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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

•	 In animal studies of brain ischemia, barbiturate or propofol sedation 
is neuroprotective

•	 Sedation may act by reducing reperfusion cerebral hyperemia
•	 The optimal timing and dose of sedation for patients after car-

diac arrest is unclear, but the ability for the brain to generate slow 
waves in response to a propofol infusion has been associated with 
improved long-term neurologic outcomes

What This Article Tells Us That Is New

•	 Sedation with propofol or dexmedetomidine, started at the time of 
return of spontaneous circulation, results in better survival and neuro-
logic outcomes than no sedation, in an animal model of cardiac arrest

•	 Sedation was associated with increased slow-wave electroen-
cephalogram power and normalization of electroencephalogram 
patterns, which were positively correlated with neurologic outcome

•	 These beneficial effects are not seen if the sedation is commenced 
an hour after recovery of spontaneous circulation

Cardiac arrest is a major public health challenge 
worldwide.1 Despite advances in resuscitation meth-

ods, cardiac arrest is still associated with high mortality 
and morbidity.2 As part of postresuscitation care, targeted 
temperature management has been used in patients who 
achieved return of spontaneous circulation with the aim of 
minimizing hypoxic–ischemic brain damage after cardiac 
arrest.3 Nevertheless, the burden of postanoxic brain injury 
remains unacceptably high, with the majority of cardiac 

ABSTRACT
Background: Patients resuscitated from cardiac arrest are routinely 
sedated during targeted temperature management, while the effects of seda-
tion on cerebral physiology and outcomes after cardiac arrest remain to be 
determined. The authors hypothesized that sedation would improve survival 
and neurologic outcomes in mice after cardiac arrest.

Methods: Adult C57BL/6J mice of both sexes were subjected to potassium 
chloride–induced cardiac arrest and cardiopulmonary resuscitation. Starting 
at the return of spontaneous circulation or at 60 min after return of sponta-
neous circulation, mice received intravenous infusion of propofol at 40 mg ∙ 
kg–1 ∙ h–1, dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1, or normal saline for 2 h. Body 
temperature was lowered and maintained at 33°C during sedation. Cerebral 
blood flow was measured for 4 h postresuscitation. Telemetric electroenceph-
alogram (EEG) was recorded in freely moving mice from 3 days before up to 
7 days after cardiac arrest.

Results: Sedation with propofol or dexmedetomidine starting at return of 
spontaneous circulation improved survival in hypothermia-treated mice 
(propofol [13 of 16, 81%] vs. no sedation [4 of 16, 25%], P = 0.008; dex-
medetomidine [14 of 16, 88%] vs. no sedation [4 of 16, 25%], P = 0.002). 
Mice receiving no sedation exhibited cerebral hyperemia immediately after 
resuscitation and EEG power remained less than 30% of the baseline in the 
first 6 h postresuscitation. Administration of propofol or dexmedetomidine 
starting at return of spontaneous circulation attenuated cerebral hyperemia 
and increased EEG slow oscillation power during and early after sedation 
(40 to 80% of the baseline). In contrast, delayed sedation failed to improve 
outcomes, without attenuating cerebral hyperemia and inducing slow-wave 
activity.

Conclusions: Early administration of sedation with propofol or dexmedeto-
midine improved survival and neurologic outcomes in mice resuscitated from 
cardiac arrest and treated with hypothermia. The beneficial effects of sedation 
were accompanied by attenuation of the cerebral hyperemic response and 
enhancement of electroencephalographic slow-wave activity.
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arrest survivors presenting in coma or with an altered level 
of consciousness.2

Patients undergoing targeted temperature management 
are routinely sedated with drugs that promote cardiorespi-
ratory stabilization, facilitate mechanical ventilation, and 
control agitation, pain, anxiety, delirium, and shivering.4–6 
Preclinical studies suggest that sedatives exert neuropro-
tective effects in animals subjected to focal or global brain 
ischemia and reperfusion.7,8 In cardiac arrest survivors with 
impaired cerebral autoregulation, sedation may protect the 
brain against secondary brain injury by modulating cere-
bral blood flow and cerebral metabolic rate of oxygen.6,9,10 
On the other hand, randomized clinical trials conducted 
in the general intensive care unit showed that minimizing 
or avoiding sedation provides better outcomes, including 
shorter duration of mechanical ventilation and hospital 
length of stay.11,12 Based on these observations, the bene-
fits of using sedation in unresponsive cardiac arrest patients 
have been questioned.13 However, patients with severe acute 
brain injury (e.g., comatose patients after cardiac arrest, isch-
emic or traumatic brain injury) have been excluded from 
previous studies.11,12 The role of pharmacologic sedation in 
comatose cardiac arrest patients remains to be determined.

The electroencephalogram (EEG) reflects oscillatory 
extracellular electrical currents and potentials arising from 
neuronal activity in the cortical and subcortical brain struc-
tures. In healthy individuals, sedative–hypnotic agents give 
rise to low-frequency, high-amplitude activity that becomes 
slower with deepening levels of sedation/anesthesia,14 while 
altering EEG power within a specific frequency range (e.g., 
propofol-induced α oscillations and dexmedetomidine- 
induced spindle oscillations).15 Although there has been a 
growing interest in the use of EEG analysis for outcome 

prediction after cardiac arrest, knowledge about sedation-in-
duced EEG changes in the post–cardiac arrest population 
is limited.16,17 Because sedation during targeted temperature 
management affects consciousness and potentially interferes 
with interpretation of EEG, optimal sedation is recom-
mended in postresuscitation care to allow early awakening 
and limit confounding in accurate prognostication.9,18 On 
the other hand, the ability to generate slow waves in response 
to propofol infusion at 4 mg ∙ kg–1 ∙ h–1 has been proposed 
as an early predictor of neurologic recovery in comatose 
cardiac arrest patients.19,20 The slow-wave activity is recog-
nized as a neurophysiologic signature of normal brain func-
tion observed during sleep and deep sedation/anesthesia,14,21 
which is hypothesized to provide rest for individual neurons 
and prevent long-term neuronal damage.22 Nevertheless, 
little is known about the significance of sedation-induced 
EEG changes in neurologic recovery after cardiac arrest.

The objective of the current study was to elucidate the 
impact of pharmacologic sedation on neurologic outcomes 
in mice resuscitated from cardiac arrest managed with ther-
apeutic hypothermia. We hypothesized that sedation would 
improve survival and neurologic outcomes after cardiac 
arrest in hypothermia-treated mice. To test this hypoth-
esis, we sought to characterize the effects of two com-
monly used sedatives: propofol (2,6-di-isopropylphenol), a  
γ-aminobutyric receptor agonist, and dexmedetomidine, 
a highly selective α

2
-adrenoceptor agonist, in mice resus-

citated from experimental cardiac arrest with continuous 
EEG monitoring and cerebral blood flow measurement.

Materials and Methods

Animal Preparation

Laboratory animal housing, handling, and procedures were 
performed in compliance with the protocols approved 
by the Institutional Animal Care and Use Committee at 
Massachusetts General Hospital (Boston, Massachusetts). 
We studied adult male (10 to 12 weeks old, 25 to 30 g) and 
female (15 to 20 weeks old, 21 to 26 g) C57BL/6J wild-
type mice. In response to peer review, additional data from 
female mice were obtained. All mice were housed in a 24-h 
light/dark cycle (lights on at 7:00 am and off at 7:00 pm), 
temperature-controlled room (20° to 23°C) with free access 
to food and water. All mice were within a healthy body 
weight range at baseline. The individual animal was con-
sidered the experimental unit. The number of mice used 
for each experiment (survival study, brain histology, cerebral 
blood flow measurement, and EEG recording) is summa-
rized in Supplement Digital Content 1 table 1 (n refers to 
the number of animals; http://links.lww.com/ALN/C948).

Mouse Model of Cardiac Arrest

Before cardiac arrest and cardiopulmonary resuscita-
tion (CPR), mice were anesthetized with 5% isoflurane 
in 100% oxygen and intubated with a 20-gauge catheter 
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(Angiocath; Becton Dickinson, USA). Mice were then 
mechanically ventilated with a respiratory rate of 110 
breaths/min and a tidal volume of 10 µl/g (mini-vent; 
Harvard Apparatus, USA). During isoflurane anesthesia at 
1.5%, mice were instrumented with microcatheters (PE-10; 
Becton Dickinson) that were placed in the femoral artery 
for monitoring mean arterial pressure and in the femoral 
vein for administrating drugs. The experimental procedures 
were conducted during the light phase in the previously 
described manner with some modifications.23 In brief, male 
mice were subjected to potassium chloride–induced car-
diac arrest for 8 min followed by chest compression in com-
bination with resumption of mechanical ventilation with 
100% oxygen and intravenous epinephrine administration. 
Female mice were subjected to cardiac arrest for 8.5 min 
because they are less sensitive to brain ischemia than male 
mice.24 Isoflurane anesthesia was discontinued when cardiac 
arrest was induced in all mice. Core body temperature was 
measured throughout the procedure using an esophageal 
temperature probe. Bupivacaine (2 mg/kg) was injected in 
the surgical wounds preoperatively in conjunction with 
administration of buprenorphine (0.1 mg/kg) for postoper-
ative analgesia. All animals were treated in the same manner 
before, during, and after cardiac arrest and CPR in terms 
of pre–cardiac arrest anesthesia, mechanical ventilation, 
temperature control, monitoring, and postoperative care, 
including analgesia, whether or not they received post– 
cardiac arrest sedation.

Post–cardiac arrest Sedation Starting at Return of 
Spontaneous Circulation

Starting at return of spontaneous circulation, 30 male and 
18 female mice were randomly assigned to receive contin-
uous intravenous infusion of propofol at a rate of 40 mg ∙ 
kg–1 ∙ h–1 or dexmedetomidine at a rate of 1 µg ∙ kg–1 ∙ h–1 or 
normal saline (vehicle) for 2 h (10 male mice and 6 female 
mice per group; Supplemental Digital Content 1 table 1, 
http://links.lww.com/ALN/C948). The infusion rate of 
the drugs was determined based on our pilot experiments 
(Supplemental Digital Content 2 fig. 1, http://links.lww.
com/ALN/C938). In addition, a group of male mice under-
going EEG recording received administration of propofol at 
10 mg ∙ kg–1 ∙ h–1 starting at return of spontaneous circula-
tion (Supplemental Digital Content 1 table 1, http://links.
lww.com/ALN/C948) to investigate the dose-dependent 
effects of propofol. All mice were weaned from mechanical 
ventilation at 20 min after return of spontaneous circula-
tion when the spontaneous respiratory rate exceeded 100 
breaths/min, and oxygen was administered continuously 
through a T-piece circuit up to 40 min after return of spon-
taneous circulation. Mean arterial pressure, heart rate, and 
respiratory rate were recorded up to 120 min after return of 
spontaneous circulation. Body temperature was maintained 
at 37°C until 20 min after return of spontaneous circula-
tion and was subsequently lowered and maintained at 33°C 

until administration of propofol or dexmedetomidine or 
vehicle was discontinued. After removal of the catheters, all 
mice were returned to their cages where they are allowed to 
equilibrate at the ambient temperature. The detailed exper-
imental timeline is shown in Supplemental Digital Content 
3 fig. 2A (http://links.lww.com/ALN/C939). Mice were 
followed up for 10 days after cardiac arrest, and survival 
rates were assessed by an investigator blinded to the exper-
imental groups. The animals were euthanized with an over-
dose of isoflurane at the end of the study follow-up period.

Post–cardiac arrest Sedation Starting at 60 Min after 
Return of Spontaneous Circulation

Starting at 60 min after return of spontaneous circulation, 
30 male mice in another group were randomly assigned to 
receive administration of propofol at 40 mg ∙ kg–1 ∙ h–1 or 
dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 or normal saline (vehi-
cle) for 2 h (10 male mice per group; Supplemental Digital 
Content 1 table 1, http://links.lww.com/ALN/C948). In 
these experiments, body temperature was maintained at 
33°C up to 180 min after return of spontaneous circulation 
(Supplemental Digital Content 3 fig. 2B, http://links.lww.
com/ALN/C939). Mice were followed up for 10 days after 
cardiac arrest, and survival rates were assessed by an investi-
gator blinded to the experimental groups. The animals were 
euthanized with an overdose of isoflurane at the end of the 
study follow-up period.

Neurologic Outcome Assessment

Neurologic function was assessed at 24, 48, 72, 96, and 
120 h after cardiac arrest by an investigator blinded to the 
experimental groups. Animals in the different experimen-
tal groups were assessed in sequential order. The previously 
reported neurologic function scoring system was used with 
minor modifications (scale 1).23 For mice that underwent 
continuous EEG recording, we used an alternative scor-
ing system (scale 2) to avoid applying a stimulus that could 
affect EEG recording, which was based partly on a scale 
evaluating postischemic neurologic function in a different 
murine model of global cerebral ischemia.25 In both scales, 
higher scores indicate better neurologic outcomes. Dead 
mice were scored at 0 points and were included in the sta-
tistical analysis. Details about scale 1 and 2 are shown in 
Supplemental Digital Content 4 table 2 (http://links.lww.
com/ALN/C949).

Histologic Assessment

Histologic examination was performed in a separate group 
of male mice (n = 12) that were randomly assigned to 
receive no sedation (vehicle administration) or sedation with 
propofol at 40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙  
kg–1 ∙ h–1 starting at return of spontaneous circulation, or no 
sedation (Supplemental Digital Content 1 table 1, http://
links.lww.com/ALN/C948). Brains were harvested from 
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mice euthanized at 24 h after cardiac arrest in the previously 
described manner with minor modifications.26,27 In brief, 
Fluoro-Jade B was used to stain dying neurons in combination 
with counterstaining with 4′,6-diamidino-2-phenylindole 
that allows nuclear staining. To assess the degree of neuronal 
degeneration in the cerebral cortex, three images were ran-
domly selected from two different brain sections per mouse. 
Fluoro-Jade B– and 4′,6-diamidino-2-phenylindole–positive 
neurons were counted by an investigator blinded to the iden-
tity of samples, using ImageJ 1.53g (National Institutes of 
Health, Bethesda, Maryland), and the percentage of Fluoro-
Jade B–positive neurons to 4′,6-diamidino-2-phenylindole–
positive neurons was reported.

Cerebral Blood Flow Monitoring

In a separate group of male mice (n = 33) that were ran-
domly assigned to receive sedation with propofol at 40 mg 
∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 start-
ing at return of spontaneous circulation or at 60 min after 
return of spontaneous circulation, or no sedation (vehicle 
administration starting at return of spontaneous circula-
tion or at 60 min after return of spontaneous circulation; 
Supplemental Digital Content 1 table 1, http://links.
lww.com/ALN/C948), we measured cerebral blood flow 
using a laser Doppler flowmeter (moorVMD-LDF1; Moor 
Instruments Inc., USA) affixed to the skull over the middle 
cerebral artery region. Before induction of cardiac arrest, 
baseline cerebral blood flow was measured for 2 min with 
isoflurane anesthesia. The laser Doppler flowmeter was cal-
ibrated to set the baseline value as 100% in each mouse. 
Cerebral blood flow was recorded for 4 h after return of 
spontaneous circulation, and the relative value of cerebral 
blood flow was calculated as percent of the baseline value.

Electroencephalogram Transmitter Implantation

A telemetric EEG transmitter (ETA-F10; Data Sciences 
International, USA) was used in the current study. During 
isoflurane anesthesia, the EEG transmitter was implanted 
subcutaneously so that the biopotential leads were posi-
tioned parallel to the long axis of the body. Two electrodes 
were placed at the following coordinates: the negative lead 
at 1.0 mm anterior and 1.0 mm lateral to Bregma, and the 
positive lead at 3.0 mm posterior and 3.0 mm lateral to 
Bregma on the contralateral side.28 After electrical contact 
with the dura membrane was established, dental acrylic was 
applied to the lead entry holes to ensure that the electrodes 
remained affixed to the skull. Bupivacaine (2 mg/kg) was 
injected in the surgical wounds preoperatively in conjunc-
tion with administration of buprenorphine (0.1 mg/kg) for 
postoperative analgesia. Ten to 14 days after EEG transmit-
ter implantation, mice were subjected to cardiac arrest and 
CPR, and thereafter randomly assigned to receive admin-
istration of propofol or dexmedetomidine or normal saline 
(vehicle) to examine the effects of sedation on EEG.

Electroencephalogram Acquisition and Processing

EEG was continuously recorded in 30 male and 5 female 
mice from 3 days before and up to 7 days after cardiac arrest 
(Supplemental Digital Content 1 table 1, http://links.lww.
com/ALN/C948). Telemetric data from the implantable 
EEG transmitters were digitally collected from freely mov-
ing mice at a sampling rate of 500 Hz in the Dataquest 
Advanced Research Technology system (Data Sciences 
Internationa) and analyzed with the use of NeuroScore 
3.3.1 (Data Sciences International). The derived EEG sig-
nals were band-pass filtered in the frequency ranges as fol-
lows: delta (0.5 to 4 Hz), theta (4 to 8 Hz), alpha (8 to 12 
Hz), sigma (12 to 16 Hz), beta (16 to 24 Hz), and gamma 
(30 to 90 Hz) oscillations. For each frequency band, total 
EEG power during the light phase of the day before cardiac 
arrest (12 h) was calculated as the pre–cardiac arrest base-
line where both sleep and awake states were included. To 
describe time-dependent EEG changes after resuscitation, 
post–cardiac arrest EEG power was calculated for each fre-
quency band at consecutive 1-h time blocks up to 48 h after 
return of spontaneous circulation, or at consecutive 10-min 
time blocks up to 6 h after return of spontaneous circulation. 
The post–cardiac arrest EEG power at each time block was 
expressed as percent of the pre–cardiac arrest baseline EEG 
power that was adjusted to match the length of the post–
cardiac arrest time block (i.e., 1 h or 10 min). For example, 
to calculate the percent post–cardiac arrest EEG power of 
a 1-h time block, the post–cardiac arrest EEG power of the 
1-h time block was divided by the 1-h pre–cardiac arrest 
baseline EEG power, which was obtained by dividing the 
total EEG power during the 12-h light phase before cardiac 
arrest by 12.

MATLAB R2020a (MathWorks, USA) was used for 
spectral analysis. The spectrogram and power spectrum 
were computed using the multitaper method implemented 
in Chronux,29 an open-source software package including 
a MATLAB toolbox for signal processing of neurobiologic 
time series data. The multitaper approach was used to cre-
ate EEG spectrograms for the purpose of providing clear 
and accurate high-resolution spectral estimates. Time-
frequency spectrograms before cardiac arrest and in the 
first 24 h after return of spontaneous circulation were gen-
erated using the Chronux function “mtspectrumc” with a 
time-bandwidth product TW = 3, number of tapers K = 
5, and window length T = 3 s. Power spectral density plots 
were generated for 60-s windows at 6 time points during 
and after sedation (30, 60, 90, 120, 240, and 360 min after 
return of spontaneous circulation) to quantify the differ-
ence in the frequency distribution of EEG power between 
mice without sedation and those sedated with propofol or 
dexmedetomidine. The median power values were plotted 
by frequency with 95% CI derived from 1,000-fold boot-
strapping (calculated using the MATLAB bootstrap func-
tion “bootci”).30
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Statistical Analysis

Variables were tested for normality with the Shapiro-
Wilk test and Q-Q plots. Data were presented as means 
and standard deviations for normally distributed variables, 
and median and interquartile ranges otherwise. For com-
parisons between mice without sedation and those sedated 
with propofol or dexmedetomidine, parametric data were 
analyzed using a one-way analysis of variance (ANOVA) 
followed by Sidak’s multiple comparisons test. The Kruskal-
Wallis test followed by Dunn’s multiple comparisons test 
was used when data were not normally distributed. The 
Dunnett’s multiple comparisons test was performed as 
the post hoc test following a two-way repeated-measures 
ANOVA to determine the propofol- or dexmedetomidine- 
induced effects on mean arterial pressure, heart rate, respi-
ratory rate, cerebral blood flow, and quantitative EEG. 
Survival data were visualized using a Kaplan-Meier sur-
vival plot, and the log-rank test was used for comparing 
survival curves. The number of animals required for the 
survival study was estimated by a power analysis as 10 per 
group based on the assumption that the median survival 
times in the control and experimental treatment groups are 
2 days and 9 days, respectively, during a follow-up period 
of 10 days (α = 0.05, β = 0.2, [Power = 80%], two-sided; 
PS: Power and Sample Size Calculation version 3.1.6). A 
priori sample size calculation was not performed in mice 
undergoing cerebral blood flow measurement and EEG 
recording because the effects of sedation on cerebral blood 
flow and quantitative EEG changes were unknown. The 
Spearman correlation coefficient was used to measure the 
degree of association between the relative EEG power early 
after resuscitation and neurologic function at 24 h after car-
diac arrest. Mortality, neurologic function, and physiologic 
variables were examined with the individual animal as the 
unit of analysis. All statistical tests were two-tailed with sig-
nificance set at P < 0.05. GraphPad Prism 9.2.0 (GraphPad 
Software Inc., USA) was used for statistical analyses.

Results

Sedation with Propofol or Dexmedetomidine Starting at 
Return of Spontaneous Circulation Improved Survival 
and Neurologic Outcomes after Cardiac Arrest

Continuous intravenous infusion of propofol at  
40 mg ∙ kg–1 ∙ h–1 modestly decreased mean arterial pressure 
(~10%) compared to no sedation in the first 2 h after return 
of spontaneous circulation (Supplemental Digital Content 5 
fig. 3A, http://links.lww.com/ALN/C940). Sedation with 
propofol or dexmedetomidine was associated with lower 
heart rate (≈15%) than no sedation between 80 to 120 min 
after return of spontaneous circulation (Supplemental Digital 
Content 5 fig. 3B, http://links.lww.com/ALN/C940). 
Compared to mice that received no sedation, those sedated 
with propofol or dexmedetomidine exhibited improved 
survival at 10 days after cardiac arrest (fig.  1A; log-rank, 

propofol [13 of 16, 81%] vs. no sedation [4 of 16, 25%],  
P = 0.008; dexmedetomidine [14 of 16, 88%] vs. no sedation 
[4 of 16, 25%], P = 0.002; Supplemental Digital Content 6 
fig. 4, http://links.lww.com/ALN/C941). The neurologic 
function score was significantly higher in propofol- or  
dexmedetomidine-treated mice than in those without seda-
tion at 5 days after cardiac arrest (fig. 1B; Kruskal-Wallis test, 
propofol 11.5 [9.0 to 12.0] vs. no sedation 1.5 [0.0 to 7.0],  
P = 0.0005; dexmedetomidine 10.0 [9.3 to 11.8] vs. no 
sedation 1.5 [0.0 to 7.0], P = 0.002). The range of times 
required for CPR is reported in Supplemental Digital 
Content 7 table 3 (http://links.lww.com/ALN/C950). 
Mice sedated with propofol or dexmedetomidine exhib-
ited reduced neuronal death after cardiac arrest on histol-
ogy, compared to those receiving no sedation (fig. 1C and 
1D). These results suggest that administration of propofol at 
40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 
starting at return of spontaneous circulation prevented brain 
injury after cardiac arrest in hypothermia-treated mice.

Sedation with Propofol or Dexmedetomidine Attenuated 
the Cerebral Hyperemic Response after Return of 
Spontaneous Circulation

To determine the effects of sedation on cerebral perfu-
sion in mice after cardiac arrest, we continuously measured 
cerebral blood flow for 240 min after return of spontaneous 
circulation. In mice that received no sedation after return 
of spontaneous circulation, cerebral blood flow surged to 
approximately 160% of the baseline at 20 min after return 
of spontaneous circulation, returned to baseline levels tem-
porarily, and then increased again to approximately 150% 
of the baseline around 120 min after return of spontaneous 
circulation (fig. 1E). In contrast, sedation with propofol or 
dexmedetomidine markedly attenuated cerebral hyper-
emia immediately after return of spontaneous circulation. 
Even after reaching its nadir, cerebral blood flow remained 
lower in sedated mice than in those without sedation up 
to 240 min after return of spontaneous circulation (fig. 1E). 
These observations suggest that the effects of sedation with 
propofol or dexmedetomidine starting at return of sponta-
neous circulation were characterized by attenuation of the 
cerebral hyperemic response immediately after resuscitation.

Delayed Sedation with Propofol or Dexmedetomidine 
Starting at 60 Min after Return of Spontaneous 
Circulation Did Not Improve Outcomes after Cardiac 
Arrest

To further characterize the relationship between early 
cerebral hyperemia and beneficial effects of sedation in 
post–cardiac arrest mice, we delayed the start of sedation 
until 60 min after return of spontaneous circulation so 
that the initial peak increase of cerebral blood flow after 
return of spontaneous circulation would not be affected by 
administration of propofol or dexmedetomidine. In com-
parison with vehicle administration starting at 60 min after 
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Fig. 1.  Effects of sedation with propofol or dexmedetomidine starting at return of spontaneous circulation. (A) Percent survival in the first 10 days 
after cardiac arrest. Ten male mice and 6 female mice per group. ##P < 0.01; blue: propofol versus no sedation, red: dexmedetomidine versus no 
sedation. (B) Neurologic function scores at 5 days after cardiac arrest that were assessed using scale 1. Ten male mice and 6 female mice per group. 
The half-colored symbols represent female animals. Note that dead mice (scored at 0 points) were included in the statistical analysis. **P < 0.01, 
***P < 0.001; versus no sedation. (C) Representative images of the cerebral cortex at 24 h post–cardiac arrest from male mice without sedation and 
those sedated with propofol or dexmedetomidine. Neuronal degeneration was visualized by double staining with Fluoro-Jade B and 4′,6-diamidino- 
2-phenylindole. Scale bar = 100 µm. (D) The percentage of Fluoro-Jade B–positive cells to 4′,6-diamidino-2-phenylindole–positive cells in the 
cerebral cortex was significantly lower in male mice sedated with propofol or dexmedetomidine starting at return of spontaneous circulation 
(one-way analysis of variance [ANOVA], propofol 26.3 ± 8.7 versus no sedation 52.5 ± 6.7, P = 0.002; dexmedetomidine 22.2 ± 8.5 versus no 
sedation 52.5 ± 6.7, P = 0.0009). **P < 0.01, ***P < 0.001; versus no sedation. (E) Changes in the relative cerebral blood flow in the first 240 min 
after return of spontaneous circulation in male mice without sedation and those sedated with propofol or dexmedetomidine starting at return of spon-
taneous circulation. Data are presented as mean ± SD. A two-way repeated-measures ANOVA with the post hoc Dunnett’s test was used (two-way 
repeated-measures ANOVA, propofol versus no sedation, interaction effect [group × time]: P < 0.0001; dexmedetomidine versus no sedation, inter-
action effect [group × time]: P < 0.0001). The colored lines below indicate statistically significant differences from the no sedation group at specific 
time points after return of spontaneous circulation (P < 0.05; blue: propofol vs. no sedation, red: dexmedetomidine vs. no sedation; Dunnett’s test).
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return of spontaneous circulation, administration of propo-
fol starting at 60 min after return of spontaneous circula-
tion decreased mean arterial pressure (approximately 20%; 
Supplemental Digital Content 5 fig. 3D, http://links.lww.
com/ALN/C940). In contrast to sedation starting imme-
diately after resuscitation, delayed sedation with propofol 
or dexmedetomidine failed to improve survival at 10 days 
after cardiac arrest (fig.  2A; log-rank, propofol [3 of 10, 
33%] vs. no sedation [3 of 10, 33%], P = 0.872; dexme-
detomidine [3 of 10, 33%] vs. no sedation [3 of 10, 33%], 
P = 0.705). No difference was found in the neurologic 
function score among groups at 5 days after cardiac arrest 
(fig. 2B; Kruskal-Wallis test, propofol 0.0 [0.0 to 9.3] vs. 

no sedation 0.0 [0.0 to 8.0], P > 0.999; dexmedetomi-
dine 0.0 [0.0 to 10.3] vs. no sedation 0.0 [0.0 to 8.0], P = 
0.953). The cerebral blood flow changed similarly in the 
first 60 min after return of spontaneous circulation in mice 
that received vehicle administration and those sedated 
with propofol or dexmedetomidine starting at 60 min after 
return of spontaneous circulation. Delayed administration 
of propofol or dexmedetomidine did not decrease cerebral 
blood flow from 60 until 180 min after return of sponta-
neous circulation except that there was a significant reduc-
tion in cerebral blood flow at 90 and 100 min after return 
of spontaneous circulation during sedation with dexme-
detomidine (fig.  2C). These results suggest that sedation 

Fig. 2.  Effects of delayed sedation with propofol or dexmedetomidine starting at 60 min after return of spontaneous circulation. (A) Percent 
survival in the first 10 days after cardiac arrest. Ten male mice per group. (B) Neurologic function scores at 5 days after cardiac arrest that 
were assessed using scale 1. Ten male mice per group. Note that dead mice (scored at 0 points) were included in the statistical analysis. 
(C) Changes in the relative cerebral blood flow in the first 240 min after return of spontaneous circulation in male mice without sedation and 
those sedated with propofol or dexmedetomidine starting at 60 min after return of spontaneous circulation. Data are presented as mean ± 
SD. A two-way repeated measures analysis of variance (ANOVA) with the post hoc Dunnett’s test was performed during and after the period 
of sedation (two-way repeated measures ANOVA, propofol versus no sedation, interaction effect [group × time]: P = 0.011; dexmedetomidine 
versus no sedation, interaction effect [group × time]: P = 0.074, main effect: P = 0.202). The colored line below indicates statistically signif-
icant differences from the no sedation group at specific time points after return of spontaneous circulation (P < 0.05; red: dexmedetomidine 
vs. no sedation; Dunnett’s test).
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with propofol or dexmedetomidine failed to improve out-
comes when initiated at 60 min after return of spontaneous 
circulation.

Sedation with Propofol or Dexmedetomidine 
Accelerated EEG Recovery after Cardiac Arrest  
(0 to 48 h after Return of Spontaneous Circulation)

Because brain electrical activity is tightly coupled with cere-
bral metabolism that changes in tandem with cerebral blood 
flow,31 we hypothesized that attenuation of cerebral hyper-
emia with pharmacologic sedation is associated with sup-
pression of neuronal activity in the early phase of recovery 
after hypoxic–ischemic brain injury. To address this hypoth-
esis, EEG was continuously recorded in freely moving mice 

before and after experimental cardiac arrest. Survival rates 
in mice that underwent EEG recording are summarized in 
Supplemental Digital Content 8 fig. 5 (mice that were not 
resuscitated from cardiac arrest were excluded; http://links.
lww.com/ALN/C942).

Representative EEG spectrograms and unprocessed 
waveforms are displayed in figure  3 from pre–cardiac 
arrest awake mice (fig. 3A), post–cardiac arrest mice that 
received no sedation (fig.  3B), sedation with propofol 
(fig.  3C), and sedation with dexmedetomidine (fig.  3D). 
Spectrograms for the individual animals are provided in 
Supplemental Digital Content 9 fig. 6 (http://links.lww.
com/ALN/C943). In mice that received no sedation, the 
EEG was isoelectric early after resuscitation, and EEG 

Fig. 3.  Representative electroencephalogram (EEG) spectrograms before cardiac arrest and in the first 24 h after return of spontaneous 
circulation. (A) Baseline spectrogram (the day before cardiac arrest). Mice were housed individually, exposed to a 24-h light/dark cycle 
(light: 7:00 am to 7:00 pm, dark: 7:00 pm to 7:00 am). Normal cycling between sleep and wake states was observed before cardiac arrest. 
Unprocessed EEG waveforms during the light and dark phase are also provided. Examples of spectrograms in the first 24 h after return of 
spontaneous circulation from (B) male mice that received no sedation, (C) those sedated with propofol at 40 mg ∙ kg–1 ∙ h–1 starting at return 
of spontaneous circulation, and (D) those sedated with dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 starting at return of spontaneous circulation. The 
white double-headed arrow in the spectrogram indicates the period of (B) vehicle administration, (C) sedation with propofol, or (D) sedation 
with dexmedetomidine. Unprocessed EEG waveforms at 1 h, 4 h, 12 h, and 24 h after return of spontaneous circulation are also provided.
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power remained lower in the first 24 h after return of 
spontaneous circulation compared to the pre–cardiac arrest 
baseline. In contrast, mice sedated with propofol at 40 mg 
∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 starting 
at return of spontaneous circulation exhibited pronounced 
EEG activity within frequencies up to 10 Hz in the first 
6 h after return of spontaneous circulation, which was 
followed by gradually increasing EEG power over 12 to 
24 h after resuscitation. Quantitative analysis showed that 
in contrast to mice without sedation, those sedated with 
propofol at 40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine at 1 
µg ∙ kg–1 ∙ h–1 starting at return of spontaneous circulation 

exhibited electrophysiologic recovery at earlier points in 
time after resuscitation across all frequency bands (fig. 4A 
to 4F). Although the body temperature recorded by an 
EEG transmitter showed a temporary decrease to less than 
33°C after the experimental procedure followed by a grad-
ual increase over time, no statistically significant differences 
were found in body temperature among groups up to 24 h 
after return of spontaneous circulation, except at 3 points 
in time (4, 5, and 24 h; Supplemental Digital Content 10 
fig. 7, http://links.lww.com/ALN/C944). These results 
indicate that sedation with propofol at 40 mg ∙ kg–1 ∙ h–1 
or dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 starting at return 

Fig. 4.  Quantitative changes in electroencephalogram (EEG) power after cardiac arrest. Changes in (A) delta, (B) theta, (C) alpha, (D) sigma, 
(E) beta, and (F) gamma power up to 48 h after return of spontaneous circulation are provided in male and female mice sedated with propofol 
at 40 mg ∙ kg–1 ∙ h–1 starting at return of spontaneous circulation, those sedated with dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 starting at return 
of spontaneous circulation, and those receiving no sedation. EEG power was calculated for each frequency band at consecutive 1-h time 
blocks up to 48 h after return of spontaneous circulation, which was expressed as percent of the baseline EEG power before cardiac arrest. 
Data are presented as mean ± SD. The P values for the interaction effect [group × time] are summarized in Supplemental Digital Content 14 
table 4 (http://links.lww.com/ALN/C951). The colored lines on top indicate statistically significant differences from the no sedation group at 
specific time points after return of spontaneous circulation (P < 0.05; blue: propofol vs. no sedation, red: dexmedetomidine vs. no sedation; 
Dunnett’s test).
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of spontaneous circulation accelerated electrophysiologic 
recovery in mice after cardiac arrest.

Sedation with Propofol or Dexmedetomidine Induced 
Slow-wave Activity in Post–cardiac arrest Mice (0 to 2 h 
after Return of Spontaneous Circulation)

To further analyze propofol- or dexmedetomidine- 
induced EEG changes over time during sedation in coma-
tose post–cardiac arrest mice, we generated power spectral 
density plots at 3 time points during sedation. Compared 
to mice sedated with propofol or those without sedation, 
mice sedated with dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 
exhibited greater EEG power at 30 min after return of 
spontaneous circulation, whereas sedation with propofol at 
40 mg ∙ kg–1 ∙ h–1 was associated with increased EEG power 
across frequencies less than 25 Hz compared to no sedation 
(fig. 5A). At 60 and 90 min after return of spontaneous cir-
culation, EEG power was greater across a frequency range 
up to approximately 35 Hz in mice sedated with propofol 
or dexmedetomidine than in those receiving no sedation 
(fig. 5B and 5C).

To visualize quantitative EEG changes, the relative EEG 
power was calculated for all EEG frequency bands in con-
secutive 10-min time blocks up to 120 min after return 
of spontaneous circulation. In mice receiving no sedation, 
EEG power remained less than about 20% of the baseline 
across all frequency bands in the first 120 min after return 
of spontaneous circulation (fig.  5D to 5I, Supplemental 
Digital Content 11 fig. 8, http://links.lww.com/ALN/
C945). As compared with mice without sedation, there was 
a noticeable increase in delta power early during sedation in 
mice sedated with propofol or dexmedetomidine (fig. 5D, 
Supplemental Digital Content 11 fig. 8, http://links.lww.
com/ALN/C945). Although less prominent than changes 
in slow oscillation power, sedation with propofol or dex-
medetomidine was associated with increased EEG power 
in theta, alpha, sigma, and beta frequency ranges (fig.  5E 
to 5H). Unlike frequencies less than 30 Hz, no increase in 
gamma power was observed during sedation (fig. 5I).

Sedation with Propofol or Dexmedetomidine 
Enhanced Recovery of EEG Power in the Early Hours 
after Sedation (2 to 6 h after Return of Spontaneous 
Circulation)

To quantify the time-dependent changes in EEG fre-
quency distribution after sedation, we generated power 
spectral density plots at 3 time points in the first 4 h after 
sedation was discontinued. EEG power was greater up to 
approximately 45 Hz at 120 min after return of sponta-
neous circulation (at the end of sedation) in mice sedated 
with propofol at 40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine 
at 1 µg ∙ kg–1 ∙ h–1 starting at return of spontaneous cir-
culation than in those receiving no sedation (fig.  6A). 

Fig. 5.  Propofol or dexmedetomidine-induced electroencephalo-
gram (EEG) changes during post–cardiac arrest sedation (0 to 2 h 
after return of spontaneous circulation). Power spectral density at 
(A) 30, (B) 60, and (C) 90 min after return of spontaneous circula-
tion in male and female mice without sedation and those sedated 
with propofol at 40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙ 
kg–1 ∙ h–1 starting at return of spontaneous circulation. The median 
and 95% confidence intervals of spectral density are displayed. 
Changes in (D) delta, (E) theta, (F) alpha, (G) sigma, (H) beta, and 
(I) gamma power in the first 120 min after return of spontaneous 
circulation. EEG power was calculated for each frequency band 
at consecutive 10-min time blocks, which was expressed as per-
cent of the baseline EEG power before cardiac arrest. Data are 
presented as mean ± SD. The P values for the interaction effect 
[group × time] are summarized in Supplemental Digital Content 
14 table 4 (http://links.lww.com/ALN/C951). The colored lines in 
each graph indicate statistically significant differences from the 
no sedation group at specific time points after return of sponta-
neous circulation (P < 0.05; blue: propofol vs. no sedation, red: 
dexmedetomidine versus no sedation; Dunnett’s test).
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Spectral analysis revealed an increase in EEG power 
across a broad frequency range up to 90 Hz at 240 min 
after return of spontaneous circulation (2 h after the end 
of sedation) in mice sedated with propofol or dexme-
detomidine (fig. 6B). At 360 min after return of sponta-
neous circulation (4 h after the end of sedation), mice that 
received post–cardiac arrest sedation were associated with 
increased EEG power across frequencies less than 5 Hz 
and between 10 and 90 Hz (fig. 6C).

Quantitative EEG changes were visualized by calculating 
the relative EEG power in consecutive 10-min time blocks 
from 120 min up to 360 min after return of spontaneous 
circulation. EEG power remained less than about 30% of 
the baseline levels in mice receiving no sedation, whereas 
mice sedated with propofol or dexmedetomidine exhibited 
a notable increase in delta power from 210 to 240 min after 
return of spontaneous circulation (fig. 6D). These sedated 
mice also showed increased EEG power within theta, alpha, 
sigma, and beta frequencies with a time course similar to 
that of delta power (fig. 6E to 6H). In contrast to the other 
frequency bands, gamma power was continuously increased 
after the end of sedation with propofol or dexmedetomi-
dine (fig. 6I).

Sedation with Low-dose Propofol and Delayed 
Sedation with Propofol Starting at 60 Min after 
Return of Spontaneous Circulation Did Not Accelerate 
Electrophysiologic Recovery in Hypothermia-treated Mice

Unlike sedation with propofol at 40 mg ∙ kg–1 ∙ h–1 starting 
at return of spontaneous circulation, the time-dependent  
increases in EEG were not observed in mice sedated with 
propofol at 10 mg ∙ kg–1 ∙ h–1 starting at return of sponta-
neous circulation or propofol at 40 mg ∙ kg–1 ∙ h–1 start-
ing at 60 min after return of spontaneous circulation 
(Supplemental Digital Content 12 fig. 9, http://links.lww.
com/ALN/C946 and Supplemental Digital Content 13 fig. 
10, http://links.lww.com/ALN/C947). In fact, EEG power 
changed over time similarly in mice without sedation and 
those sedated with propofol starting at 60 min after return 
of spontaneous circulation. There was no apparent tendency 
for delta activity to increase during and after sedation with 
propofol at 40 mg ∙ kg–1 ∙ h–1 starting at 60 min after return 
of spontaneous circulation.

Early Recovery of Electrophysiologic Activities Predicted 
Post–cardiac arrest Outcomes in Hypothermia-treated 
Mice

To explore whether early recovery of electrophysiologic 
function would predict outcomes after cardiac arrest, we 
investigated the association between the relative EEG power 
in the early postresuscitation phase and neurologic out-
comes in a total of 35 mice that underwent EEG recording. 
There was a positive correlation between the neurologic 
function score at 24 h after cardiac arrest and the relative 

Fig. 6.  Propofol or dexmedetomidine-induced electroencepha-
logram (EEG) changes early after sedation (2 to 6 h after return 
of spontaneous circulation). Power spectral density at (A) 120, 
(B) 240, and (C) 360 min after return of spontaneous circulation 
in male and female mice without sedation and those sedated 
with propofol at 40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙ 
kg–1 ∙ h–1 starting at return of spontaneous circulation. The median 
and 95% confidence intervals of spectral density are displayed. 
Changes in (D) delta, (E) theta, (F) alpha, (G) sigma, (H) beta, and 
(I) gamma power from 120 min up to 360 min after return of spon-
taneous circulation. EEG power was calculated for each frequency 
band at consecutive 10-min time blocks, which was expressed as 
percent of the baseline EEG power before cardiac arrest. Data are 
presented as mean ± SD. The P values for the interaction effect 
[group × time] are summarized in Supplemental Digital Content 
14 table 4 (http://links.lww.com/ALN/C951). ##P < 0.01, ####P < 
0.0001; blue: propofol versus no sedation (main effect). The col-
ored lines in each graph indicate statistically significant differ-
ences from the no sedation group at specific time points after 
return of spontaneous circulation (P < 0.05; blue: propofol vs. no 
sedation, red: dexmedetomidine vs. no sedation; Dunnett’s test).
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EEG power across all frequency bands in the first 6 h after 
return of spontaneous circulation (fig. 7).

Discussion
Our study uncovered the effects of post–cardiac arrest seda-
tion in comatose hypothermia-treated mice. As compared 
with no sedation, mice that were sedated with propofol at 
40 mg ∙ kg–1 ∙ h–1 or dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 
starting at return of spontaneous circulation had improved 
survival and neurologic outcomes. Early administration 

of sedation ameliorated histologic brain injury and was 
accompanied by attenuation of early cerebral hyperemia and 
enhancement of EEG slow-wave activity during and early 
after sedation. Our findings suggest a possible neuroprotec-
tive effect of post–cardiac arrest sedation, which is associ-
ated with modulation of slow-wave activity and prevention 
of cerebral hyperemia immediately after resuscitation.

In animal models of global brain ischemia, the tempo-
ral course of cerebrovascular changes after reperfusion is 
characterized by early cerebral hyperemia followed by a 
hypoperfusion phase lasting several hours.32–34 Preclinical 

Fig. 7.  Relationship between electroencephalogram (EEG) power early after resuscitation and neurologic function at 24 h post–cardiac 
arrest in male and female mice. The horizontal axis represents the relative EEG power in (A) delta, (B) theta, (C) alpha, (D) sigma, (E) beta, and 
(F) gamma frequencies in the first 6 h after return of spontaneous circulation, and the vertical axis represents the neurologic function scores 
at 24 h post–cardiac arrest that were assessed using scale 2. The Spearman correlation coefficient is reported. Note that dead mice were 
included in the analysis.
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studies have suggested a possible benefit of blunting post-
resuscitation cerebral hyperemia.35,36 Our findings that 
sedation with propofol or dexmedetomidine starting at 
resuscitation, but not at 60 min after resuscitation, improved 
neurologic outcomes would be consistent with early evi-
dence that barbiturates ameliorated ischemic brain dam-
age when administered early, but not late postischemia.8 
Propofol produces cerebral vasoconstriction indirectly as a 
result of reduced cerebral metabolism in the healthy human 
brain.37 Similarly, dexmedetomidine reduces cerebral blood 
flow possibly via α

2
-adrenoreceptor–mediated cerebral 

vasoconstriction.38 It is therefore conceivable that these 
agents altered the cerebral vasculature in post–cardiac arrest 
mice, thereby attenuating supernormal cerebral perfusion 
early after resuscitation. Sedatives may also limit cerebral 
oxygen supply/demand mismatch by exerting a coupled 
reduction of cerebral blood flow and cerebral metabolic 
rate of oxygen in conditions of impaired autoregulation.9 
Our observations highlight the potential of pharmacologic 
sedation as a protective intervention targeted to stabilize 
cerebrovascular function in the immediate postresuscitation 
phase.

Because the primary intended effect of sedation is to 
modulate neuronal activity, we hypothesized that admin-
istration of sedative–hypnotic agents to unconscious 
post–cardiac arrest mice would produce a deeper state 
of unconsciousness, or at least sustain the comatose state 
during the period of pharmacologic sedation. To our sur-
prise, early administration of propofol at 40 mg ∙ kg–1 ∙ h–1 
or dexmedetomidine at 1 µg ∙ kg–1 ∙ h–1 altered quanti-
tative EEG profiles in comatose mice by inducing slow-
wave activity. In contrast, the majority of mice without 
sedation remained in a state of prolonged unconscious-
ness with slow oscillation power being less than 30% of 
the baseline up to 24 h after cardiac arrest. These results 
are in alignment with the recent clinical observation that 
early recovery of EEG slow-wave activity during propofol 
sedation is associated with favorable outcomes in coma-
tose cardiac arrest survivors.20 Slow oscillations have been 
considered as a shared EEG feature of general anesthesia 
and sleep in healthy brains.14,21 Sedative–hypnotic agents 
cause neocortical neurons to oscillate at approximately 1 
Hz between a depolarizing state of intense firing and a 
hyperpolarizing state of silence.39,40 The cortically gener-
ated rhythmic pattern of the electrical activity synchro-
nizes into traveling waves over the cortical surface and 
gives rise to spatiotemporal slow (0.5 to 4 Hz) oscilla-
tions.41 Sensory deafferentation during anesthesia or sleep 
and rhythmic input from intrinsically oscillating thalam-
ocortical neurons also contribute to the full expression of 
slow oscillations.42 Because the synchronized interaction 
of large neuronal populations between the cortical and 
subcortical areas is responsible for the formation of slow 
waves, it has been hypothesized that this electrophys-
iologic phenomenon can be disrupted by severe acute 

brain injury.19 In the current study, the failure of delayed 
sedation with propofol to induce slow-wave activity and 
improve post–cardiac arrest outcomes may reflect ongo-
ing or severe disruption of the delicate neuronal networks 
required to generate slow oscillations.

Recent evidence shows that slow oscillations during 
non–rapid eye movement sleep play an essential role 
in sleep homeostasis and higher cognitive function.43,44 
There is an emerging concept that views the globally 
synchronized neuronal off periods as a cellular mainte-
nance process in which minor cellular injury can be ame-
liorated to prevent progression to irreversible injury.22 In 
line with this conceptual framework, it is tempting to 
speculate that pharmacologic sedation produced states 
of neuronal silence in the early phase of recovery after 
hypoxic–ischemic brain injury, thereby allowing damaged 
neurons to shut down before primary cellular dysfunc-
tion is exacerbated to the point of causing permanent 
damage. Modulation of slow-wave activity induced by 
post–cardiac arrest sedation with propofol or dexmede-
tomidine may be an electroencephalographic signature 
of anesthetic-induced metabolic suppression that enables 
brain cells to rest and recuperate from deleterious isch-
emic insults. Whether induction of slow-wave activity 
early after resuscitation serves, not only as a marker of 
the electroencephalographic reactivity to anesthetics, but 
also as a potential strategy of neuroprotection, warrants 
further investigation.

Although propofol administration starting at return of 
spontaneous circulation dose-dependently exerted neuro-
protective effects, EEG burst suppression was absent during 
sedation with propofol at 40 or 10 mg ∙ kg–1 ∙ h–1. These 
observations are in agreement with the findings of Warner 
et al.45 that barbiturates ameliorated brain damage after focal 
brain ischemia at low doses causing modest depression of 
electrical activity, with no additional benefit observed at 
higher doses sufficient to cause EEG burst suppression. Our 
findings imply that a possible dose–response relationship for 
the protective effect of propofol may be present at doses less 
than those required for EEG quiescence. Additional studies 
are required to examine detailed dose–response effects of 
post–cardiac arrest sedation.

There are limitations in our study. First, all mice were 
anesthetized with isoflurane before inducing cardiac 
arrest. Although isoflurane was discontinued at onset 
of cardiac arrest, it is possible that some isoflurane that 
remained in mouse tissues provided some sedative effects 
after resuscitation. Second, a longer arrest time was used 
for female mice because they are more resistant to brain 
ischemia than male mice.24 Although survival and neu-
rologic outcomes after cardiac arrest appear to be similar 
between male and female animals, the uneven distribution 
of female mice allocated to each treatment group could 
be a potential source of bias. Third, body temperature of 
mice decreased to less than 33°C after they were returned 
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to home cages and active warming was stopped. Although 
the body temperature was similar among groups up to 
24 h after return of spontaneous circulation, the possibility 
was not ruled out that this unintended hypothermia influ-
enced the results. Given the recent results of the Targeted 
Temperature Management 2 trial and updated clinical 
guidelines that do not recommend hypothermia in post–
cardiac arrest patients, the effects of sedation need to be 
studied in normothermia in future studies.46,47 Fourth, the 
decision to discontinue mechanical ventilation was not 
based on arterial blood gas analysis. In all mice, wean-
ing from mechanical ventilation and cessation of oxy-
gen administration was uniformly performed at 20 and 
40 min, respectively, after return of spontaneous circula-
tion on resumption of spontaneous ventilation (more than 
100 breaths/min). Although there was no difference in the 
respiratory rate with or without sedation, the presence of 
hypoxemia or hypercapnia was not ascertained. Fifth, the 
infusion rate of propofol used in this study (40 mg ∙ kg–1 ∙ 
h–1) was selected based on our pilot experiments in mice 
and is considerably higher than the recommended dose 
for patients. Finally, a mouse model of potassium chlo-
ride–induced cardiac arrest was used in the current study. 
Therefore, the applicability of the current results to clin-
ical cardiac arrest is unknown. Further clinical studies are 
needed to elucidate the role of post–cardiac arrest sedation 
on neurologic outcomes.

In conclusion, post–cardiac arrest sedation with propo-
fol or dexmedetomidine starting immediately after resus-
citation improved survival and neurologic outcomes in 
hypothermia-treated mice. The beneficial effects of phar-
macologic sedation early after resuscitation were associated 
with attenuation of cerebral hyperemia and early recovery 
of EEG power during and after sedation. In particular, our 
observations shed light on the ability of sedation to induce 
EEG slow-wave activity in comatose mice and improve 
neurologic outcomes after cardiac arrest. These results 
should stimulate future studies to gain further insight into 
the effects of sedation on neurologic recovery in cardiac 
arrest patients.
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ANESTHESIOLOGY REFLECTIONS FROM THE WOOD LIBRARY-MUSEUM

REFLECTIONPaul Bert’s OR on Wheels: A Hyperbaric Nitrous Oxide 
Chamber

Paul Bert (1833 to 1886), a French physiologist and politician, embraced the power of ideas to improve lives. A 
consummate scholar, Bert first studied engineering, then obtained successive doctorates in law, medicine, and the 
natural sciences. During his final years of schooling, he worked as the great Claude Bernard’s laboratory assistant for 
16 h a day. Bert eventually succeeded Bernard as Chair of Physiology at the Sorbonne and published his magnum 
opus, La pression barométrique, in 1878. Long called the “Bible of aviation medicine,” the book included a glorious 
exposition of the relationship between atmospheric pressure and oxygen tension within alpinists, balloonists, and 
divers—people who worked at extreme heights or depths. Bert would soon apply this knowledge to anesthesia. 
As nitrous oxide (N

2
O) could induce unconsciousness at 1 atm, the gas had to be delivered in pure form under 

normal-pressure conditions. Seeking to prolong N
2
O’s sedative effect while preventing asphyxia, Bert proposed 

using a hyperbaric chamber to deliver a N
2
O and oxygen (O

2
) mixture. Inspired by Bert’s ideas, Parisian surgeon 

Fontaine built a traveling operating room (image above) that fit up to 12 people and provided N
2
O-O

2
 anesthesia for 

27 surgeries within 3 months. A large hand pump (“A,” right) controlled the delivery of the anesthetic mixture from 
a storage cylinder (“C,” right), through a hose, and into a face mask within the chamber (“E,” left). (Copyright © the 
American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology. www.woodlibrarymuseum.org)

Jane S. Moon, M.D., Assistant Clinical Professor, Department of Anesthesiology and Perioperative Medicine, 
University of California, Los Angeles, California.
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