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Significance

Half of all surgical patients 
receiving anesthesia are females. 
Anesthetics affect sexually 
dimorphic brain regions involved 
in sleep and arousal. Yet, sex 
differences and the effects of sex 
hormones on anesthetic 
sensitivity have not been 
systematically explored. We 
demonstrate that the female 
brain in mice and humans is 
resistant to the hypnotic effects 
of volatile anesthetics. Sex 
differences in anesthetic 
sensitivity are largely due to 
acute effects of sex hormones. 
Despite clear behavioral 
differences in anesthetic 
sensitivity, sex differences are 
not discernable in clinically used 
cortical electroencephalographic 
recordings. In contrast, 
subcortical sites exhibit sexually 
dimorphic activity patterns under 
anesthesia. This covert resistance 
to anesthetics may explain the 
higher incidence of awareness 
under anesthesia in females.
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Hormonal basis of sex differences in anesthetic sensitivity
Andrzej Z. Wasilczuka,b,c , Cole Rineharta,b, Adeeti Aggarwala,b,d, Martha E. Stonea,b,d , George A. Mashoure, Michael S. Avidanf, Max B. Kelza,b,d,g,1 ,  
Alex Proekta,b,d,g,1 , and ReCCognition Study Groupa,e,f,2

Edited by Donald Pfaff, Rockefeller University, New York, NY; received July 27, 2023; accepted November 20, 2023

General anesthesia—a pharmacologically induced reversible state of unconsciousness—
enables millions of life-saving procedures. Anesthetics induce unconsciousness in part by 
impinging upon sexually dimorphic and hormonally sensitive hypothalamic circuits reg-
ulating sleep and wakefulness. Thus, we hypothesized that anesthetic sensitivity should 
be sex-dependent and modulated by sex hormones. Using distinct behavioral measures, 
we show that at identical brain anesthetic concentrations, female mice are more resistant 
to volatile anesthetics than males. Anesthetic sensitivity is bidirectionally modulated by 
testosterone. Castration increases anesthetic resistance. Conversely, testosterone admin-
istration acutely increases anesthetic sensitivity. Conversion of testosterone to estradiol 
by aromatase is partially responsible for this effect. In contrast, oophorectomy has no 
effect. To identify the neuronal circuits underlying sex differences, we performed whole 
brain c-Fos activity mapping under anesthesia in male and female mice. Consistent with 
a key role of the hypothalamus, we found fewer active neurons in the ventral hypotha-
lamic sleep-promoting regions in females than in males. In humans, we demonstrate 
that females regain consciousness and recover cognition faster than males after identical 
anesthetic exposures. Remarkably, while behavioral and neurocognitive measures in mice 
and humans point to increased anesthetic resistance in females, cortical activity fails to 
show sex differences under anesthesia in either species. Cumulatively, we demonstrate 
that sex differences in anesthetic sensitivity are evolutionarily conserved and not reflected 
in conventional electroencephalographic-based measures of anesthetic depth. This covert 
resistance to anesthesia may explain the higher incidence of unintended awareness under 
general anesthesia in females.

sex differences | hormones | behavior | EEG | whole brain c-Fos imaging

General anesthetics transformed modern medicine by allowing life-saving surgeries to be 
performed safely over 300 million times each year (1). While states of natural sleep and 
anesthesia are clearly distinct, an increasing body of evidence across species strongly implies 
that anesthetics act in part by modulating activity within the endogenous sleep-wake 
circuitry (2–6). Mechanistically diverse anesthetics activate neurons in the sleep-promoting 
nuclei and inhibit wake-promoting neurons (2, 7–10). Many nuclei that control the state 
of arousal are located in the hypothalamus (11, 12). Interestingly, the hypothalamic nuclei 
involved in the control of sleep and wakefulness are highly sexually dimorphic structures 
(13–20), modulated by sex hormones (21). This suggests that the effects of anesthetics 
may be sex and hormone dependent.

The clinical literature on sex differences in anesthetic sensitivity is controversial. Early 
work suggested that males and females have the same sensitivity to volatile anesthetics 
(22). In contrast, newer studies focusing on intraoperative awareness without recall (23) 
found a nearly threefold increase in the likelihood of awareness in female patients. Female 
sex was found to be a risk factor for awareness associated with postoperative recall in some 
studies (24–33) but not in others (34–36). A recent meta-analysis concluded that females 
are at higher risk of awareness with or without recall and emerge from the state of anes-
thesia faster than males (37).

However, several important confounders dramatically limit the interpretability of these 
clinical data. Most studies on anesthetic awareness were not specifically designed to identify 
sex differences. While some studies examined the effect of the menstrual cycle on anesthetic 
sensitivity (38, 39), no causal manipulations linking the hormonal state to anesthetic 
sensitivity were performed. Further, clinical studies cannot exclude the possibility that 
differences in drug distribution and elimination contribute to the apparent sex differences 
in the incidence of awareness. Finally, heterogeneous patient populations undergoing 
different surgeries under different anesthetic regimens could have contributed to the 
inconsistency of the clinical data. Thus, existing clinical trials are ill equipped to demon-
strate or mechanistically explain the potentially sexually dimorphic responses to general 
anesthetics.
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Historically, sex has been largely ignored in animal studies for 
anesthesia research despite contrasting clinical evidence (40, 41). 
Conflicting results have been previously reported using rodents as 
a model organism for studying sex differences in anesthetic sensi-
tivity (42–45). A common explanation for these disparities has been 
cyclic fluctuations of sex hormones (44–48). Despite recent efforts 
to elucidate sex and hormonal effects on anesthetic sensitivity, phar-
macokinetic confounds complicate the interpretations of many 
studies. Whether sex-dependent brain circuit maturation and/or 
post-pubertal sex hormone levels affect steady-state anesthetic sen-
sitivity remains largely unknown.

To address this critical knowledge gap, we explicitly test the 
influence of sex and sex hormones on sensitivity to volatile anes-
thetics in mice. We measured multiple behavioral endpoints for 
anesthetic sensitivity across four different volatile anesthetics in 
male and female mice. Direct measurements of brain anesthetic 
concentration eliminated potential pharmacokinetic confounds. 
We altered the postpubertal hormonal state of mice by castration 
and oophorectomy, by exogeneous administration of sex hor-
mones, and by pharmacological modulation of the enzymes crit-
ical for hormone biosynthesis. These experiments yield an 
unequivocal conclusion that the female brain is more resistant to 
anesthetics and that this sex difference in anesthetic sensitivity is 
bidirectionally modulated by acute effects of testosterone. Analysis 
of multiple behavioral and neurocognitive measures in healthy 
human volunteers who underwent a precisely controlled anesthetic 
exposure in the absence of surgical stimuli (49) confirmed that 
human females are also more resistant to volatile anesthetics. 
Interestingly, the electroencephalogram (EEG) failed to reveal sex 
differences in mice or humans. The lack of sex differences in cor-
tical activity was corroborated by whole brain c-Fos expression 
mapping in mice under anesthesia. In contrast, multiple hypo-
thalamic sleep-promoting structures exhibited lower levels of c-Fos 
expression under anesthesia in female mice. These results suggest 
a hypothalamic origin of the increased anesthetic resistance in 
females. Interestingly, this increased resistance is not readily detect-
able in the EEG.

Results

The Female Brain is More Resistant to the Hypnotic Effects of 
Anesthetics. To determine whether sex differences in anesthetic 
sensitivity exist, we used the righting reflex to generate induction 
and emergence dose–response curves (Fig.  1A) for isoflurane 
in male and female mice. The mean EC50 for induction was 
significantly higher in females (0.90% atm., 95% CI [0.88 to 
0.92]) compared to males (0.68% atm., 95% CI [0.66 to 0.70]). 
The dose–response curve for emergence was also significantly right-
shifted in females relative to males (EC50 female emergence 0.66% 
atm., 95% CI [0.58 to 0.73] vs. EC50 male emergence 0.37% atm., 
95% CI [0.34 to 0.41]). Similar differences in sensitivity were 
observed for all tested volatile anesthetics: sevoflurane, halothane, 
and desflurane (SI Appendix, Table S1). Female mice took longer 
to become anesthetized (Fig. 1B) and emerged faster (Fig. 1C) 
than male mice [induction times: WT M (wild-type male) 224 ± 
66 s (mean ± SD) (226 s [157 to 278] (median [IQR])), WT F 
(wild-type female) 314 ± 69 s (318 s [255 to 378]], P = 0.0080, 
unpaired t test; emergence times: WT M 419 ± 252 s (472 s [253 
to 668]), WT F 257 ± 139 s (224 s [146 to 347]), P = 0.019, 
unpaired t test). These data suggest that females are more resistant 
to the hypnotic effects of volatile anesthetics.

While the righting reflex is a well-established measure of 
anesthetic effects in rodents (50), it has some notable limitations 
(51, 52). To eliminate these potential confounds, we confirmed 

our results using the adhesive sticker removal test (Fig. 1D). 
Removal of the adhesive sticker from the snout signifies both 
sensory awareness of the stimulus and requires a coordinated 
motor response (50). Consistent with our righting reflex assess-
ment of anesthetic sensitivity, female mice successfully removed 
the sticker faster than males (WT F 242 ± 177 s (mean ± SD) 
(181 s [121 to 308] (median [IQR])), WT M 483 ± 235 s (421 
s [294 to 687]), P = 0.019, unpaired t test) after identical exposures 
to isoflurane anesthesia. Thus, independent behavioral measures 
converge on the fact that female mice are more resistant to isoflu-
rane than males.

To differentiate between potential pharmacokinetic and phar-
macodynamic mechanisms, we investigated sex differences in 
anesthetic sensitivity at pharmacokinetic steady state (53, 54). 
Righting reflex assessments were made every 3 min during the 
final 2 h of a 4-h isoflurane exposure (0.6% atm) delivered in a 
hermetically sealed and temperature controlled chamber (Fig. 1E). 
Previous studies using this apparatus established that isoflurane 
concentration in the brain reaches steady state within 10 min (55). 
Consistent with the results in Fig. 1 A–D, at steady state (Fig. 1F), 
the group of female mice was more likely than the group of males 
to exhibit intact righting reflex (WT F 0.64 ± 0.05 (mean ± SD) 
(0.64 [0.60 to 0.67] (median [IQR])), WT M 0.44 ± 0.06 (0.46 
[0.40 to 0.48]), F(1,240) = 145.6, P < 0.0001, 2-way ANOVA, Sex 
by Time). Moreover, when individual responses were averaged 
across time, the mean individual responsiveness (Fig. 1G) in WT 
F was also significantly higher as compared to WT M (WT M 
0.44 ± 0.19 (mean ± SD) (0.45 [0.31 to 0.61] (median [IQR])), 
WT F 0.63 ± 0.15 (0.65 [0.50 to 0.73]), P = 0.0011, unpaired  
t test). Critically, there was no detectable difference in the brain 
isoflurane concentration (Fig. 1H) between females (241.2 ± 25.6 
µg-iso/g-brain tissue (mean ± SD) (234 [218 to 268] (median 
[IQR])) and males (251.8 ± 38.2 µg-iso/g-brain tissue (241 [222 
to 287]) during identical anesthetic exposure (P = 0.62, unpaired 
t test). The mean time (across groups) between end of isoflurane 
exposure and the brain being flash-frozen was 40.4 ± 6.1 s (mean 
± SD) (41.5 s [36.5 to 44.25] (median [IQR]) respectively. No 
differences were observed between time to cervical dislocation, 
time to flash-freeze brain, or mouse core temperature between 
groups (F(1,8) = 0.00037, P = 0.985, 2-way ANOVA, Sex by 
Harvest Parameters). Thus, sex differences in anesthetics sensitivity 
cannot be explained by pharmacokinetic differences in drug dis-
tribution. This, in turn, implies the existence of divergent effects 
of anesthetics on the male and female brain.

To determine whether sex differences in anesthetic sensitivity 
are also observed in humans, we reanalyzed data collected from 
the ReCCognition trial (NCT01911195). In this trial, 30 healthy 
human volunteers (12 women and 18 men, 22 to 40 y old) were 
given isoflurane at 1.3 age-adjusted MAC (corresponding to 1.7 
to 1.9%) for 3 h. EEG was recorded throughout the anesthetic 
exposure, and serial neurocognitive exams were performed at base-
line prior to anesthetic exposure, immediately upon emergence 
from anesthesia, and every 30 min over the ensuing 3 h (56, 57) 
As with mice, human females regained the ability to follow audi-
tory cues, signifying emergence from anesthesia (Fig. 1I), faster 
than males (Human F: 28.8 ± 8.5 min (mean ± SD) (26.4 min 
[23.9 to 32.3] (median [IQR]), Human M: 44.6 ± 13.8 min (41.0 
[34.4 to 55.1]), P = 0.0017, unpaired t test). To determine whether 
restoration of cognition after anesthesia also exhibits sex differ-
ences, we utilized the psychomotor vigilance test. The psychomo-
tor vigilance test measures cognitive awareness and sustained 
attention (57). We found that females performed faster (Fig. 1J) 
(F(1,28) = 7.823, P = 0.0092, 2-way ANOVA, Sex by Time) and 
more accurately (Fig. 1K) (F(1,28) = 12.16, P = 0.0016, 2-way D
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ANOVA, Sex by Time) on the psychomotor vigilance test upon 
recovery from anesthesia than males. Altogether, these results offer 
compelling evidence of increased anesthetic resistance in females 
as reflected in multiple behavioral and cognitive measures in both 
mice and humans.

Sex Hormones Modulate Anesthetic Sensitivity. To better 
understand the genesis of sex differences, we investigated the role 
of sex hormones on anesthetic sensitivity. We tested postpubertal 
castrated male (Ca.M) and ovariectomized female (Ov.F) mice 
and compared their anesthetic sensitivity to gonadally intact 
controls. Castration resulted in a significant right shift in the 
induction dose–response curve (Fig. 2A) (EC50 in Ca.M 0.90% 

atm., 95% CI [0.88 to 0.92]; WT M (0.68% atm., 95% CI 
[0.66 to 0.70]) and eliminated all sex differences in anesthetic 
sensitivity between males and females (EC50 in F 0.90% atm., 
95% CI [0.88 to 0.92]). In contrast, oophorectomy had no effect 
on anesthetic sensitivity (EC50 in Ov.F 0.91% atm., 95% CI [0.89 
to 0.91]). Similar results were observed in the emergence dose–
response (SI Appendix, Table S2). In our steady-state anesthetic 
paradigm, (53, 54) castration again produced a female-like 
anesthetic sensitivity, while ovariectomy again failed to change 
anesthetic sensitivity. The mean individual righting probability 
during steady-state 0.6% isoflurane exposures in WT M (0.44 
± 0.19 (mean ± SD) (0.45 [0.31 to 0.61] (median [IQR]))) was 
significantly lower than in Ca.M (0.72 ± 0.20 (0.75 [0.55 to 
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Fig. 1. Behavioral and cognitive measures reveal that females are more resistant to hypnotic effects of isoflurane than males. In all panels, pink denotes 
females and blue denotes males. (A) Righting reflex dose–response for induction (solid dots) and emergence (open dots) for WT M (n = 20) and WT F (n = 20). 
Solid and dashed lines colored by sex show best-fit sigmoidal curves for induction and emergence, respectively. Shaded regions show 95% CI. (B) Time to loss 
of the righting reflex in WT M (n = 10) and WT F (n = 10) mice exposed to 1.2% isoflurane. (C) Time to regain the righting reflex following a 2-h 1.2% isoflurane 
exposure in WT M (n = 10) and WT F (n = 10) mice. (D) Time to remove adhesive sticker attached to snout following a 2-h 1.2% isoflurane exposure in WT M (n = 10)  
and WT F (n = 10) mice. (E) WT M (n = 20) and WT F (n = 20) mice were exposed to 0.6% isoflurane for 4 h. Times at which righting reflex assessments were 
performed are shown by ticks (green denotes responsive; blue denotes unresponsive for each mouse on every trial). (F) Response probability averaged across 
individuals in WT M and WT F mice as a function of trial number. (G) Response probability averaged across trials for each individual WT M and WT F mouse. 
(H) Isoflurane brain concentration in WT M (n = 5) and WT F (n = 5) mice as measured by HPLC after 2 h of isoflurane exposure. (I) Emergence times in human 
volunteers (n = 18 M, n = 12 F) after discontinuation of 3 h of 1.3 age-adjusted MAC of isoflurane. Performance speed (J) and accuracy (K) on the psychomotor 
vigilance test in human males and females. Boxes show interquartile ranges and medians. Statistical significance is denoted by *P < 0.05, **P < 0.01, and  
***P < 0.0001. Cartoon schematic in Fig. 1E were generated using Biorender.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
W

A
SH

IN
G

T
O

N
 U

N
IV

E
R

SI
T

Y
 S

C
H

O
O

L
 O

F 
M

E
D

IC
IN

E
, B

E
R

N
A

R
D

 B
E

C
K

E
R

 M
E

D
IC

A
L

 L
IB

R
A

R
Y

" 
on

 M
ar

ch
 5

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
12

8.
25

2.
21

0.
1.

http://www.pnas.org/lookup/doi/10.1073/pnas.2312913120#supplementary-materials


4 of 11   https://doi.org/10.1073/pnas.2312913120� pnas.org

0.90])), WT F (0.64 ± 0.15 (0.65 [0.50 to 0.73])), and Ov.F 
(0.77 ± 0.15 (0.76 [0.66 to 0.93])) (F(3,56) = 10.60, P < 0.0001, 
1-way ANOVA, Šídák’s multiple comparisons test: WT M vs 
Ca.M P = 0.0007, WT M vs. WT F P = 0.0054, WT M vs. Ov.F 
P < 0.0001, Ca.M vs. WT F P = 0.74, Ca.M vs. Ov.F P = 0.99, 
WT F vs. Ov.F P = 0.25). As before, pharmacokinetic differences 
were excluded as a hypothetical explanation as no differences in 
mean brain isoflurane concentrations were detected across the four 
groups (WT M 251.8 ± 38.2 µg-iso/g-brain tissue (mean ± SD) 
(241 [222 to 287] (median [IQR]), Ca.M 265.8 ± 41.8 (251.5 
[232.3 to 300.3]), WT F 241.2 ± 25.6 (234 [218 to 268]), Ov.F 
254.7 ± 40.6 (236 [229 to 282]), F(3,25) = 0.48, P = 0.70, 1-way 
ANOVA). These results suggest that sex differences in anesthetic 
sensitivity are primarily due to the presence of testosterone.

To demonstrate the effect of testosterone directly, we studied 
acute effects of testosterone on anesthetic sensitivity during a 
steady-state righting reflex experiment in WT M and Ca.M mice. 
After 2 h of equilibration with 0.6% atm isoflurane, the righting 
reflex was tested every 3 min for 1 h to establish baseline response 
probability. Mice were then injected with varying doses of testos-
terone or vehicle and had their righting reflex assessed for another 
4 h. Vehicle injection did not change the mean population 
response probability across trials in WT M (P = 0.31, unpaired  
t test) or Ca.M (P = 0.69, unpaired t test) as compared to baseline 
in each group. However, testosterone administration enhanced 
anesthetic sensitivity (F(3,72) = 815.9, P < 0.0001, 2-way ANOVA, 
Gonadal Status by Testosterone Dose) in both intact and Ca.M 
mice in a dose-dependent fashion (Fig. 2B). Durable effects 

following a single dose of testosterone were not observed during 
follow-up examination of anesthetic sensitivity 72 h post initial 
administration (F(1,38) = 0.7950, P = 0.38, repeated measures 
2-way ANOVA, Gonadal Status × Baseline Responsiveness over 
Time). While both WT M and Ca.M became more deeply anes-
thetized following acute testosterone administration, this effect 
was significantly greater in castrated animals.

The effects of testosterone on anesthetic sensitivity were appar-
ent within 1 h of subcutaneous administration (SI Appendix, 
Fig. S1; WT M T1/2 = 88 min, 95% CI [76 to 104], Ca.M T1/2 = 
77 min, 95% CI [68 to 88]). This rapid onset of action suggests 
that the effects of testosterone are unlikely to be mediated by 
changes in gene expression (58, 59). In addition to the direct 
androgen receptor–dependent gene expression pathway, testoster-
one exerts effects on the brain via its conversion to estradiol by 
aromatase (60). Aromatase expression in the preoptic hypothala-
mus—an area involved in control of sleep and wakefulness–is 
sexually dimorphic (61–65). In addition to the effects on gene 
expression, estradiol exerts a multitude of effects via non-canonical 
fast pathways that manifest on the time scale of minutes (66). 
Thus, we hypothesized that testosterone acutely lowers anesthetic 
sensitivity via its conversion to estradiol by aromatase. To deter-
mine whether conversion of testosterone to estradiol contributes 
to the effects of testosterone on anesthetic sensitivity in males, we 
administered the aromatase inhibitor, letrozole, to WT M and 
Ca.M (Fig. 2C). Consistent with a role of testosterone’s conversion 
to estradiol in increasing anesthetic sensitivity, inhibition of aro-
matase reduced anesthetic sensitivity. As expected from the fact 
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that endogenous levels of testosterone are greatly attenuated after 
castration, the effect of aromatase inhibition was more pronounced 
in gonadally intact male mice (F(75,1368) = 36.51, P < 0.0001, 2-way 
ANOVA, Gonadal Status by Time).

If testosterone exerts its effects in part through conversion to 
estradiol, then estradiol should also affect anesthetic sensitivity. 
This was indeed the case (Fig. 2D). Both WT M and Ca.M 
became acutely more sensitive to isoflurane following estradiol 
administration (F(75,1368) = 48.11, P < 0.0001, 2-way ANOVA, 
Gonadal Status by Time). Cumulatively, these results suggest that 
testosterone acutely increases anesthetic sensitivity through its 
conversion to estradiol by aromatase.

Electroencephalographic Measures Do Not Reflect Sex 
Differences in Anesthetic Sensitivity. Electroencephalographic 
(EEG) and electrocorticographic (ECoG) features of general 
anesthesia have been studied and used to quantify anesthetic 
depth (67, 68). The increasing prevalence of delta oscillations 
(1 to 4 Hz) is associated with the deepening of the anesthetic 
state (69, 70). Deep general anesthesia is associated with 
burst suppression characterized by transient bursts of EEG 
activity in otherwise isoelectric background (67). We therefore 
hypothesized that behavioral differences in anesthetic sensitivity 
would be associated with EEG differences between the sexes. 
To test this hypothesis, we performed spectral analysis on 
EEG of WT F and WT M mice exposed to steady-state 0.6% 
isoflurane. Surprisingly, we were unable to detect sex differences 
in any frequency bands (F(1,16) = 0.14, P = 0.72, 2-way ANOVA, 
Sex by Frequency Band, frontal lead, AP 2.30 mm) (Fig. 3A). 
No sex differences in EEG power were found anywhere along 
the cortical rostral–caudal axis (AP 1.00 mm, F(1,16) = 0.47, P 
= 0.50; AP −0.30 mm, F(1,16) = 3.27, P = 0.089; AP −1.60 mm, 
F(1,16) = 0.00, P > 0.99; AP −2.90 mm, F(1,16) = 0.082, P = 0.78, 
2-way ANOVAs, Sex by Frequency Band). We were also unable 
to detect differences in the propensity of female and male brains 
to enter deeper states of anesthesia as determined by the burst 

suppression ratio (SR) of ECoG under 0.6% isoflurane (WT 
M 0.025 ± 0.04 (mean ± SD) (0.003 [0 to 0.34] (median 
[IQR])), WT F 0.006 ± 0.008 (mean ± SD) (0.0004 [0 to 
0.014]), U = 105.5, P = 0.26, Mann-Whitney U test) (Fig. 3B) 
or 1.2% isoflurane (WT M 0.18 ± .13 (mean ± SD) (0.17 
[0.05 to 0.29] (median [IQR]), WT F 0.22 ± 0.16 (0.23 [0.09 
to 0.31]), P = 0.45, unpaired t test) (Fig. 3C). To determine 
whether sex differences exist in humans under precisely 
controlled anesthetic exposures devoid of surgical confounds, 
we reanalyzed data collected from the ReCCognition trial (49). 
At 1.3 age-adjusted MAC of steady-state isoflurane, the human 
EEG was dominated by burst suppression (56). We looked at 
3 characteristics of burst suppression: percent time spent in 
suppression, longest suppression length, and the number of 
transitions between burst and suppression epochs (56). As in 
mice, no sex differences were observed in humans (Fig. 3D) 
in any burst suppression measure (F(1,25) = 1.17, P = 0.29, 
2-way ANOVA, Sex by Burst Suppression Metric). Moreover, 
no correlations between measured EEG metrics and emergence 
times were observed (SI  Appendix, Table  S3). Cumulatively, 
these results show that, while sex exerts clear behavioral 
differences in anesthetic sensitivity in both mice and humans, 
conventional EEG measures of anesthetic depth do not reveal 
sex differences in either species.

Whole Brain c-Fos Mapping Reveals Hypothalamic Sex Differences 
under Anesthesia. While the EEG is capable of distinguishing 
between the activity in the awake and the anesthetized brain, 
it may not faithfully reflect subcortical differences in anesthetic 
sensitivity. We therefore conducted a whole brain screen for the 
immediate early gene product, c-Fos, whose expression has been 
used to map antecedent neuronal activity (71). Brains of female 
and male mice were harvested immediately after 4-h exposure 
to 0.6% isoflurane, optically cleared, and stained with a c-Fos 
antibody (72–74). Cleared brains were imaged on a light sheet 
microscope with sufficient resolution to localize individual c-Fos 
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immunoreactive neurons across the entire brain. After automated 
detection and registration (75, 76) to the Allen reference atlas (77), 
the number of c-Fos-positive neurons in male and female brains 
were compared in 314 summary structures (77).

To determine whether there were sex differences in c-Fos-positive 
neuron densities in any summary structures, we computed Bonferroni 
corrected t-statistics. T-statistics for each summary structure were 
computed with the assumption of equal variances (F(313,313) = 1.22, 
P = 0.082, F test). This analysis revealed 24 brain structures with 
significantly different expression of c-Fos under isoflurane as a func-
tion of sex (SI Appendix, Table S4). To determine whether brain 
structures with different c-Fos expression in males and females were 
uniformly dispersed across the brain or concentrated in a particular 
“major division” as described by the Allen Brain Atlas (77), we com-
puted a permutation test on the t-statistic derived P-values across all 
summary structures and compared number of sexually dimorphic 
structures in each major division compared to shuffled surrogate 
data. The hypothalamus was the only major division found to be 
differentially active under steady-state isoflurane in males and females 
(P = 0.0059, permutation test) (SI Appendix, Table S5). Sexually 
dimorphic hypothalamic structures are located throughout the 
greater preoptic area (15, 16, 78), which is also known to modulate 
arousal both during natural sleep (79, 80) and anesthetic-induced 
unconsciousness (Fig. 4) (2, 11, 81). Compared to females, areas 
with significantly greater c-Fos expression levels in males included 
the ventrolateral preoptic, retrochiasmatic area (partially overlapping 
with the supraoptic nucleus), median preoptic (including the vascular 
organ of the lamina terminalis), medial preoptic, lateral preoptic, 
and paraventricular hypothalamic nuclei (for a full list, see 
SI Appendix, Table S4). Activation of all these regions as commonly 
measured by the nuclear induction of c-Fos is known to potentiate 
sleep and/or promotes anesthetic hypnosis (7–10, 82–85). We sim-
ilarly performed whole-brain c-Fos activity mapping in Ca.M and 
compared to intact WT M counterparts. Brain regions exhibiting 
differential c-Fos activity patterns in castrated compared to gonadally 
intact males resembled the differences between WT M and WT F 
(SI Appendix, Fig. S2). Notably, ventral hypothalamic structures  
were enriched with c-Fos expression in the more sensitive WT M 
(SI Appendix, Table S6). Collectively, these results suggest that sexu-
ally dimorphic activity patterns of hypothalamic sleep-promoting 
structures consistently correlate with anesthetic sensitivity.

Discussion

Here, we directly demonstrate that the female brain is more resist-
ant to the hypnotic effects of volatile anesthetics. Sex differences 
in anesthetic sensitivity are predominantly due to testosterone. 
Testosterone acutely increases anesthetic sensitivity through an 
aromatase-dependent conversion to estradiol. Finally, we demon-
strate that sex differences in anesthetic sensitivity are conserved 
between mice and humans.

The existence of sex differences in anesthetic sensitivity has been 
suggested by some previous clinical (23, 37) and animal studies 
(43, 44, 46). However, a major limitation of the previous work 
was that the sex differences in anesthetic sensitivity were con-
founded by differences in drug absorption and elimination. While 
it is possible that pharmacokinetic differences exist between males 
and females, here we demonstrate that such differences cannot 
account for the observed differences in anesthetic sensitivity. To 
accomplish this, we utilized a behavioral paradigm developed in 
our lab (53, 54), which allows us to study behavioral responses 
under steady-state anesthetic administration (55). To further sup-
port the conclusion that differences in anesthetic sensitivity cannot 
be solely due to differences in drug absorption, we directly 

confirmed that the steady-state concentration of isoflurane in the 
brain does not depend on sex or hormonal milieu.

Accumulating evidence across mechanistically distinct anes-
thetics, model organisms, and experimental techniques points 
to the importance of hypothalamic nuclei involved in the con-
trol of sleep and wakefulness in mediating the hypnotic effects 
of anesthetics (4, 7–9, 44, 82, 83, 86–88). Interestingly, the 
same hypothalamic nuclei are some of the most sexually dimor-
phic brain structures (89, 90). This observation led to the 
hypothesis that the responses of the male and the female brain 
to anesthetics ought to differ. Our behavioral analyses in both 
mice and humans are consistent with this hypothesis. An unbi-
ased whole brain c-Fos screen revealed more active neurons in 
the ventral hypothalamic nuclei of the male brain. Castration 
increases anesthetic resistance and concomitantly decreases the 
number of active neurons in the sleep- and anesthesia-promoting 
regions of the ventral hypothalamus. Altogether, these results 
argue that the sex differences in anesthetic sensitivity may be 
due to the differential effects of anesthetics on the male and 
female hypothalamic nuclei.

The testosterone-induced increase in anesthetic sensitivity is 
readily observable minutes after subcutaneous administration. 
This rapid onset makes it unlikely that the effects of testosterone 
depend on the canonical signaling pathway. Canonical signaling 
pathways for sex hormones involve changes in gene expression 
that unfold over the course of hours to days. Sex hormones also 
produce rapid effects on neuronal activity through non-canonical 
pathways (91). The specific molecular mechanisms through which 
testosterone and estradiol increase anesthetic sensitivity are 
beyond the scope of this work. It is worth noting, however, that 
steroid compounds can be used to rapidly induce anesthesia (92). 
The hypnotic effects of neurosteroids depend strongly on their 
interactions with GABAA receptors (93–95). The actions of neu-
rosteroids on GABAA receptors are sexually dimorphic (96, 97). 
It is therefore possible that the direct actions of sex hormones on 
the GABAA receptor contribute to their effects on anesthetic sen-
sitivity. This hypothesis can be addressed in future work.

Since the 1930s, the hypnotic effects of anesthetics have been 
quantified using the EEG (98). To this day, most commonly used 
modes of assessing anesthetic depth rely on the EEG signals (68). 
Interestingly, while multiple behavioral measures in mice and in 
humans converge on the fact that females are more resistant to 
anesthetics than males, the EEG or ECoG recorded under 
steady-state anesthesia does not exhibit sex differences at either 
intermediate or high anesthetic concentrations. Across the cortex, 
anesthetic active neurons are similarly distributed in males and 
females. Previous work (44) observed some sex differences in the 
EEG of mice exposed to sevoflurane. These experiments were not 
performed under steady-state conditions and consequently could 
not exclude a potential pharmacokinetic confound. We did not 
evaluate sex differences in the EEG under sevoflurane, so it remains 
possible that the discrepancy between our results and those in ref. 
44 are due to the differences in anesthetic agent. Thus, while our 
analysis cannot exclude small sex differences in cortical activity 
observable at the level of individual neurons, the confluence of 
evidence suggests that the primary locus responsible for the sex 
differences in anesthetic sensitivity lies outside the cortex.

One limitation of our study is its reliance on c-Fos staining as a 
marker of neuronal activity. It is presently unclear whether sex dif-
ferences in c-Fos expression point to the existence of distinct neu-
ronal subtypes active under anesthesia. While we show a correlation 
between anesthetic sensitivity and c-Fos expression in the hypothal-
amus, neuronal activity would have to be exogenously manipulated 
to obtain causal evidence. Present methods for such manipulations D
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remain rather coarse. Without a more detailed understanding of the 
distinct molecular subtypes of hypothalamic neurons activated by 
anesthetics and their activity patterns in males and females, such 
manipulations are unlikely to yield meaningful results. While we 
clearly show acute effects of sex hormones on anesthetic sensitivity, 
it is possible that, in addition to these acute effects, sex hormones 
may also produce long-lasting effects on anesthetic sensitivity. This 
possibility should be addressed in future work.

In clinical settings, anesthetic administration is typically guided 
by data disproportionally compiled in males. As we demonstrate, 
this approach may significantly underestimate anesthetic require-
ments for female patients. Alternatively, anesthetics can be titrated 
to specific EEG end points. However, EEG does not always faith-
fully reflect the state of consciousness. Behavioral and EEG-based 
assessment of anesthetic depth can be discordant (51, 99–101). 
Conventional methods for estimating anesthetic depth do not 

reliably detect episodes of awareness under anesthesia (102–109). 
Collectively, our results add to this evidence by showing that sig-
nificant sex differences in anesthetic sensitivity are not readily 
detectable in the EEG. This discordance between behavioral and 
encephalographic measures of the anesthetized state may explain 
the higher incidence of intraoperative awareness in female patients.

Materials and Methods

Animals. Studies were approved by the Institutional Animal Care and Use 
Committee at the University of Pennsylvania and were conducted in accordance 
with the NIH guidelines. Intact WT M and female (WT F) C57BL/6J mice aged 10 to 
30 wk were used throughout this study (Stock No. 000664, Jackson Laboratories, 
ME). Castrated (Ca.M) and ovariectomized (Ov.F) C57BL/6j mice were obtained 
from Jackson laboratories (Stock No. 000664, Jax Surgical Services, Jackson 
Laboratories, ME). Gonadectomies were performed on adult mice at least 3 wk 
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prior to any experimental testing. Mice were housed on a 12 h:12 h light–dark 
cycle (ZT0/lights on at 6:00pm) with ad libitum access to food and water.

For behavioral experiments, mice were habituated to gastight, temperature-
controlled, 200 mL cylindrical chambers with 100% oxygen flowing at 200 mL/
min for 2 h per day for 3 d prior to experimentation, as previously described (110). 
Mice were given a minimum of 72-h recovery between anesthetic sensitivity test-
ing assessments. Anesthetic concentrations were confirmed using a Riken FI-21 
refractometer (AM Bickford). All subsequent behavioral procedures followed this 
outlined procedure unless otherwise noted. For all anesthetic exposure experi-
ments, mice were kept normothermic by placing all righting reflex cylinders in 
a 37 °C water bath (110).

Drug Preparations. Vehicle for drug administration consisted of dimethyl sul-
foxide (DMSO) and corn oil (1:9, v/v). Testosterone (Sigma-Aldrich T1500) doses 
used throughout the study were 0.2, 2.0, and 20 mg/kg. Letrozole (Sigma Aldrich 
L6545) and estradiol (Sigma Aldrich E8875) dosing used throughout the study 
was 20 mg/kg. Drug injections for hormonal studies were performed subcuta-
neously with freshly made solutions for all experiments.

Dose–Response. Mice were exposed to increasing, then decreasing concen-
trations of isoflurane, from 0.00 to 1.20% back to 0.00% in 0.20% increments  
(n = 20 WT M, 20 WT F, 29 Ca.M, 10 Ov.F). Data acquired from two experimental 
sessions (“even” and “odd” doses) were then combined to have a dose–response 
curve at a 0.10% step resolution (86). Separate cohorts of mice were exposed 
to sevoflurane (n = 10 WT M, 10 WT F) from 0.60 to 2.40% in 0.20% step reso-
lution, halothane (n = 10 WT M, 10 WT F) from 0.00 to 1.00% at a 0.10% step 
resolution, and desflurane (n = 10 WT M, 10 WT F) from 1.50 to 6.00% at a 
0.50% step resolution. Mice were exposed to each concentration step for 15 
min prior to righting reflex assessment. Flow rates of one volume turnover per 
minute have been shown to equilibrate chambers within 5 min (53) with resulting 
brain concentrations equilibrating in approximately 10 min (55). An animal was 
considered to have an intact righting reflex if it was able to return to a prone 
position when rotated on its back, otherwise the righting reflex was considered 
absent. A two-parameter Hill equation was used to fit the mean responses of the 
induction and emergence arms,

1 − R =
1

1 + eH∗([Drug]−EC50)
,

where R is the righting probability, [Drug] is the drug concentration, and the two 
parameters H and EC50 are the Hill slope and half maximal effect concentration. 
EC50 and Hill slope estimates and 95% CIs were computed in Matlab with the 
nlinfit, nlparci, and nlpredci functions respectively using the Jacobian of the non-
linear regression model (86).

Induction and Emergence Times. Mice (n = 10 WT M, 10 WT F) were exposed 
to 1.20% isoflurane in 100% oxygen, where time to loss of the righting reflex was 
measured. Mice were continuously rotated to a supine position until they were 
unable to reorient themselves to a prone position. Time to loss of righting was meas-
ured, starting from onset of anesthetic delivery. After loss of the righting reflex was 
achieved, rotation of the chamber stopped, and mice were continuously exposed 
to 1.20% isoflurane for a total of 2 h from the start of isoflurane delivery. To meas-
ure emergence time, mice were rotated into a supine position, isoflurane delivery 
stopped, and time to spontaneous return of the righting reflex was recorded, as 
measured by the animal’s ability to spontaneously return to a prone position.

Adhesive Sticker Removal Test. Prior to anesthetic exposure, WT M and WT 
F mice (n = 10 WT M, 10 WT F) were trained for 3 d for sticker removal. While 
hand restrained, a 0.25-inch diameter round sticker was placed firmly on the 
animal’s snout. Mice were released from the hand restraint and placed into a 
clean and empty mouse housing cage, where time to removal of the adhesive 
from the snout was measured. Mice were considered trained when they were 
able to remove the sticker from their snout in less than 10 s on two consecutive 
assessments (50).

Trained mice were exposed to 1.20% isoflurane for 2 h. Mice were removed 
from the chamber, and adhesive sticker was placed immediately upon the 
snout. Time to removal of the sticker was measured from the time the mouse 
was removed from the anesthetic chamber to when the sticker was removed from 

the snout. A sticker removal test was performed on three separate occasions and 
mean time to sticker removal was used for analysis.

Repeated Righting Reflex Assessment at Steady-State Anesthetic 
Exposure. For steady-state anesthetic sensitivity testing, habituated mice were 
exposed to 0.60% isoflurane for 4 h on four separate occasions, as previously 
described (53, 54). The righting reflex was assessed every 3 min during the final 
2 h of a 4-h exposure (n = 20 WT M, 20 WT F, 10 Ca.M, 10 Ov.F). Population 
response probabilities were computed by averaging the population response 
probabilities for each righting reflex trial across experimental days. Individual 
response probabilities were computed by calculating the mean righting proba-
bility for each animal across experimental days.

For studies examining the effect of acute hormone administration on steady-
state anesthetic sensitivity, mice (n = 10 WT M, 10 Ca.M) were exposed to 0.60% 
isoflurane while having their righting reflex assessed every 3 min for in the last hour 
of a 3-h anesthetic exposure prior to receiving an IP injection of vehicle, testoster-
one, letrozole, or estradiol. Mice were briefly removed from experimental chambers, 
injected with drug or vehicle, and immediately reinserted into the chambers. Time 
exposed to open air during the injection time was less than 20 s per mouse. After a 
15-min re-equilibration period, mice were subjected to an additional 4 h of right-
ing reflex assessments at 3-min intervals. Animals were exposed twice, and mean 
population righting probabilities post drug injection were analyzed.

To estimate the kinetics of acute administration of testosterone, the post testos-
terone population response data were fit to a single exponential: P(t) = P0e

−kt , 
where P(t) is the population response probability at time t after injection, and 
P0 and k are the initial response probability before testosterone administration 
and time constant, respectively. Best fit and confidence bounds were estimated 
using the fit and confint functions implemented in Matlab. Half-life was then 
computed as ln(2)/k.

To determine the drug effect compared to vehicle control, mean population-
level responses from each group were computed as a change in anesthetic sensi-
tivity from vehicle responsiveness. Error estimation was computed with a moving 
window computing both mean and SD in anesthetic sensitivity across trials (20 
trial window size, 1 trial step size).

Whole-Brain Isoflurane Concentration Quantification. Mice (n = 5 WT M, 5 
WT F, 10 Ca.M, 9 Ov.F) were exposed to 1.00% isoflurane for 2 h and then rapidly 
killed by cervical dislocation to quantify whole brain isoflurane concentrations. 
Brains were subjected to high-performance liquid chromatography analysis as 
previously described (55, 87).

EEG Implantation, Recording, and Analysis. Mice (n = 9 WT M, 9 WT F) 
were induced with 2.50% isoflurane in 100% oxygen and maintained at 1.50% 
isoflurane for the duration of the EEG implantation surgery. After a surgical plane 
of anesthesia was reached, as measured by the lack of a toe pinch response, mice 
were placed in a stereotactic frame (Kopf Model 940). Core body temperature 
was maintained with a closed-loop heating pad (TC1000, CWE Inc), and the eyes 
were protected with eye ointment. Electrodes were constructed and implanted 
as previously described (111). Nine epidural EEG leads were implanted 0.65 
mm lateral to bregma in both hemispheres, ranging from 2.30 mm anterior to 
bregma to −2.90 mm posterior to bregma. Headpieces were secured using den-
tal cement (A-M Systems) and two anchor screws (McMaster-Carr 91800A050), 
positioned at 2.50 mm lateral and 2.00 mm posterior to Bregma. Mice were 
allowed to recover from the implant for a minimum of 1 wk prior to exper-
imentation. Upon recovery, mice were habituated to cable tether within the 
experimental recording chamber over three 2-h sessions. During recording, mice 
were exposed to 0.6% isoflurane in 100% oxygen for 60 min. Core temperature 
was maintained with a water bath (55). The final 30 min of recording were used 
for subsequent analysis.

EEG signals were recorded at 1 kHz with 32 channel headstages (C3324, 
Intan Technologies, Los Angeles, CA) as previously described (111, 112). EEG 
signals were low passed with a 6th-order, zero-phase Butterworth filter at a cutoff 
frequency of 50Hz. Multitaper spectral estimation was used to compute spectro-
grams under experimental conditions (15 tapers, 60-s non-overlapping windows 
normalized to total power per window) (113). For each animal, mean power across 
windows was compared across groups to determine if there were differences in 
spectral power under steady-state isoflurane administration. Canonical bins of D
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delta (<4 Hz), theta (4 to 8 Hz), alpha (8 to 12 Hz), beta (12 to 30 Hz), and gamma 
(>30 Hz) were utilized for analysis (Fig. 3A).

Local Field Potential Recordings and Burst Suppression Identification. 
Local field potential (LFP) data examined throughout this study were collected as a 
part of previous studies from refs. 106 and 107 where the study design has been 
previously described in detail. Briefly, anesthetized mice were placed in a stereo-
taxic frame and a craniotomy was drilled from 1.00 mm to 5.00 mm AP and 6.00 
mm to 0.25 mm ML. A 64-electrode surface grid (Neuronexus E64-500-20-60) 
was positioned over the dura to obtain ECoG signal. Mineral oil was applied on 
top of the ECoG grid every 20 min to preserve the health of the underlying dura 
and brain. Mice were exposed to 0.6% (n = 23 WT M, 16 WT F) and 1.2% (n = 
16 WT M, 13 WT F) isoflurane and unstimulated LFP was recorded. Animals were 
scarified the same day immediately after the final recording session.

ECoG signals were recorded at 30 kHz with headstage (Neuralynx HS36) 
digitized through the Cheetah 64 acquisition system (Neuralynx ERP-27 Lynx-8). 
Signals were bandpassed between 0.1 Hz and 325 Hz with a zero-phase custom-
built FIR filter. Signals were then decimated to 1 kHz and mean re-referenced 
after manual channel artifact rejection. Multitaper spectral estimation was used 
to compute spectrograms for each isoflurane concentration (20 tapers, normal-
ized to total power per window). Unstimulated LFP was used for spectral analysis. 
Of note, 95% CIs were estimated from the ensuing normalized power spectra.

Both a frequency and amplitude metric was used to determine periods of 
suppression in the LFP recordings as previously described (114). Total power of 
preprocessed signal windows from 2 to 100 Hz were subjected to k-means clus-
tering for 2 clusters, where clusters correspond to suppressed or non-suppressed 
windows. A maximal amplitude threshold of the total power feature was then 
manually selected for each animal. Concurrently, RMS was also calculated over the 
LFP data in 500-ms windows with 400-ms window overlap. A manual maximum 
RMS threshold was selected for each mouse. Time windows were classified as 
suppression if the total power and RMS were below their respective thresholds. 
The SR was calculated by the number of time windows with suppression divided 
by the total number of time windows (Fig. 3 B and C).

Whole Brain Mapping of Neural Activity. Mice exposed to 0.6% isoflurane 
for 4 h were rapidly killed and transcardially perfused using ice-cold PBS with 
heparin (10 U/mL) followed by 4% paraformaldehyde. (n = 5 WT M, 5 WT F, 
5 Ca.M) Brains were removed and post-fixed in 4% paraformaldehyde at 4 °C 
overnight. Whole brains were then washed in PBS and shipped to LifeCanvas 
Technologies (Cambridge, MA) in a PBS with 0.02% sodium azide solution for 
further processing, staining, imaging, and mapping.

Whole mouse brains were processed following the SHIELD protocol (72) (LifeCanvas 
Technologies). Samples were cleared for 5 d at 42 °C with SmartClear II Pro (LifeCanvas 
Technologies), a device employing stochastic electrotransport (73). Cleared samples 
were then actively immunolabeled using SmartLabel (LifeCanvas Technologies) based 
on eFLASH technology integrating stochastic electrotransport (73) and SWITCH (74). 
Each brain sample was stained with primary antibody, 3.5 mg of rabbit anti-c-Fos 
monoclonal antibody (Abcam, #ab214672) followed by fluorescently conjugated 
secondary in 3:2 primary:secondary molar ratio (Jackson ImmunoResearch). After 
active labeling, samples were incubated in EasyIndex (LifeCanvas Technologies) for 
refractive index matching (RI = 1.52) and imaged at 3.6× with a SmartSPIM axially 
swept light sheet microscope (LifeCanvas Technologies).

Sample images were tile corrected, destriped, and registered to the Allen Brain 
Atlas (Allen Institute: https://portal.brain-map.org/) using an automated process. 
An autofluorescence channel for each brain was registered to 8 to 20 atlas-aligned 
reference samples, using successive rigid, affine, and b-spline warping algorithms 
(SimpleElastix: https://simpleelastix.github.io/). An average alignment to the atlas 
was generated across all intermediate reference sample alignments to serve as the 
final atlas alignment value for the sample. Automated cell detection was performed 
using a custom convolutional neural network through the Tensorflow python pack-
age. The cell detection was performed by two networks in sequence. First, a fully 
convolutional detection network (75) based on a U-Net architecture (75) was used 
to find possible positive locations. Second, a convolutional network using a ResNet 
architecture (76) was used to classify each location as positive or negative.

Whole Brain c-Fos Density Estimation and Voxel Registration to Summary 
Structures. For each brain, c-Fos positive cells were assigned 3D coordinates 
referenced to the Allen Brain Atlas (77). Individual JSON files can be found online 

at https://zenodo.org/record/8384835. Assigned coordinates had to be located 
within the boundaries of the reference atlas brain volume; otherwise they were 
rejected. Coordinates of all c-Fos positive cells were pooled together for males and 
for females. Random resampling with replacement (100 bootstrapped samples) 
was used to estimate the mean and the SD of the number of neurons in each 50 
× 50 × 50 µm voxel. The distribution was filtered with a gaussian filter (σ = 1 
voxel). Cell counts in each voxel were normalized by the total cell count across 
all voxels. The t-statistic maps (Fig. 4) were computed on the voxel basis using 
estimates of the means and the SD.

Voxels were then assigned to “Summary Structures” as identified by Wang et al. 
(77) We limited our analysis to regions under the Allen Reference Atlas CCFv4 
Ontology core label of “Basic cell groups and regions” and to regions that were 
nonoverlapping with respect to voxel registration. This left 314 summary structures. 
Children of summary structures were reassigned from the annotation reference atlas 
(annotation_50.nrrd from Allen Brain Institute) to match summary structure IDs. 
To compute a t-statistic between male and female groups at the summary struc-
ture level, means and SD of each voxel within a summary structure were summed 
together. A Bonferroni correction for multiple comparisons was utilized to determine 
an adjusted alpha for statistical significance (aadj = 1.59 × 10−4).

To determine whether any major brain divisions had a significant proportion 
of sexually dimorphic structures, we computed a permutation test. Statistical 
significance of this proportion was assessed using a permutation test (10,000 
permutations).

Human Volunteers. Data were collected as a part of the ReCCognition 
(NCT01911195) study with appropriate institutional review board approval: 
University of Pennsylvania, Philadelphia, PA (Protocol #818401), University of 
Michigan, Ann Arbor, MI (Protocol #HUM0071578), and Washington University 
in St. Louis, St. Louis, MO (Protocol #201308073). This study design has been 
previously described in detail (49). Study participants were recruited via public 
flyers and financially compensated for their voluntary participation with eth-
ics committee approval. Study risks and eligibility criteria were discussed in 
detail and reviewed with all volunteers who provided their written informed 
consent in accordance with the Declaration of Helsinki. Briefly, 30 healthy, 
young volunteers (18 men and 12 women, 22 to 40 y old) were administered 
isoflurane 1.3 age-adjusted MAC for 3 h. EEG was continuously recorded from 
volunteers throughout the anesthetic exposure. Physiological monitoring was 
in place to keep volunteers normothermic. At the end of the anesthetic chal-
lenge, volunteers were played an auditory cue, repeated every 30 s, asking 
to squeeze either hand twice. Recovery from anesthesia was defined by being 
able to correctly respond to the auditory cue on two consecutive assessments. 
Emergence time was recorded as the time from discontinuation of isoflurane 
to the time of recovery.

Human Volunteer Neurocognitive Testing. Volunteers went through the 
Cognition test battery (115) testing every 30 min for 180 min after recovering 
from anesthesia (57). Here, we focused on the Psychomotor Vigilance Test (PVT), 
an assay using reaction time to assess cognitive vigilance, awareness, and atten-
tion that is immune to a learning effect (116, 117). In order to consider a speed-
accuracy tradeoff, both PVT speed and accuracy were analyzed separately (118). 
PVT recovery assessments were normalized to baseline mean speed or accuracy 
performance for each sex.

Human Volunteer EEG Burst Suppression Identification. Human EEG 
data examined throughout this study were collected as a part of ReCCognition 
study. EEG processing and burst suppression identification for this dataset was 
described previously by Shortal et al. (56). Briefly, EEG signals were recorded 
at 500 Hz using the Electrical Geodesics EEG system (Eugene, OR) referenced 
to Cz. Signals from the F3 lead were high pass filtered at 0.1 Hz using a 4th-
order Butterworth filter. Multitaper spectral estimation was used to compute 
spectrograms (5 tapers, 10-s window length, 1-s window overlap) (113). 
Spectrograms for each volunteer were subjected to principal component anal-
ysis and Hartigan’s dip statistic (119) was used to determine whether the first 
principal component was unimodal or not. If unimodality was rejected, k-means 
clustering was performed on the first two principal components of the data, 
resulting in a suppressed and non-suppressed cluster, which classified each 
spectral window.D
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Quantification and Statistical Analysis. Data were processed and analyzed 
in Matlab (2023a, Mathworks, Natick Ma) using the Signal Processing, Image 
Processing, Curve Fitting, and Statistics and Machine Learning Toolboxes. For 
dose–response studies, statistical significance was computed based using the 
95% CIs of the parameters of best fit model. If the CIs did not overlap, the results 
were deemed to be significant (120). EEG spectral estimation used computed 
using custom code written by Hudson et al. (113). Statistical comparisons were 
performed using Prism 10.0.2 (GraphPad Software, San Diego, CA, USA). Data 
were tested for normality, using the Shapiro–Wilk test. Appropriate parametric 
or nonparametric statistical comparison tests were used, and summary statistics 
are reported within the text. Reported values are both (mean ± SD) and (median 
[interquartile range (IQR)]) unless otherwise noted. Of note, 95% confidence 
bounds for fit estimates are reported in the text. For figures, raw data points 
are shown with overlaid median and IQR for comprehensive visualization of all 
data. Median and interquartile ranges are reported even for parametric statistical 
comparisons for figure comparison. In Fig. 4C, data are shown as mean ± SD 
as these are summary structure values generated from bootstrap resampling.  
P < 0.05 was considered statistically significant for all comparisons with appro-
priate corrections for multiple comparisons.

Data, Materials, and Software Availability. c-Fos Mapping Dataset data 
have been deposited in Zenodo (https://doi.org/10.5281/zenodo.8384835). All 
study data are included in the article and/or supporting information. Previously 
published data were used for this work (Male mouse data from Fig.  1 F and 

G was originally published in the following articles: refs. 53 and 54. Mouse 
EEG data from Fig.  3 B and C was reanalyzed from the following articles:  
refs. 114 and 121. Human Data from Fig. 1 I–K were reanalyzed from the follow-
ing article: ref. 57. Human Data from Fig. 3D was reanalyzed from the following 
article: ref. 56.
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