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Abstract

Background: General anaesthetics interact with the pathophysiological mechanisms of traumatic brain injury (TBI). We

used a Drosophila melanogaster (fruit fly) model to test the hypothesis that ageing and genetic background modulate the

effect of anaesthetics and hyperoxia on TBI-induced mortality in the context of blunt trauma.

Methods: We exposed flies to isoflurane or sevoflurane under normoxic or hyperoxic conditions and TBI, and subse-

quently quantified the effect on mortality 24 h after injury. To determine the effect of age on anaesthetic-induced

mortality, we analysed flies at 1e8 and 43e50 days old. To determine the effect of genetic background, we performed a

genome-wide association study (GWAS) analysis on a collection of young inbred, fully sequenced lines.

Results: Exposure to anaesthetics and hyperoxia differentially affected mortality in young and old flies. Pre-exposure of

young but not old flies to anaesthetics reduced mortality. Post-exposure selectively increased mortality. For old but not

young flies, hyperoxia enhanced the effect on mortality of post-exposure to isoflurane but not to sevoflurane. Post-

exposure to isoflurane in hyperoxia increased the mortality of young fly lines in the Drosophila Genetic Reference Panel

collection to different extents. GWAS analysis of these data identified single nucleotide polymorphisms in genes involved

in cell water regulation and oxygen sensing as being associated with the post-exposure effect on mortality.

Conclusions: Ageing and genetic background influence the effects of volatile general anaesthetics and hyperoxia on

mortality in the context of traumatic brain injury. Polymorphisms in specific genes are identified as potential causes of

ageing and genetic effects.
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Editor’s key points

� Invertebrate animal models provide powerful unbiased

genetic tools for identifying novel molecular targets for

drugs and disease.

� A Drosophila melanogaster (fruit fly) model was used to

test the hypothesis that ageing and genetic background

modulate the effect of anaesthetics and hyperoxia on
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traumatic brain injury (TBI)-induced mortality in the

context of blunt trauma.

� Genetic analysis identified single nucleotide poly-

morphisms in genes involved in cell water regulation

and oxygen sensing associated with the post-exposure

effect of anaesthetics on mortality that are promising

targets for further investigation.

� Ageing and genetic background influenced the effects

of volatile general anaesthetics on mortality after TBI.
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Fig 1. Ageing sensitises to the behavioural effects of anaes-

thetics and to mortality from traumatic brain injury (TBI). (a)

The EC50 values of volatile anaesthetics decreased from young

to old adulthood. The EC values for isoflurane (ISO) deter-
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Exposure to anaesthetics and supplemental oxygen (hyper-

oxia) causes collateral cell biological effects of largely un-

known scope and significance,1e5 but anaesthetics and

hyperoxia are usually considered benign in the care of trau-

matic brain injury (TBI) patients and in experimental models

of TBI. Using a Drosophila melanogaster closed-head TBI model

caused by blunt trauma,6 we have shown that the volatile

general anaesthetics isoflurane (ISO) and sevoflurane (SEVO)

are biologically active in the context of an injured brain.7

Because experimental logistics favour a focus on young sub-

jects and animal welfare concerns limit research into the

intrinsic effects of anaesthetics on TBI pathophysiology, sub-

stantial gaps remain in our understanding of the interaction

between anaesthetics, ageing, and genetic background and the

pathophysiology of TBI. Some of these gaps can be effectively

addressed in flies because fundamental ageing and injury

response pathways are conserved with higher animals.

Furthermore, collections of isogenic and fully sequenced fly

lines allow genome-wide association studies (GWAS)8 to

identify genes associated with outcomes from TBI on a scale

currently not feasible in mammalian models.9

We hypothesised that exposure to ISO, SEVO, and hyper-

oxia differentially influences mortality from TBI induced by

blunt trauma in young and old flies. To test for genetic influ-

ence, we used 24 h mortality to determine the degree to which

exposure to ISO and hyperoxia modulates outcomes of TBI

among different fly lines from the Drosophila Genetic Refer-

ence Panel (DGRP). This study was also used to identify single

nucleotide polymorphisms (SNPs) associated with differen-

tially enhanced mortality. Although mortality in flies should

not be literally translated to mortality in higher animals, the

molecular events that lead to mortality in flies are likely to be

conserved in higher animals and to contribute to the patho-

physiology of the secondary injury in TBI. Results indicate that

the outcome of the interaction between volatile general an-

aesthetics and their molecular targets is influenced by bio-

logical factors (i.e. age and genetic background) and clinically

relevant environmental factors (i.e. oxygen concentration and

the type of volatile general anaesthetic).

50

mined in 1e8, 21e28, and 35e42 day old flies were 0.4% (0.01),

0.23% (0.01) (P<0.001), and 0.19%, respectively. Error bars are

standard errors. The error for the 35- to 42-day-old group was

not informative because the minimal concentration step on the

ISO vaporiser was from 0.1% to 0.2%, which resulted in a large

suppression of climbing behaviour (Supplementary Fig. 1). The

EC50 values for sevoflurane (SEVO) were 0.74% (0.03) to 0.47%
Methods

The experiments adhere to applicable ARRIVE (Animal

Research: Reporting of In Vivo Experiments) reporting guide-

lines (preclinical animal research). Approval from the Insti-

tutional Animal Care and Use Committee has been waived.

(0.03) and 0.33% (0.03), respectively. EC50 values were calculated

based on seven to eight anaesthetic concentrations with an n of

at least 4. (b) Mortality from TBI increases with age. 24 h mor-

tality from two strikes (left panel) was 13.7% ([12.6, 14.9], n¼136);

36.0% ([33.0, 39.2], n¼60), and 43.8% ([42.1, 45.6], n¼136) for

young, middle-aged, and old w1118 flies, respectively (mean [95%

confidence interval). The corresponding mortalities for four

strikes (right panel) were 30.5% ([28.4, 32.7], n¼78), 69.1% ([65.2,

73.4], n¼26), and 74.7% ([69.8, 80.0], n¼ 24), respectively. Exper-

iments in Figs 2 and 3 were performed using two strikes and

standard doses of either 2% ISO or 3.5% SEVO.
Determination of anaesthetic potency

To determine the extent to which age affects anaesthetic po-

tency in flies, we used a customised, negative geotaxis-based

behavioural assay that we termed percent active (PA), as

described.10 To calculate the half-maximal effective concen-

tration (EC50), we exposed 10 flies simultaneously to one

anaesthetic concentration for 10 min and determined the PA.

We increased the anaesthetic concentration using the small-

est steps possible with agent-specific vaporisers and repeated

the PA determination until no flies met the climbing criterion.

Each experiment was performed on a naı̈ve group of flies and

four or more biological replicates (i.e. at least 40 flies). We

tested up to seven concentrations per age group and agent to

derive the doseeresponse relationship (Supplementary Fig. 1)

and calculated the EC50 (Fig. 1a).
Traumatic brain injury

TBI was inflicted in a standard laboratory strain (w1118) using a

High-Impact Trauma (HIT) device acting on the whole fly.6 All

flies were maintained on molasses food at 25�C and
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transferred weekly until the target age range was reached,

1e8, 29e36, or 43e50 days old. The experimental unit onwhich

analysis is based is a vial that typically contained 20 flies. Ex-

periments that were performed on different days were

considered biological replicates. For the experiments in Figs 2

and 3 and Supplementary Fig. 2, we used 1088 vials. A detailed

break-up of vial numbers per condition is summarised in

Supplementary Table 1. On the day before an experiment,

eight vials containing 20 mixed-sex flies of the same age (0e7,

28e35, or 42e49 days old) were incubated at 25�C in vials with

molasses food. On the day of the experiment, flies were rapidly

transferred into empty vials. Four of the vials were subjected

to either two or four strikes from the HIT device with the

spring deflected to 90� and 5 min between strikes. After injury

and exposure to volatile general anaesthetics, hyperoxia, or

both, flies were transferred to vials with molasses food and

incubated at 25�C. Mortality was determined at 24 h from the

time of TBI. At least eight replicates were performed for each

experimental and control condition. Because percent mortal-

ity after TBI does not differ between male and female flies, we

performed all experiments using mixed-sex groups.6
Traumatic brain injury, anaesthesia, and hyperoxia

We used a custom-built Serial Anaesthesia Array to simulta-

neously expose up to eight samples of at least 20 flies each to
Fig 2. Diagram of the workflow for experiments presented in

Figs 2 and 3. (a) Timelines for Pre-exposure vs. Post-exposure to

anaesthetics and hyperoxia relative to traumatic brain injury

(TBI). The standard exposure duration was 2 h of 2% isoflurane

(ISO), 3.5% sevoflurane (SEVO), and/or 100% O2 (purple, yellow,

and green lines, respectively). After pre-exposure, the anaes-

thetic was flushed for 5 min (red rectangle). TBI was adminis-

tered with 5 min intervals between strikes. (b) Experimental

schematic illustrating all of the experimental and control con-

ditions. Vials one through eight (V1eV8) were considered one

experimental unit. Horizontal rows show exposure to in-

terventions (þ) or lack thereof (e). For example, V1 undergoes no

intervention and serves as control for natural attrition. V5 un-

dergoes only TBI. See methods and statistical appendix in sup-

plementary material for details.
precise doses of volatile general anaesthetics and oxygen.7,10

Volatile general anaesthetics were administered through the

Array using a Datex-Ohmeda Aestiva/5 anaesthesia machine

equipped with commercial agent-specific vaporisers (Datex-

Ohmeda Inc., Madison, WI, USA). Compressed gas cylinders

(Airgas USA, LLC, Radnor, PA, USA) containing 100% oxygen

(O2), 100% nitrogen (N2), or air (21% O2/79% N2) provided carrier

gas of the desired composition. Anaesthetic exposure con-

sisted of either 2 vol% ISO or 3.5 vol% SEVO for 2 h (i.e. 4% h and

7% h, respectively). The resulting anaesthetic doses of 4% h

and 7% h for ISO and SEVO, respectively, are behaviourally

equivalent and do not affect median and maximum life-

spans.10 To compare anaesthetic pharmacodynamics between

young and old flies, we used the same dose of anaesthetics

despite the observed change in behavioural potency with age

(Fig. 1a). The rationale for this decision is that the molecular

targets underlying anaesthetic effects on mortality in the

context of TBI are unknown, and there is no reason to assume

that their responsiveness to volatile general anaesthetics un-

dergoes the same age-dependent changes as that of complex

neural circuits mediating behavioural effects (e.g. minimum

alveolar concentration [MAC] in mammals or suppression of

reflexive locomotion in flies). Anaesthetics were administered

either before (pre-exposure) or after (post-exposure) TBI in

either 21% O2 (normoxia) or in nominally 100% O2 (hyperoxia)

(Fig. 4a). In experiments under hyperoxic conditions, 100% O2

was used as the carrier gas to administer 2% ISO or 3.5% SEVO.

All flies, independent of age, resumed movement within <1 h

after discontinuing ISO or SEVO, indicating that the doseswere

safe. A typical assay simultaneously tested three control

conditions (ieiii) and one experimental condition (iv): (i) no

treatment; (ii) TBI alone; (iii) anaesthesia, hyperoxia alone, or

both; and (iv) TBI and anaesthesia, hyperoxia, or both in both

young (1e8 days old) and old (43e50 days old) flies (Fig. 4b). All

experiments were conducted under normobaric conditions.
Genetic background

We treated 1- to 8-day-old flies from 141 isogenic lines from

the DGRPwith the standard four-strike injury protocol, with or

without post-exposure to 1 h of ISO in hyperoxia. Each

experiment included two vials with 20 flies in each (considered

a single biological replicate) undergoing the following in-

terventions: TBI only, 1 h of 2% ISO in 98%O2 only, TBI followed

by 1 h of 2% ISO in 98% O2. Forty control flies were kept in room

air. Every experiment consisted of at least three biological

replicates. The difference in mortality between anaesthetised

and unanaesthetised populations was determined 24 h after

TBI. For each DGRP line, we controlled for natural mortality

and mortality caused by exposure to ISO in hyperoxia in the

absence of injury. There was no measurable mortality in flies

not exposed to TBI or exposed to anaesthesia and hyperoxia

only. Excess mortality (Dmortality) caused by exposure for 1 h

to 2% ISO in 98%O2 after TBI was calculated asDmortality (%)¼
{([% mortality TBI and ISO/O2]e[% mortality TBI])/% mortality

TBI}�100, and represents the average percent increase in

mortality for flies with TBI followed by exposure to ISO in

hyperoxia compared with the percent mortality for flies with

TBI only.
GWAS analysis

GWAS analysis using D mortality (Fig. 5 and Supplementary

Fig. 3) was carried out using publicly available web-based



Fig 3. Ageing eliminates the protective effect of pre-exposure to volatile general anaesthetics and hyperoxia on mortality after traumatic

brain injury (TBI). Effects on mortality of preexposure to isoflurane (ISO; purple), hyperoxia (green), and ISO in hyperoxia (striped) of 1- to 8-

day-old (a) and 43- to 50-day-old (b) w1118 flies. Analogous experiments with sevoflurane (SEVO; yellow) in young (c) and old (d) flies. Note

the significant reduction inmortality by both agents in young but not in old flies. Median is indicated by cross bar, mean by þ, and the range

of values by whiskers. **P¼0.004, ***P¼0.001, and ****P<0.001. N¼12e14 for each group. Log-binomial regression analysis. Numeric values of

means and confidence intervals are listed in Supplementary Table 6.
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analysis tools at the DGRP website (http://dgrp2.gnets.ncsu.

edu).
Statistical analysis

For results that report multiple experimental conditions, we

used generalised linear models (GLM; either Poisson regres-

sion or log-binomial regression) to estimate mortality. This

analysis underlies the statistical analyses for the results pre-

sented in Figs 2 and 3 and Supplementary Fig 2; all tests were

conducted at the 0.05 level of significance and drawn in box

and whisker plots, according to the Tukey method. The me-

dian is indicated by cross bar and the mean by þ.

Data collected from each sample consisted of the number

of flies alive at the start of a trial (m) and the number of flies

that were dead at a trial’s conclusion (y). Log-binomial

regression was used to estimate and test whether mortality

(y/m) differed as a function of anaesthesia, TBI, or the inter-

action between these two factors, and whether any of these

elements differed among the 10 conditions defined by com-

binations of anaesthesia (ISO, SEVO, or none; each with and

without hyperoxia) and timing (pre-vs post-exposure). These
models were applied separately to each of two age groups (1e8

and 43e50 days old). For experimental conditions where

mortality was especially low (y<<m), Poisson regression, with

y as the response and log(m) as an offset, was used instead to

estimate the frequency of mortality. Standard errors for these

models were computed using a sandwich estimator of vari-

ance to account for having used an alternate distribution (i.e.

Poisson approximation to binomial for rare events).11 Statis-

tical significance was set to 0.05 with supporting 95% confi-

dence intervals (CIs) for ratios involving mortality risk. All

analyses were performed using R (version 3.5.1; R Foundation

for Statistical Computing, Vienna, Austria) and the accompa-

nying Sandwich package. We used Prism 6.0 (GraphPad Soft-

ware Inc., La Jolla, CA, USA) for graphing. P-values reported in

the figures refer to comparisons with mortality from TBI in

normoxia and without volatile general anaesthetics. A

detailed summary of the data used for the statistical analysis

of the effects of volatile general anaesthetics and hyperoxia

and the 95% CIs are available in the Supplementary

Tables 1e6. Numerical results related to Figs 1b, 3, 4 and

Supplementary Fig 2 are reported as mean [95% CI]. All other

results (Figs 1a and 5 and Supplementary Figs 1 and 3) as mean

http://dgrp2.gnets.ncsu.edu
http://dgrp2.gnets.ncsu.edu


Figure 4. Ageing enhances the deleterious effect of post-exposure to volatile general anaesthetics and hyperoxia on mortality from

traumatic brain injury (TBI). Effects on mortality of post-exposure to isoflurane (ISO; purple), hyperoxia (green), and ISO in hyperoxia

(striped) of 1- to 8-day-old (a) and 43- to 50-day-old (b) w1118 flies. Analogous experiments with sevoflurane (SEVO; yellow) in young (c) and

old (d) flies. Note the significant increase in mortality by ISO in young flies and by SEVO in old flies. Hyperoxia alone and in combination

with ISO increased mortality in old flies. Median is indicated by cross bar, mean by þ, and range of values by whiskers. *P¼0.01e0.04,

**P¼0.002, and ****P<0.001 compared with control; n¼12e16 for each group. Log-binomial regression analysis. Numeric values of means and

confidence intervals are listed in Supplementary Table 6.
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(standard error). We used one-way analysis of variance (ANOVA)

and Tukey’s multiple comparisons test for the data in Fig. 1.

We used Hedge’s g to calculate effect size. Hedge’s g,

similar to Cohen’s d, is used for comparing different sample

sizes. We used four benchmarks to accommodate the range of

data (0, no effect; 0.5, small effect; 0.8, medium effect; 1.1, large

effect; https://www.statisticshowto.datasciencecentral.com/

hedges-g/).
Results

Ageing increases behavioural sensitivity to
anaesthetics and mortality after TBI

The MAC to prevent movement in response to a noxious

stimulus undergoes age-dependent changes in mammals.12,13

To what extent this change translates to invertebrates is un-

known. We determined the EC50 for suppression of reflexive

locomotion in young (1e8 days old), middle-aged (21e28 days

old), and old (35e42 days old) flies. The designation of ‘old’ is

based on the median lifespan of 48 days for w1118 flies in our

laboratory.6 As occurs in mammals, the EC50 values for both
ISO and SEVO declined with age from 0.4% (0.01%) to 0.19%

(error not determined; see legend for Fig. 1a and

Supplementary Fig. 1) for ISO (P<0.0001 for 1e8 vs 21e28) and

from 0.74% (0.03%) to 0.33% (0.03%) for SEVO (multiplicity

adjusted P<0.0001 for 1e8 vs. 35e42; Fig. 1a). Despite the

change in behavioural EC50, we used the same dose of anaes-

thetics in young and old flies because we were interested in

determining the effect of a given dose of anaesthetic rather

than the effect of doses that produce the same behavioural

effect.

To investigate the effect of ageing onmortality after TBI, we

examinedw1118 flies at three age groups: young (1e8 days old),

middle-aged (29e36 days old), and old (43e50 days old). To

avoid levels of TBI-induced mortality that are too high to be

altered by anaesthetics, we injured flies with either two or four

strikes from the HIT device. Within each age group, mortality

from four strikes was higher than from two strikes (multi-

plicity adjusted P<0.0001). Moreover, for both two and four

strikes, mortality was higher for middle-aged and old flies

than for young flies (multiplicity adjusted P<0.0001), but there
was no difference between middle-aged and old flies (Fig. 1b).

These data indicate that ageing-dependent processes

https://www.statisticshowto.datasciencecentral.com/hedges-g/
https://www.statisticshowto.datasciencecentral.com/hedges-g/


Figure 5. Genetic background influences resilience to toxicity

caused by isoflurane/O2 after traumatic brain injury (TBI). The

percent change in mortality caused by post-exposure to iso-

flurane (ISO)/O2 for each of 141 fly lines from the Drosophila

Genetic reference Panel (DGRP). Genome-wide association study

(GWAS) identified single nucleotide polymorphisms (SNPs) in

Drip, Prip, and Gyc88E as being associated with the change in

percent mortality at the indicated level of significance. Coloured

dots indicate DGRP lines that contain significant SNPs.
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exacerbate the secondary injury mechanisms that lead to

mortality after TBI at different severities.
Ageing eliminates the protective effect of pre-exposure
to anaesthetics on mortality after TBI

To test the hypothesis that ageing affects the ability of volatile

general anaesthetics to alter TBI outcomes, we exposed young

and old w1118 flies immediately before TBI (Fig. 3). Because the

four-strike protocol resulted in very high mortality in old flies,

we used the two-strike protocol to compare the volatile gen-

eral anaesthetics in young and old flies. To facilitate compar-

ison and because neither agent increased mortality in old flies

in the absence of TBI, we decided to use the same dose of

anaesthetics in both young and old flies despite the change in

behavioural sensitivity (Fig. 1a).

As reported,7 pre-exposure to ISO or SEVO of young flies

injured with the four-strike protocol reduced mortality

(Supplementary Fig. 2). A similar anaesthetic-induced
Table 1 Summary of the magnitude and the directionality of effects
calculate effect size. Hedge’s g, similar to Cohen’s d, is used for co
accommodate the range of our data (0, no effect; 0.5, small effect; 0
datasciencecentral.com/hedges-g/). Large decrease/increase (YYY/
crease (Y/[); no effect (¡).

Agent(s) 1e8 days

Pre-exposure Post-exp

Isoflurane YY [

Isoflurane/O2 YY [

Sevoflurane YY �
Sevoflurane/O2 Y �
O2 ¡ �
reduction in mortality was observed in young flies with the

milder injury inflicted by the two-strike protocol (from 13.7%

[12.6, 14.9] to 7.5% [5.7, 9.9], n¼12, P<0.001, Fig. 3a for ISO and to

6.7% [4.5, 9.8], n¼12, P<0.001, Fig. 3c for SEVO). In contrast, pre-

exposure to ISO or SEVO of old flies injured with the two-strike

protocol did not significantly affectmortality (from 43.8% [42.1,

45.6] to 50.4% [42.8, 59.4], n¼12, P¼0.069, Fig. 3b for ISO and to

43.3% [36.6, 51.4], n¼12, P¼0.885, Fig. 3d for SEVO). Table 1

summarises the directionality and magnitude of change un-

der the different experimental conditions. Note that, contrary

to in-figure symbols, arrows in Table 1 denote the magnitude

of effect, not its statistical significance. We conclude that

ageing-related processes degrade the protective potential of

volatile general anaesthetics in the context of TBI indepen-

dently of injury severity.
Ageing reveals a toxic effect of post-exposure to SEVO
on mortality after TBI

To further test the effect of ageing on the ability of volatile

general anaesthetics to alter TBI outcomes, we exposed young

and old w1118 flies to anaesthetics immediately after TBI. Post-

exposure to ISO significantly increasedmortality of young flies

injured with either the two- or four-strike protocol (Fig. 4a and

Supplementary Fig. 2c). In contrast, post-exposure of young

flies to SEVO did not alter the mortality with either injury

protocol (Fig. 4c and Supplementary Fig. 2d). Thus, as previ-

ously reported, in young flies, pre-exposure and post-exposure

to ISO had opposite effects, and post-exposure to ISO vs. SEVO

had different effects onmortality. In old flies, post-exposure to

ISO caused a non-significant increase in mortality (from 43.8%

[42.1, 45.6], n¼136 to 49.9% [43.3, 57.4], n¼16, P¼0.054), and

SEVO caused a 25% increase in mortality (from 43.8% [42.1,

45.6], n¼136 to 54.7% [47.1, 63.5], n¼12, P¼0.002). Therefore, in

the context of TBI, ageing-related processes enhance the

damaging effect of post-exposure to SEVO to a greater extent

than post-exposure to ISO (Table 1).
Ageing sensitises to damaging effects of hyperoxia on
mortality after TBI

Concentrations of O2 higher than 21% are routinely adminis-

tered in clinical care, and volatile general anaesthetics are

usually administered under hyperoxic conditions. We tested

whether ageing alters the effect on mortality of pre- and post-

exposure to 100%O2 (hyperoxia) under normobaric conditions.

In young w1118 flies, neither pre- nor post-exposure to
on mortality derived from in Figs 2 and 3. We used Hedge’s g to
mparing different sample sizes. We used four benchmarks to

.8, medium effect; 1.1, large effect; https://www.statisticshowto.
[[[); medium decrease/increase (YY/[[); small decrease/in-

43e50 days

osure Pre-exposure Post-exposure

[ [

[[ [[[

� [[

� [

[ [[[

https://www.statisticshowto.datasciencecentral.com/hedges-g/
https://www.statisticshowto.datasciencecentral.com/hedges-g/
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hyperoxia altered mortality (Figs 3a and 4a). In old flies, pre-

and post-exposure to hyperoxia increased mortality by 14%

(from 43.8% [42.1, 45.6], n¼136 to 50.2% [43.2, 58.2], n¼12,

P¼0.054) and by 35% (from 43.8% [42.1, 45.6], n¼136 to 59.0%

[51.9, 67.1], n¼14, P<0.001), respectively (Figs 3b and 4b). These

data indicate that ageing sensitises flies to detrimental effects

of hyperoxia (Table 1).
Ageing alters the interactive effects of volatile general
anaesthetics and hyperoxia on mortality after TBI

We examined whether ageing alters the effect of exposure to

volatile general anaesthetics in hyperoxia on mortality. Under

the pre-exposure condition in young flies, ISO or SEVO in

hyperoxia reduced mortality relative to unexposed flies (from

13.7% [12.6, 14.9] to 6.9% [4.7,10.1], n¼12, P¼0.001 for ISO and to

8.0 [5.6, 11.4], n¼12, P¼0.004 for SEVO) but to a slightly lesser

extent than ISO or SEVO in normoxia (from 13.7% [12.6, 14.9],

n¼12 to 7.5% [5.7, 9.9] for ISO and to 6.7% [4.5, 9.8], n¼12; for

SEVO, P<0.001 for both; Fig. 3a and c). Under the post-exposure

condition, exposure of young flies to ISO in hyperoxia

increasedmortality (from 13.7% [12.6, 14.9] to 18.1% [14.3, 22.9],

n¼14, P¼0.029), whereas SEVO in hyperoxia had no significant

effect (from 13.7% [12.6, 14.9] to 14.4% [11.0, 18.8], n¼16,

P¼0.72). These results were similar to the effects of ISO (in-

crease to 17.7% [14.1e22.1], n¼16, P¼0.035) and SEVO (no effect

from 13.7% [12.6, 14.9] to 16.7% [12.6, 22.1], n¼16, P¼0.187) in

normoxia (Fig. 4a and c). Therefore, in regard to mortality,

young flies are resistant to the effects of hyperoxia alone or in

combination with SEVO but not with ISO (Table 1).

Under both pre- and post-exposure conditions, exposure of

old flies to ISO in hyperoxia increased mortality. Pre-exposure

increased mortality by 23% (from 43.8% [42.1, 45.6], n¼139 to

54.0% [47.6, 61.4], n¼14, P¼0.001, Fig. 3b). Post-exposure to ISO

in hyperoxia increased mortality by 41% (from 43.8% [42.1,

45.6], n¼136 to 61.7% [54.8, 69.3], n¼14, P<0.001, Fig. 4b). In

contrast, exposure of old flies to SEVO in hyperoxia did not

affect mortality in the pre-exposure condition (43.3% [36.6,

51.4] and 43.8% [42.1, 45.6], n¼14, P¼0.715) but increased

mortality by 17.4% in the post-exposure condition (from 43.8%

[42.1, 45.6] to 51.4% [44.7, 59.1], n¼16, P¼0.017) Fig. 3d and 4d,

respectively. Therefore, old flies are sensitive to the effects of

hyperoxia in combination with volatile general anaesthetics

onmortality, but the combined effects are anaesthetic-specific

(Table 1).
Genetic background modulates the extent of post-
exposure to ISO and hyperoxia on mortality after TBI

To investigate the role of genetic background in determining

the effect of exposure to ISO/O2 on mortality after TBI, we

examined 141 inbred, fully sequenced fly lines from the DGRP

collection that was derived from a natural population. For

each line, mortality was determined 24 h after injury at 1e8

days old using the four-strike protocol and either post-

exposure to ISO/O2 or no exposure. We chose to examine

post-exposure to ISO/O2 as opposed to post-exposure to SEVO/

O2 because it had a more detrimental effect in w1118 flies

(Table 1).

As reported, the percent mortality from TBI in the absence

of exposure to ISO/O2 had a continuous distribution among

DGRP lines, ranging from 6.7 to 57.5.9 Similarly, the percent

change (D) in mortality after TBI caused by post-exposure to

ISO/O2 had a continuous distribution (Supplementary Fig. 3a).
The change in mortality ranged from no change (RAL332: 34.2

[2.2]% for TBI alone and 33.8 [0.8]% for TBIþISO/O2) to a more

than two-fold increase (RAL304: 19.7 [4.6]% for TBI alone and

47.5 [6.3]% for TBIþISO/O2). Notably, fly lines with similar TBI-

induced mortality varied in their susceptibility to the toxic

effect from ISO/O2 exposure (Supplementary Fig. 3b). These

data indicate that the interaction of anaesthetics and hyper-

oxia with TBI pathophysiology is influenced by genotype and

that genetic variants affecting this interaction occur among

natural populations of Drosophila.
GWAS analysis identifies genes associated with ISO/
O2 toxicity after TBI

To identify genes that affected mortality from TBI and post-

exposure to ISO/O2, we carried out a GWAS analysis using

themortality data shown in Fig 5 (derived from the data shown

in Supplementary Fig. 3a). GWAS analysis using the DGRP

collection has identified SNPs associated with many pheno-

types, including TBI.9 Our analysis revealed that 17 SNPs

located in or near 12 genes were associated with the change in

D mortality at a discovery significance threshold of P<10�6

using the DGRP Freeze 2 algorithm that has a minor allele

frequency cut-off of 10 lines.14 Three SNPs, including the most

significantly associated SNP, were located in the 50 upstream
untranslated region (50 UTR) of Prip, and one was located in the

50 UTR of Drip. Two SNPs were in an intron of Gyc88E. Prip and

Drip encodemembers of the aquaporin family of channels that

regulate water permeability of cell membranes, and Gyc88E

encodes a member of the guanylyl cyclase family and func-

tions as a cellular oxygen sensor. Members of the aquaporin

family have been implicated in the pathophysiology of brain

injury in mammalian models15e19 and humans,20 but

mammalian homologs of Gyc88E have not been implicated in

TBI. We conclude that these genes represent plausible candi-

dates for modulating ISO/O2 toxicity in the context of TBI.
Discussion

Age beyond the fourth decade of life is clearly associated with

progressively worse outcomes after TBI.21 Ageing also affects

an organism’s response to xenobiotics, especially those acting

on the central nervous system.22 We previously found that

volatile general anaesthetics modulate mortality after TBI in

young flies.7 Because victims of TBI of all ages are likely to be

exposed to anaesthetics and hyperoxia, we investigated the

effect of ageing on the interaction among anaesthetics,

hyperoxia, and TBI in flies. Furthermore, we sought to identify

genetic variants associated with the most striking phenotype

in young flies, the toxic effect of exposure to ISO/O2 after TBI.
A fly model reproduces key characteristics of
mammalian traumatic brain injury

Our fly model mimics TBI characteristics observed in

mammalian models and humans. For example, mortality

varies with the severity of injury and increases progressively

with age.6 In flies that survive beyond 24 h, TBI is associated

with neurodegeneration and reduced lifespan.6 9 Furthermore,

TBI in flies causes a transient concussion-like state charac-

terised by temporary immobility (analogous to transient loss

of consciousness). Temporary immobility in flies correlates

with early mortality,7 mimicking the correlation of loss of

consciousness with mortality in humans.23 Here, we show
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that resilience to TBI in flies decreases with age, even for

milder injuries.
Ageing reduces resilience to hyperoxia administered
before or after traumatic brain injury

Prolonged hyperoxia causes oxidative stress in numerous

models.24 In Drosophila, prolonged hyperoxia leads to neuro-

degeneration, which begins to be detectable after 6 days of

constant exposure to 99.5% oxygen and results in a severely

shortened lifespan.25 Much less is known about the conse-

quences of short-term hyperoxia under conditions of trau-

matic stress. Constant exposure of 2-day-old male flies to

99.5% O2 for up to 48 h does not cause appreciable mortality.25

We found that exposure of young w1118 flies to 100% O2 for 2 h

caused less than 0.1% mortality. Mortality attributable to

hyperoxia in the oldest groupwas higher and included into the

calculation of mortality caused by TBI when hyperoxia was

part of the protocol. After controlling for the effects of hyper-

oxia in naı̈ve flies, hyperoxia either before or after TBI was

toxic in old w1118 flies. These results are consistent with the

finding that hyperoxia is deleterious in humans after TBI.26,27
Ageing alters the modulation of mortality by
anaesthetics after traumatic brain injury

A better understanding of the pathophysiology of secondary

TBI injuries offers the best chance for improving outcomes.

Our data indicate that ageing-related processes affect the

profile of collateral effects of both volatile general anaesthetics

and hyperoxia, suggesting that interventions may need ad-

justments between young and old individuals. In contrast to

the robust mortality-reducing effect of exposure to anaes-

thetics before TBI in young flies, pre-exposure to neither ISO

nor SEVO reduced mortality in old flies. These findings are

consistent with attenuation of the protective effect of ISO-

preconditioning reported for ageing human and rodent

myocardial tissue,28,29 which was attributed to age-dependent

changes in mitochondrial function.

Adding hyperoxia to a volatile general anaesthetic had no

distinctive phenotype in young flies in either the pre- or the

post-exposure protocol. In old flies, however, the results were

more nuanced. Hyperoxia alone and in combination with

SEVO had no significant effect, but pre-exposing old flies to a

combination of ISO with hyperoxia increased mortality. In the

post-exposure condition, hyperoxia with ISO increased mor-

tality to a similar degree as hyperoxia alone. In contrast,

combining SEVO with hyperoxia resulted in a lower mortality

compared with either agent alone, indicating a mitigating ef-

fect of SEVO on the toxicity of hyperoxia. Overall, these data

are consistent with differential interactions of volatile general

anaesthetics with TBI pathophysiology, as suggested by our

previous findings,7 which are further influenced by age and

oxygen concentration.
Genetic background shapes ISO/O2 effects

Segregating variation in the DGRP collection mimics genetic

variation in human populations8,14 allowing inferences on the

involvement of conserved pathways. We tested 141 fly lines

from the DGRP8 for changes in 24 h mortality attributable to

ISO/O2. Genome-wide, we identified five SNPs in three bio-

logically plausible genes (Prip, Drip, and Gyc88E) that were

associated with variability in mortality at a P-value threshold
<10�7. Prip and Drip are orthologous to mammalian water

permeable channels (aquaporins) and Gyc88E is orthologous to

the oxygen sensor GUCYB1. Variants in the aquaporin-4

channel are associated with outcomes from various types of

brain injury in rodents16,19 and humans.20,30,31 The identifica-

tion of these genes using GWAS analysis of a Drosophila

collection attests to evolutionary conservation of key physio-

logical pathways and to the potential for translatability of

experimentally flexible model organisms. GUCYB1 has not yet

been associated with outcome in mammalian TBI models.

However, our experimental paradigm that includes hyperoxia

makes a cellular oxygen sensor a plausible potential candidate

gene for modulating outcome of TBI under clinically relevant

circumstances.
Summary

Volatile general anaesthetics are highly promiscuous agents

whose presence in the brain not only generates a state of

profound unresponsiveness but also leads to numerous

collateral effects on the cell biological level, which differ

among individual agents and remain of largely unknown sig-

nificance.32 Concerns over collateral effects of anaesthetics

and of hyperoxia on the ageing brain have recently led to an

interdisciplinary call for action with exceptionally wide

coverage.33 Known molecular targets of collateral effects

include members of the transient receptor potential (TRP)

superfamily, TRPA1 and TRPV1, which not only are differen-

tially affected by ISO and SEVO34 but also undergo an age-

dependent functional transition from anti-to pro-inflamma-

tory.35 On the organelle level, mitochondria are known to

undergo age-dependent changes in their sensitivity to volatile

general anaesthetics,28,29 whereas the endoplasmic reticulum

(ER; a key player in the integrated stress response) goes

through ageing-related deterioration.36 Modulation of ER

function by volatile general anaesthetics37 can result in

intracellular Ca2þ dysregulation with both cytotoxic and

cytoprotective consequences.38
Weaknesses

A limitation of this study is that injuries to organs other than

the brain may contribute to the observed effects of anaes-

thetics even though substantial evidence indicates that mor-

tality is primarily determined by the TBI component. The

principal weakness of the study is that we did not test whether

polymorphisms in the identified genes are causally linked to

increased mortality. Furthermore, we did not determine

whether the association of the geneswithmortality after TBI is

attributable to ISO, hyperoxia, or both, and how these SNPs

affect toxicity from other agents. Lastly, we did not investigate

the underlying molecular mechanisms that link the genes to

mortality. We believe that the interaction of two complicated

processes (ageing and TBI) with promiscuous agents (volatile

general anaesthetics) offers almost limitless molecular targets

and pathways for interaction that will require a long-term

commitment to address systematically. Nevertheless, we

believe that these data can stimulate the design of targeted

experiments in higher organisms.
Future studies

Tractability from gene to whole organism is a major strength

of the fruit fly as a model organism. We plan to test Drip, Prip,
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and Gyc88E for causality in mediating the aggravating effects

of volatile general anaesthetics and hyperoxia on mortality

after TBI.
Conclusions

Disentangling the contribution of individualmolecular players

to beneficial and deleterious sequelae of anaesthetic exposure

and linking them to biologically relevant outcomes is difficult

in higher organisms. However, the identification of candidate

genes and associated pathways that can lead to novel drug-

gable targets can be accelerated by taking advantage of the

experimental flexibility of flies and other model organisms.
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