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Abstract

Currently no drugs are employed clinically to reverse the unconsciousness induced by gen-
eral anesthetics. Our previous studies showed that caffeine, when given near the end of an
anesthesia session, accelerated emergence from isoflurane anesthesia, likely caused by
caffeine’s ability to elevate intracellular cAMP levels and to block adenosine receptors.
These earlier studies showed that caffeine did not rouse either rats or humans from deep
anesthesia (> 1 minimum alveolar concentration, MAC). In this current crossover study, we
examined whether caffeine reversed the unconsciousness produced by light anesthesia (<
1 MAC) in the continued presence of isoflurane. The primary endpoint of this study was to
measure isoflurane levels at the time of recovery of righting reflex, which was a proxy for
consciousness. Rats were deeply anesthetized with 2% isoflurane (~1.5 MAC) for 20 min-
utes. Subsequently, isoflurane was reduced to 1.2% for 10 minutes, then by 0.2% every 10
min; animals were monitored until the recovery of righting reflex occurred, in the continued
presence of isoflurane. Respiration rate, heart rate and electroencephalogram (EEG) were
monitored. Our results show that caffeine-treated rats recovered their righting reflex at a sig-
nificantly higher inspired isoflurane concentration, corresponding to light anesthesia, than
the same rats treated with saline (control). Respiration rate and heart rate increased initially
after caffeine injection but were then unchanged for the rest of the anesthesia session.
Deep anesthesia is correlated with burst suppression in EEG recordings. Our data showed
that caffeine transiently reduced the burst suppression time produced by deep anesthesia,
suggesting that caffeine altered neuronal circuit function but not to a point where it caused
arousal. In contrast, under light anesthesia, caffeine shifted the EEG power to high fre-
quency beta and gamma bands. These data suggest that caffeine may represent a clinically
viable drug to reverse the unconsciousness produced by light anesthesia.
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Introduction

No drugs are currently used in clinical practice to reverse the coma-like state induced by gen-
eral anesthetics [1]. These drugs would be important for both clinical practice and in a labora-
tory setting. Patients recover from anesthesia with varying time courses, dependent upon
several factors including but not limited to genetics, comorbidities and age [2]. Attempts have
been made by different labs to either reverse anesthesia or to accelerate emergence [2-13].
These studies showed that a few drugs reanimate rodents from general anesthesia. Some of
these drugs, were delivered intracranially with microinjection or had significantly side effects
if administered systematically and were therefore problematic. The search for drugs with clini-
cal utility to reverse general anesthetics remains an important task actively researched by dif-
ferent labs.

Previously, we demonstrated that caffeine, a drug that elevates intracellular cAMP by inhib-
iting phosphodiesterase [14], could dramatically accelerate emergence from anesthesia in rats
when administered intravenously [15]. Most recently we demonstrated that caffeine is a safe
an effective way to actively speed emergence from isoflurane anesthesia in healthy male
human volunteers [16]. All subjects emerged from anesthesia at a higher expired isoflurane
concentration, manifested more rapid return to baseline bispectral index (BIS) values, and
were able to participate in psychomotor testing sooner when receiving caffeine. Caffeine also
produced a modest increase in minute ventilation, which may have helped to eliminate isoflur-
ane. In anesthesia, the minimum alveolar concentration (MAC) of a volatile anesthetic is the
concentration where 50% of test subjects do not respond to a noxious stimulus with move-
ment. Rats did not emerge from anesthesia while they were still exposed to anesthetic (> 1
MAC) or immediately after terminating the anesthesia, when caffeine was administered in the
range of 1-50 mg/kg. Similarly, caffeine (equivalent to 7.5 mg/ kg) was not able to rouse
humans from deep anesthesia (~ 1 MAC). However, in all cases, after terminating anesthesia,
emergence from anesthesia was dramatically accelerated [15, 17].

Our earlier studies still left unaddressed whether caffeine could reverse light anesthesia in
the continued presence of anesthetic. Clinically, volatile agents are commonly used at concen-
trations under 1 MAC to achieve unconsciousness or to provide amnesia for the whole or a
portion of general anesthesia. Furthermore, our earlier studies in rats showed that caffeine was
equally effective at accelerating emergence from propofol anesthesia as it was in isoflurane
anesthesia [15]. Light propofol anesthesia (i.e. sedation) is commonly used in a variety of pro-
cedures including colonoscopies and to prevent movement in MRI exams in adults and chil-
dren [18-21]. In other procedures, moderate to heavy doses of anesthetic are employed during
the beginning and midportion of the procedure with a lighter plane of anesthesia applied at
the end. Even under these conditions, light anesthesia may still result in some patients emerg-
ing slowly from anesthesia. Based on the findings of our previous studies [15, 16], it is possible
that systemic administration of caffeine reverses light anesthesia, which might be beneficial in
both a clinical and laboratory setting.

In this study, we examined whether caffeine reversed the unconsciousness produced by
light isoflurane anesthesia in the continued presence of isoflurane. The primary endpoint of
this study was to measure the inhaled isoflurane levels at the time of recovery of righting reflex
(RORR), which is a proxy for consciousness. Respiration rate (RR), heart rate (HR) and
electroencephalogram (EEG) were also monitored. We demonstrate that caffeine caused rats
to emerge from anesthesia in the continued presence of anesthetic at concentrations of isoflur-
ane where animals treated with saline were still unconscious. Moderate to deep anesthesia is
correlated with neuronal burst suppression in EEG recordings [22]. Caffeine reduced the burst
suppression caused by deep anesthesia, suggesting that the drug altered neuronal circuit
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activity but not to a level sufficient to promote emergence from anesthesia. In contrast, during
light anesthesia caffeine shifted the EEG to higher frequency bands, beta and gamma, which
appeared to presage emergence. Similar elevation of beta and gamma activity was observed in
rats injected with saline but at much lower isoflurane levels. Again, this activity appeared to
presage emergence from anesthesia.

Materials and methods
Anesthetizing adult rats

These studies on rats were approved by The University of Chicago Institutional Animal Care
and Use Committees (IACUCs). This manuscript adheres to the applicable Arrive guidelines.
All efforts were made to minimize animal suffering, to reduce the number of animals used,
and to utilize alternatives to in vivo techniques, if available.

Caffeine was obtained from Sigma-Aldrich, St Louis, part # C0750-5G, Lot#SLBD0505V.
The same bottle was used for the entire study. Sterile saline injection without caffeine was used
as a control for caffeine.

It was not feasible to carry out the studies in a blinded fashion as the caffeine injection
invariably caused the rats to move. In addition, caffeine produced an increase in respirations
and heart rate, even though animals were deeply anesthetized with 2% isoflurane; saline injec-
tions caused none of these reactions.

Adult Sprague Dawley rats (Charles River, Wilmington, MA), weighing 300-450 gm were
used in the study. All rats were housed in the same room in the University of Chicago animal
care unit and were cared by the facility staffs. They were transported to the anesthesia room
for two anesthesia sessions with at least three days apart. At the completion of each anesthesia
session, rats were transported back to their own room. The number of rats used in this study
was based on the analysis described in our previous study [15]. Although these earlier experi-
ments predicted sample size, the earlier experiments were not identical to the current experi-
ments. Rats were typically, but not always, divided into groups of 8 for each set of experiment.
All rats were female except one group which had 4 female and 4 male rats. They received caf-
feine or saline in a counterbalanced crossover manner. Each rat received a total of two sessions
of anesthesia. Because there was a small variation in responsiveness to anesthesia between
groups of rats, all rats served as their own controls. In two cases, larger groups of 16 animals
were tested. For a new study, a larger sample size permits a better understanding of experimen-
tal variance and ensures a robust effect. The first caffeine concentration studied was 37.5 mg/
kg caffeine and so 16 animals were tested. 16 animals were also tested at 12.5 mg/ kg caffeine
to ensure an accurate measurement, at this low dosage of caffeine. The EEG studies started
with eight animals, but technical problems with electrodes caused the data from two animals
to be discarded, leaving 6 animals for analysis. All experiments were performed during the
daytime. Room temperature was controlled at 22-26 °C and the anesthesia chamber was set to
25°C regulated by a heated pad. At the conclusions of the study, the rats were euthanized by
the animal facility staffs using CO, overdose, followed by decapitation.

Isoflurane anesthesia

Fig 1 shows a schematic of the protocol employed throughout these studies. Rats were placed
in a gas-tight anesthesia chamber where they were exposed to 2% (~1.5 MAC) isoflurane (in
4L/min O,) for 10 minutes. During this time the rats became unconscious and were insensitive
to tail pinch. At this time, the rats were removed from the gas tight chamber and then weighed.
Next, an anesthesia nose cone was put in place which delivered 2% isoflurane (in 4L/ min O,).
A 24g intravenous catheter was inserted into a tail vein. Saline or caffeine were then

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 3/23


https://doi.org/10.1371/journal.pone.0241818

PLOS ONE Caffeine reverses light anesthesia

Time (in minutes)

A
| 0
Rat placed in a sealed anesthesia
chamber (6 L volume) with 2%
10 isoflurane (4L/min O,).
——
Rat taken out of chamber: anesthesia
maintained with a nose cone. 24 gauge IV
inserted into tail vein. Saline or caffeine
infused. Isoflurane at 2%. Subset of rats get
EEG electrodes.
Rat put back in anesthesia box.
Isoflurane still at 2%.
20
Isoflurane in box .
reduced to 1.2%.
30
Isoflurane in
box reduced to : m
40 1.0%.
Isoflurane in box
reduced to 0.8%.
50
Isoflurane in box ‘ m
reduced to 0.6%.
60
Isoflurane in box
reduced to 0.4%. '
70
Isoflurane in box .
reduced to 0.2%.
80
p——)
Isoflurane in box ,
! reduced to 0%.

Fig 1. Schematic of experimental design. Note that the time bar is not to scale.

https://doi.org/10.1371/journal.pone.0241818.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 4/23


https://doi.org/10.1371/journal.pone.0241818.g001
https://doi.org/10.1371/journal.pone.0241818

PLOS ONE

Caffeine reverses light anesthesia

administered intravenously before the rats were put back into the gas tight anesthesia chamber.
Animals were placed on their backs, with legs pointing up. 2% isoflurane anesthesia was main-
tained for a total of 20 minutes. Subsequently, isoflurane was reduced to 1.2% for 10 minutes
[23, 24] and then by 0.2% every 10 min until the animals recovered their righting reflex
(RORR). The 10-minute interval included the 2-3 minute transition period from one isoflur-
ane concentration to the next. Emergence from anesthesia was taken as the isoflurane concen-
tration at which RORR took place. At this time rats stood with 4 paws on the floor in the
anesthesia chamber. The volume of the chamber is approximately 6 L. We observed that the
chamber equilibrated within 2-3 minutes as isoflurane concentrations were sampled at the
outlet of anesthesia chamber throughout the experiment by a gas analyzer (Intellivue MP70,
Philips). The value shown by the isoflurane analyzer at the outlet port of the chamber was used
as the emergence value when RORR took place, as we had no ability to measure the expired
isoflurane concentration, only the chamber concentration. Respiration rates (RR) were moni-
tored throughout the experiments. Caffeine (Sigma) was dissolved in sterile saline prior to
injection. Caffeine injection was adjusted for the weight of the rat. Caffeine at 37.5 mg/kg was
initially tested in one group of animals. Subsequently, three more concentrations (12.5 mg/kg,
25 mg/kg and 50 mg/kg) of caffeine were tested in three separate groups of rats in a crossover
manner. All experiments were recorded with a video camera for later analysis in order to
ensure the accuracy of timing and isoflurane concentrations. Only one animal was placed in
the anesthesia chamber per experiment.

Electroencephalogram (EEG) recording

In one group of rats, scalp electrodes were used to monitor EEG changes during the experi-
ments. To avoid possible stress effects following invasive surgical implantation, we recorded the
EEG from 9 mm stainless steel EEG needle electrodes inserted into the scalp during anesthesia
so that they were touching the outer table of the skull. This technique is used for EEG monitor-
ing intraoperatively in humans. After rats were anesthetized with 2% isoflurane and IV catheter
insertion, two scalp electrodes [Astro-Med/ Grass Technologies] were placed, as shown in Fig
2. We drew a line between the anterior edge of bilateral ears, likely between Bregma and
Lambda [25]. From the midpoint, one electrode was placed anteriorly perpendicular to the line
and the other one was placed posteriorly perpendicular to the line. Two EEG channels were
recorded, the first one from an electrode placed over the anterior portion of the brain, and a
second electrode placed over the posterior portion of the brain. The EMG was obtained from
an electrode placed over the left shoulder, all referenced to an electrode placed near the snout.
A ground electrode was placed on the dorsal neck. These three channels were recorded with an
A/D rate of 500 Hz/channel, with a 0.05-100 Hz bandpass and 12 dB/octave roll-off. Potentials
were amplified with a Neuroscan SYNAMPS 2 system (Compumedics, Inc., Charlotte, NC).

Power spectra

Two types of power spectra were computed: conventional power spectra using the SYNAMP
EDIT module, and spectrograms using MATLAB R2019b, EEGLAB program, using time reso-
lution of 10 seconds with 99% overlap. Power spectra (dB) were computed over 2-minute long
epoch of EEG, partitioned into 512-point epochs, and averaged, yielding a temporal resolution
of 2 Hz. Normalized power was calculated as the fraction of a specific frequency power, includ-
ing delta (0.5-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), spindle (12-15 Hz), beta (15-25 Hz) and
gamma (25-40 Hz), in the total power over all frequency bands from 0.5-40 Hz. The mean
powers in percent for pre (1), post saline or caffeine injection (2), during 1.2% isoflurane (3)
and before RORR (4) were computed by the MATLAB program. Heart rates (HR) were also
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Green Wire - Posterior Electrode (PE)
Red Wire - Anterior Electrode (AE)
Black Wire - Reference Electrode (RE)
Purple Wire - Ground Electrode (GE)
Yellow Wire - EMG Electrode (EMG)

Fig 2. Photograph showing placement of EEG electrodes. The two photographs of the same rat were obtained as the animal was emerging from
anesthesia. Two channels of EEG signals analyzed in this study were the difference between the reference electrode (Black wire) labeled RE and either
the anterior electrode (Red wire) labeled AE or the posterior electrode (Green wire) labeled PE. Muscle movements were obtained from the EMG
electrode (Yellow wire) labeled EMG. The ground electrode was labeled as GE (Purple wire).

https://doi.org/10.1371/journal.pone.0241818.9g002

computed from this EEG monitoring. Burst suppression ratio (BSR) in the EEG was calculated
by a formula, BSR = (total time of suppression/epoch length) x 100% and analyzed indepen-
dently by two different members of this study. Each independent analysis produced consistent
results. Suppression time was defined from 0.5 to 5 seconds consistent with other studies [26-
28]. EEG suppression was defined as an amplitude < 5 uV which lasted for > 3 seconds.

The two-minute period pre- and post-saline or caffeine refers to the two-minute period
before and the 2-minute period after injection of either saline or caffeine. 2% isoflurane refers
to the last 2 minutes of the 2% isoflurane period. 1.2% refers the last 2 minutes of the 1.2% iso-
flurane period.
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Statistical analysis

In this study the threshold for statistical significance was set to 0.05. In the figures significance
levels of p < 0.05 were denoted with a “*”, p <0.01 with “**”, p <0.001 with “***” and p
<0.0001 with “****”_ The statistical tests used to analyze each data set is described in the appro-
priate figure legends. If multiple time comparisons were required, see Fig 4 for example, a
repeated measures analysis of variance (RM-ANOVA) with Tukey’s multiple comparisons
post-hoc test was employed. For Tables 1 & 2 a RM-ANOVA with Bonferroni correction was
employed. Data was tested for Normal distribution. For the power spectra and the burst sup-
pression ratio in Figs 8 and 9, a two-way repeated measures ANOVA was fit with condition
(saline vs caffeine) and time as repeated measures factors utilizing a Greenhouse-Geisser sphe-
ricity adjustment followed by Bonferroni adjusted post hoc testing as needed. Data was ana-
lyzed and graphed using GraphPad Prism 8 software. Data were expressed and plotted
graphically as mean + standard deviation (SD).

Results
Caffeine reverses the unconsciousness produced by light anesthesia

In this study, we investigated whether caffeine reversed light anesthesia in the continued pres-
ence of isoflurane. Rats were anesthetized using the protocol described in the Methods and in
Fig 1. Rats were injected with either saline or caffeine, placed on their backs and then the iso-
flurane concentration in the anesthesia chamber was lowered in increments of 0.2% every 10
minutes (see Fig 1). Anesthetized rats lose their righting reflex, but will always spontaneously
flip from their backs to their feet, when they are able. Recovery of the righting reflex (RORR) is
a proxy for consciousness. Fig 3 shows data from a group of 16 female rats that had been anes-
thetized twice. 8 rats were infused with saline during their first anesthesia session and 8 with
caffeine (37.5 mg/kg). Then a few days later the process was repeated such that every rat
received both caffeine and saline in a counter-balanced sequence. Every rat served as its’ own
control. Fig 3A illustrates that on average the isoflurane concentration at RORR was ~0.42% in
saline-treated rats, but was ~0.86% when rats received caffeine, a statistically significant differ-
ence (p < 0.0001). This data suggests that caffeine restores some levels of consciousness, even
at isoflurane levels that are considered to be light anesthesia. Fig 3B plots the isoflurane con-
centrations recorded at RORR for all 16 rats. Symbols in green represent the isoflurane levels
for the saline session, while those in red represent the caffeine session. For 15 of the 16 animals
the difference between the saline and caffeine sessions was dramatic. One animal emerged at
the identical isoflurane concentration in both the saline and caffeine sessions. Rather than
being resistant to the effects of caffeine, this one animal appeared resistant to isoflurane, as
RORR took place at 0.8% isoflurane, even when the animal was injected with saline.

Dose-dependent effect on anesthesia reversal by caffeine

Caffeine’s effects were dose dependent (Fig 4). Higher doses of caffeine caused the animals to
recover their righting reflex (RORR) at ever higher isoflurane concentrations, an effect which
appeared to saturate at ~35 mg/ kg caffeine. For the four doses of caffeine tested, the difference
between RORR in saline versus caffeine was significant using a mixed effect ANOVA test (see
legend to Fig 4 for p values). To examine the reproducibility of this data set, saline injected
RORR in the four groups was compared. There was no significant difference in the isoflurane
concentration at which RORR was observed between groups. The dashed line represents the
average isoflurane emergence level, ~0.45% isoflurane, for all saline-injected rats. To obtain a
caffeine dose vs isoflurane concentration at RORR dose-response relation, Fig 5 re-plots the
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Fig 3. Caffeine-treated rats recovered their righting reflex at a significantly higher isoflurane concentration than
did the same rats when treated with saline. A, A group of 16 adult female rats were anesthetized and then injected
with either saline (@) or caffeine (@) (37.5 mg/ kg) on two different days. The protocol for determining the isoflurane
concentration where rats recovered their righting reflex is described in the Methods section. The order of caffeine or
saline was randomized, with 8 rats receiving caffeine on the first anesthesia session and 8 rats receiving saline. The
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caffeine-treated rats recovered their righting reflex at 0.86 + 0.14% isoflurane (mean + SD), while the saline-treated rats
recovered their righting reflex at 0.42 + 0.19% isoflurane, p < 0.0001, n = 16 (paired T-test). B, plots the isoflurane
concentrations recorded at RORR for all 16 rats. Symbols in green represent the isoflurane levels recorded at RORR for
the saline session, while those in red represent the caffeine session.

https://doi.org/10.1371/journal.pone.0241818.g003

data shown in Fig 4; A is the difference in isoflurane levels where RORR took place in saline-
versus caffeine-infused animals (see inset in Fig 5A). The A in isoflurane concentration at the
time of RORR produced by 12.5 mg/kg, 25 mg/kg, 37.5 mg/kg, or 50 mg/kg caffeine was

0.23 £ 0.23% (n = 16), 0.33 £ 0.09% (n = 8), 0.44 £ 0.18% (n = 16) or 0.38 + 0.19 (n = 8) respec-
tively. In Fig 5B, a dose response curve was fit to the data shown in A. In this graph, the slope
of the curve was not constrained. The top of the curve was at a A isoflurane of 0.44% and the
ECs, was at 12.42 mg/ kg caffeine. All rats demonstrated some body movement for a few sec-
onds at 2% isoflurane immediately after caffeine injection. The extent of body movement
increased as the dose of caffeine increased. However, none recovered their righting reflex after
caffeine injection at 2% isoflurane.

Comparing caffeine in males and females

Data from female rats were used to construct Figs 3-5; our previous studies were done mainly
in male rats of similar age [15]. Fig 6 shows that caffeine at 37.5 mg/kg produced similar results
in both male and female rats. The difference between sexes was not significant (see legend to
Fig 6). A saline versus caffeine in RORR, male: 0.39 + 0.12%; female: 0.41 + 0.04% isoflurane,

n = 4 for each sex.

Effects of caffeine on EEG

In a group of 6 rats, scalp electrodes were used to monitor changes in EEG induced by caffeine
during the anesthesia sessions. The scalp electrodes were placed after the rats were anesthetized
with 2% isoflurane. The data from both leads was similar. Nonetheless, because of the proxim-
ity of the reference electrode, the posterior lead data was of larger amplitude, with less EKG
artifact and so this channel was used in this study. Electrode placement required the rats to
remain for 5 additional minutes on the isoflurane nose cone; otherwise, the anesthesia protocol
was identical to that described in the Methods. Rats with scalp electrodes recovered their right-
ing reflex at a higher concentration of isoflurane after caffeine (37.5 mg/kg) infusion when
compared to saline infusion (A in isoflurane concentration: 0.38 + 0.09%, n = 6, p<<0.0001).
After RORR the electrodes were removed and the experiment ended.

Fig 7 displays representative spectrograms from three different rats. Spectrograms from
both saline and caffeine sessions are plotted, aligned in time. Caffeine caused a shift in power
to higher frequency bands at relatively high isoflurane concentrations, where saline treated
rats showed no such shifts at the same isoflurane concentrations. Caffeine produced RORR at
higher isoflurane concentrations, thereby producing shorter spectrograms.

Fig 8 displays the normalized power spectra from 6 rats in both the saline and caffeine (37.5
mg/kg) experiments. The normalized mean power in percent for each frequency band
obtained at four different times during the anesthesia sessions, pre (1) and post (2) saline or
caffeine during 1.2% (3) isoflurane and before RORR (4). Normalized power was calculated as
the fraction of a specific frequency power, including delta (0.5-4 Hz), theta (4-8 Hz), alpha
(8-12 Hz), spindle (12-15 Hz), beta (15-25 Hz) and gamma (25-40 Hz), in the total power
over all frequency bands from 0.5-40 Hz. Note that the purple shaded area in Fig 8G shows
the difference in EEG power elicited by the caffeine injection; caffeine elevated EEG power at

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 9/23


https://doi.org/10.1371/journal.pone.0241818.g003
https://doi.org/10.1371/journal.pone.0241818

PLOS ONE

Caffeine reverses light anesthesia

1.5-

* **k%* **k%k%* **

-
o
|

Isoflurane %
3
Flsde
| o

0.54 ..
¢
il I
a0 Q SEE
bt 50

Fig 4. Increasing the caffeine concentration infused into rats caused the animals to emerge from anesthesia at a
higher isoflurane concentration. The protocol employed for this experiment was identical to that shown in Fig 1.
Four different caffeine concentrations were tested, each one in a separate group of rats. Caffeine and saline were
injected in alternate anesthesia sessions for each group. Group 1, 16 rats, were tested with 12.5 mg/ kg caffeine. Group
2, 8 rats, were tested with 25 mg/ kg caffeine. Group 3, 16 rats, were tested with 25 mg/ kg caffeine. Group 4, 8 rats,
were tested with 50 mg/ kg caffeine. The isoflurane levels at RORR were recorded and then averaged for each group of
rats and then plotted as a bar chart (+ SD). The individual isoflurane values at RORR are superimposed on top. The
data was analyzed with a mixed-effects ANOVA, without assuming sphericity and using Tukey’s multiple comparison
test. Significant differences between groups is shown graphically with a line with stars superimposed representing the
level of significance. Group 1 saline vs group 1 caffeine, p = 0.02. Group 2 saline vs group 2 caffeine, p = 0.0003. Group
3 saline vs group 3 caffeine, p < 0.0001. Group 4 saline vs group 4 caffeine, p = 0.0086. For emergence in caffeine the
following comparisons were observed. Group 1 caffeine vs group 2 caffeine, p = 0.5. Group 1 caffeine vs group 3
caffeine, p = 0.0539. Group 1 vs group 4, p = 0.04. Group 2 caffeine vs group 3 caffeine, p = 0.9985. Group 2 caffeine vs
group 4 caffeine, p = 0.9998. Group 3 caffeine vs group 4 caffeine, p = 0.9895. To examine reproducibility of the data
the following comparisons were made: Group 1 saline vs group 2 saline, p = 0.9995. Group 1 saline vs group 3 saline,
p =0.9911. Group 1 saline vs group 4 saline, p = 0.9985. Group 2 saline vs group 3 saline, p = 0.9809. Group 2 saline vs
group 4 saline, p = 0.9903. Group 3 saline vs group 4 saline, p > 0.9999.

https://doi.org/10.1371/journal.pone.0241818.9004

all frequencies for a brief period. Nonetheless, some bands were elevated more than others
were. Fig 8 plots the normalized change in power, similar to that shown in refs [29, 30]. Using
Delta frequencies as an example, Fig 8G shows that Delta power increased after caffeine, while
Fig 8A shows that percentage of total power represented by Delta went down, since Delta
increased less than did other bands like Beta and Gamma. No such difference was observed for
saline injections (Fig 8H). The changes elicited by caffeine were transient and were no longer
present 5 minutes later. The frequency bands during 1.2% isoflurane did not display any differ-
ence between the saline and caffeine treated rats. Because there was little difference in EEG
when comparing saline or caffeine, no further analysis was carried out. However, the EEG
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Fig 5. Dose-response relationship for recovery of righting reflex as a function of caffeine concentration. The data
from Fig 4 was used to construct this figure. A, inset shows data from a single rat infused with either saline or caffeine
during different anesthesia sessions. This rat emerged from anesthesia at ~0.25% isoflurane when infused with saline
(green line) and ~0.8% isoflurane when infused with caffeine (37.5 mg/kg) (red line). The A in the inset is the
difference in the “waking” isoflurane concentration after caffeine compared to saline. The main figure plots A in
emergence for the four different caffeine concentrations shown in Fig 4. B, A dose response curve was fit to the data
shown in A. In this graph the slope of the curve was not constrained. The top of the curve was at a A isoflurane of
0.44% and the ECs was at 12.42 mg/ kg caffeine.

https://doi.org/10.1371/journal.pone.0241818.g005
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Fig 6. Caffeine reversed light anesthesia equally well in both male and female rats. Two small groups, n = 4, of male
and female rats were anesthetized using the protocol described in Fig 1. Both groups were anesthetized twice, once
with a saline infusion and once with caffeine (37.5 mg/ kg). The A in isoflurane between caffeine and saline was ~0.4%
isoflurane. Using a 2-way ANOVA with multiple comparisons and Tukey’s multiple comparison test, no significant
differences between male and female rats were found. Female saline vs. female caffeine, p = 0.0081. Male saline vs. male
caffeine, p = 0.0097. Female saline vs male saline, p = 0.1. Female caffeine vs male caffeine, p = 0.15. Isoflurane RORR
concentrations in saline treated males: 0.5, 0.55, 0.6, 0.55. Isoflurane RORR concentrations in caffeine treated males:
0.75, 1.05, 1, 0.95. A for males: 0.25, 0.5, 0.4, 0.4. Isoflurane RORR concentrations in saline treated females: 0.25, 0.4,
0.35, 0.55. Isoflurane RORR concentrations in caffeine treated females: 0.65, 0.75, 0.8, 1.0. A for females: 0.4, 0.35, 0.45,
0.45.

https://doi.org/10.1371/journal.pone.0241818.g006

shifted to higher Beta and Gamma bands a process which occurred before RORR in both saline
and caffeine treated rats. The main difference was that RORR occurred earlier and at a higher
concentration of isoflurane in caffeine treated rats. The timing of early RORR correlated with
shift to higher beta and gamma frequency bands at earlier times when comparing caffeine to
saline experiments, a change which appears to presage emergence from anesthesia.

Burst suppression observed at high isoflurane levels were reduced by
caffeine
Burst suppression is associated with moderate and deep anesthesia [22]. Fig 9A plots represen-

tative unedited EEG recordings obtained from a single rat in either saline or caffeine sessions.
Two percent isoflurane produced significant burst-suppression in both saline- and caffeine-
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Fig 7. Representative spectrograms from three different rats. For each rat the top trace shows the saline control
injection, while the bottom trace shows the caffeine spectrogram. Scalp EEG electrodes were placed after rats were
anesthetized under 2% isoflurane for at least 10 minutes. Spectrograms are shown starting 2 minutes before saline or
caffeine (37.5 mg/kg) injection until the recovery of righting reflex (as shown in the artifacts caused by the motion).
These spectrograms demonstrated that caffeine injection elicited significant higher frequency EEG activity compared
to saline controls even though the injection took place at 2% isoflurane. Caffeine reduced the burst suppression caused
by higher concentrations of isoflurane immediately after caffeine injection. As isoflurane concentrations were reduced,
caffeine caused an elevation of high frequency activity earlier than saline.

https://doi.org/10.1371/journal.pone.0241818.9007
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Fig 8. Caffeine’s effects were most apparent in high frequency bands of power spectra. The inset plots a pre infusion power spectrum computed
from a 2-minute epoch under 2% isoflurane (box at top of figure). Data from 2-minute epochs were divided into 512-point segments, analyzed and
averaged. Each power spectrum was divided into component power bands as shown by the different colors and then analyzed. A-F) Data from 6 rats
was averaged, with green bars from saline-infused (green) rats while red bars are from caffeine-infused (red) rats. Each rat was employed for both
anesthesia sessions (caffeine and saline). Normalized power was calculated as the fraction of a specific frequency power, including delta (0.5-4 Hz),
theta (4-8 Hz), alpha (8-12 Hz), spindle (12-15 Hz), beta (15-25 Hz) and gamma (25-40 Hz), divided by the total power over all frequency bands from
0.5-40 Hz. The normalized data was averaged between rats and then plotted as “Mean power in percent”. Power spectra were obtained from just before
caffeine or saline infusion (pre), just after caffeine or saline infusion (post), during 1.2% isoflurane and before RORR. Comparisons were made between
the saline and caffeine experiments at those 4 time periods. A repeated-measures ANOV A model was fit with condition (saline vs caffeine) and time as
repeated factors. The normalized delta, beta and gamma bands between saline and caffeine experiment at the post infusion point were significant at
*p<0.05 for delta, **p<0.01 for beta, ****p<0.0001 for gamma (n = 6). Theta, alpha and spindle bands did not reach significant difference between
saline and caffeine experiments at any time points. G-H plot averaged power spectra from six rats, before (green line) and after caffeine infusion (red
line) in caffeine session (G), or before (green line) and after saline infusion (blue line) in saline session (H), during 2% isoflurane. Saline did not alter the
power spectrum in any measurable manner, while caffeine altered power at different frequencies, as indicated by the light purple shaded area between
the green and red lines. This change in the power spectrum was transient and disappeared within 5 minutes.

https://doi.org/10.1371/journal.pone.0241818.9g008
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Fig 9. Caffeine reduced burst suppression caused by deep anesthesia (> 1.2% Isoflurane). In A, a representative raw
EEGs from a rat in saline and caffeine experiments. Isoflurane at 2% caused significant burst suppression. Caffeine at 37.5
mg/kg reduced the burst suppression caused by deep anesthesia. Caffeine also led to the shift to high frequency in EGG at a
higher concentration of isoflurane. The EEG patterns before RORR were similar in both saline and caffeine experiments. The
horizontal lines represent examples of suppression. The small arrows (]) point to 60 cycles on the EEG. The horizontal lines
represent examples of suppression. In B, burst suppression ratio (BSR) was calculated. Each epoch length was 1 minute. BSR
of 1 indicated no electrical activity while a ratio of 0 showed no suppression. The graph started 2 minutes before caffeine or
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saline injection and ended after the burst suppression disappeared. The chart represents an averaged number of 6 rats in
both saline and caffeine (37.5 mg/kg) experiments. Caffeine reduced the BSR after the injection. The burst suppression was
also reduced as isoflurane was dialed down in saline experiments. The burst suppression ratio was calculated with the
formula, BSR = (total time of suppression/epoch length) x 100%. Two members of our group performed this calculation
independently. | represents the time of saline (S) or caffeine (C) injection. Comparisons were made at each time point
between saline and caffeine experiments. A repeated-measures ANOVA model was fit with condition (saline vs caffeine) and
time as repeated factors. There was evidence for a time by condition interaction (Green-Geisser adjusted p = 0.0003).
Subsequently saline versus caffeine comparisons (Bonerroni adjusted) gave the following: no significant difference from
times (t) of 2 min or less; t = 3 (**p<0.01), t =4 (**p<0.01), t =5 (****p<0.0001), t = 6 (***p<0.001), t = 7 (*p<0.05) and no
significant difference from 8 to 19 min (n = 6).

https://doi.org/10.1371/journal.pone.0241818.g009

infused rats. However, caffeine reduced burst-suppression, an effect that lasted for 5 minutes,
suggesting that caffeine alters neuronal circuit function, even though it does not cause arousal
in 2% isoflurane. Fig 9B plots the average burst suppression ratio (BSR) of 6 rats in saline and
caffeine as a function of time. Immediately after caffeine infusion, there was a dramatic and
significant reduction in burst suppression which disappeared during 1.0-1.2% isoflurane.

Effects of caffeine on respiration and heart rates during anesthesia

Respiration rates were counted every 5 minutes starting 5 minutes after rats were anesthetized
and continued until RORR. Counting was carried out manually by a designated person for
each experiment and then verified afterwards with the assistance of video recording. In a
group of rats where EEGs were monitored, heart rates were recorded via the EEG electrodes.
Table 1 showed caffeine at all concentrations tested caused a significant increase immediately
after infusion. Five minutes after the injection of caffeine, there was no longer any difference

Table 1. Comparison of respiration rates (per min) in saline and caffeine sessions.

Pre injection A in 2% Pre injection B in 2% Post injection in 2% 2% isoflurane |1.2% isoflurane | Before RORR
Isoflurane Isoflurane isoflurane
Saline 44.63 +£9.14 44.38 +£9.92 48.63 + 11.63 42.75+10.23 | 54.5+16.71 76.75 £ 22.61 ***
Caffeine 12.5 mg/ | 50.75 + 11.95 49.75 + 14.12 68.25+9.12 " 46.63 +16.42 | 51.25+19.12 86.86 + 20.14
kg
Saline 50.0 + 14.12 47.88 +11.32 45.88 + 11.62 34.5+6.21 47.00 + 7.63 77.88 £19.51 ***
Caffeine 25 mg/ | 49.50 + 12.71 47.75+7.42 79.00 + 9.12 ** s 49.00 +£16.11 |53.25+21.81 | 98.80 + 25.24"***
kg
Saline 53.65 +17.02 54.50 + 18.71 49.25 +7.62 46.60 + 11.93 | 57.50 + 12.24 84.00 + 18.11 ***
Caffeine 37.5 mg/ | 51.38 + 11.91 51.63 +£11.32 69.38 £9.32 %" x 59.25+15.41 | 69.25+21.23 93.17 £ 13.02%***
kg
Saline 51.63 £3.71 46.50 £ 5.14 47.00 £ 5.42 41.75+4.52 | 57.00+10.22 |72.63+13.02""
Caffeine 50 mg/ 54.00 + 8.81 54.25+3.42 85.75 + 8.82 *** sk 66.75 + 16.11 | 68.75 + 17.51 86.25 + 15.31 ***
kg

Pre injection A and B were 5 minutes apart and used as the baseline values. 2% isoflurane was 5 minutes after the injection. A repeated-measures ANOVA model was fit
with condition (saline vs caffeine) and time as repeated factors for each concentration group. Bonferroni’s multiple comparisons post-hoc test was used to analyze the
significance difference among the time points. The difference between times expressed in * and the difference between saline vs caffeine for each time point expressed in
. Data were expressed in Mean + SD,

*p<0.05,

“p<0.01,

***p<0.001 and

****p<0.0001, n = 8 for each group.

RR briefly increased after injection of caffeine when compared to RR in control or post injection of saline. RR increased before RORR in both saline and caffeine

injected rats. RR were not significant difference between saline and caffeine injected rats before RORR.

https://doi.org/10.1371/journal.pone.0241818.t001
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Table 2. Comparison of heart rates (per min) in saline and caffeine sessions.

Pre injection Post injection 2% isoflurane 1.2% isoflurane Before RORR
Saline 336.7 £ 28.2 334.3+23.8 327.2£26.0 346 + 50.7 366.0 + 24.5
Caffeine 322.0+27.9 404.0+61.2" 363.5+40.9 368.5+45.1 388.0£43.1*

Heart rates were computed from the EEG monitor both in saline and caffeine experiments from 6 rats. Heart rates were calculated based on the unique frequency of
heart rates comparing to the frequency of brain waves. Pre injection HR was used as the baseline. A repeated-measures ANOVA model was fit with condition (saline vs
caffeine) and time as repeated factors. Bonferroni’s multiple comparisons post-hoc test was used to analyze the significance difference among the time points. There was
no statistical difference in HR between saline and caffeine for each time point. In caffeine session, HR immediate after drug injection and before RORR were increased
when compared to the HR at baseline (p<0.05). Data were expressed in Mean + SD,

“p<0.05,n =6.

https://doi.org/10.1371/journal.pone.0241818.t1002

between the saline and caffeine experiments. All rats, as they approached RORR, showed
increased respiratory rates. Respiration rates near RORR increased somewhat more in caffeine
experiments than in saline experiments. Table 2 demonstrated caffeine increased heart rates
transiently after the injection, after which heart rats returned to the same levels observed in the
saline-infused controls. The legends to Tables 1 and 2 have details of the analysis.

Adverse events

No adverse events were observed. All rats were transported back to the home room without
complications following their anesthesia sessions.

Discussion

Pharmacological reversal agents exist for many categories of drugs routinely used by anesthesi-
ologists including opioids, benzodiazepines and paralytics. There are currently no drugs clini-
cally employed to reverse the coma-like state induced by general anesthetics [1]. Recovery
from general anesthesia is not always uniform and can be unpredictably prolonged. Therefore,
identification of a drug that reverses general anesthetics would be of considerable utility in
clinical practice and in a laboratory setting. The neural mechanisms of emergence from gen-
eral anesthesia are complicated and not completely known [31]. There have been ongoing
efforts to reverse the effects of anesthesia in animals, with intracerebral injection of various
agents including a cAMP analog [3], an antibody directed against potassium channels [4], a
cholinesterase inhibitor and muscarinic agonist [5, 12], nicotine [6] and adenosine receptor
antagonists, including caffeine [13]. Microinjection of an adenosine A1 antagonist or caffeine
in the prefrontal cortex area produced an increase in cortical acetylcholine release, subse-
quently leading to early RORR from anesthesia [13]. Although compelling, these studies are of
limited clinical utility as they involve injecting drugs directly into the brain. Solt and colleagues
have shown that methylphenidate, administered intravenously, accelerated emergence from
anesthesia in rats [2], implicating D; dopamine receptor activation as the mechanistic basis of
their observed effect [7, 8]. Of note, activation of D, receptors is known to produce down-
stream elevation of [CAMP]; [32, 33]. Aminophylline, which elevates intracellular cAMP and
blocks adenosine receptors, appears to facilitate emergence from anesthesia [9, 10].

Previously, we demonstrated that a series of three drugs that elevate intracellular cAMP-
forskolin, theophylline and caffeine- dramatically accelerated emergence from anesthesia
when administered intravenously [15]. Forskolin and caffeine both elevate [cAMP]; but by dif-
ferent mechanisms. Forskolin stimulates adenylate cyclase [34, 35], leading to increased pro-
duction of cAMP while caffeine inhibits phosphodiesterase [36], thereby preventing the
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breakdown of cAMP. In addition to elevating [CAMP]; caffeine has a variety of other effects.
Caffeine is a non-selective blocker of all four adenosine receptors [37, 38]. During waking
hours, extracellular adenosine levels rise as extracellular ATP is hydrolyzed. Adenosine bind-
ing to the A, , adenosine receptor provides an important signal for animals and people to
sleep. Caffeine’s ability to prevent sleepiness, is limited to blockade of the A,, adenosine recep-
tor [39-41]. Both the elevation of [cAMP]; and adenosine receptor blockade play a role in caf-
feine’s action in facilitating emergence from anesthesia [17].

In earlier studies we observed that caffeine at 25 mg/kg or 7.5 mg/kg given at the end of iso-
flurane anesthesia dramatically reduced the time it took to emerge from anesthesia in rats or
humans, respectively [15-17]. Nonetheless, caffeine did not reverse unconsciousness, either in
humans or rats, produced by deep isoflurane anesthesia, defined as a concentration > 1 MAC
[23, 24, 42]. In these previous studies, caffeine’s ability to wake animals from light anesthesia
in the continued presence of isoflurane was never explored. In this study, we demonstrate that
caffeine can re-establish the righting reflex in lightly anesthetized rats (~0.8% isoflurane). We
consider the righting reflex as a proxy for consciousness. In contrast, saline-treated rats were
unconscious at this concentration of isoflurane. Respiration rate and heart rate increased ini-
tially after the injection of caffeine when compared to those in saline treated rats, but these
changes disappeared within a few minutes and were not significantly different until RORR. In
all cases, saline and caffeine, animals increased their breathing rates as they neared RORR [13]

Increasing caffeine dosages caused the animals to emerge from anesthesia at a higher iso-
flurane concentration. However, caffeine at 50 mg/kg did not produce a greater effect than
that induced by 37.5 mg/g. Isoflurane can affect minute ventilation and cardiac output which
may indirectly regulate the uptake of the agent [43]. An increase in minute ventilation may
increase isoflurane uptake. Although, respiration rate and heart rate were monitored, minute
ventilation and cardiac output could not be assessed without knowing tidal volume and stroke
volume, respectively. However, the increase in respiration and heart rates after caffeine injec-
tion lasted for only a few minutes. Afterward, the respiration and heart rates of rats infused
with saline were not significantly different than those infused with caffeine. Note that this
study was conducted in the continued presence of isoflurane, not during the elimination phase
of isoflurane. Therefore, RR and HR played a lesser role in this study than in our previous
studies where anesthetics were terminated and caffeine effects were assessed. Despite these
limitations, the early reversal of unconsciousness produced by caffeine in light anesthesia was
likely due to its ability to reverse the unconsciousness associated with isoflurane anesthesia.

In this study, EEG leads were not surgically implanted as has been described elsewhere [2,
8]. There are considerations which favor non-surgical implantation: 1. To reduce the potential
effect of an additional anesthesia sessions and to avoid surgery on the rats [44]; 2, The experi-
mental protocol allowed for EEG lead placement while these animals were in deep anesthesia,
a seemingly stress-free condition. The electrodes were removed and the experiment ended
when the animals recovered their righting reflex.

Two electrodes were placed in these studies. Overall, the anterior and posterior leads exhib-
ited similar responses to isoflurane and caffeine in these experiments. Even with the advantages
of ad-hoc electrode insertion, there were disadvantages as well. Not being able to record baseline
waking activity was a disadvantage as was the inability to record activity after the animals were
completely recovered. It is possible that even anesthetized, electrode insertion is stressful, so
two separate electrode insertions may be challenging. It was not possible to complete both saline
and caffeine infusions in the same session as caffeine has a half-life of ~5-6 hours. To minimize
possible errors due to electrode insertion, each rat received caffeine or saline on different ses-
sions at least 3 days apart. Handling was the same for both sessions. We recorded EEG for two
min after the placement of electrodes and before injection of saline or caffeine as baseline. The
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baseline EEGs in the saline and caffeine sessions were virtually identical in the same rat. We
were unable to observe any difference. Furthermore, injection of saline produced no change
from baseline, while injection of caffeine led to a change in the EEG.

Moderate to deep anesthesia is correlated with EEG recordings showing burst suppression
[22]. Caffeine reduced the burst suppression produced by deep anesthesia, 2% isoflurane, indi-
cating that it was having an effect on neuronal circuit function, even though the effect was not
sufficient to elicit arousal. In contrast, caffeine shifted EEG power to beta and gamma fre-
quency bands during light anesthesia. Increased beta and gamma activity typically presaged
emergence from anesthesia. At these same concentrations of isoflurane saline treated rats
remained unconscious. Immediately after the injection of caffeine, we also observed a signifi-
cant reduction in delta power in EEG which was in agreement with the EEG change by intra-
cranial injection of caffeine [13].

Solt et al. reported a shift in power in EEG and vigorous movement of the rat induced by
methylphenidate during continuous anesthesia of 1.0% isoflurane. These authors terminated
the experiments after methylphenidate injection due to vigorous movement of the rats, with-
out reporting on RORR [2]. In our study, significant movement was observed in the rats
immediately after caffeine injections, while the rats were receiving 2% isoflurane. This behav-
ior became less obvious with lower doses of caffeine like 12.5 mg/kg. In all cases, the move-
ment, increase in HR and RR were all short lived.

Other studies have shown that respiration can impact EEG spectral frequencies [45, 46]. In
this study, caffeine altered respiration for a brief period of time after injection (see Table 1),
which raises the possibility that EEG changes may result from alterations in respiration.
Although possible, caffeine had little effect on EEG when compared to saline until just prior to
RORR. For example, at 1.2% isoflurane no difference in EEG was recorded when comparing
caffeine and saline. Nor was any difference in respiration observed.

General anesthetics have many actions, including the induction of unconsciousness, amnesia,
immobility, analgesia and production of hemodynamic instability [1]. Clinically, it is common
for volatile anesthetics to be employed at concentrations under 1 MAC, concentrations we refer
to as light anesthesia. Volatile general anesthetics induce unconsciousness and amnesia at light
anesthesia concentrations. For maintenance of general anesthesia, volatile anesthetics are most
commonly employed at light anesthesia dosages for two reasons, 1. To maintain unconscious-
ness; and 2. To minimize unwanted effects on the brain and the hemodynamic instability caused
by high concentrations of these drugs. Our earlier studies in rats showed that caffeine was
equally effective at accelerating emergence from propofol anesthesia as it was in isoflurane anes-
thesia [15]. Light propofol anesthesia is commonly used in a variety of procedures including
colonoscopies and to prevent movement in MRI exams [18-21]. It will be important to deter-
mine whether caffeine can reverse the effects of other anesthetics, like propofol and dexmedeto-
midine, in a similar manner to that observed for isoflurane, as these drugs and their effects can
stay in the body long after the termination of the anesthetic agent. One potential negative effect
of caffeine injection prior to anesthesia is to increase the risk of intraoperative awareness. Fur-
ther study is needed to explore this possibility and to determine whether and how to mitigate it.

Recent studies in animals and humans suggest that general anesthetics including volatile
agents, may be neurotoxic in very young [47-49] and very old human and animal populations
[50, 51]. This anesthetic-induced neurotoxicity effect appears to be dose, frequency and dura-
tion-dependent [48, 49]. Many critically ill patients do not tolerate high concentrations of vola-
tile agents due to anesthetic’s side effects on hemodynamic stability. A reasonable strategy to
anesthetize these vulnerable populations is to use light anesthesia in combination with an
immobilizer and a strong analgesic whenever possible. When anesthesia is carried out in these
conditions, all aspects of the procedure can be reversed. Opiates analgesics are reversed with
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naloxone, the immobilizer rocuronium with sugammadex and light anesthesia with caffeine.
Other drugs, like methylphenidate or aminophylline, may also be able to reverse light anesthe-
sia [2, 9, 10]. These combinations of drugs should provide suitable anesthetic conditions for
many procedures. The potential clinical implications include reduced neurotoxicity, faster
emergence from anesthesia and earlier cognitive recovery.

Conclusions

In summary, our results demonstrate that caffeine-treated rats recovered their righting reflex
at a significantly higher isoflurane concentration, corresponding to light anesthesia, with tran-
sient change in respiration rates and heart rates. Caffeine transiently reduces the burst suppres-
sion time produced by deep anesthesia and increased the power of beta and gamma frequency
bands during light anesthesia. The change in EEG was consistent with the behavioral observa-
tion of early recovery of the righting reflex, suggesting that caffeine was able to reverse the
unconsciousness associated with light anesthesia.

Supporting information

S1 Checklist. The ARRIVE guidelines checklist.
(PDF)

Acknowledgments

We would like to thank the support from the department and anesthesia and critical care and
animal care center at the University of Chicago. Statistical analysis was aided by Chuanhong
Liao, MS, of the Biostatistics lab, Department of Public Health Science, The University of
Chicago.

Author Contributions

Conceptualization: Aaron P. Fox, Kyle R. Wagner, Vernon L. Towle, Zheng Xie.

Data curation: Aaron P. Fox, Kyle R. Wagner, Vernon L. Towle, Kelvin G. Xie, Zheng Xie.
Formal analysis: Aaron P. Fox, Kyle R. Wagner, Vernon L. Towle, Kelvin G. Xie, Zheng Xie.
Funding acquisition: Aaron P. Fox, Kyle R. Wagner, Zheng Xie.

Investigation: Aaron P. Fox, Kyle R. Wagner, Vernon L. Towle, Zheng Xie.

Methodology: Aaron P. Fox, Kyle R. Wagner, Vernon L. Towle, Kelvin G. Xie, Zheng Xie.
Project administration: Aaron P. Fox, Zheng Xie.

Resources: Aaron P. Fox, Zheng Xie.

Software: Aaron P. Fox, Vernon L. Towle, Kelvin G. Xie, Zheng Xie.

Supervision: Aaron P. Fox, Vernon L. Towle, Zheng Xie.

Validation: Aaron P. Fox, Vernon L. Towle, Kelvin G. Xie, Zheng Xie.

Visualization: Aaron P. Fox, Kyle R. Wagner, Zheng Xie.

Writing - original draft: Aaron P. Fox, Zheng Xie.

Writing - review & editing: Aaron P. Fox, Kyle R. Wagner, Vernon L. Towle, Kelvin G. Xie,
Zheng Xie.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 20/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241818.s001
https://doi.org/10.1371/journal.pone.0241818

PLOS ONE

Caffeine reverses light anesthesia

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Brown EN, Lydic R, Schiff ND. Mechanisms of Disease: General Anesthesia, Sleep, and Coma. New
England Journal of Medicine. 2010; 363(27):2638-50.

Solt K, Cotten JF, Cimenser A, Wong KFK, Chemali JJ, Brown EN. Methylphenidate Actively Induces
Emergence from General Anesthesia. Anesthesiology. 2011; 115(4):791-803. https://doi.org/10.1097/
ALN.0b013e31822e92e5 PMID: 21934407

Cohn ML, Cohn M, Taylor FH, Scattaregia F. Direct Effect of Dibutyryl Cyclic-Amp on Duration of Narco-
sis Induced by Sedative, Hypnotic, Tranquilizer and Anesthetic Drugs in Rat. Neuropharmacology.
1975; 14(7):483-7.

Alkire MT, Asher CD, Franciscus AM, Hahn EL. Thalamic microinfusion of antibody to a voltage-gated
potassium channel restores consciousness during anesthesia. Anesthesiology. 2009; 110(4):766—73.
https://doi.org/10.1097/aln.0b013e31819c461c PMID: 19322942.

Hudetz AG, Wood JD, Kampine JP. Cholinergic reversal of isoflurane anesthesia in rats as measured
by cross-approximate entropy of the electroencephalogram. Anesthesiology. 2003; 99(5):1125-31.
https://doi.org/10.1097/00000542-200311000-00019 PMID: 14576549.

Alkire MT, McReynolds JR, Hahn EL, Trivedi AN. Thalamic microinjection of nicotine reverses sevoflur-
ane-induced loss of righting reflex in the rat. Anesthesiology. 2007; 107(2):264—-72. https://doi.org/10.
1097/01.anes.0000270741.33766.24 PMID: 17667571.

Kenny JD, Taylor NE, Brown EN, Solt K. Dextroamphetamine (but Not Atomoxetine) Induces Reanima-
tion from General Anesthesia: Implications for the Roles of Dopamine and Norepinephrine in Active
Emergence. Plos One. 2015; 10(7). https://doi.org/10.1371/journal.pone.0131914 PMID: 26148114

Taylor NE, Chemali JJ, Brown EN, Solt K. Activation of D1 Dopamine Receptors Induces Emergence
from Isoflurane General Anesthesia. Anesthesiology. 2013; 118(1):30-9. https://doi.org/10.1097/ALN.
0b013e318278c896 PMID: 23221866

Hupfl M, Schmatzer |, Buzath A, Burger H, Horauf K| Ihra G, et al. The effects of aminophylline on bis-
pectral index during inhalational and total intravenous anaesthesia. Anaesthesia. 2008; 63(6):583—7.
https://doi.org/10.1111/j.1365-2044.2008.05445.x PMID: 18279487

Turan A, Kasuya Y, Govinda R, Obal D, Rauch S, Dalton JE, et al. The Effect of Aminophylline on Loss
of Consciousness, Bispectral Index, Propofol Requirement, and Minimum Alveolar Concentration of
Desflurane in Volunteers. Anesthesia and Analgesia. 2010; 110(2):449-54. https://doi.org/10.1213/
ANE.0b013e3181c6be7e PMID: 19955506

Li D, Hambrecht-Wiedbusch VS, Mashour GA. Accelerated Recovery of Consciousness after General
Anesthesia Is Associated with Increased Functional Brain Connectivity in the High-Gamma Bandwidth.
Front Syst Neurosci. 2017; 11:16. https://doi.org/10.3389/fnsys.2017.00016 PMID: 28392760.

Pal D, Dean JG, Liu T, Li D, Watson CJ, Hudetz AG, et al. Differential Role of Prefrontal and Parietal
Cortices in Controlling Level of Consciousness. Curr Biol. 2018; 28(13):2145-52 e5. https://doi.org/10.
1016/j.cub.2018.05.025 PMID: 29937348.

Van Dort CJ, Baghdoyan HA, Lydic R. Adenosine A(1) and A(2A) receptors in mouse prefrontal cortex
modulate acetylcholine release and behavioral arousal. J Neurosci. 2009; 29(3):871-81. https://doi.org/
10.1523/JNEUROSCI.4111-08.2009 PMID: 19158311.

Choi OH, Shamim MT, Padgett WL, Daly JW. Caffeine and theophylline analogues: correlation of
behavioral effects with activity as adenosine receptor antagonists and as phosphodiesterase inhibitors.
Life Sci. 1988; 43(5):387-98. https://doi.org/10.1016/0024-3205(88)90517-6 PMID: 2456442.

Wang Q, Fong R, Mason P, Fox AP, Xie Z. Caffeine accelerates recovery from general anesthesia. J
Neurophysiol. 2014; 111(6):1331-40. https://doi.org/10.1152/jn.00792.2013 PMID: 24375022.

Fong R, Wang L, Zacny JP, Khokhar S, Apfelbaum JL, Fox AP, et al. Caffeine Accelerates Emergence
from Isoflurane Anesthesia in Humans: A Randomized, Double-blind, Crossover Study. Anesthesiol-
ogy. 2018. https://doi.org/10.1097/ALN.0000000000002367 PMID: 30044241.

Fong R, Khokhar S, Chowdhury AN, Xie KG, Wong JH, Fox AP, et al. Caffeine Accelerates Recovery
from General Anesthesia via Multiple Pathways. J Neurophysiol. 2017:jn 00393 2017. https://doi.org/
10.1152/jn.00393.2017 PMID: 28659466.

Abu Baker F, Mari A, Aamarney K, Hakeem AR, Ovadia B, Kopelman Y. Propofol sedation in colonos-
copy: from satisfied patients to improved quality indicators. Clin Exp Gastroenterol. 2019; 12:105-10.
https://doi.org/10.2147/CEG.S186393 PMID: 30881077.

Baker FA, Mari A, Hosadurg D, Suki M, Ovadia B, Gal O, et al. The impact of colonoscopy indication on
polyp detection rate. Ann Gastroenterol. 2019; 32(3):278-82. https://doi.org/10.20524/a209.2019.0374
PMID: 31040625.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 21/23


https://doi.org/10.1097/ALN.0b013e31822e92e5
https://doi.org/10.1097/ALN.0b013e31822e92e5
http://www.ncbi.nlm.nih.gov/pubmed/21934407
https://doi.org/10.1097/aln.0b013e31819c461c
http://www.ncbi.nlm.nih.gov/pubmed/19322942
https://doi.org/10.1097/00000542-200311000-00019
http://www.ncbi.nlm.nih.gov/pubmed/14576549
https://doi.org/10.1097/01.anes.0000270741.33766.24
https://doi.org/10.1097/01.anes.0000270741.33766.24
http://www.ncbi.nlm.nih.gov/pubmed/17667571
https://doi.org/10.1371/journal.pone.0131914
http://www.ncbi.nlm.nih.gov/pubmed/26148114
https://doi.org/10.1097/ALN.0b013e318278c896
https://doi.org/10.1097/ALN.0b013e318278c896
http://www.ncbi.nlm.nih.gov/pubmed/23221866
https://doi.org/10.1111/j.1365-2044.2008.05445.x
http://www.ncbi.nlm.nih.gov/pubmed/18279487
https://doi.org/10.1213/ANE.0b013e3181c6be7e
https://doi.org/10.1213/ANE.0b013e3181c6be7e
http://www.ncbi.nlm.nih.gov/pubmed/19955506
https://doi.org/10.3389/fnsys.2017.00016
http://www.ncbi.nlm.nih.gov/pubmed/28392760
https://doi.org/10.1016/j.cub.2018.05.025
https://doi.org/10.1016/j.cub.2018.05.025
http://www.ncbi.nlm.nih.gov/pubmed/29937348
https://doi.org/10.1523/JNEUROSCI.4111-08.2009
https://doi.org/10.1523/JNEUROSCI.4111-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19158311
https://doi.org/10.1016/0024-3205%2888%2990517-6
http://www.ncbi.nlm.nih.gov/pubmed/2456442
https://doi.org/10.1152/jn.00792.2013
http://www.ncbi.nlm.nih.gov/pubmed/24375022
https://doi.org/10.1097/ALN.0000000000002367
http://www.ncbi.nlm.nih.gov/pubmed/30044241
https://doi.org/10.1152/jn.00393.2017
https://doi.org/10.1152/jn.00393.2017
http://www.ncbi.nlm.nih.gov/pubmed/28659466
https://doi.org/10.2147/CEG.S186393
http://www.ncbi.nlm.nih.gov/pubmed/30881077
https://doi.org/10.20524/aog.2019.0374
http://www.ncbi.nlm.nih.gov/pubmed/31040625
https://doi.org/10.1371/journal.pone.0241818

PLOS ONE

Caffeine reverses light anesthesia

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

Khalila A, Shavit I, Shaoul R. Propofol Sedation by Pediatric Gastroenterologists for Endoscopic Proce-
dures: A Retrospective Analysis. Front Pediatr. 2019; 7:98. https://doi.org/10.3389/fped.2019.00098
PMID: 30972312.

Loh PS, Ariffin MA, Rai V, Lai LL, Chan L, Ramli N. Comparing the efficacy and safety between propofol
and dexmedetomidine for sedation in claustrophobic adults undergoing magnetic resonance imaging
(PADAM trial). J Clin Anesth. 2016; 34:216-22. https://doi.org/10.1016/j.jclinane.2016.03.074 PMID:
27687378.

Kenny JD, Westover MB, Ching S, Brown EN, Solt K. Propofol and sevoflurane induce distinct burst
suppression patterns in rats. Front Syst Neurosci. 2014; 8:237. https://doi.org/10.3389/fnsys.2014.
00237 PMID: 25565990.

Orliaguet G, Vivien B, Langeron O, Bouhemad B, Coriat P, Riou B. Minimum alveolar concentration of
volatile anesthetics in rats during postnatal maturation. Anesthesiology. 2001; 95(3):734-9. https://doi.
org/10.1097/00000542-200109000-00028 PMID: 11575548.

Russell GB, Graybeal JM. Differences in anesthetic potency between Sprague-Dawley and Long-
Evans rats for isoflurane but not nitrous oxide. Pharmacology. 1995; 50(3):162-7. https://doi.org/10.
1159/000139278 PMID: 7746833.

Hjornevik T, Leergaard TB, Darine D, Moldestad O, Dale AM, Willoch F, et al. Three-dimensional atlas
system for mouse and rat brain imaging data. Front Neuroinform. 2007; 1:4. https://doi.org/10.3389/
neuro.11.004.2007 PMID: 18974799.

Bhattacharyya S, Biswas A, Mukherjee J, Majumdar AK, Majumdar B, Mukherjee S, et al. Detection of
artifacts from high energy bursts in neonatal EEG. Comput Biol Med. 2013; 43(11):1804—14. https://doi.
org/10.1016/j.compbiomed.2013.07.031 PMID: 24209926.

Wang Y, Agarwal R. Automatic detection of burst suppression. Conf Proc IEEE Eng Med Biol Soc.
2007; 2007:553-6. https://doi.org/10.1109/IEMBS.2007.4352350 PMID: 18002016.

Westover MB, Ching S, Shafi MM, Cash SS, Brown EN. Real-time segmentation and tracking of brain
metabolic state in ICU EEG recordings of burst suppression. Conf Proc IEEE Eng Med Biol Soc. 2013;
2013:7108—11. https://doi.org/10.1109/EMBC.2013.6611196 PMID: 24111383.

Hambrecht-Wiedbusch VS, Li D, Mashour GA. Paradoxical Emergence Administration of Subanes-
thetic Ketamine during Isoflurane Anesthesia Induces Burst Suppression but Accelerates Recovery.
Anesthesiology. 2017; 126(3):482-94. https://doi.org/10.1097/ALN.0000000000001512 PMID:
28099246

Pal D, Silverstein BH, Sharba L, Li D, Hambrecht-Wiedbusch VS, Hudetz AG, et al. Propofol, Sevoflur-
ane, and Ketamine Induce a Reversible Increase in Delta-Gamma and Theta-Gamma Phase-Amplitude
Coupling in Frontal Cortex of Rat. Front Syst Neurosci. 2017; 11:41. https://doi.org/10.3389/fnsys.2017.
00041 PMID: 28659769.

Kelz MB, Garcia PS, Mashour GA, Solt K. Escape From Oblivion: Neural Mechanisms of Emergence
From General Anesthesia. Anesth Analg. 2019; 128(4):726-36. https://doi.org/10.1213/ANE.
0000000000004006 PMID: 308834 18.

Snyder GL, Fienberg AA, Huganir RL, Greengard P. A dopamine D1 receptor protein kinase A dopa-
mine- and cAMP-regulated phosphoprotein (M-r 32 kDa) protein phosphatase-1 pathway regulates
dephosphorylation of the NMDA receptor. Journal of Neuroscience. 1998; 18(24):10297-3083. https://
doi.org/10.1523/JNEUROSCI.18-24-10297.1998 PMID: 9852567

Zhuang XX, Belluscio L, Hen R. G(olf alpha) mediates dopamine D-1 receptor signaling. Journal of Neu-
roscience. 2000; 20(16):art. no.-RC91.

Laurenza A, Sutkowski EM, Seamon KB. Forskolin: a specific stimulator of adenylyl cyclase or a diter-
pene with multiple sites of action? Trends Pharmacol Sci. 1989; 10(11):442—7. https://doi.org/10.1016/
S0165-6147(89)80008-2 PMID: 2692256.

Simonds WF. G protein regulation of adenylate cyclase. Trends Pharmacol Sci. 1999; 20(2):66—73.
https://doi.org/10.1016/s0165-6147(99)01307-3 PMID: 10101967.

Rang HP, Dale MM, Ritter JM, Flower RJ. Rang and Dale’s Pharmacology 6th Edition. 2007.

Ribeiro JA, Sebastiao AM. Caffeine and adenosine. J Alzheimers Dis. 2010; 20 Suppl 1:S3-15. https:/
doi.org/10.3233/JAD-2010-1379 PMID: 20164566.

Rivera-Oliver M, Diaz-Rios M. Using caffeine and other adenosine receptor antagonists and agonists
as therapeutic tools against neurodegenerative diseases: a review. Life Sci. 2014; 101(1-2):1-9.
https://doi.org/10.1016/j.1fs.2014.01.083 PMID: 24530739.

El Yacoubi M, Ledent C, Menard JF, Parmentier M, Costentin J, Vaugeois JM. The stimulant effects of
caffeine on locomotor behaviour in mice are mediated through its blockade of adenosine A(2A) recep-
tors. BrJ Pharmacol. 2000; 129(7):1465—73. PMID: 10742303.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 22/23


https://doi.org/10.3389/fped.2019.00098
http://www.ncbi.nlm.nih.gov/pubmed/30972312
https://doi.org/10.1016/j.jclinane.2016.03.074
http://www.ncbi.nlm.nih.gov/pubmed/27687378
https://doi.org/10.3389/fnsys.2014.00237
https://doi.org/10.3389/fnsys.2014.00237
http://www.ncbi.nlm.nih.gov/pubmed/25565990
https://doi.org/10.1097/00000542-200109000-00028
https://doi.org/10.1097/00000542-200109000-00028
http://www.ncbi.nlm.nih.gov/pubmed/11575548
https://doi.org/10.1159/000139278
https://doi.org/10.1159/000139278
http://www.ncbi.nlm.nih.gov/pubmed/7746833
https://doi.org/10.3389/neuro.11.004.2007
https://doi.org/10.3389/neuro.11.004.2007
http://www.ncbi.nlm.nih.gov/pubmed/18974799
https://doi.org/10.1016/j.compbiomed.2013.07.031
https://doi.org/10.1016/j.compbiomed.2013.07.031
http://www.ncbi.nlm.nih.gov/pubmed/24209926
https://doi.org/10.1109/IEMBS.2007.4352350
http://www.ncbi.nlm.nih.gov/pubmed/18002016
https://doi.org/10.1109/EMBC.2013.6611196
http://www.ncbi.nlm.nih.gov/pubmed/24111383
https://doi.org/10.1097/ALN.0000000000001512
http://www.ncbi.nlm.nih.gov/pubmed/28099246
https://doi.org/10.3389/fnsys.2017.00041
https://doi.org/10.3389/fnsys.2017.00041
http://www.ncbi.nlm.nih.gov/pubmed/28659769
https://doi.org/10.1213/ANE.0000000000004006
https://doi.org/10.1213/ANE.0000000000004006
http://www.ncbi.nlm.nih.gov/pubmed/30883418
https://doi.org/10.1523/JNEUROSCI.18-24-10297.1998
https://doi.org/10.1523/JNEUROSCI.18-24-10297.1998
http://www.ncbi.nlm.nih.gov/pubmed/9852567
https://doi.org/10.1016/S0165-6147%2889%2980008-2
https://doi.org/10.1016/S0165-6147%2889%2980008-2
http://www.ncbi.nlm.nih.gov/pubmed/2692256
https://doi.org/10.1016/s0165-6147%2899%2901307-3
http://www.ncbi.nlm.nih.gov/pubmed/10101967
https://doi.org/10.3233/JAD-2010-1379
https://doi.org/10.3233/JAD-2010-1379
http://www.ncbi.nlm.nih.gov/pubmed/20164566
https://doi.org/10.1016/j.lfs.2014.01.083
http://www.ncbi.nlm.nih.gov/pubmed/24530739
http://www.ncbi.nlm.nih.gov/pubmed/10742303
https://doi.org/10.1371/journal.pone.0241818

PLOS ONE

Caffeine reverses light anesthesia

40.

M.

42,

43.

44,

45.

46.

47.
48.

49.

50.

51.

Lazarus M, Shen HY, Cherasse Y, Qu WM, Huang ZL, Bass CE, et al. Arousal effect of caffeine
depends on adenosine A2A receptors in the shell of the nucleus accumbens. J Neurosci. 2011; 31
(27):10067-75. https://doi.org/10.1523/JNEUROSCI.6730-10.2011 PMID: 21734299.

Svenningsson P, Nomikos GG, Ongini E, Fredholm BB. Antagonism of adenosine A2A receptors
underlies the behavioural activating effect of caffeine and is associated with reduced expression of mes-
senger RNA for NGFI-A and NGFI-B in caudate-putamen and nucleus accumbens. Neuroscience.
1997; 79(3):753-64. https://doi.org/10.1016/s0306-4522(97)00046-8 PMID: 9219939.

Eger El 2nd. Age, minimum alveolar anesthetic concentration, and minimum alveolar anesthetic con-
centration-awake. Anesth Analg. 2001; 93(4):947-53. https://doi.org/10.1097/00000539-200110000-
00029 PMID: 11574362.

Eger El 2nd. Respiratory And Circulatory Factors In Uptake And Distribution Of Volatile Anaesthetic
Agents. Br J Anaesth. 1964; 36:155—71. https://doi.org/10.1093/bja/36.3.155 PMID: 14164259.

Wang L, Holland L, Fong R, Khokhar S, Fox AP, Xie Z. A pilot study showing that repeated exposure to
stress produces alterations in subsequent responses to anesthetics in rats. PLoS One. 2019; 14(3):
€02140983. https://doi.org/10.1371/journal.pone.0214093 PMID: 30908509.

Kang JM, Kim ST, Mariani S, Cho SE, Winkelman JW, Park KH, et al. Difference in spectral power den-
sity of sleep EEG between patients with simple snoring and those with obstructive sleep apnoea. Sci
Rep. 2020; 10(1):6135. https://doi.org/10.1038/s41598-020-62915-x PMID: 32273528.

Svanborg E, Guilleminault C. EEG frequency changes during sleep apneas. Sleep. 1996; 19(3):248—
54. PMID: 8723384.

FDA-Advisory. https://wwwfdagov/Drugs/DrugSafety/ucm532356htm. 2016.

Maloney SE, Creeley CE, Hartman RE, Yuede CM, Zorumski CF, Jevtovic-Todorovic V, et al. Using
animal models to evaluate the functional consequences of anesthesia during early neurodevelopment.
Neurobiol Learn Mem. 2019; 165:106834. https://doi.org/10.1016/j.nim.2018.03.014 PMID: 29550366.

McCann ME, Soriano SG. Does general anesthesia affect neurodevelopment in infants and children?
Bmj. 2020; 367:16459. https://doi.org/10.1136/bm|.|6459 PMID: 31818811.

LuY,Wu X, DongY, XuZ, Zhang Y, Xie Z. Anesthetic sevoflurane causes neurotoxicity differently in
neonatal naive and Alzheimer disease transgenic mice. Anesthesiology. 2010; 112(6):1404—16. https:/
doi.org/10.1097/ALN.0b013e3181d94de1 PMID: 20460993.

Wu L, Zhao H, Weng H, Ma D. Lasting effects of general anesthetics on the brain in the young and
elderly: "mixed picture" of neurotoxicity, neuroprotection and cognitive impairment. J Anesth. 2019; 33
(2):321-35. https://doi.org/10.1007/s00540-019-02623-7 PMID: 30859366.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241818 November 5, 2020 23/23


https://doi.org/10.1523/JNEUROSCI.6730-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21734299
https://doi.org/10.1016/s0306-4522%2897%2900046-8
http://www.ncbi.nlm.nih.gov/pubmed/9219939
https://doi.org/10.1097/00000539-200110000-00029
https://doi.org/10.1097/00000539-200110000-00029
http://www.ncbi.nlm.nih.gov/pubmed/11574362
https://doi.org/10.1093/bja/36.3.155
http://www.ncbi.nlm.nih.gov/pubmed/14164259
https://doi.org/10.1371/journal.pone.0214093
http://www.ncbi.nlm.nih.gov/pubmed/30908509
https://doi.org/10.1038/s41598-020-62915-x
http://www.ncbi.nlm.nih.gov/pubmed/32273528
http://www.ncbi.nlm.nih.gov/pubmed/8723384
https://wwwfdagov/Drugs/DrugSafety/ucm532356htm
https://doi.org/10.1016/j.nlm.2018.03.014
http://www.ncbi.nlm.nih.gov/pubmed/29550366
https://doi.org/10.1136/bmj.l6459
http://www.ncbi.nlm.nih.gov/pubmed/31818811
https://doi.org/10.1097/ALN.0b013e3181d94de1
https://doi.org/10.1097/ALN.0b013e3181d94de1
http://www.ncbi.nlm.nih.gov/pubmed/20460993
https://doi.org/10.1007/s00540-019-02623-7
http://www.ncbi.nlm.nih.gov/pubmed/30859366
https://doi.org/10.1371/journal.pone.0241818

