-
tion techniques (e.g., deep brain stimulation, motor cortex stimu-
lation) that are associated with surgical risks, tDCS is much safer
and less costly [14e17]. To explore the electrophysiological prop-
erties of tDCS, this technique has been studied in several rodent
animal models of neurological disease, such as stroke, Alzheimer
disease, Parkinson disease, schizophrenia, and depression [18].
These experimental studies demonstrated that tDCS induces effects
that are polarity- and intensity-dependent, and last beyond the
period of stimulation. Clinical trials also indicated that tDCS can
enhance motor function in patients with stroke and improve
recognition memory in patients with Alzheimer disease [19,20].
The promising outcomes obtained in various conditions has cata-
lyzed the popularity of tDCS and its potential clinical practice
[16,21]. However, whether tDCS is beneficial to PCAS is still
unknown.

The objective of the present study was to investigate the effects
of repeated anodal tDCS on post-resuscitation cerebral and cardiac
dysfunction in an established rat model of ventricular fibrillation
(VF). We hypothesized that tDCS initiated immediately after
resuscitation is as effective as TTM in improving neurological
outcome and survival.

Material and methods

This prospective, randomized animal study was approved by the
Laboratory Animal Welfare and Ethics Committee of the Army
Medical University. Forty healthy male Sprague-Dawley rats
weighing between 280 and 360 g supplied by a single-source
breeder (laboratory animal center of the Army Medical Univer-
sity) were used for this study. The animals were housed in a rodent
facility at 23.0 �C± 1.0 �C with a 12-h light-dark cycle, and had free
access to tap water and regular rat chow. Six rats were housed in
large cages (1584 cm2) before the experiment, and each rat was
then housed separately in small cages (350 cm2) after resuscitation.
All animals received humane care in compliance with the National
Institutes of Health guidelines for the use of experimental animals.

Experimental design

The treatment time and test schedule are listed in Fig. 1-A.
Among the 40 rats used, 36 were randomized to no-treatment
control (NTC), TTM, and tDCS groups, and the additional four rats
did not experience cardiac arrest and CPR were assigned to a sham-
operated group for histological examination.

Animal preparation

All animals fasted overnight except for free access to water to
reduce the risk of pulmonary aspiration of gastric contents after
induction of anesthesia. Anesthesia was initiated with an intra-
peritoneal injection of pentobarbital sodium (45mg/kg) [22,23].
Additional doses of 10mg/kg were administered if signs of stress
occurred, such as increases in heart rate or respiratory frequency or
spontaneous movements. The trachea was orally intubated using a
14-G cannula (Abbocath-T, Abbott Laboratories, North Chicago, IL,
USA). Animals were mechanically ventilated (ALC-V8, Alcott
Biotech Co. Ltd, Shanghai, China) with a FiO2 of 0.21. A PE-50
catheter (Instech Laboratories Inc., Plymouth Meeting, PA, USA)
was advanced from the right femoral artery for measurement of
arterial pressure and blood sampling. The left femoral veinwas also
cannulated for administration of fluids and drugs. All catheters
were flushed intermittently with saline solution containing 2.5 IU/
mL heparin. Three subcutaneous needle electrodes were inserted
into the limbs to measure electrocardiography (ECG). An electro-
encephalogram (EEG) disc electrode (10mm gold, Jiahongkang
Electronic Technology Co., Ltd., Shenzhen, China) was secured on
the midline of the dorsal surface of the shaved scalp. The electrode
was filled with conductive EEG paste (Ten20,Weaver and Company,
Aurora, CO, USA) to ensure maximal electrical conductance.
Another self-adhesive electrode pad for electrotherapy (30mm
silicon, Jurongda Science and Technology Ltd., Shenzhen, China)
was placed on the ventral torso and surrounded by gauze to avoid
displacement.

Experimental procedures

After collection of baseline data, VF was induced through high-
frequency transesophageal cardiac pacing with an alternating cur-
rent of 3e5mA [24]. Mechanical ventilationwas discontinuedwhen
cardiac pacing was started. After 6min of untreated cardiac arrest,
CPR, including chest compression and ventilation, was begun. Me-
chanical chest compressionwas delivered by a pneumatically driven
compressor at a stroke rate of 200/min with a depth of 25%e30% of
the anterior posterior diameter of the animal's chest. Coincident
with the start of precordial compression, animalsweremechanically
ventilated at a frequency of 80/minwith a tidal volume 0.6mL/100g
and a FiO2 of 1.0. A dose of epinephrine (0.02mg/kg) was injected
1min after the start of CPR and repeated at 3-min intervals as
needed. After 3min of CPR, defibrillation was attempted with a
single 2-J biphasic shock (M Series, Zoll Medical Corporation,
Chelmsford, MA, USA). If restoration of spontaneous circulation
(ROSC) was not achieved, a 30-s interval of CPR was performed
before another 2-J shock was attempted. ROSC was defined as the
return of an organized rhythmwith a mean arterial pressure (MAP)
of 60mmHg or greater for an interval 5min or longer.

Immediately after ROSC, animals were randomized into three
groups (n¼ 12 per group) by the sealed envelope method: a NTC
group, a TTM group and a tDCS group. For the NTC group, core
temperature was maintained at 37.0 �C± 0.3 �C. For the TTM group,
rapid cooling was started immediately after ROSC and induced with
ice packs and an electric fan. Once the target temperature reached
33.5 �C, it was maintained for 2 h and then gradually returned to
37.0 �C over a rewarming period of 2 h [22]. For the tDCS group,1mA
anodal tDCS was applied on the dorsal scalp (Fig. 1-B) for 0.5 h with
a constant direct current generator (HSPY-600, Hanshengpuyuan
Science and Technology Ltd., Beijing, China). The stimulation was
repeated for four sessions with a resting interval of 1 h under
normothermia. The stimulation intensity and duration in each ses-
sion were selected based on reports of previous studies (i.e., con-
stant current of 0.5e2.0mA and each session lasting 20e30minwas
the effective and safe dosage range) [25e29]. Considering that the
after-effects elicited by tDCS can be sustained for up to 1 h, the
resting interval between each stimulation session was set for 1 h
[30]. For the NTC and TTM groups, the electrodes were placed in the
same position, but no current was delivered during the experiment.

Following ROSC, all animals were anesthetized and mechani-
cally ventilated with 100% oxygen for 2 h and thenwith room air for
another 4 h to avoid hypoxia and hyperoxia [22,23]. All catheters,
including the endotracheal tube, were removed, and wounds were



Fig. 1. Experimental time line of the study (A) and transcranial direct current stimulation (tDCS) in cardiac arrest rat model using a EEG disc electrode for the active and a self-
adhesive electrode pad for the reference (B). BL: baseline; VF: ventricular fibrillation; CPR: cardiopulmonary resuscitation; ROSC: restoration of spontaneous circulation; NTC:
no-treatment control; TTM: targeted temperature management; NDS: neurologic deficit score.
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surgically sutured 6 h after resuscitation. The animals were then
returned to their cages and observed for 96 h.
Measurements

Arterial pressure and ECG were measured via a multiparameter
patient monitor (Model 90369, Spacelabs, Snoqualmie, WA, USA).
Core temperature was monitored by a thermocouple probe (TH-
212, Bjhocy science and technology Co. Ltd., Beijing, China) that was
placed into the esophagus and maintained by a heating lamp
throughout the experiment to ensure appropriate temperature
management. The duration of post-resuscitation ventricular ar-
rhythmias with hemodynamic instability was quantified. Cardiac
function was noninvasively assessed at baseline and at hourly in-
tervals after resuscitation with an echocardiograph system (DC-6,
Mindray Medical International Limited, Shenzhen, China).

Arterial blood samples were drawn at baseline, and at 3 and 6 h
after ROSC. Serum concentration of astroglial protein S100 beta
(S100B) and cardiac troponin T (cTnT) were quantified with an
enzyme-linked immunoassay (Elisa Kit, Cusbio Biotech Co. Ltd.,
Wuhan, China) according to the manufacturer's instructions. The
sensitivity was 0.78 pg/mL and 3.12 pg/mL for S100B and cTnT,
respectively. The astrocyte-derived neurotrophic protein S100B is a
common biomarker of brain injury after cardiac arrest and has the
potential to assist in the early detection and quantification of the
severity of brain injury, response to therapeutic interventions, and
prediction of outcome. cTnT, one of three subunits of the troponin
complex, plays an important role in the regulation of cardiac
muscle contraction and is themost sensitive and specific biomarker
for myocardial damage [31].

Neurological deficit score (NDS) was examined every 24 h and
confirmed by two investigators. Consciousness and breathing,
cranial nerve reflexes, motor function, sensory function, and coor-
dination were scored according to an NDS system (0e500 scale;
0 no observed neurological deficit, 500 death or brain death) that
was developed to evaluate neurological outcome after global ce-
rebral ischemia in rats [32].
Histological examination

Four days after ROSC, after assessment of the final NDS, the
surviving animals were re-anaesthetized with pentobarbital



Table 1
Baseline characteristics and resuscitation variables.

Group NTC (n¼ 12) TTM (n¼ 12) tDCS (n¼ 12)

Body weight, g 330.2± 23.7 337.9± 28.6 337.9± 28.6
Heart rate, beat/min 401.6± 45.4 395.3± 24.2 405.8± 32.9
MAP, mmHg 125.2± 8.8 128.8± 9.9 126.6± 7.6
Temperature, �C 37.0± 0.3 37.0± 0.3 37.0± 0.2
Duration of CPR, second 227.3± 49.9 222.0± 24.0 225.3± 58.3
DBP at CPR1, mmHg 26.1± 4.9 27.9± 4.2 25.5± 3.7
DBP at CPR2, mmHg 36.8± 5.5 36.5± 6.3 37.6± 6.1
DBP at CPR3, mmHg 31.9± 5.7 33.2± 5.5 32.7± 5.3
Number of shocks, n 2.7± 1.6 2.7± 2.5 2.6± 1.8
ROSC rate, % 100 100 100

NTC: no-treatment control; TTM: targeted temperature management; tDCS: trans-
cranial direct current stimulation; MAP: mean arterial pressure; CPR: cardiopul-
monary resuscitation; DBP: diastolic blood pressure; CPR1-3: 1e3min after CPR;
ROSC: restoration of spontaneous circulation.
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sodium. The brains and hearts were removed and immersion fixed
in 10% neutral buffered formalin. The organs were histologically
compared with those of sham-operated rats. The organs were
embedded in paraffin and sectioned (5 mm) on a microtome. Sec-
tions were stained with hematoxylin and eosin (H&E) for histo-
pathological evaluation. In each section, 10 random slide fields
were examined under an optical microscope at �400 magnifica-
tion. Neuronal damage was diagnosed based on the prevalence of
dystrophic neurons, including nuclear pyknosis, karyorrhexis, and
vacuolization in the CA1 region of the hippocampus. Myocardial
damage was assessed based on the prevalence of infiltration of
immune cells, myocytolysis and contraction band necrosis of the
selected left ventricular sections. Lesions were graded as normal
(score 0), minimal (score 1), mild (score 2), moderate (score 3), and
severe (score 4), respectively, as was previously described [33,34].

Blinding

To control possible measurement bias, the primary investigator
randomly chose one animal from the housing cages and was un-
aware of the group to which it would be allocated during animal
preparation, cardiac arrest induction, and CPR. The treatment
randomization was made by an assistant professor independent of
the research team after the animal was successfully resuscitated.
Masking a rat's group assignment from the primary investigator
was not possible, since he gave the intervention. The co-
investigators who collected, quantified, assessed, and recorded
the experimental measurements and outcomes were blinded to the
intervention. The results were incorporated in a final dataset for
analysis after the experiment was fully finished.

Statistical analysis

Normal distribution of the continuous variables was confirmed
using the Kolmogorov-Smirnov test and presented as
mean± standard deviation. A two-tailed Student t-test was used
for single comparison. One-way analysis of variance (ANOVA) fol-
lowed by a Bonferroni correction for post-hoc test was performed
for multiple comparisons. Physiological variables were examined
by repeated-measures analysis comprising treatment group, time,
and treatment-by-time interaction. The Fisher's exact test was
performed for categorical data. The Kaplan-Meier analysis and the
log-rank test were used for survival analysis and comparisons. A
p< 0.05 was regarded as statistically significant.

Results

Baseline and resuscitation data

No differences were observed in baseline measurements and
resuscitation data among the groups using ANOVA or Fisher's exact
test (Table 1). All animals were successfully resuscitated and sur-
vived the 6-h post-resuscitation monitoring period.

Post-resuscitation hemodynamics

Fig. 2 shows the esophagus temperature, heart rate, MAP, and
left ventricular ejection fraction (EF) measurements before and
after cardiac arrest. The target core temperature was obtained
within 9.5± 1.4min and was returned to 37.0 �C after 2 h of
rewarming for hypothermic animals; but, there were no significant
changes in NTC and tDCS groups (Fig. 2-A). Heart rates measured at
30 and 60min post-resuscitation in the TTM group were signifi-
cantly lower compared with the NTC and tDCS groups using
repeated-measures analysis (Fig. 2-B). MAP measured at 60, 120,
and 180min post-resuscitation in the TTM group and measured at
60 and 120min post-resuscitation in the tDCS group were signifi-
cantly higher than in the NTC group (Fig. 2-C). EF measured 30min
after ROSC in the TTM group and 120min after ROSC in the tDCS
group were statistically higher than in the NTC group (Fig. 2-D). In
addition, EF measurement at 30min post-resuscitation was
considerably lower in tDCS compared with that of TTM.

Successful resuscitation was immediately followed by a
period of severe arrhythmias, including ventricular premature
beat and ventricular tachycardia in all of the animals. However, the
duration of post-resuscitation ventricular arrhythmia with hemo-
dynamic instability was significantly longer in the TTM group
[F(2,33)¼ 5.590, p¼ 0.008], when compared with the NTC group
[526± 512 vs. 136± 149 s, F(1,22)¼ 6.424, p¼ 0.019] and compared
with the tDCS group [526± 512 vs. 160± 153 s, F(1,22)¼ 5.632,
p¼ 0.027] using ANOVA followed by Bonferroni correction for post-
hoc test.
Post-resuscitation cerebral and cardiac injury

After ROSC, an significant increase in serum S100B (more than
9-, 3-, and 4-fold) and cTnT (more than 6-, 2-, and 4-fold) levels was
seen in the NTC, TTM and tDCS groups compared with their pre-
arrest values using repeated-measures analysis. (Fig. 3).
Compared with the NTC group, these biomarkers measured at 3
and 6 h post-resuscitationwere significantly lower in both the TTM
(0.3-fold for S100B and 0.4-fold for cTnT) and tDCS (0.3-fold for
S100B and 0.6-fold for cTnT) groups. At the same time, no statistical
difference in S100B was observed between the tDCS and TTM
groups (Fig. 3-A), but cTnT level in the tDCS group was significantly
higher than that with the TTM (1.6-fold) group (Fig. 3-B).
96-h neurological outcome and survival

The NDS values measured during the 4 days following resusci-
tation are listed in Fig. 4-A. The NDS values were significantly lower
in the TTM and tDCS groups compared with the NTC group, but no
differences were observed between the TTM and tDCS groups
during the entire observation period using repeated-measures
analysis.

Four animals in the NTC group survived to 96 h, compared with
10 and 11 animals in the TTM and tDCS groups, respectively. As
shown in Fig. 4-B, the cumulative 96-h survival was significantly
higher in the TTM (83.3% vs. 33.3%, c2¼ 7.244, df¼ 1, p¼ 0.007) and
tDCS (91.7% vs. 33.3%, c2¼ 8.969, df¼ 1, p¼ 0.003) groups when
compared with the NTC group using log-rank test. There was also



Fig. 2. Esophageal temperature (A), heart rate (B), mean arterial pressure (C), and left ventricular ejection fraction (D) measurements before and after cardiac arrest. BL: baseline;
PR: post-resuscitation; NTC: no-treatment control; TTM: targeted temperature management; tDCS: transcranial direct current stimulation; * and **: p < 0.05 and p < 0.01 compared
with NTC; # and ##: p< 0.05 and p< 0.01 compared with TTM.

Fig. 3. Circulating levels of protein S100B (A) and cardiac troponin T (cTnT) (B)
measured at baseline, 180 and 360 min post-resuscitation (PR180 and PR360). NTC: no-
treatment control; TTM: targeted temperature management; tDCS: transcranial direct
current stimulation; **: p< 0.01 compared with NTC; ##: p < 0.01 compared with TTM.

Fig. 4. Neurologic deficit score (NDS) (A) and Kaplan-Meier survival curve (B). NTC:
no-treatment control; TTM: targeted temperature management; tDCS: transcranial
direct current stimulation; **: p < 0.01 compared with NTC.

C. Dai et al. / Brain Stimulation 12 (2019) 659e667 663
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no statistical difference in survival rate between the TTM and tDCS
groups (83.3% vs. 91.7%, c2¼ 0.305, df¼ 1, p¼ 0.581).

Histological analysis

A total of 16 animals (n¼ 4 in each group) underwent neuronal
and myocardial sampling for histopathology analysis because only
four animals survived to 96 h in the NTC group. Fig. 5-A shows
representative sections from the CA1 region of the hippocampus.
The number of degenerated neurons was significantly higher in the
NTC, TTM and tDCS groups than that in the sham-operated rats. On
the contrary, the number of remaining viable neurons was mark-
edly preserved in the TTM and tDCS groups when compared with
the NTC group. Representative photomicrographs of the H&E-
stained left ventricle are presented in Fig. 5-B. Compared with the
sham-operated rats, animals in the NTC group exhibited distinctive
contraction bands and infiltration of a large number of immune
cells. Compared with the NTC group, minor irregularities and few
immune cells were observed in the TTM and tDCS groups. The
overall neuronal damage score and myocardial damage score were
markedly reduced in the TTM and tDCS groups compared with the
NTC group using ANOVA followed by a Bonferroni correction for
post-hoc test. (Fig. 6). However, no statistical differences were
observed between the TTM and tDCS groups in neuronal and
myocardial damage scores.

Discussion

The present study demonstrated that repeated anodal tCDS
commenced immediately after ROSC significantly improves
neurological outcome and survival in a rat model of cardiac arrest
and CPR. The beneficial effects of repeated anodal tCDS on PCAS
was through attenuating post-resuscitation cerebral and cardiac
injuries and to an extent comparable to TTM.

In cardiac arrest and resuscitation, the whole body is subjected
to a transient period of complete ischemia followed by reperfusion.
Although the cessation of blood flow initially causes global tissue
and organ injury, additional damage occurs during and after
reperfusion [35]. Post-resuscitation brain injury is the major cause
of morbidity andmortality in patients who initially achieve ROSC. It
has been reported that a number of processes ultimately lead to
cerebral injury and neuron death following ischemia/reperfusion,
including excitotoxicity, disrupted calcium homeostasis, free
radical formation, pathological protease cascades, neuro-
inflammation, and delayed neuro-degeneration [36]. Post cardiac
arrest myocardial dysfunction, which results from the exacerbated
reactive oxygen species production and oxidative stress in
myocardial tissue, also contributes to the low survival rate after
ROSC [37]. In the current study, in agreement with previous ani-
mals studies, we confirmed that the high mortality rate in the NTC
group are due largely to the ischemia/reperfusion-induced cerebral
and cardiac dysfunction [22,37,38]. The severity of brain injury was
exhibited by the significantly increased serum S100 level and
neuronal damage score; the severity of myocardial injury was re-
flected by the decreased left ventricular EF, increased cTnT level,
and myocardial damage score following resuscitation.

In the present study, post-resuscitation cerebral and myocardial
injuries were significantly attenuated for animals treated with hy-
pothermia. As a result, the neurological outcome and survival rate
in the TTM group were dramatically improved when compared
with the NTC group. The result is consistent with previous labo-
ratory studies using same animal model [22,23], but contradicts
recent clinical studies that therapeutic hypothermia did not confer
a significant benefit in survival with a favorable functional outcome
for both OHCA and in-hospital cardiac arrests [8,9]. In animal
studies, hypothermia can be induced immediately after ROSC, and
target temperature can be achieved within a couple of minutes.
However, the pre-induction time and induction time are typically
up to a couple of hours in clinical studies since TTM requires sig-
nificant human and material resources and can only be performed
by experienced teams in the intensive care unit [39]. This may, in
part, explain the potent protection of TTM observed in laboratory
animals compared with the lack of benefit using the same methods
in the clinical arena [40].

tDCS, which was originally developed to help patients with
neuropsychiatric disorders such as melancholia, schizophrenia and
depression, produces profound results for improving functional
recovery from ischemic stroke [30]. Using a middle cerebral artery
occlusion rat model, laboratory studies demonstrated that tDCS
significantly promotes behavioral and cognitive functions after
stroke [25e27]. Clinical investigations also confirmed that tDCS
improves activities of daily living in the majority of patients with
stroke [19,41]. These findings may have translational relevance in
post-resuscitation neuroprotection because the pathophysiologic
processes of hypoxic-ischemic brain injury occurring in cardiac
arrest also are characteristic of ischemic stroke [42]. However,
cardiac arrest produces complete cessation of normal circulation
and global brain ischemia; this is different from the focal cerebral
ischemia induced by local reduction of blood flow in ischemic
stroke. In addition, the post-resuscitation ischemic/reperfusion
injury affects not only the brain but all organs of the body, which
may interferewith the recovery of cerebral function in various ways
[43]. As expected, the neurological outcome and survival were
considerably improved when repetitive anodal stimulations were
applied to the animals subjected to the tDCS group immediately
after ROSC in the current study.

This is the first study to evaluate the effects of repetitive anodal
tDCS on PCAS and compare themwith TTM in a rat model of VF and
CPR.We observed that repeated anodal tCDS improves neurological
outcome and survival to an extent comparable with TTM. This
result is notable because the mechanisms of action are different
between the two interventions. The physiological effects of hypo-
thermia are thought to be multifactorial, including the suppression
of free radicals, enzymes, and excitotoxic and inflammatory re-
actions, in addition to the direct physical protection of membranes
[44]. By contrast, the most accepted effects of tDCS is its ability to
induce changes in cortical excitability and modulate neuronal
plasticity [45,46]. At the neuronal level, the primary mechanism of
tDCS is to manipulate the resting membrane potential of cortical
neurons bymodulating sodium and calcium channels [30,45,46]. In
addition, the direct current electric fields generated in the stimu-
lated cerebral tissue can also modify the synaptic microenviron-
ment and further influence physiological processes, including
inflammation, neurogenesis, neuroplasticity, and angiogenesis
[45,46]. This increase in S100B reflected the combination of brain
edema related to hypoxia during the arrest period and brain tissue
damage via generation of free radicals and other mediators after
resuscitation. The therapeutic effect of TTM was to interrupt one or
more of the pathways participating in the genesis of anoxic brain
injury and therefore greatly decrease S100B levels [47]. The
dramatically decreased glial-specific S100B level and lower degree
of neuron degeneration indicate that the beneficial effect of tDCS
may be mediated via attenuation of the detrimental effects of such
high S100B release secondary to the initial insult and subsequent
resuscitation. Surprisingly, the protective effect of tDCS for PCAS is
not unique to brain tissue. The significantly decreased cTnT con-
centration and myocardial damage score demonstrate that tDCS
may also play a cardioprotective role. Following myocardial
ischemia, the ensuing necrosis of cardiac myocytes results in
elevation of serum cTnT. TTM may reduce myocardial damage



Fig. 5. Representative micrographs (magnification, �400) of the hematoxylin and eosin-stained hippocampus CA1 (A) and left ventricle (B) at 96 h after resuscitation in sham-
operated (Sham), no-treatment control (NTC), targeted temperature management (TTM), and transcranial direct current stimulation (tDCS) groups. Yellow arrows indicates
viable neurons, red arrow indicates degenerated neurons, blue arrows indicates immune cells, black arrow indicates myocytolysis and contraction band necrosis. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. The overall neuronal damage score (A) and myocardial damage score (B) at 96 h
after resuscitation. Sham: sham-operated; NTC: no-treatment control; TTM: targeted
temperature management; tDCS: transcranial direct current stimulation. y and yy:
p< 0.05 and p < 0.01 compared with Sham; * and **: p < 0.05 and p< 0.01 compared
with NTC. n¼ 4 in each group.
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through its anti-inflammatory and anti-apoptotic effects [44]. tDCS,
however, may decrease cTnT indirectly via the favorable effects on
the autonomic nervous system, as reported in other brain stimu-
lation methods [48]. The compelling evidence of neuroprotective
and cardioprotective effects together can at least partially explain
the improved 96-h survival rate seen in the tDCS-treated animals.

The findings of the current study open a new avenue for the
management of PCAS in humans. On the one hand, the therapeutic
window for neuronal protection after cardiac arrest is limited. The
practical advantages of using tDCS as a therapy are readily apparent
because it is tolerable, inexpensive, simple to operate, and easy to
combine with other treatments [41]. Precise temperature control,
however, requires specialized equipment and all members of the
medical team, from emergency medical technicians to intensive
care staff, to be coordinated in the use of TTM [39]. On the other
hand, tDCS is relatively safe, and the only reported potential side
effect is skin lesion under the electrode. The occurrence of lesions
may depend on the intensity and duration of tDCS as well as on the
impedance between the electrode and the skin [21]. On the con-
trary, a number of adverse effects have been reported in hypo-
thermia, including pneumonia, sepsis, arrhythmia, electrolyte
imbalance, bleeding, shivering, and coagulopathy [11,49]. These
advantages together with its effectiveness suggest that tDCS may
have promising advantages for application in post-resuscitation
management.

Our study has some limitations. First, we studied a single
duration of cardiac arrest caused by VF in healthy animals without
comorbidities, such as acute coronary syndrome and acute
myocardial infarction that are commonly associated with cardiac
arrest in humans. Second, the small rodent brain has different
metabolic and physiologic properties from the complex human
brain. Third, this study does not address the mechanisms by which
tDCS reduces cerebral and myocardial injuries.

Conclusion

In this rat model of cardiac arrest, repeated anodal tDCS started
after ROSC resulted in less severe cerebral injury as determined by
the decreased release of serum S100B and lower degree of neuron
degeneration. Anodal tDCS also attenuated post-resuscitation
myocardial damage as reflected by the decreased level of serum
cTnT and reduced infiltration of immune cells in the myocardium.
The improvements in the 96-h neurological outcome and survival
were comparable to those of TTM. Our findings suggest that anodal
tDCS may be a potentially feasible and easily applicable solution for
the management of PCAS. However, these findings will need
further evaluation on long-term outcome among survivors of
OHCA.
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