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Abstract

Background: Socio-emotional development is the expression and management of emotions, which in non-human pri-

mates can be examined using responses toward increasing levels of threat. Damage to the limbic system alters socio-

emotional development in primates. Thus, neuronal and glial cell loss caused by exposure to general anaesthesia early in
infancy might also impact socio-emotional development. We recently reported that repeated sevoflurane exposure in the
first month of life alters emotional behaviours at 6 months of age and impairs visual recognition memory after the first
year of life in rhesus monkeys. The present study evaluated socio-emotional behaviour at 1 and 2 yr of age in those same
monkeys to determine the persistence of altered emotional behaviour.

Methods: Rhesus monkeys of both sexes were exposed to sevoflurane anaesthesia three times for 4 h each time in the
first 6 weeks of life. At 1 and 2 yr of age, they were tested on the human intruder task, a well-established mild acute social
stressor.

Results: Monkeys exposed to sevoflurane as infants exhibited normal fear and hostile responses, but exaggerated self-
directed (displacement) behaviours, a general indicator of stress and anxiety in non-human primates.

Conclusions: Early repeated sevoflurane exposure in infant non-human primates results in an anxious phenotype that
was first detected at 6 months, and persists for at least 2 yr of age. This is the first demonstration of such a prolonged
impact of early anaesthesia exposure on emotional reactivity.
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Editor’s key points

e The long-term impact of early, repeated exposure to
anaesthesia on socio-emotional behaviour is unknown.
In a follow-up study of non-human primates exposed
thrice to inhaled sevoflurane as infants, the human
intruder test was used to assess socio-emotional be-
haviours at 1 and 2 yr of age.

e Monkeys exposed to sevoflurane as infants had exag-
gerated displacement behaviours, an indicator of stress
and anxiety in non-human primates, up to 2 yr after
exposure.

Repeated exposure to sevoflurane as infants can have
long-term effects on socio-emotional behaviours in
rhesus monkeys.

A number of epidemiological studies have reported increased
incidence of neurocognitive abnormalities after paediatric
surgery and anaesthesia, particularly in children with
repeated or prolonged exposure to anaesthesia.’ *° Studies in
animal models, both rodents and non-human primates, allow
isolation of the effect of general anaesthesia from that of
surgery. Exposure to general anaesthesia alone in infant ro-
dents or monkeys causes programmed cell death (apoptosis)
of neuronal and glial cells, and long-term alterations in
cognitive and socio-emotional behaviour.™

We are studying cognitive and socio-emotional develop-
ment in rhesus monkeys exposed to sevoflurane inhalation
anaesthesia three times in infancy, in comparison with a
control group in which infants were briefly separated from
their mothers at the same time points. Our model focuses on
repeated exposure because this is most reliably associated
with neurocognitive impairment in human epidemiological
studies. * Indeed, recent prospective and ambidirectional
studies in humans have suggested that single, relatively brief
(on the order of 1-2 h) exposures to general anaesthesia in
humans do not have substantial impact on neurocognitive
development, at least with the measures used and at the time
points tested.’®'” We have previously reported increased
displacement (anxiety) behaviour at 6 months of age,'* and
delayed-onset mild visual memory deficits that emerge at 2 yr
of age!® in rhesus monkeys repeatedly exposed to sevoflurane
as infants.

Here, we re-evaluated emotional reactivity in these same
monkeys at later developmental time points where memory
impairments were evident. At 1 and 2 yr of age, sevoflurane-
exposed monkeys exhibited increased self-directed (displace-
ment) behaviours that were stable between the two assess-
ments 1 yr apart. In humans and non-human primates,
displacement behaviours are patterns of movements focused
on one’s own body, such as self-touching, scratching, and self-
grooming. Displacement behaviours reflect general anxiety, as
they are increased by anxiogenic events, catecholamines, or
glucocorticoids, and decreased by anxiolytics’®?° Therefore,
repeated anaesthesia exposure early in life seems to result in
an anxious phenotype characterised by different displace-
ment behaviours during infancy and adolescence, specifically
increased frequency of anxiety behaviours (e.g. scratching,
yawning) during infancy, and increased duration of self-
directed behaviours (e.g. self-grooming) as juveniles.

Methods

All animal procedures were approved by the Yerkes National
Primate Research Center and the Emory University Institu-
tional Animal Care and Use Committee, and were conducted
in full compliance with United States Public Health Service
Policy on Humane Care and Use of Laboratory Animals. Sub-
ject descriptions and anaesthetic procedures have been pub-
lished.' Briefly, 20 newborn rhesus monkeys of Indian origin
(Macaca mulatta) were born in two cohorts in the breeding
colony at the Yerkes National Primate Research Center field
station. In the first cohort, six females and four males were
born in the 2012 birth season, and in the second, four females
and six males were born in 2013. All infants were delivered
vaginally without veterinary intervention in their natal group
compounds. Infants were born to middle-ranking dams and
were housed in large social groups of 50—100 individuals
comprising several family groups. Infants were assigned as
they were born and with consideration to balancing for sex
and weight to either the control group or the anaesthesia
group. A power analysis before beginning the study indicated
that 10 animals per group would give 80% power to detect an
effect size of partial eta squared (n%):O.ZS in a comparison of
group means,'* hypothesising cognitive impairment after
early anaesthesia exposure. That effect size and number of
subjects is also reasonable for detecting group differences in

Table 1 Physiological measures during sevoflurane exposure. P6—10, postnatal days 6—10. Reprinted with modifications from Raper
and colleagues,’* with permission from the publisher, American Society of Anesthesiologists Inc

First anaesthetic

Second anaesthetic Third anaesthetic

(P6—10) (14 days after first) (28 days after first)

Mean (sb)
End-tidal carbon dioxide (kPa) 5.01 (0.47) 5.30 (0.42) 5.03 (0.24)
Respiration rate (bpm) 52 (1) 45 (8) 43 (10)
Oxygen saturation of haemoglobin (%) 97 (2) 97 (2) 98 (1)
Pulse rate (beats min~?) 152 (22) 159 (15) 160 (19)
Rectal temperature (°C) 37.1(0.4) 37.2 (0.3) 37.1(0.3)
Inspired sevoflurane (%) 2.48 (0.17) 2.61 (0.16) 2.66 (0.27)
Expired sevoflurane (%) 2.46 (0.15) 2.59 (0.15) 2.64 (0.28)
Blood pressure (mm Hg) 56 (20) 52 (18) 55 (14)
Blood pH 7.38 (0.03) 7.39 (0.05) 7.41 (0.03)
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Table 2 Behavioural ethogram. List of all behaviours scored, how they were measured, and a brief definition. @ indicates a behaviour

that was not observed

Category and specific behaviours Measurement

Brief definition

Freezing Duration
Hostile behaviours Cumulative
frequency
Threat bark vocalisation Frequency
Threat (facial expression) Frequency
Cage aggression Frequency
Lunge Frequency
Vocalisations Cumulative frequency
Coo Frequency
Scream Frequency

Displacement behaviours

Anxiety Cumulative frequency
Scratch Frequency
Body shake Frequency
Tooth grind Frequency
Yawn Frequency
Self-directed Cumulative
duration
Self-grooming Duration
Self-clasping Duration
Other self-directed? Duration

Rigid, tense, motionless posture except slight head movement

Low pitch, high intensity, rasping, guttural

Any of the following: open mouth (no teeth exposed), head-bobbing,
or ear flapping

Vigorously slaps, shakes, or slams body against cage

A quick, jerky movement toward the intruder

Clear soft, moderate in pitch and intensity, usually ‘oooooh’
sounding
High pitch, high intensity screech, or loud chirp

Rapid scratching of body with hands or feet

Whole body or just head and shoulder region shakes
Repetitive, audible rubbing of upper and lower teeth
Open mouth widely, exposing teeth

Use of hands or mouth to smooth or pick through fur
Non-manipulatory enclosing or holding of a limb or body part with
arms

Sucking thumb, eye poke

freezing (n3=0.13, 13=0.26)"?> and anxiety behaviours
(1”|12):0.22)22 after other developmental perturbations in the
human intruder paradigm.

Monkeys received either three anaesthetic exposures to
sevoflurane (anaesthesia group), or three brief maternal sep-
arations (control group) on or about postnatal Day 7 (range Day
6—10), that was repeated at 2-week intervals for a total of three
exposures/separations between postnatal Days 7—35. After
removal from the dam, all infants received a brief neurological
exam.' At this point, monkeys in the anaesthetic group were
mask-induced with sevoflurane (from 2% to effect, maximum
8% in 100% O,), intubated and catheterised for i.v. fluids.
Sevoflurane was administered for 4 h with monitoring of vital
signs, depth of anaesthesia, and blood gases. Physiological
monitoring during anaesthesia was consistent with normal
physiology, with no indication of hypoxaemia, hypercapnia, or
hypotension (Table 1). After complete recovery, lasting on
average 20—30 min, the infant was returned to its dam. Sub-
jects in the control group experienced maternal separation at
the same ages, which comprised the neurological exam and a
period of handling that matched in total duration the separa-
tion consciously experienced by the experimental group.
Thus, on average, control infants experienced 30—40 min of
maternal separation and were returned to the dam. Mother-
infant interactions after these separations did not differ be-
tween groups,” indicating that the separations involved in
anaesthesia exposures did not cause alterations in mother-
infant bonding that might have impacted later cognitive or
socio-emotional behaviour.

For behavioural testing in the human intruder paradigm at
1 and 2 yr of age, monkeys were separated from their social
group, transported to a novel testing room, and transferred to
a stainless steel testing cage (53x53x55 cm) with one wall
made of clear plastic to allow for unobstructed viewing. The
human intruder paradigm consisted of three conditions

(alone, profile, stare) presented in the same order to all mon-
keys which lasted for a total of 30 min. The experimenter wore
a rubber mask depicting a male face and a different mask was
used at each age, such that every monkey saw the same novel
human intruder at 1 and 2 yr of age across both cohorts. The
monkey first remained alone in the cage for 9 min (alone
condition) to acclimatise to the environment and obtain a
baseline level of behaviour. Then the intruder entered the
room and sat 2 m from the test cage while presenting his/her
profile to the animal for 9 min (profile condition). The intruder
then left the room while the monkey remained in the cage for
a 3 min period, then the intruder re-entered the room, and sat
2 m from the cage while making direct eye contact for 9 min
(stare condition). Emotional behaviour responses to the
intruder were assessed using Observer XT 10 software (Noldus
Inc., Wageningen, The Netherlands) and a detailed ethogram
(Table 2). Three experimenters with a high degree of interrater
reliability Cohen’s k=0.90 and an average intrarater reliability
of Cohen’s k=0.97 coded all the video recordings.

Statistical analysis

Before analysis, Kolmogorov—Smirnov tests were performed
to determine that the behavioural data were normally
distributed. There were no hypotheses regarding sex differ-
ences with early anaesthesia exposure, yet exploratory
repeated measures analysis of variance (ANOVA) with group
(control, anaesthesia) and sex as between subjects factors,
and condition (alone, profile, stare), and age (1 and 2 yr) as
repeated factors, were initially conducted to determine
whether any effects of sex were present. Species-typical sex
differences were detected for vocalisations and hostile be-
haviours, such that females vocalise more than males and
hostile behaviours decreased with age for females and
increased with age for males. However, as there were no
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interactions between the sex and anaesthesia groups and sex
did not interact with any overall group differences, it was not
included as a between subjects factor in the final analysis.
Therefore, the potential impact of early repeated anaesthesia
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Fig 1.. Behavioural responses to an acute stressor as juveniles (n=10 per group). Freezing (a), Hostile (b), Anxiety (c), and Self-directed be-
haviours (d) across the three conditions (Alone, Profile, Stare) of the task. Because no effect of Age was observed, results are averaged across
one and two years of age (see Supplemental Fig. 1 for data by age). Correlation between self-directed and anxiety behaviours as juveniles (e).
Self-directed behaviours at 6 months (f), excludes subjects that did not express any self-directed behaviours. Monkeys with neonatal exposure
to sevoflurane anaesthesia are represented by filled bars or circles and control monkeys are represented by open bars or circles. Bar height in
A-D and F represents the mean and standard error of the mean. * Indicates a significant difference between groups (P<0.05).



Emotional reactivity after sevoflurane exposure | 765

displacement behaviours, anxiety and self-directed, were also
explored using Pearson’s correlations. All analyses were con-
ducted using SPSS 24 for Windows (IBM Corporation, Armonk,
New York, USA), P<0.05 was considered significant, and effect
sizes were calculated using partial eta squared (n%,).

Results

At 1-2 yr of age, monkeys exposed to repeated anaesthetics
early in life exhibited similar behaviour to controls on all but
one behavioural measure (Fig. 1; see also Supplementary
Fig. S1). Species-typical increased freezing in the profile [con-
dition: F(2,36)=147.01, P<0.001, n§:0A89] and increased vocal-
isations and hostile behaviours in the stare [condition: F(2,36)=
8.99, P—0.001, 13=0.33; F(2,36)=58.88, P<0.001, 13=0.77,
respectively], with no differences between groups [group:
F(1,18)=0.04, P—0.85, 13—0.002; F(1,18)=0.004, P—0.95, 13=0.001;
F(1,18)=0.45, P=0.51, n%:0.0Q, respectively], age [age: F(1,18)=
0.48, P=0.49, n3=0.03; F(1,18)=1.54, P=0.23, 13=0.08; F(1,18)=
0.04, P=0.83 n%:0.002, respectively], or interactions. Interest-
ingly, differences in displacement behaviours between groups
were specific to the type of behaviour, such that there was no
group difference in anxiety [group: F(1,18)=0.02, P=0.90,
nI%:O.OOl], but monkeys with repeated neonatal anaesthesia
exposure exhibited more self-directed behaviours during the
stare condition compared with controls [condition X group:
F(2,36)=3.88, P=0.03, n%:O.ls] with no difference across age
[age: F(1,18)=0.04, P=0.84, 13=0.002; F(1,18)=0.003, P=0.96,
nf,:0.00l, respectively]. We observed a negative correlation
between self-directed and anxiety-related behaviours at 1-2 yr
[r(18)=—0.488, P=0.014; see Fig. le), suggesting that self-
directed behaviours could be a type of stress coping strategy,
which is further supported by negative correlations between
self-directed behaviours and self-reported experience of stress
in humans.?%?4%

Our investigation of emotional behaviour at 6 months of
age in these same monkeys'* did not include self-directed
behaviour as a category because a number of monkeys at
this age (seven out of 19) did not exhibit behaviours in this
category. Consistent with this, ANOVA on this behavioural
category at this age revealed no effect of treatment [group:
F(1,16)=2.55, P=0.13, n%:0.14). Yet, among the monkeys who
showed self-directed behaviours at 6 months of age, these
were higher in monkeys that were exposed to sevoflurane as
infants (control range: 3.05—-12.02; anaesthesia range:
4.72—43.35; see Fig. 1f). Our data suggest that self-directed
displacement behaviours emerge later in development in all
monkeys.

Discussion

Juvenile rhesus monkeys who received multiple sevoflurane
exposures during the first month of life exhibited increased
self-directed (displacement) behaviours at 1 and 2 yr of age. In
human and non-human primates, displacement behaviours
are exhibited during situations of social tension, social ambi-
guity, unavoidable stress, or all three,”® and thus are regarded
as a general indicator of stress and anxiety. In fact, anxiogenic
drugs, catecholamines, or glucocorticoids cause increased self-
grooming.?® The acute stressor used in the current study cre-
ates both unavoidable stress and social tension from the hu-
man intruder. Therefore, the current finding of increased self-
directed behaviours together with our previous finding of
increased anxious behaviours at 6 months of age,'* suggest that

early anaesthesia exposure results in an anxious phenotype
that persists at least into the second year of life, but that the
specific displacement behaviours expressed change with age.

In humans, a negative correlation between displacement
behaviours (i.e. self-touch) and self-reported experience of
stress has been reported in many studies,’*?>?’ but also see
Villada and colleagues.?® Some studies suggest that displace-
ment behaviours are coping strategies, such that there is a
negative relationship between displacement behaviours and
physiological stress measures (e.g. heart rate).”’?® Therefore,
juvenile monkeys exposed to repeated anaesthesia may
exhibit more self-directed behaviours as an attempt to
decrease their stress. However, further studies will need to
combine behaviour and physiological measures of stress to
truly address this.

Our findings of an anxious phenotype are consistent with a
previous report of increased freezing, indicative of behavioural
inhibition, in 2-yr-old monkeys that received repeated iso-
flurane exposure as infants.?’ Although the monkeys in our
study did not differ from controls in freezing during the mild
profile threat, the differences in the anxiety profiles found be-
tween studies might be related to differences in genetic back-
ground of the animals. Among rhesus macaques, the degree of
Chinese- or Indian-origin ancestry influences emotional reac-
tivity, especially freezing, in the human intruder task.’ It is
also notable that juvenile monkeys exposed to repeated sevo-
flurane as infants did not differ from controls in hostile
behaviour expression. In contrast, monkeys with neonatal
hippocampal lesions exhibit decreased freezing and hostility,
but increased anxiety and self-directed behaviours.?’ There-
fore, the emotional alterations after repeated sevoflurane
exposure are mild and perhaps more subtle in comparison,
highlighting the need for sensitive tests to detect behavioural
differences in children after early anaesthesia exposure.

The US Food and Drug Administration recently imple-
mented a warning for common sedative and anaesthetic drugs
specifically for children under the age of 3 experiencing
repeated exposures or single exposures longer than 3 h, based
on a combination of clinical and preclinical work (www.fda.
gov/Drugs/DrugSafety/ucm532356.htm).>? Our findings sup-
port that precautionary warning and indicate that changes in
emotional behaviour after repeated anaesthesia exposure in
infancy could persist for years. Based on the correspondence
between human and rhesus monkey lifespan, a 2-yr-old rhe-
sus monkey is similar to a 6-yr-old human,* the age at which
children are beginning formal schooling. Disturbances in
emotional behaviour at this age could have a profound impact
on the adjustment to school.

Our findings do not elucidate the possible mechanisms of
long-term effects of repeated anaesthesia exposure in infancy.
However, recent reports confirm that early anaesthesia expo-
sure results in neuro- and glio-apoptosis, whether that expo-
sure occurs on postnatal day 6,>*73° 20, or 40 in infant rhesus
monkeys exposed to isoflurane,'’*” which were the ages of
repeated exposure in the present study. Loss of neurones and
oligodendrocytes was observed in amygdala and hippocam-
pus,”’ structures involved in the development of emotional
behaviour. Early loss of neurones and oligodendrocytes could
alter the developmental trajectory of the central nervous sys-
tem in a number of ways, as early lesions have different con-
sequences to lesions later in life as their effects interact with
the developmental trajectory of cognitive and emotional pro-
cesses.?”*18 It is also possible that surviving neurones func-
tion abnormally, as adult rodents that were exposed to
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anaesthesia in early development have identified electro-
physiological and cell morphological abnormalities.'*3%4
Interestingly, hippocampal damage also leads to increased
anxiety-related behaviours in humans and animals®"*%%2
monkeys with neonatal hippocampal lesions exhibit increased
self-directed behaviours in infancy and adulthood.*’ In
conjunction with impaired visual recognition memory in these
monkeys at 2 yr of age,’® these findings suggest a persistent
abnormality in hippocampal function after early anaesthesia
exposure that results in both heightened anxiety and impaired
memory.

Now that effects of early anaesthesia exposure that persist
for years have been identified, future work to elucidate the
mechanisms of these long-term effects will dictate whether
strategies to mitigate these impairments should focus on
protection at the time of anaesthetic exposure, remediation of
neuronal function once impairments have manifested them-
selves, or perhaps both. In this way, infants and young chil-
dren with conditions that require surgical management can
undergo safe surgery permitted by modern anaesthetic pro-
cedures, while allaying concerns that surgery and anaesthesia
might have unintended long-term consequences on the
function of the central nervous system.
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