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Abstract

Background: Clinical studies show that children exposed to anaesthetics for short times at young age perform normally

on intelligence tests, but display altered social behaviours. In non-human primates (NHPs), infant anaesthesia exposure

for several hours causes neurobehavioural impairments, including delayed motor reflex development and increased

anxiety-related behaviours assessed by provoked response testing. However, the effects of anaesthesia on spontaneous

social behaviours in juvenile NHPs have not been investigated. We hypothesised that multiple, but not single, 5 h iso-

flurane exposures in infant NHPs are associated with impairments in specific cognitive domains and altered social be-

haviours at juvenile age.

Methods: Eight Rhesus macaques per group were anaesthetised for 5 h using isoflurane one (1�) or three (3�) times

between postnatal days 6 and 12 or were exposed to room air (control). Cognitive testing, behavioural assessments in the

home environment, and provoked response testing were performed during the first 2 yr of life.

Results: The cognitive functions tested did not differ amongst groups. However, compared to controls, NHPs in the 3�
group showed less close social behaviour (P¼0.016), and NHPs in the 1� group displayed increased anxiety-related be-

haviours (P¼0.038) and were more inhibited towards novel objects (P<0.001).
Conclusions: 5 h exposures of NHPs to isoflurane during infancy are associated with decreased close social behaviour

after multiple exposures and more anxiety-related behaviours and increased behavioural inhibition after single expo-

sure, but they do not affect the cognitive domains tested. Our findings are consistent with behavioural alterations in

social settings reported in clinical studies, which may guide future research.

Keywords: anaesthesia; behaviour; brain development; cognitive testing; neurotoxicity; non-human primate; social

behaviour
Received: 16 June 2020; Accepted: 15 October 2020

© 2020 British Journal of Anaesthesia. Published by Elsevier Ltd. All rights reserved.

For Permissions, please email: permissions@elsevier.com

486

mailto:amb2457@cumc.columbia.edu
mailto:permissions@elsevier.com
https://doi.org/10.1016/j.bja.2020.10.015


Primate social behaviour after infant isoflurane - 487
Editor’s key points

� Retrospective clinical studies reveal ambiguous find-

ings on whether anaesthesia exposure of young chil-

dren is associated with impaired neurobehavioural

development.

� The effects of single ormultiple exposures of infant non-

human primates (NHPs) on cognitive and behavioural

performance were studied in juvenile animals at 2 yr of

age corresponding to human children aged 6e8 yr.

� The cognitive functions tested did not differ compared

with controls, but NHPs in the triple-exposure group

showed less close social behaviour and in the single-

exposure group displayed increased anxiety-related

behaviours and were more inhibited towards novel

objects.

� These findings are consistent with behavioural alter-

ations in social settings reported in clinical studies.
Retrospective clinical studies reveal ambiguous findings on

whether anaesthesia exposure of young children is associated

with impaired neurobehavioural development.1,2 Some of

these studies indicate that a single anaesthesia exposure may

not affect cognition later in life, but multiple anaesthesia ex-

posures affect future cognitive performance.3 More recently,

three clinical studies (Pediatric Anesthesia Neurodevelopment

Assessment [PANDA], Mayo Anesthesia Safety in Kids [MASK],

and General Anesthesia compared to Spinal anesthesia [GAS])

that investigated anaesthesia neurotoxicity in children found

no difference for their primary outcome of general intelligence

(intelligence quotient [IQ]) after 1e2 h of anaesthesia exposure

during infancy.4e6 However, secondary outcomes based on

reports from parents and caregivers using behavioural ques-

tionnaires and checklists revealed alterations in executive

functions or behaviours in school-aged children. For example,

the MASK study found alterations in executive functions that

were substantial in the multiple- and subtle in the single-

exposure group.

Preclinical studies in non-human primates (NHPs) provide

robust evidence that a single exposure to general anaesthesia

early in life results in acute widespread apoptosis of neurones

and oligodendrocytes in the developing brain. Affected brain

areas include those involved in social behaviour, such as the

amygdala and prefrontal and cingulate cortices.7e10 Long-term

observations in NHPs revealed that anaesthesia exposure

during infancy resulted in impaired neurobehavioural devel-

opment later in life. NHPs exposed to volatile anaesthetics

three times showed increased anxiety-related behaviours at

6 months,11 which were still evident at 1 and 2 yr of age.12

Another study found that NHPs exposed to sevoflurane for 4

h on three subsequent occasions had impaired visual recog-

nition memory, first detected at 1 yr of life.13 On the other

hand, a battery of cognitive tests in 3.5-yr-old NHPs showed no

effects in most cognitive domains for animals exposed one

time to a mixture of isoflurane and nitrous oxide for 8 h,14 but

found several cognitive deficiencies in animals exposed to

ketamine for a total of 24 h.15

To investigate functional alterations associated with

neurotoxic effects of infant anaesthesia, we exposed 24 NHPs

(three groups of eight) to isoflurane for 5 h, either one (1�) or

three (3�) times during infancy, and evaluated alterations in

several behaviours and cognitive domains. Animals in the

control group (Ctr) were handled and evaluated similarly, but
were exposed only to room air. In a previous report, we eval-

uated NHPs at 3 and 12 months of age, and we found that

animals in the 3� group displayed delayed motor reflexes at 3

months of age and more anxiety-related behaviours together

with an increased frequency of appeasement-related behav-

iours at 1 yr of age.16 In the present study, we re-evaluated the

same animals during the second year of life and after being

housed with their peers in social groups.

In previous studies of anaesthesia-exposed NHPs, most

behavioural findings were derived from provoked response

testing, but none assessed natural or spontaneous social be-

haviours in thehomeenvironmentof theanimals. Importantly,

results from recent clinical studies evaluating parental ratings

of children’s natural behaviours suggest that both single (me-

dian exposure time of 45e80 min) and multiple (median total

exposure time of 187 min) exposures to anaesthesia during

infancy were associated with behavioural alterations at home

andat school.4e6 In thepresent study,we investigatedpotential

behavioural alterations in 2-yr-old juvenileNHPs after single or

multiple 5 h isoflurane exposure during the first two weeks of

life by observing individual animals in their home environ-

ment. In addition, we assessed behaviours using provoked

response testing and investigated potential effects of single or

multiple exposures on specific cognitive domains. We

hypothesised that multiple, but not single, 5 h isoflurane ex-

posures during infancy are associated with cognitive impair-

ments and altered social behaviours in juvenile NHPs.
Methods

Ethical approval

This study was approved by the Oregon National Primate

Research Center (ONPRC) Institutional Animal Care and Use

Committee and was in compliance with all federal regulations

and the guidelines set forth in the Guide for the Care and Use of

Laboratory Animals.17 The ONPRC is accredited by AAALAC

International.
Animal housing

Animal housing conditions have been described for the same

cohort of animals during the first year of life.16 Briefly, rhesus

macaques (Macaca mulatta; 12 male and 12 female animals)

weighing 0.4e0.5 kg at birth were raised and housed at the

ONPRC (Beaverton, OR, USA). In their first year of life, infant

NHPs were housed in outdoor enclosures (~130 m2) containing

30e50 individuals. At about 1 yr of age, the animals were

weaned from their dams andmoved into one of four new social

groups containing five to six study subjects. The animals were

put into one of these social groups as they approached 1 yr of

age, assuring that each group contained a mixture of subjects

from each exposure group, sex, and hierarchical dominance

rank. The composition of the social groups for sex, hierarchical

dominance, and exposure group is shown in Supplementary

Table 1. These social groups were housed in indoor pens or

‘home cages’ measuring ~16 m3. These home cages were

located in different animal rooms that housed up to 32 mon-

keys in total, including additional non-experimental monkeys.

For physical examinations during pregnancy,most of the dams

received low doses of sedative (ketamine hydrochloride [HCl],

5e10 mg kg�1, one to two times) as part of the normal hus-

bandry practice at theONPRC, but none of themwas exposed to

isoflurane or other anaesthetics during that period. The
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animals were fed commercial monkey chow (LabDiet Monkey

Diet, St Louis, MO, USA) twice a day, supplemented with grain

or produce daily, and had access to water ad libitum. The ani-

malswere exposed to a 12:12h light:dark cycle,with lights onat

7:00 a.m. After completing all cognitive and behavioural as-

sessments at the age of 2 yr, the animalswere euthanised using

sodium pentobarbital (120mg kg�1, i.v.) and perfused to collect

their brains for future histological studies.
General anaesthesia

Anaesthesia exposure has been described.16 Briefly, the day

before exposure, neonates together with their dams were

transferred from their breeding group into an appropriately

sized single cage; they were removed from the breeding group

within 15minwithminimal distress. On the next day, the dam

was lightly sedated with ketamine 5 mg kg�1 i.m. before

transfer of the neonate to the operating theatre. After baseline

measurements (HR, respiration, temperature, BP, weight,

blood gases, and metabolic parameters), the neonate was

carefully hand restrained and, under spontaneous ventilation,

exposed to the anaesthetic agent (isoflurane) via face mask.

This induction technique mimics the method used routinely

in young children. After reaching a state of tolerance, the an-

imal was tracheally intubated and mechanically ventilated.

Anaesthesia was maintained within an end-tidal isoflurane

concentration of 0.7e1.5 vol% in 30% oxygen for 5 h. This

exposure provided a surgical plane of anaesthesia that was

repeatedly monitored by verification of the absence of any

movement and <10% increase in HR or BP in response to a

mechanical stimulus. This anaesthesia regimen was analo-

gous to that used in a human operating theatre.

The animals were controlled using full physiological moni-

toring continuouslywith parameters recorded every 15min and

received interventions, including warming, i.v. fluids, glucose

supplementation, and BP support, as needed. The animals did

not receive any drugs to control pulmonary secretions. A 5-h

exposure with isoflurane was chosen because it induces a

prominent acute increase in brain cell apoptosis in this animal

model.18 At the end of the exposure period, isoflurane was

discontinued and, once appropriate reflexes were recovered,

the animals were extubated, typically within 10 min. After

another 1e2 h in a NHP incubator, the fully recovered neonates

were transferred back to their dams. The animals were rando-

mised to undergo this procedure either one time (1�), on post-

natal day 6 (P6), or on three separate occasions (on P6, P9, and

P12; 3�). The animals in the Ctr group underwent the same

procedures at the three indicated time points, including

removal from the dam, i.v. catheter placement, physiological

measurements, and handling, but were exposed to room air.

The animals in the 1� group were exposed to isoflurane on P6

and handled like the Ctr group on P9 and P12.

The exposure to isoflurane was well tolerated and infant

NHPs remained physiologically stable throughout exposure

and recovery.16 Sex distribution was equal in all three groups,

and there were initially eight animals per group. In the

absence of enough information about the cognitive and

behavioural outcomes evaluated in this study to calculate

group size with a statistical power analysis, group size was

determined based on previous work with NHPs that used

similar tests.15,19,20 Because of chronic diarrhoea that did not

resolve with treatment, one female NHP in the 3� group was

removed from the study before 1 yr of age. Thus, at the time of

the assessments, there were eight animals in the Ctr and 1�
groups and seven in the 3� group, all of which were healthy

and had normal growth parameters.
Assessment of cognitive function

Multiple tests of cognitive development were conducted

between 1 and 2 yr of age. Tests were selected to assess

frontal lobe and basal ganglia functions, including object

permanence, spatial working memory, executive function,

and stimuluseresponse learning.21,22 These tests were cho-

sen because the cognitive domains that they measure

involve brain areas known to undergo extensive and acute

neuronal and glial apoptosis in NHPs exposed to anaes-

thetics during infancy.7e9 These tests also assess relatively

late-maturing abilities that are still developing at 1 yr of age

and have been shown to detect differences in cognitive

development in NHPs.23 All testing was done by trained

personnel blinded to treatment groups. Cognitive testing

took place in a mobile cage adjacent to the home cages of

the animals. All cognitive and motor tests were performed in

a modified version of the Wisconsin General Test Apparatus

(WGTA) that was attached to the cage. It had a testing board

with two wells placed symmetrically to the left and right of

the centre where food treats (raisin, peanut, or candy) could

be placed. The side of the cage facing the WGTA had widely

spaced vertical bars that allowed the monkey to reach the

covered wells and retrieve the food treats. An opaque hori-

zontal sliding screen could be closed between the monkey

and the testing board, and a one-way-vision screen could be

lowered between the testing board and the tester.
Delayed response task

Spatial working memory was measured using the delayed

response task.24This task is functionally equivalent to the Piaget

Stage IV object permanence task (the ‘A-not-B’ task) used to

assess cognitive development in human infants.23 Specifically,

these tests measure the ability to guide responses based on

representational knowledge and memory. The age of NHPs in

our study was suitable for performing in the delayed response

task, as previous studies have shown that NHPs younger than 1

yr of age are already capable of performing this task, although

their performance increases gradually over the first 3 yr.25e28

NHPs performed test trials consisting of three phases: in the

cue phase, the infant NHP watched as a food treat was placed

in one of two wells, which were then covered simultaneously

with two solid 7 cm square black plaques so that the food was

no longer visible. In the delay phase, an opaque screen was

closed between the monkey and the wells for a variable time

period (delay) between 1 and 30 s. In the response phase, the

screen was opened and the animal was allowed to choose one

well and remove the plaque to retrieve the treat. If they

removed the wrong plaque, the screen quickly closed to

prevent them from retrieving the treat. The correct/incorrect

response was recorded by a tester, who was not visible to the

NHP. There was a training phase, where the delay successively

increased in 1 s steps from 1 to 5 s. At each delay, the NHPs

were required to give 80% correct responses for 2 days before

progressing to the next step. Those completing the training

requirement progressed to the testing phase, in which delays

of 1, 5, 10, 20, and 30 s were intermixed in each session, with

five trials at each delay for a total of 25 trials per session.

Testing continued for a total of 10 sessions. There was no

difference in the acquisition rate (i.e. the number of trials and
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sessions) between treatment groups. The righteleft position of

the treat randomly varied between trials. Performance was

measured as the percentage of correct responses at each delay,

and this value was expected to decrease progressively with

longer delays.
Reversal learning and set-shifting tasks

Stimuluseresponse learning, executive function, and

cognitive flexibility were measured with a series of visual

discrimination tasks. These discrimination learning and

reversal tasks have been used successfully in NHPs younger

than 1 yr of age.29,30 The stimuli were solid objects (~3 cm3)

affixed to solid 7 cm square black plaques covering the two

wells of the testing board of the WGTA. For each task, the

well under the correct object was baited with food treats,

while the opaque screen was closed to prevent the monkey

from seeing where the food was placed. The screen was

then opened to allow the NHP to choose one of the objects

and, if correct, retrieve the treat. Testing proceeded through

the following sequence of tasks: (i) NHPs first learned to

select between objects with two shapes: a triangle (Tri) and

a rectangle (Rec), with the Tri being the correct response.

The objects were randomly either red or green, but at this

stage, the colour was irrelevant to performing the task. (ii)

Once the animals reached criterion performance (80% cor-

rect responses) on this task, they were then tested on a

reversal learning task, in which the previously incorrect

shape, the Rec, became the correct selection; two additional

reversals of the shape discrimination task were adminis-

tered. (iii) The next stage was a ‘set-shifting’ task, in which

colour became the relevant dimension of the stimulus, with

green being the correct response while ignoring the shape

of the objects. Finally, the correct colour was reversed to

red. In summary, the correct stimuli for the six tasks, in

order, were Tri, Rec, Tri 2, Rec 2, green, and red. The NHPs

were tested on each task for 40 trials per day until criterion

performance was reached, and then proceeded to the next

task. The measured dependent variables were the number

of (i) days and (ii) errors (choice of the incorrect stimulus)

before reaching criterion performance on each task. The

set-shifting task is similar to the Dimensional Change Card

Sort task used in young children31 and has been adapted to

test NHPs.32 The ability to perform this task matures at

about 4 yr of age in children, which is approximately

equivalent to 1 yr of age in rhesus monkeys.
Life Savers retrieval test

Fine motor skills and visuospatial ability were assessed using

the Life Savers retrieval test.24,33 In an initial training phase,

NHPs were trained to remove a doughnut-shaped hard candy

(Life Savers™) from a straight metal rod. For testing, the ani-

mals were required to thread the Life Savers from rod config-

urations of successively increasing difficulties with zero, one,

two, and three bends of 90�. The rods with one or two bends

were each presented in two orientations, with the bends fac-

ing either towards the NHP’s front (the easier alternative) or to

its left, making for a total of six rod configurations. The time

limit for retrieval was 45 s for easy routes (zero or one bend)

and 120 s for more difficult routes (two or three bends). The

NHPs were required to complete 24 trials with each configu-

ration before proceeding to the next level of difficulty. How-

ever, some NHPs (distributed across the three groups) failed to
complete the full 24 trials for the more difficult configurations

within the defined time limits. Therefore, the number of trials

used for analysis was reduced to 15 at each level of difficulty,

except for four animals that only completed 12e13 trials for

one or more of the more difficult configurations. The distri-

bution of those animals was one in the Ctr, one in the 1�, and

two in the 3� groups. The dependent variablemeasured in this

test was the mean latency to retrieve the Life Savers for each

rod configuration.
Behavioural testing

At 2 yr of age, we assessed behaviours using both home-cage

assessments (i.e. the assessed behaviours are spontaneous)

and provoked response testing (i.e. the behaviours are trig-

gered by exposure to a stimulus) paradigms (human intruder

test and novel object test). These were performed very simi-

larly at 1 yr of age, as reported.16 All behavioural observations

and testing were performed by an investigator blinded to the

treatment groups.
Home-cage behavioural assessments

Behavioural assessments in the home cage were performed to

examine the juvenile NHPs’ responses to everyday events

within their social group. Over a period of 2e3 weeks, 10 min

focal observations were conducted two to three times per

week by a trained and highly experienced observer, resulting

in a total of 60 min of observation per animal. The observer

was familiar to the NHPs, but blinded to their treatments. After

entering the room and standing next to the home cage for 10

min of acclimation, the observer recorded the behaviour of

each individual directly to a laptop computer using a software

for behavioural research (The Observer; Noldus Information

Technology, Wageningen, the Netherlands). These observa-

tions were conducted between noon and 3:00 p.m. to avoid the

confounding effects of the time of day. Behaviours coded

(ethogram; Supplementary Table 2) were focused on social

behaviours, aggression, anxiety, and submissive behaviour.
Human intruder test

We used the human intruder test (HIT) to assess the NHPs’

temperament.34,35 Behavioural responses to the following

conditions were tested: being alone, being with a human that

was unknown to the NHP (human intruder) with a diverted

gaze (potential threat), and being with the human intruder

making direct eye contact with the NHP (an explicit threat). For

testing, subjects were removed from their social groups and

brought, one at a time, to a novel cage in a dedicated testing

room (2.4 � 3.0 m). A one-way window allowed observation

and videotaping. After an initial 10 min phase to acclimate to

the novel cage without the human intruder, behaviours were

recorded for 2 min (alone phase). After this assessment, the

human intruder entered the room and stood in ~0.3 m dis-

tance to the cage for 2.0 (0.1) min, presenting the facial profile

only (profile phase). After another 2 min alone period (alone 2),

the intruder re-entered and made direct eye contact for 2.0

(0.1) min (stare phase). To avoid confounding factors related to

varying appearance, the intruder was consistently a woman

andwearing the same protective clothing. The test ended with

another 2 min alone phase. Behavioural data are reported as

percentage of time of each behaviour to correct for small
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variations (within 6 s) in recording time of both the profile and

stare phases.
Novel object test

The novel object test (NOT) was used to assess the NHPs’

propensity to explore novel objects (food or toys) that were

either non-threatening or potentially threatening.16 This test

was performed immediately after the HIT and in the same

cage with the NHP alone while testing. Immediately after the

NOT, the NHP was transferred back to the social group. The

investigator sequentially placed various novel objects in the

cage, each one remaining for 5 min. Except for the novel food,

all items were removed before the introduction of a new ob-

ject. In the order presented, the novel objects were a piece of

kiwi (novel food), a hanging toy, Mr. Potato Head™ (a poten-

tially threatening stimulus because of large eyes), a rubber

snake with a piece of apple (highly desirable item) on top, and

a black box that hung at the outside of the cage. These objects

had been presented to the NHPs in previous NOTs performed

at 3 months and 1 yr of age; therefore, these objects are not

strictly novel. To evaluate inhibition towards novel objects,

three behaviours were measured: inspecting, touching, or

manipulating the novel objects (Supplementary Table 2). Each

of the five novel objects remained in the cage for 5 min. An

inhibition score was created based on whether or not the an-

imal inspected, touched, or manipulated each object. A value

of 1 was given each time an animal did not inspect, touch, or

manipulate an object. An accumulative inhibition score for

each animal was obtained by adding these values of each

behaviour for all novel objects. These accumulative inhibition

scores ranged from 0 (not inhibited) to 15 (fully inhibited).

Additionally, we created two accumulative inhibition scores,

one for non-threatening objects (kiwi, hanging toy, and black

box) and another for potentially threatening objects (rubber

snake and Mr. Potato Head) to analyse the data with regard to

the type of objects.
Statistics

All data are presented as mean (standard deviation) or median

[25the75th percentiles] for variables with normal or non-

normal distribution, respectively. We identified and excluded

outliers using a method called the robust regression and

outlier (ROUT) test36 with Q¼1%. We report the number of

outliers detected in each group and the final sample size for

each test in the respective figure legend or table. We tested

data for normal distribution using the ShapiroeWilk

normality test. For cognitive test analyses, we used a two-

way mixed-design analysis of variance (ANOVA) with the

GeissereGreenhouse correction for adjusting degrees of

freedom of the F statistic, because of the use of repeated

measurements. The between-subjects factor was the exposure

groups and thewithin-subjects repeatedmeasurements factor

was either delay, task, or configuration, depending on the

specific cognitive test. All ANOVA test results are reported

together with h2 a standardised measure of the effect size,

which was considered small (0.01<h2<0.06), medium

(0.06<h2<0.14), or large (h2>0.14).37 The degrees of freedom of

the F statistic were corrected using the GeissereGreenhouse

epsilon and rounded to the nearest whole number. We used

Tukey’s multiple comparison test to compare between expo-

sure groups (Ctr, 1�, and 3�) and to report the adjusted P-value

and 95% confidence intervals. For the analysis of the home-
cage assessment and the human intruder test, we used

either one-way ANOVAwith Tukey’smultiple comparison test or

KruskaleWallis with Dunn’s multiple comparison test to

detect significant differences amongst groups for variables

with normal or non-normal distribution, respectively. Tukey

and Dunn’s post hoc tests correct the level of significance for

multiple comparisons across the exposure groups within each

test. However, as stated in the report of the behaviours at 1 yr

of age,1 because an individual’s response in one test does not

predict how it will respond in another test, we did not adjust

the level of significance across tests or test families.35 For the

NOT, we used univariate generalised linear model regression

with a Poisson distribution, using inhibition score as the

outcome variable and treatment group as the predictor vari-

able. This test was used because our data were not normally

distributed and to avoid the decreased power in the

KruskaleWallis test. Univariate models (which consider a

treatment effect) were compared with a null model (an

intercept-only model, where there is no effect of treatment)

using Akaike’s information criteria (AIC) scores.38 A decrease

in at least 2 AIC points is considered an improved model. For

all statistical hypothesis testing, we used two-tailed tests, and

P<0.05 was considered statistically significant. We used

GraphPad Prism version 8.0 (GraphPad Software, San Diego,

CA) and R software version 3.2.139 for statistical analyses.
Results

Assessment of cognitive function at 1e2 yr of age

Delayed response task

Performance on the delayed response task showed the ex-

pected decrease in the percentage of correct responses with

increasing delays for all groups (Fig 1a; main effect of delay;

F(3,33)¼64.8; P<0.001; ƞ2¼0.65; two-way mixed-design ANOVA).

The 3� group had the lowest mean percentage of correct re-

sponses, particularly for longer delays. However, there were

no statistically significant differences in performance

amongst groups (main effect of group; F(2,13)¼2.63; P¼0.110;

ƞ2¼0.05) and no significant interaction between group and

delay (F(8,52)¼0.30; P¼0.962; ƞ2<0.01). The ANOVA post hoc analysis

confirmed that there were no statistically significant differ-

ences between group means at any delay (P>0.05 for all;

Tukey’s multiple comparison test), and the 95% confidence

intervals of the mean differences overlapped (Fig 1b), sup-

porting statistical equivalence amongst the exposure groups.

Not all NHPswere able to achieve criterion performance on the

training phase (four, one, and two NHPs in the Ctr, 1�, and 3�
groups, respectively); therefore those failing NHPs did not

perform in the testing phase, and the n for this test was

reduced accordingly as shown in the figure legend (Fig 1).
Reversal learning and set-shifting tasks

The number of days (Fig 2a) and errors (Fig 2b) to reach crite-

rion performance (80% correct responses) varied across the

visual discrimination tasks for all groups. The main effect of

the task (two-way mixed-design ANOVA) shows significant ef-

fects for both the number of days (F(3,49)¼5.07; P¼0.004;

ƞ2¼0.14) and errors (F(3,45)¼9.00; P<0.001; ƞ2¼0.20) to reach

criterion performance. As expected, the first reversal of the

shape discrimination was the most difficult task as the num-

ber of days and errors increased from Tri to Rec. Then, as the

NHPs learned the reversal tasks, the number of days and errors
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Fig 2. Reversal learning and set-shifting tasks. The (a) number of

days and (b) errors to reach criterion performance (80% correct

responses) in each of the sequential visual discrimination tasks

in juvenile non-human primates (NHPs) exposed one (1�) or

three (3�) times to isoflurane during infancy and in controls (Ctr).

Tri ¼ triangle (initial correct stimulus); Rec ¼ rectangle (first

reversal); Tri2 ¼ second reversal, with triangle as correct stim-

ulus; Rec2 ¼ third reversal, with rectangle as correct stimulus;

Green ¼ set-shifting to colour, with green as correct stimulus;

Red ¼ colour reversal, with red as correct stimulus. Data are

means (standard deviation); n (NHPs): Ctr: 7; 1�: 8; 3�: 4.

1× - 3×
Ctr - 3×
Ctr - 1×
1× - 3×
Ctr - 3×
Ctr - 1×
1× - 3×
Ctr - 3×
Ctr - 1×
1× - 3×
Ctr - 3×
Ctr - 1×
1× - 3×
Ctr - 3×
Ctr - 1×

–40 –20 0 20 40 60
Difference between group means
(percentage of correct responses)

Delays (s)
1 5 10 20 30

b

100

80

60

40
1 5 10 20 30

Delay (s)

Pe
rc

en
ta

ge
 o

f c
or

re
ct

 re
sp

on
se

s

Ctr 1× 3×

a

Fig 1. Delayed response task. (a) Percentage of correct responses

in the delayed response task across five different delays in ju-

venile non-human primates (NHPs) exposed one (1�) or three

(3�) times to isoflurane during infancy and in controls (Ctr).

Data are means (standard deviation); n (NHPs): Ctr: 4; 1�: 7; 3�:

5. (b) 95% confidence intervals of the differences between

exposure group means for all delays. Two-way mixed-design

analysis of variance and Tukey’s multiple comparison test.
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to reach criterion performance decreased with subsequent

reversals of the shape discrimination task. Unexpectedly, the

set-shifting task (stimulus changed to colour) required rela-

tively few days and errors to reach criterion performance,

perhaps because of the saliency of the colour stimulus. How-

ever, there were no significant differences amongst groups in

the number of days (main effect of group; F(2,16)¼0.48; P¼0.630;

ƞ2¼0.02) or errors (main effect of group; F(2,16)¼0.49; P¼0.620;

ƞ2¼0.02) to reach criterion performance across the series of

tasks. There were no significant interactions between task and
group for both the number of days (task � group; F(10,80)¼0.24;

P¼0.992; ƞ2¼0.01) and errors (task � group; F(10,80)¼0.25;

P¼0.989; ƞ2¼0.01) to reach criterion performance. There were

one and three NHPs that did not complete all tasks in the Ctr

and 3� groups, respectively; they were excluded from the

entire analysis. However, similar results were obtained with a

mixed-model analysis (not shown) when these animals were

included. Furthermore, although there weremore failing NHPs

in the 3� group, a c2 test for trend did not reveal a statistically

significant difference between groups. The final n for this se-

ries of discrimination task is indicated in the figure legend.
Fine motor skills and visuospatial ability

As expected, the latency to retrieve a Life Savers candy from a

metal rod increased with the difficulty of the rod configuration

(Fig 3; main effect of configuration; F(2,35)¼44.62; P<0.001;
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ƞ2¼0.60; two-way mixed-design ANOVA). However, no signifi-

cant differences were found among groups (main effect of

group; F(2,20)¼0.92; P¼0.414; ƞ2¼0.01) in retrieval latency or for

interaction between configuration and group (configuration �
group; F(10,100)¼0.33; P¼0.971; ƞ2¼0.01).
Ctr - 1×

Ctr - 3×

–10 0 10 20 30 40
Difference between group means

(close social behaviour, % of time)

Fig 4. Home-cage assessment of social behaviour. Duration of

close social behaviour in juvenile non-human primates (NHPs)

exposed one (1�) or three (3�) times to isoflurane during infancy

and in controls (Ctr). Data are mean (standard deviation); n

(NHPs): Ctr: 8; 1�: 8; 3�: 6; one-way analysis of variance and

Tukey’s multiple comparison test. One outlier was identified

and excluded in the 3� group.
Behavioural assessment at 2 yr of age

Spontaneous behaviours

Home-cage assessment. To assess whether anaesthesia expo-

sure affects spontaneous behaviour of 2-yr-old NHPs in social

groups, we performed focal observations on each individual in

the home cage as described in the Methods. We evaluated the

animals’ interactions within social groups by assessing the

time spent in close social behaviours (grooming, huddling, or

touching) with other individuals. We found that juvenile NHPs

in both exposed groups spent less time engaged in close social

behaviour than those in the Ctr group (Fig 4a; one-way ANOVA;

F(2,19)¼5.10; P¼0.017; ƞ2¼0.35). Post hoc analysis showed that the

differences between the Ctr and exposed groups reached sta-

tistical significance for the 3� group, but not for the 1� group,

and there were no differences between the exposed groups

(Ctr vs 3� P¼0.016; Ctr vs 1� P¼0.097; 1� vs 3� P¼0.565; Tukey’s

multiple comparison test). The 95% confidence intervals of the

mean differences confirm and illustrate these findings (Fig 4b).

On average, the time NHPs spent in close social behaviour was

~two-fold and six-fold lower in the 1� and 3� groups than in

the Ctr group (Ctr: 22.3 [16.4]%; 1�: 9.9 [8.3]%; 3�: 3.6 [3.0]%),

respectively. Using the ROUT test, one outlier was identified in

the 3� group and excluded from analysis. When the outlier

was included, the 3� group was 5.6 (5.9)%, whereas the mul-

tiple comparison analysis of the data showed a similar P-value

between the Ctr and 3� groups (P¼0.041). In addition, we

evaluated the aggressive, submissive, and anxiety behaviours

described in the ethogram (Supplementary Table 2), but found

no statistically significant differences in the frequencies of
these behaviours among the three groups (Supplementary

Table 3).
Provoked response testing

Human intruder test. We used the human intruder test to

assess behaviours indicative of anxious temperament and

behavioural inhibition, as described in the ethogram

(Supplementary Table 2), during the profile and stare phases.



50

40

30

20

10

0
Ctr 1× 3×

Te
et

h 
gr

in
di

ng
 (%

 ti
m

e)

P=0.038
a

20

15

10

5

0
Ctr 1× 3×

Te
et

h 
gr

in
di

ng
 (r

an
ks

)

b

3

2

1

0
Ctr 1× 3×

Ya
w

ni
ng

 (m
in

–1
)

P=0.073
c

25

20

15

10

5

0
Ctr 1× 3×

Ya
w

ni
ng

 (r
an

ks
)

d

Fig 5. Human intruder test (HIT) for anxiety-related behaviours. (a) Duration of teeth grinding and (b) frequency of yawning in the stare

phase of the HIT in juvenile non-human primates (NHPs) exposed one (1�) or three (3�) times to isoflurane during infancy and in controls

(Ctr). Data are median [25the75th percentiles]; n (NHPs; teeth grinding): Ctr: 6; 1�: 8; 3�: 5; n (NHPs; yawning): Ctr: 7; 1�: 8; 3�: 7;

KruskaleWallis and Dunn’s multiple comparison test. Two outliers for teeth grinding data of the Ctr and 3� groups and one outlier for

yawning data of the Ctr group were identified and excluded.
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After the animals were acclimatised and before the human

intruder entered the room (alone phase), locomotive behaviour

did not differ between exposure groups (Supplementary

Table 3). During the profile phase, juvenile NHPs decreased

locomotive behaviour and, in general, spent most of the time

frozen in place with no differences among groups

(Supplementary Table 3). In the stare phase, we found that

NHPs exposed to isoflurane one time showed longer duration

of teeth grinding (Ctr: 0.0 [0.0, 0.0]; 1�: 23.4 [0.0, 46.4]; 3�: 0.0

[0.0, 1.1]) and higher frequencies of yawning (Ctr: 0.0 [0.0, 0.0];

1�: 1.0 [0.0, 2.7]; 3�: 0.0 [0.0, 0.5]), both behaviours indicative of

anxiety (Fig 5). Statistical analysis showed that these differ-

ences were significant for teeth grinding (Fig 5a and b;
H(2)¼6.37; P¼0.031; KruskaleWallis test), but not for yawning

(Fig 5c and d; H(2)¼5.02; P¼0.075; KruskaleWallis test). Dunn’s

multiple comparison test revealed statistically significant dif-

ferences for teeth grinding between the Ctr and 1� groups

(P¼0.038), but not between the Ctr and 3� groups (P>0.999),
whereas for yawning, the differences between the Ctr and 1�
groups were not significant (P¼0.073), and there were no dif-

ferences between the Ctr and 3� groups (P¼0.536). We found

two outliers in the teeth grinding data of the Ctr and 3� groups

and one outlier in the yawning data of the Ctr group. Including

these outliers in the analysis, the statistics for teeth grinding

were Ctr: 0.0 [0.0, 4.2] and 3�: 0.7 [0.0, 22.5] and for yawning

were Ctr: 0.0 [0.0, 4.2]. In addition, we did not detect significant
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differences between groups for teeth grinding (H(2)¼3.72;

P¼0.155) or for yawning (H(2)¼3.65; P¼0.162), whenwe included

these outliers in the analysis. Additionally, compared with

controls, exposed NHPs showed less lip smacking, indicative

of appeasement behaviour, but differences were not statisti-

cally significant (Supplementary Table 3).
Novel object test (NOT). We evaluated the NHPs’ propensity to

explore novel objects by creating inhibition scores based on

the assessed latencies of the animal’s actions during presen-

tation of novel objects, as described in Supplementary Table 2

and Methods. Compared with the Ctr group, NHPs in the 1�
group were significantly more inhibited (less likely to

approach novel objects), whereas the inhibition scores in the

3� group were not significantly different (Fig 6; Ctr vs 1�
P<0.001; Ctr vs 3� P¼0.293; Poisson regression; null model

AIC¼80.0; treatment model AIC¼71.7). In addition, we

explored whether inhibition scores differed based on whether

the object was non-threatening or potentially threatening, and

whether there was an interaction between object type and

treatment. We compared four models with a null model

(where AIC¼193.0):

(i) Treatment only: NHPs in the 1� group showed more in-

hibition than the Ctr group (P<0.001; AIC¼181.0).

(ii) Object type only: there was no difference in inhibition

scores between non-threatening and potential threat-

ening objects (P>0.1; AIC¼193.0).
(iii) Additive model with treatment and object type (treatment

þ object type): the effect of object type was not significant

(P>0.1; AIC¼182.0), but the 1� group was significantly

more inhibited than the other groups (P<0.001).
(iv) Interactive model with treatment and object type

(treatment � object type): the main effect of object type

was not significant (P>0.1), and the interactions between

treatment and object type were not significant (P>0.1;
AIC¼186.0), but the 1� group was significantly more

inhibited than the other groups (P<0.001).
Discussion

We report behavioural alterations in 2-yr-old juvenile NHPs

after one or three consecutive 5 h isoflurane exposures under

fully controlled physiological conditions within the first 2

weeks of life. Previous studies showed that even a single 5 h

exposure caused a prominent acute increase in apoptosis of

neurones and oligodendrocytes in this animal model,7,10 but

the functional alterations that accompany such structural

changes later in life are less well characterised. We observed

NHPs in their home environment (social group) to examine the

effects of infant anaesthesia exposure on spontaneous social

behaviours, and we used provoked response testing to identify

anxiety-related and inhibition behaviours at 2 yr of age. We

also tested potential consequences of these exposures on

cognitive development during their second year of life.

We found that infant exposure to isoflurane for 5 h, either

one or three times, did not affect the cognitive domains tested,

but did result in alterations in behavioural development. The

major effects were observed by assessing spontaneous be-

haviours in social groups using focal observations. Close social

behaviour was decreased in both exposed groups with respect

to the Ctr group with an effect size considered large37 and with

the animals in the 3� group reaching statistical significance

(dose dependence). We also found differences in some of the

behaviours assessed with provoked response testing. The 1�
group showed increased anxiety-related behaviours and more

inhibition when presented with novel objects with respect to

the Ctr group, but surprisingly these behavioural alterations

were not observed in the 3� group.

Our cognitive assessments in NHPs during the second year

of life did not reveal statistically significant differences be-

tween groups in spatial working memory, as measured by the

delayed response test, or in executive function and cognitive

flexibility as measured by both reversal learning and set-

shifting tasks. Our comprehensive assessment at this age

also included a test of fine motor function and visuomotor

ability, which similarly found no differences between groups.

Even though we recognised high levels of intra-individual

variability in each of the measures, our results suggest that

single or multiple 5 h anaesthesia exposures during infancy

have no major effects on the cognitive domains tested or on

the fine motor skills when assessed in this animal model

during the second year of life. Similarly, a previous study that

used a cognitive test battery to evaluate NHPs at 3.5 yr of age

found only minor impairments after a single 8 h exposure to

an anaesthetic combination of isoflurane with nitrous oxide

during infancy.14 The deficits found in the exposed animals

were limited to decreased responses in the progressive ratio

task, a test designed to measure motivation. Interestingly, in

our study, some of the NHPs that did not complete the more

difficult levels in the Life Savers retrieval test were the same

that failed to complete the reversal learning and set-shifting
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tasks (n¼1 in the Ctr group and n¼2 in the 3� group). It is

possible that these three animals may have had less motiva-

tion to participate; however, we did not specifically assess

motivation in our study. In another study, infant ketamine

exposure was associated with several deficits using the same

battery of cognitive tests in similar-aged NHPs.15 However, the

duration of exposure (24 h) and the choice of anaesthetic in

that study differed significantly from the exposure conditions

used in the previously mentioned study14 and in our study. In

addition, that particular regimen (24 h ketamine infusion) does

not represent a typical anaesthetic procedure in paediatric

patients.

Another study that assessed cognitive function in NHPs

found that three 4-h exposures to sevoflurane during infancy

resulted in impairment in visual recognition memory starting

at 1 yr of age.13 In NHPs at 24e30 months of age, there was a

statistically significant decrease in performance at all delays in

the group exposed to anaesthesia three times.13 However, in

contrast to our study, this study assessed a different memory

function (spatial working memory vs visual recognition

memory) using a distinct approach (delay response task vs

object recognition task). We recognise that our data show a

trend towards a lower performance for NHPs in the 3� group,

especially at longer delays (Fig 1a). Furthermore, the longest

delay in our assessment was 30 s, and we therefore cannot

reject more pronounced (or statistically significant) effects if

longer delays were used in our assays. In this regard, Zeamer

and colleagues40 found that neurotoxic hippocampal lesions

in 10- to 12-day-old NHPs had a significant effect on animal

performance at the age of 18 months in a visual recognition

task at either very short (10 s) or very long (120 s) delays, but

not at intermediate delays. Alvarado and colleagues13 found

that the effects of infant anaesthesia exposure on NHP’s per-

formance at 12e18months of age depended on the delay in the

visual recognition task. In addition, in our study we cannot

discard a potential effect of infant anaesthesia exposure on

performance (especially those NHPs in the 3� group) if the

assessment had taken place at a later age, considering that

others have seen significant effects of infant anaesthesia or

hippocampal lesions only at later ages.13,40

Motor dexterity (a measurement of fine motor skills) has

been found to be impaired in children with multiple anaes-

thetic exposures during infancy.6 In contrast, we did not find

statistically significant differences in the latency to retrieve

the Life Savers among groups. However, we cannot ignore the

possibility that dexterity or other fine motor skills were

affected by isoflurane exposure during infancy, as these were

not measured in our study. Taken together, although our data

do not show statistically significant effects of infant anaes-

thesia exposure in the performance of NHPs in the specific

cognitive tests we used, we cannot discard positive effects on

these cognitive domains if NHPs were assessed at different

ages or under different testing conditions. For example,

although several studies have shown that the age of NHPs in

our study is suitable for the specific tests used,25e27,29,30 the

contribution of the prefrontal cortex activity in these tests at

this age is still under debate.25

Decreased affiliative behaviour was the major finding in

juvenile NHPs 2 yr after infant anaesthesia exposure in our

study. Importantly, affiliative behaviour in NHPs develops

progressively from early infancy to juvenile age (2.5 yr),41 and

therefore, a decrease in this behaviour at this critical age may

have long-term consequences for social development.

Decreased affiliative behaviour in humans or reduced social
interactions are behaviours that can be indicative of underly-

ing social anxiety or depression.42 Children with anxiety dis-

orders often withdraw from social company and avoid social

interactions to reduce visceral arousal.43 On the other hand,

social withdrawal can also accompany depression.44,45 More-

over, children that show decreased social interaction and are

socially withdrawn are at risk for a range of difficulties later in

life, including development of anxiety or depression disorders,

and problems in social settings at school and at home.

Although we did not continue to follow the NHPs until adult-

hood, the decreased affiliative behaviour observed in juveniles

suggests that these animals may be at risk of developing

anxiety- or depression-like behaviours later in life.

In a previous report, we evaluated the same NHPs at 1 yr of

age, immediately after they had been weaned and transferred

into a new social group with peers.16 We found that 3�
exposed NHPs displayed increased anxiety-related behaviours

and more appeasement behaviour,16 which has been associ-

ated with social anxiety in humans.46e48 This group of 3�
exposed NHPs that appeared more anxious-like at 1 yr of age

displayed decreased social interaction as they spent less time

in close distance to their peers when they were re-evaluated at

2 yr of age. Therefore, the increased social withdrawal in

exposed NHPs might resemble behaviours indicative of social

anxiety in humans. Whilst decreased affiliative behaviour has

also been associated with depression in humans,42 we have no

data from our animal cohort that indicate that exposed NHPs

developed depression-like behaviours.

Anxious temperament early in life is associated with

increased risk of developing anxiety and depressive disor-

ders.49 Anxious temperament has been assessed in NHPs us-

ing behavioural tests, including the HIT.50 Using this

assessment tool at 2 yr of age, we found that 1� exposed NHPs

showed increased anxious temperament as indicated by

increased duration of teeth grinding during the stare phase of

the HIT. Similarly, other studies in NHPs reported a persistent

anxious phenotype after multiple exposures to sevoflurane

during infancy.11,12 A field study with free-ranging colonies of

NHPs found that anxious temperament was associated with

social inhibition, as animals with high anxious temperament

stayed more distant from their peers.50 Surprisingly, we did

not find anxiety-related behaviours in NHPs in the 3� group.

Future studies should consider using several different anxiety

assessment tools to address this interesting observation.

Exposure to isoflurane during infancy also resulted in

increased inhibition at 2 yr of age. Specifically, NHPs in the 1�
group were more inhibited towards novel objects (less likely

to explore) compared with the Ctr group. The 3� group also

appeared more inhibited than the Ctr group, but this differ-

ence did not reach statistical significance. Other studies have

shown that NHPs are more inhibited towards threatening

objects and less inhibited towards novel/non-threatening/

non-aversive objects.19,51e56 However, in our study we did

not find differences in inhibition depending on the type of

object (non-threatening vs threatening). This discrepancy

might be attributable to differences in testing conditions,

including object characteristics, age at the time of testing,

assessment tool, and testing duration. We cannot explain

why single, but not multiple, exposed NHPs were more

inhibited towards novel objects than controls, but we

conclude that this was not attributable to combining non-

threatening and threatening objects in our analysis, as

separately analysing the inhibition scores for different object

types gave the same results.
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Behavioural inhibition represents a temperamental ten-

dency that can be observed in toddlers in response to novel ob-

jects, people, or situations.57 Early studies suggested that

behavioural inhibition indicated a proneness for general anxi-

ety,58,59 and subsequent studies revealed that increased behav-

ioural inhibition in early childhood could specifically predict

social anxiety disorders.60e63 Increased inhibition and anxiety-

related behaviours in single-exposure NHPs and decreased

affiliative behaviours in social settings in multiple-exposure

animals may support the hypothesis that, in this animal

model, isoflurane exposure increases the risk for behaviours

resembling those in social anxiety in humans. Importantly, this

phenotype of social-anxiety-like behaviour is based ondifferent

types of assessments consisting of observations of spontaneous

behaviours and provoked response testing.

Our findings togetherwith previous studies inNHPs11,12,14,16

suggest that exposure to volatile anaesthetics during infancy

affects social and anxiety-related behaviours, but that the ef-

fects on cognitive functions are absent or rather small. These

findings appear to be in line with most recent clinical studies

addressing the effects of infant exposure to general anaes-

thetics. These clinical studies found small or no differences in

IQ or in assessments of cognitive function, including academic

achievement and teacher evaluations.4-6,64,65 A battery of

cognitive tests in children, similar to those used in NHPs,14

revealed that anaesthesia exposure was not associated with

deficits in cognitive domains.66 However, two recent clinical

studies (MASK and PANDA) that compared exposed and un-

exposed study subjects suggest that anaesthesia exposures

during infancy are associated with impairments in either ex-

ecutive function (MASK) or behaviours (PANDA) based on

parental ratings.56 Impairments in executive functions were

also found in parental ratings in a RCT comparing general vs

spinal anaesthesia exposures during infancy (GAS trial).4 Of

note, themedianexposure times in these clinical studies varied

between 45 and 80 min for single and 187 min for multiple ex-

posures and were different from those in our study.

Our study has some limitations. The small number of NHPs

used per group (seven or eight) may have limited our ability to

detect small alterations in behavioural and cognitive assess-

ments, and with an equal sex distribution in these small

groups, we were unable to determine possible sex-dependent

differences within treatment groups. It is important to address

potential small alterations in behaviours, including those that

are sex dependent, in future studies with a larger number of

NHPs, as they become highly relevant when considering

impact on child development and the large and increasing

number of children exposed to anaesthesia.67 In our analysis

of fine motor skills and visuospatial ability, we reduced the

number of trials from 24 to 15 to obtain latency means from

the same number of trials for every difficulty level. We also

analysed the data by keeping 24 trials at all difficulty levels and

giving maximum latencies for uncompleted trials, and by

including all completed trials. These analyses revealed similar

results and did not change the conclusions from our analysis

based on 15 trials. Our statistical tests have been adjusted for

multiple comparisons across the three animal groups (Ctr, 1�,

and 3�). Whilst the comparison of multiple outcomes in

behaviour and cognition in the same cohort of animals bears

the potential risk of an increase in the experiment-wise Type I

error rate, we did not adjust for multiplicity across families of

tests because such adjustment (for independent and unrelated

tests) would proceed at the expense of increasing false nega-

tives, which constitutes amore serious problem.68 Our study is
limited to behaviours and cognition that can be assessed in

NHPs between 1 and 2 yr of age; whether anaesthesia exposure

during infancy also affects neurobehavioural development at

later stages was not investigated. In addition, whether our

findings in NHPs exposed to isoflurane can be generalised to

other anaesthetics remains unknown. However, the increased

anxiety-related behaviours we found in the same NHPs at 116

and 2 yr after infant isoflurane exposure are consistent with

the increase in these behaviours in NHPs after infant exposure

to sevoflurane, reported in other studies.11,12 Importantly, we

chose a length of 5 h for anaesthesia exposures because we

had strong evidence that it causes robust structural changes in

the brain of this animal model.7,10 However, we recognise that

only few human neonatal procedures requiring anaesthesia

extend to 5 h and even fewer would involve three episodes of

such length. Whether the behavioural alterations we found

can be reproduced with shorter and more clinically relevant

exposures needs to be investigated.

Our approach of studying the effects of infant anaesthesia

exposure in the NHP model also has several strengths.

Compared with other available animal models, NHP brain

development and complexity most closely resemble those in

human brain. NHPs are highly social animals and exhibit a

repertoire of behaviours of interest similar to those in

humans, allowing us to study the effects of infant anaesthesia

exposure on social behaviours in 2-yr-old juvenile NHPs.

Importantly, we exposed the NHPs under conditions closely

resembling those in the paediatric clinical setting, using

continuous monitoring to maintain stable physiological con-

ditions throughout the exposure. To our knowledge, this is the

first study simultaneously investigating single and multiple

exposures in the same animal cohort 2 yr after infant anaes-

thesia. In contrast to most human studies, our study design

allowed evaluation of the effects of infant isoflurane exposure

on social behaviour and cognition without potential con-

founding effects from concomitant surgery procedures or pre-

existingmedical conditions. Our findingsmay help reduce and

refine subsequent animal studies in the area, specifically by

focusing on the assessment of social behaviours after infant

anaesthesia exposure.
Conclusions

Our study in 2-yr-old juvenile NHPs provides novel evidence

for alterations in social behaviour assessed in the home

environment after single and multiple isoflurane exposures

during infancy. These NHPs model the developmental stage of

children at 6e8 yr of age. Disturbances in social behaviour at

this age could have serious long-term effects in children

starting to attend school or other new environments, and

could result in difficulties in adapting to new social settings.

We found that neither single nor multiple 5 h exposures to

isoflurane during infancy impaired the cognitive functions

tested, but these exposures were associated with reduced

close social behaviour. In addition, single exposed NHPs

showed increased anxiety-related behaviours and inhibition

towards novel objects. These findings in NHPs resemble the

outcomes of most recent clinical studies that found no effects

on general intelligence, but reported alterations in social be-

haviours in children exposed to anaesthesia during infancy.
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