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Abstract

Background—Retrospective studies in humans have shown a higher prevalence of learning
disabilities in children that received multiple exposures to general anesthesia before the age of 4.
Animal studies, primarily in rodents, have found that postnatal anesthetic exposure causes
neurotoxicity and neurocognitive deficits in adulthood. We addressed the question of whether
repeated postnatal anesthetic exposure was sufficient to cause long-term behavioral changes in a
highly translationally relevant rhesus monkey model, allowing study of these variables against a
background of protracted nervous system and behavioral development.

Methods—Rhesus monkeys of both sexes underwent either three 4-hour exposures to
sevoflurane anesthesia (anesthesia group n=10) or brief maternal separations (control group n=10)
on postnatal day 6-10 that were repeated 14 and 28 days later. Monkeys remained with their
mothers in large social groups at all times except for overnight observation after each anesthetic/
control procedure. At 6 months of age, each monkey was tested on the human intruder paradigm, a
common test for emotional reactivity in nonhuman primates.

Results—The frequency of anxiety-related behaviors was significantly higher in monkeys that
were exposed to anesthesia as neonates as compared to controls: anesthesia 11.04 + 1.68, controls
4.79 + 0.77, M = SEM (mean + standard error of the mean) across all stimulus conditions.

Conclusion—Increased emotional behavior in monkeys after anesthesia exposure in infancy

may reflect long-term adverse effects of anesthesia.
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Retrospective birth-cohort studies have reported a significant increase in learning disability,
incidence of attention deficit/hyperactivity disorder, and reduced performance on cognitive
tests and academic achievement in children that received more than one general anesthetic
before the age of four 1-3. Other studies have reported impairments in specific cognitive
domains after a single exposure to anesthesia in childhood 4-6. Rodent and nonhuman
primate studies have demonstrated that general anesthetics (including ketamine, nitrous
oxide, propofol, isoflurane, and sevoflurane) cause persistent brain damage and learning
deficits when administered during early postnatal development 719, In fact, the highest rates
of cell death following exposure to general anesthesia are found in the prefrontal cortex,
amygdala, and hippocampus 712.13.16.2021 'hrain areas important for normal social,
emotional, and cognitive functioning. These data from animal studies suggest that changes
in cognitive and emotional behavior after anesthesia exposure in children could be due
directly to the impact of anesthetics on the developing brain.

Nevertheless, uncertainty remains about the extent to which anesthesia specifically may be a
risk factor for neurocognitive impairment in humans, when compared to other factors such
as co-morbidity. Moreover, the applicability of studies in rodents to humans has been
questioned on a number of grounds, including physiological status during anesthesia and the
correspondence of developmental stages between the species. 2223 By contrast, the stage of
neurodevelopment of rhesus monkeys at birth is more similar to that of human infants
compared to neonatal rodents. 16 For instance, in a comparison of rate of brain growth,
humans peak around the time of birth whereas rhesus monkeys peak prenatally, and rhesus
monkeys are at a phase at birth comparable to that of a 6-month-old human.16:24 Thus, at
least with respect to brain growth spurt, our infant monkeys that are exposed to anesthesia in
the first six weeks of life correspond to humans in the second half of their first year of life.
Thus anesthetic exposure during the first few weeks of life of a monkey may better model
the human condition, at least that of human infants older than 6 months. Furthermore, it is
possible to maintain normal physiology (normocapnia, normoxia, hormotension) to a much
greater extent in infant monkeys than in rodents, abrogating concerns that cell death and
impaired neurocognitive development after anesthetic exposure in rodents may be
attributable to hypercapnia 2° or other physiological factors. Lastly, the development of
monkeys is protracted in time (compared to rodents, who are sexually mature around 6-7
weeks of age), thus it is possible to observe whether any effects of anesthesia emerge (or
disappear) at different points during early development.

The present study compares the impact of multiple exposures to sevoflurane, on cognitive
and emotional behavior in infant rhesus monkeys with that of normally developing controls.
Sevoflurane was chosen as the agent for study because it is a common pediatric anesthetic. It
is also consistently associated with cell death when given early in development in

rodents 101226 and has been associated with abnormal socioemotional behavior in mice 19,
We exposed monkeys to sevoflurane 3 times, beginning approximately at postnatal day 7
and then again 2 and 4 weeks later, because repeated anesthesia exacerbates the risk for
cognitive impairment 1:218 \We chose a 4-hour anesthetic to model the length of anesthesia
that would be required for a significant surgical procedure in humans (for example, the mean
duration of anesthesia was 125 minutes in Wilder) and to increase the likelihood that
significant cell death and therefore long-term neurodevelopmental effects will occur. Five
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hours of isoflurane is sufficient to induce extensive apoptosis in neonatal macaque
neocortex, 18 as is 9 hours (but not 3 hours) of continuous ketamine infusion.® This balances
a duration of anesthesia that is long enough to induce neuron death but still within the
window of anesthetic durations that would be given clinically. We chose repeated anesthetic
exposure because the human data indicate that repeated anesthesia results in learning
disabilities even though single anesthetics do not.! Thus, we have chosen parameters that we
think are clinically relevant in terms of choice of anesthetic agent, dose, duration, and
frequency of exposure. These animals are being followed longitudinally and will be
evaluated for normal social, cognitive and emotional development.

This report describes socioemotional behavior evaluated at 6 months using the Human
Intruder task. Designed to be similar to the task used for assessing dispositional anxiety and
behavioral inhibition in children 27:28, this task is well established in the primate literature as
a robust test for assessing emotional reactivity based on the salience of the social threat
presented by the intruder, is widely used for assessing emotional dysregulation in nonhuman
primates 2% and it can be used longitudinally to examine the development of emotional
behavior 30, Additionally, it is a robust task for detecting differences in emotional behavior
according to genotype (e.g. SHTTLPR [serotonin transporter polymorphism] and CRHR1
[corticotropin releasing hormone receptor 1]), early life adversity, and after temporal lobe
lesions in nonhuman primates 31-38, Because species-typical emotional expression is not
well organized on this task until after 4 months of age in macaques 36:38:39 we tested
subjects at 6 months of age, 5 months after their last anesthesia exposure. The human
intruder task is able to discriminate dysfunction of specific neural systems including
amygdala, orbitofrontal cortex, and hippocampus 31:32:34.37 Thys the pattern of emotional
behavior of anesthesia-exposed monkeys could indicate the source of an underlying
neurobiological impairment.

All experimental protocols were approved by the Institutional Animal Care and Use
Committee of Emory University/Yerkes National Primate Research Center (Atlanta, GA,
USA,; protocol 2002744). Twenty newborn rhesus monkeys (Macaca mulatta) of both sexes
were born by vaginal delivery between April 2012 and May 2012 or between March 2013
and June 2013 with no veterinary intervention at the Field Station of Yerkes National
Primate Research Center. Monkeys were drawn from two different available breeding
compounds (A and B). Compounds were surveyed for new neonatal monkeys daily in the
morning; the first day a new neonatal monkey was identified was designated postnatal day 0.
Monkeys born to the alpha (socially dominant) matriline in a group were not included in the
study, nor were monkeys born to first-time mothers or to mothers with a history of poor
maternal behavior. This was done to avoid disrupting the stability of the large social groups
through interactions with the alpha matriline, and to avoid subjecting infant monkeys to
anesthetic (or control) treatment that might not be able to continue in the study due to
deficient maternal care. Infant monkeys were then assigned to anesthetic (5 male and 5
female) or control (5 male and 5 female) conditions matched for sex and weight to the extent
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possible. Eligible infants of sufficient size were assigned to groups as they were born,
controlling for equal numbers in each cell, and matching for weight or age of the first
procedure (anesthesia exposures could only take place on certain days of the week) until the
groups were filled. This yielded 6 female and 4 male infants in 2012, and 4 female and 6
male infants in 2013. Other than these considerations, assignment was random. An a priori
power analysis revealed that 10 animals per group would give 80% power to detect an effect
of Cohen's d=1.156 in a one-tailed t-test, hypothesizing that early anesthesia exposure would
result in cognitive impairment, corresponding to a partial eta squared of 0.25.

General protocol for access to neonatal monkeys

The mother and infant were guided from the home compound into a transport box the
morning of the procedure (control or anesthesia) and brought to the nearby research building
where they were transferred into a standard primate cage (24" x 28" x 30") in a housing
room with other monkeys. The infant was removed from the mother and brought to the
adjacent procedure room. The infant was weighed and a brief neurological test battery
(Infant Neurobehavioral Assessment Scale [INAS], adapted from 4) was conducted. At that
point, the infant was either held gently in a blanket for 20 minutes and then returned to the
mother (control) or mask induction with sevoflurane in 100% oxygen was initiated
(anesthesia). This procedure was repeated 3 times for each monkey: first between postnatal
days 6 and 10, then again 14 and 28 days later. This control procedure equated the time the
infant was conscious and separated from its mother in the two groups, avoiding prolonged
maternal separation in the control infants which could have adverse effects of its own. The
mother and infant remained in the colony room adjacent to the procedure room in the
research building overnight, and were returned to the home compound the next morning.

Anesthesia protocol

A soft plastic mask was placed over the infant monkey's nose and mouth to administer
sevoflurane in 100% oxygen at a flow rate of ~1 L/minute. The initial vaporizer setting was
2% and was increased gradually to effect. When muscle tone was lost, the larynx was
visualized with a laryngoscope (Miller blade 00) and lidocaine 2% was sprayed onto the
laryngeal folds. The monkey was intubated with a 1.5-2.5 mm diameter uncuffed silicone
endotracheal tube. Successful intubation was verified by capnograph trace. Intubation was
unsuccessful in 6 of the 60 anesthetic procedures and in these cases anesthesia was delivered
by mask only. At this point the vaporizer setting was decreased to 2.5% and the air/oxygen
mixture adjusted to an FiO, of approximately 0.3. Monitoring included capnography, agent
analysis for sevoflurane and oxygen concentration (inspired and expired), pulse oximetry,
rectal temperature, and indirect blood pressure (approximately mean of systolic and
diastolic) via a cuff placed on the upper arm and Doppler probe (Huntleigh Vettex Duo;
Cardiff, UK) on the radial artery at the wrist. These parameters were recorded every 5
minutes during the anesthetic procedure, except blood pressure which was measured every
10 minutes. Body temperature was maintained by a hot air blanket (Bair Hugger; 3M, St.
Paul, MN) placed over the infant. Venous blood gases were determined every 45-60 minutes
during the procedure (Radiometer ABL80; Brea, CA). Intravenous fluids (lactated Ringer's)
were given at a rate of 3 ml/kg/hr during the procedure. If venous access was poor, blood
gases were determined intermittently by percutaneous puncture and fluids were given by
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subcutaneous bolus. The level of anesthesia was adjusted based on reaction to a calibrated
pressure stimulus delivered between the third and fourth metatarsals on the foot, at a final
pressure of 5 N reached at a rate of 2 N/sec (Topcat Metrology Ltd, Ely, UK). If there was
no motor response (limb withdrawal or increase in motor tone) and heart rate and respiration
rate changed less than 10%, the vaporizer setting was left unchanged. If there was a motor
response or the heart rate or respiration rate increased by more than 10%, the vaporizer
setting was increased by 0.25%. If there was no motor response and no change in heart rate
or respiration rate for two consecutive stimuli applied 15 minutes apart, the vaporizer setting
was decreased 0.25%. In this way, we aimed to equate depth of anesthesia across subjects
and anesthetic exposures. The duration of the anesthesia was 4 hours after induction. At the
end of this time, sevoflurane was terminated and the monkey was extubated when jaw tone
increased and/or return of palpebral reflex was observed (i.e., just before return of swallow
reflex), usually within 2 minutes of termination of sevoflurane. Supplemental oxygen was
provided by mask during the first few minutes post-extubation if the infant did not maintain
satisfactory blood oxygenation (pulse oximeter) breathing room air. Each infant was held by
an experimenter wrapped in a blanket and observed for 20 minutes post-extubation, then
returned to the mother provided the infant was alert and no dyspnea or other overt
physiological impairments were observed. Physiological measures during anesthesia were
consistent with normal physiology (Table 1).

Human Intruder Paradigm

Statistics

At approximately 6 months of age, monkeys were transported to a novel testing room, and
then transferred to a stainless steel cage (53 cm x 53 cm x 55 ¢cm) with one side made of
clear lexan plastic for video recording. The Human Intruder paradigm lasted 30 minutes and
consisted of three conditions (Alone, Profile, Stare) presented in the same order for all
animals. First, the monkey remained alone in the cage for 9 minutes (Alone) to acclimate to
the environment and obtain a baseline level of behavior. Then, the intruder (experimenter
wearing a human rubber mask) entered the room and sat two meters from the test cage while
presenting his/her profile to the animal for 9 minutes (Profile condition). The intruder then
left the room while the animal remained in the cage alone for a 3 minute period, after which
the intruder re-entered the room and made direct eye-contact with the animal for 9 minutes
(Stare condition). Emotional reactivity to the intruder was assessed via videotape recording
for later coding using the Observer XT 10 software (Noldus Inc., Netherlands) and a
detailed ethogram (Table 2). Three experimenters coded all of the videotapes, but had a high
degree of inter-rater reliability Cohen’s Kappa = .86 and an average intra-rater reliability of
Cohen’s Kappa = 0.97.

Infant Neurobehavioral Assessment Scale (INAS)

The temperament scale from the modified INAS test was analyzed using a multifactor
analysis of variance (ANOVA) with Group (control, anesthesia) and Temperament item as
the between subjects factors and Age (P7, P21, P35) as the repeated measure.
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Human Intruder Paradigm

Results

One control male was not tested at this age due to illness, not related to the study, and thus
was excluded from all behavioral analyses. Preliminary analyses were first performed to
identify outliers and determine the normality of the data. Interquartile range (IQR) was used
to determine outliers, if an animals’ behavior was more than 1.5 IQR above the third quartile
or below the first quartile then they were excluded from the analysis of that specific
behavior. Thus, one anesthesia male was excluded from all behavioral analyses because the
animal remained frozen throughout the test without performing any other behavioral activity
(see Supplementary Results). Additionally, one control male was found to be an outlier
solely on anxiety behaviors (2.5 IQR above the third quartile), thus was excluded from data
analyses for this anxiety behavior only. Therefore, behavior analyses of vocalizations,
freezing, and hostility included 9 control monkeys (males=4; females=5) and 9 anesthesia
monkeys (males=4; females=5), whereas analyses of anxious behaviors included 8 control
monkeys (males=3; females=5) and 9 anesthesia monkeys (see Supplementary Results).

Normality of the data was determined using the Kolmogorov-Smirnov (K-S) tests. Only
anxious behaviors were not normally distributed and were transformed using a natural log
plus constant (1) to obtain normality. Although there were no hypotheses regarding sex
differences in effect of anesthesia exposure, we are underpowered to detect sex differences,
and sex differences in the Human Intruder task are not found at this age 3038, exploratory
repeated measures ANOVAs with Group (control, anesthesia) and Sex as between-subjects
factors and Condition (Alone, Profile, Stare) as the within-subjects factor were initially
conducted to determine whether any effects of sex were present in the data. Because no
significant effects of Sex were found, final analyses that examined anesthesia effects on
emotional reactivity were repeated measures ANOVAs with Group as a between-subjects
factor and Condition as a within-subjects repeated measure. All analyses were conducted
with SPSS 16 for Windows and significance level was set at p < 0.05. Effect sizes were
calculated using partial eta squared (pnz) and Cohen’s d (d). Partial eta squared is the ratio of
variance accounted for by an effect plus its associated error of variance within an ANOVA,
and can be interpreted like R2 by moving the decimal point two places to the right, then
interpreting the value as a percentage of variance associated with the effect. Cohen’s d
indicates the standardized difference between two means, where values of 0.2, 0.5 and 0.8
are considered to indicate a small, medium and large effect size, respectively.

Data from the INAS test revealed no group differences on temperament items (Group:
P=0.58, I07]2:0.004, d=0.26) nor group interactions (Group x Age: P=0.30, IO712:0.02,
d=0.52; Group x Temperament item: P=0.58, pn2:0.004, d = 0.25; Age x Group x
Temperament item: P=0.68, an:0.0B, d = 0.38), indicating that prior to each anesthesia
exposure, infants in the anesthesia group did not differ from controls in their level of
anxiety, their reaction to maternal separation, and/or induction of anesthesia. However, there
was a significant interaction for Age x Temperament Item (P=0.004, IO712:0.12, d=0.86; see
also Supplementary Results): infants from both groups exhibited species typical pattern of
increased scores for Vocalizations, Fear, and Irritability with age, and decreased
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Consolability scores with age (Linear Function: P=0.001, pn2:0.21, d=1.19). Additional
statistical results from the INAS test are given in the Supplementary Results.

The anesthesia group exhibited sparing of some behaviors and increased expression of
others in the Human Intruder task. When placed alone in a novel environment or faced with
a direct threat, infant monkeys emit vocalizations in an attempt to re-connect with their
mother. This pattern of vocalizations was observed in both controls and anesthesia animals,
such that all infants emitted significantly more vocalizations in the Alone and Stare
conditions compared to the Profile (Condition: P=9.65 x 10710, ;n2=0.73, d=3.26) with no
differences between controls and anesthesia monkeys (Group: P=0.58, IO712:0.02, d=0.28;
Condition x Group: P=0.15, pnZ:O.ll, d=0.7; see Figure 1a and Supplemental Results).
When faced with the mild threat of the intruder’s profile, both groups displayed the species
typical fearful defensive behavior of increased freezing (Condition: P=3.04 x

10712, ;12=0.81, d=4.12; see Figure 1b), with no differences found between controls and
anesthesia animals (Group: P=0.27, an:0.0Y, d=0.57; Condition x Group:

P=0.57, I01r12:0.03, d=0.37). The most salient threat to a monkey occurs when the intruder
makes direct eye-contact. During this Stare condition both groups exhibited increased
hostile behaviors (Condition: P=4.49 x 10710, ;1?=0.74, d=3.37). Expression of hostile
behaviors was comparable between infants with early anesthesia exposure and controls,
although not statistically significant the pnz effect size accounted for 20% of the variance
(Group: P=0.06, pn2:0.20, d=0.99; see Figure 1c). There was no significant interaction for
hostile behaviors (Condition x Group: P=0.61, pn2=0.03, d=0.31). The Stare condition also
evoked an increase in anxious behavior expression in both groups (Condition: P=2.27 x
10714, ;m?=0.87, d=5.34; see Fig 1d), and anesthesia infants expressed significantly more
anxious behaviors overall as compared to controls with large effect sizes, accounting for
33% of the variance (Group: P=0.016, an:O.SS, d=1.41; see Figure 1d). The Condition by
Group interaction was not significant (P=0.41, pnZ:O.OG, d=0.49). Statistical results for these
comparisons including the two subjects that were statistical outliers are included in
Supplementary Results.

Discussion

Infant rhesus monkeys who received multiple exposures to sevoflurane during the first
month of life, exhibited increased anxiety 5 months after exposure. These results
demonstrate that early anesthesia exposure, in the absence of a surgical procedure, co-
morbidities, or psychosocial stress associated with illness or the need for a surgical
procedure, causes alterations in emotional behavior. These results are consistent with

previous reports demonstrating increased anxiety following damage to the limbic
system 31.32.34.37

Evidence from rodents and monkeys have shown that either single or multiple exposures to
volatile anesthesia early in life has a neurotoxic effect on the developing brain 721, targeting
both neurons and glia, with oligodendrocytes engaged in myelinogenesis being particularly
vulnerable 7:12-14.16.20.21 ' Although apoptosis is widespread in the brain, cell death rates in
areas implicated in emotional behavior such as the amygdala, prefrontal cortex, and
hippocampus vary by anesthesia type, duration of exposure, and brain region of interest. For
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example a single exposure to sevoflurane resulted in a 5- to 29-fold increase in
neurodegeneration in different parts of the hippocampus 12:22.23_ Considering that adult
hippocampal damage in humans and neonatal hippocampal lesions in monkeys result in
increased anxiety expression to a stressor 16:37:40 it is possible that anesthetic-induced
damage to the developing hippocampus causes the anxious phenotype seen in our
anesthesia-exposed animals.

The major strength of this study is its ability to separate anesthesia exposure from surgical
procedures, which is a potential complication in the studies conducted in children. Our
results confirm that multiple anesthesia exposures alone result in emotional behavior
changes. As mentioned, these changes may reflect adverse effects of early anesthesia
exposure on hippocampal function, to which memory deficits after early anesthesia exposure
in rodents have also been attributed 7:10:1226.41 However, the lack of surgical manipulation
can also be seen as a limitation of this study, in terms of reproducing the situation in which
children are exposed to anesthesia. Surgical manipulation would induce postoperative pain,
inflammation, and the need for postoperative medications, all factors that may affect
postoperative behavior and that are not addressed in our model. Nevertheless, we are able to
exclude these as possible explanations for our findings.

To date, the majority of research has focused on learning and memory impairments in
rodents after early anesthesia exposure, with few exceptions 12:27.28, However, there are
limitations to using rodents to model human behavior 4243, whereas nonhuman primates
exhibit many similarities to humans. Nonhuman primates have similar brain morphology,
genetics, endocrine systems, live in complex social groups, and use visual cues to extract
socio-emotional information from their environment 3044, perhaps making them an ideal
animal model to examine emotional changes after early exposure to anesthesia. The direct
measure of emotional behavior using the human intruder paradigm in our nonhuman primate
model might be considered a major strength of the current study, in contrast to studies of
human children in which negative behavior changes are typically measured by behavioral
surveys completed by the parents that may be insensitive to subtle changes in emotional
behavior6:22, Future studies in human children might employ related paradigms to assess
emotional behavior.

A minor limitation is the sample size in our study. Although large for a nonhuman primate
study, having only 5 males and 5 females in each group limits our statistical power to detect
sex differences. Our study design was powered for detection of group differences
irrespective of sex, and we concluded that any indication of sex differences could be
followed up in future work designed specifically to address hypotheses about sex
differences. Moreover, sex differences during the intruder task have not been detected when
gonadal hormones are low in circulation 3038  as is the case in the present study of six
month old infant monkeys. The presence of group differences with substantial effect sizes
that do not reach conventional criteria for statistical significance, such as the effect of
anesthesia condition on hostility-related behavior, suggests that we were underpowered to
detect more subtle effects of anesthesia exposure that may be present.
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Our results also demonstrate that alterations in emotional behavior persist up to 5 months
after anesthesia exposure suggesting long-term effects. Exactly how long these changes in
emotional behavior will persist in our anesthesia-exposed monkeys is unclear. We will
continue to follow these animals behaviorally to fully characterize the length of time that
these changes persist and whether changes in emotional behavior resolve over time,
suggesting a transitory change, or resilience. It can also be considered that we are able to
detect adverse behavioral effects 5 months after the last exposure to anesthesia, whereas
cognitive impairments that have been identified in children after repeated anesthesia
exposure are ascertained at school age, years after the last exposure to anesthesia 1:31-38,
Thus, future prospective studies in humans may be able to use tests of emotional behavior to
identify individuals at risk of later learning disabilities or other cognitive impairments.
Considering that most pediatric surgeries are non-elective 36:38:3945.46 fture studies can
use this primate model to develop a new anesthetic agent or prophylactic treatment to
counteract the impact of anesthesia on behavior in children.

Conclusions

These findings are consistent with the view that exposure to anesthetic agents, specifically,
may cause long-term alterations in central nervous system function that lead to abnormal
cognitive and emotional behavior later in life. Monkeys in this study that were exposed to
sevoflurane anesthesia three times in the first six weeks of life showed increased anxiety-
related behaviors over five months later.

Clearly when surgery is indicated in infants or young children for correction of serious
health issues, the consequences of failing to perform the surgical procedure typically
outweigh any possible risks of neurocognitive changes. Moreover, these data do not
conclusively demonstrate a link between anesthetic exposure and altered emotional behavior
or other cognitive deficits after surgery in humans. Nevertheless, they support attention to
emotional behavior and management of anxiety as part of postsurgical management and
monitoring of infants and children. Furthermore, additional work is required to identify the
mechanisms by which anesthetics may cause long-term changes in central nervous system
function that impact behavior, so that strategies can be identified to offset or prevent these
changes while maintaining the essential beneficial effects of anesthesia that allow safe
surgical interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Tracy Davis, B.A. and Jordan Johnson, B.S., both of Division of Developmental and Cognitive
Neuroscience, Yerkes National Primate Research Center, for assistance with behavioral testing and video coding,
and the veterinary and animal care staff at the Yerkes National Primate Research Center Field Station for their
support for this project. We thank Stacie Deiner, M.D., of the Department of Anesthesiology, Icahn School of
Medicine at Mount Sinai, for helpful comments on the manuscript.

Anesthesiology. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raper et al. Page 10
Funding sour ce: This project was supported by NIH/NICHD R01-HD068388 (Bethesda, Maryland, USA). Yerkes
National Primate Research Center is supported by NIH/OD P51-OD011132, formerly NIH/NCRR P51-RR000165
(Bethesda, Maryland, USA).
References

1. Wilder RT, Flick RP, Sprung J, Katusic SK, Barbaresi WJ, Mickelson C, Gleich SJ, Schroeder DR,
Weaver AL, Warner DO. Early exposure to anesthesia and learning disabilities in a population-
based birth cohort. Anesthesiology. 2009; 110:796-804. [PubMed: 19293700]

2. Flick RP, Katusic SK, Colligan RC, Wilder RT, Voigt RG, Olson MD, Sprung J, Weaver AL,
Schroeder DR, Warner DO. Cognitive and behavioral outcomes after early exposure to anesthesia
and surgery. Pediatrics. 2011; 128:e1053-e1061. [PubMed: 21969289]

3. Sprung J, Flick RP, Katusic SK, Colligan RC, Barbaresi WJ, Bojani¢ K, Welch TL, Olson MD,

Hanson AC, Schroeder DR, Wilder RT, Warner DO. Attention-deficit/hyperactivity disorder after
early exposure to procedures requiring general anesthesia. Mayo Clinic Proceedings. 2012; 87:120—
9. [PubMed: 22305025]

4. Schneider ML, Suomi SJ. Neurobehavioral assessment in rhesus monkey neonates (Macaca

mulatta): developmental changes, behavioral stability, and early experience. Infant behavior and
development. 1992; 15:155-77.

5. Ing C, DiMaggio C, Whitehouse A, Hegarty MK, Brady J, Ungern-Sternberg von BS, Davidson A,
Wood AJJ, Li G, Sun LS. Long-term differences in language and cognitive function after childhood
exposure to anesthesia. Pediatrics. 2012; 130:e476-85. [PubMed: 22908104]

6. Ing CH, Dimaggio CJ, Malacova E, Whitehouse AJ, Hegarty MK, Feng T, Brady JE, Ungern-
Sternberg von BS, Davidson AJ, Wall MM, Wood AJJ, Li G, Sun LS. Comparative analysis of
outcome measures used in examining neurodevelopmental effects of early childhood anesthesia
exposure. Anesthesiology. 2014; 120:1319-32. [PubMed: 24694922]

7. Jevtovic-Todorovic V, Hartman RE, 1zumi Y, Benshoff ND, Dikranian K, Zorumski CF, Olney JW,
Wozniak DF. Early exposure to common anesthetic agents causes widespread neurodegeneration in
the developing rat brain and persistent learning deficits. J Neurosci. 2003; 23:876-82. [PubMed:
12574416]

8. Slikker W, Zou X, Hotchkiss CE, Divine RL, Sadovova N, Twaddle NC, Doerge DR, Scallet AC,
Patterson TA, Hanig JP, Paule MG, Wang C. Ketamine-induced neuronal cell death in the perinatal
rhesus monkey. Toxicol Sci. 2007; 98:145-58. [PubMed: 17426105]

9. Cattano D, Young C, Straiko MMW, Olney JW. Subanesthetic doses of propofol induce
neuroapoptosis in the infant mouse brain. Anesth Analg. 2008; 106:1712—4. [PubMed: 18499599]
10. Zhang X, Xue Z, Sun A. Subclinical concentration of sevoflurane potentiates neuronal apoptosis in
the developing C57BL/6 mouse brain. Neurosci Lett. 2008; 447:109-14. [PubMed: 18852026]

11. Dong Y, Zhang G, Zhang B, Moir RD, Xia W, Marcantonio ER, Culley DJ, Croshy G, Tanzi RE,
Xie Z. The common inhalational anesthetic sevoflurane induces apoptosis and increases beta-
amyloid protein levels. Arch Neurol. 2009; 66:620-31. [PubMed: 19433662]

12. Satomoto M, Satoh Y, Terui K, Miyao H, Takishima K, Ito M, Imaki J. Neonatal exposure to
sevoflurane induces abnormal social behaviors and deficits in fear conditioning in mice.
Anesthesiology. 2009; 110:628-37. [PubMed: 19212262]

13. Zou X, Liu F, Zhang X, Patterson TA, Callicott R, Liu S, Hanig JP, Paule MG, Slikker W, Wang
C. Inhalation anesthetic-induced neuronal damage in the developing rhesus monkey.
Neurotoxicology and Teratology. 2011; 33:592-7. [PubMed: 21708249]

14. Brambrink AM, Back SA, Riddle A, Gong X, Moravec MD, Dissen GA, Creeley CE, Dikranian
KT, Olney JW. Isoflurane-induced apoptosis of oligodendrocytes in the neonatal primate brain.
Ann Neurol. 2012; 72:525-35. [PubMed: 23109147]

15. Brambrink AM, Evers AS, Avidan MS, Farber NB, Smith DJ, Martin LD, Dissen GA, Creeley CE,
Olney JW. Ketamine-induced neuroapoptosis in the fetal and neonatal rhesus macaque brain.
Anesthesiology. 2012; 116:372-384. [PubMed: 22222480]

16. Brambrink AM, Evers AS, Avidan MS, Farber NB, Smith DJ, Zhang X, Dissen GA, Creeley CE,
Olney JW. Isoflurane-induced neuroapoptosis in the neonatal rhesus macaque brain.
Anesthesiology. 2010; 112:834-41. [PubMed: 20234312]

Anesthesiology. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raper et al.

Page 11

17. Paule MG, Li M, Allen RR, Liu F, Zou X, Hotchkiss C, Hanig JP, Patterson TA, Slikker JW,
Wang C. Ketamine anesthesia during the first week of life can cause long-lasting cognitive deficits
in rhesus monkeys. Neurotoxicology and Teratology. 2011; 33:220-30. [PubMed: 21241795]

18. Murphy KL, Baxter MG. Long-term effects of neonatal single or multiple isoflurane exposures on
spatial memory in rats. Front Neurol. 2013; 4:87. [PubMed: 23847588]

19. Amrock LG, Starner ML, Murphy KL, Baxter MG. Long-term effects of single or multiple
neonatal sevoflurane exposures on rat hippocampal ultrastructure. Anesthesiology. 2015; 122:87—
95. [PubMed: 25289484]

20. Yon JH, Daniel-Johnson J, Carter LB, Jevtovic-Todorovic V. Anesthesia induces neuronal cell
death in the developing rat brain via the intrinsic and extrinsic apoptotic pathways. Neuroscience.
2005; 135:815-27. [PubMed: 16154281]

21. Istaphanous GK, Howard J, Nan X, Hughes EA, McCann JC, McAuliffe JJ, Danzer SC, Loepke
AW. Comparison of the neuroapoptotic properties of equipotent anesthetic concentrations of
desflurane, isoflurane, or sevoflurane in neonatal mice. Anesthesiology. 2011; 114:578-87.
[PubMed: 21293251]

22. Anand KJS. Anesthetic neurotoxicity in newborns: should we change clinical practice?
Anesthesiology. 2007; 107:2-4. [PubMed: 17585205]

23. Loepke AW, McGowan FX, Soriano SG. CON: The toxic effects of anesthetics in the developing
brain: the clinical perspective. Anesth Analg. 2008; 106:1664-9. [PubMed: 18499595]

24. Dobbing J, Sands J. Comparative aspects of the brain growth spurt. Early Human Development.
1979; 311:79-33. [PubMed: 118862]

25. Stratmann G, May LDV, Sall JW, Alvi RS, Bell JS, Ormerod BK, Rau V, Hilton JF, Dai R, Lee
MT, Visrodia KH, Ku B, Zusmer EJ, Guggenheim J, Firouzian A. Effect of hypercarbia and
isoflurane on brain cell death and neurocognitive dysfunction in 7-day-old rats. Anesthesiology.
2009; 110:849-61. [PubMed: 19293696]

26. Lu Y, Wu X, Dong Y, Xu Z, Zhang Y, Xie Z. Anesthetic sevoflurane causes neurotoxicity
differently in neonatal naive and Alzheimer disease transgenic mice. Anesthesiology. 2010;
112:1404-1416. [PubMed: 20460993]

27. Kagan J, Reznick JS, Snidman N. Biological bases of childhood shyness. Science. 1988; 240:167—
71. [PubMed: 3353713]

28. Kalin NH, Shelton SE. Defensive behaviors in infant rhesus monkeys: environmental cues and
neurochemical regulation. Science. 1989; 243:1718-21. [PubMed: 2564702]

29. Coleman K, Pierre PJ. Assessing anxiety in nonhuman primates. ILAR Journal. 2014; 55:333-46.
[PubMed: 25225310]

30. Kalin NH, Shelton SE. Ontogeny and stability of separation and threat-induced defensive
behaviors in rhesus monkeys during the first year of life. American Journal of Primatology. 1998;
44:125-35. [PubMed: 9503124]

31. Kalin NH, Shelton SE, Davidson RJ. The role of the central nucleus of the amygdala in mediating
fear and anxiety in the primate. Journal of Neuroscience. 2004; 24:5506-15. [PubMed: 15201323]

32. Machado CJ, Bachevalier J. Behavioral and hormonal reactivity to threat: Effects of selective
amygdala, hippocampal or orbital frontal lesions in monkeys. Psychoneuroendocrinology. 2008;
33:926-41. [PubMed: 18650022]

33. Embree M, Michopoulos V, Votaw JR, Voll RJ, Mun J, Stehouwer JS, Goodman MM, Wilson
ME, Sanchez MM. The relation of developmental changes in brain serotonin transporter (5SHTT)
and 5HT1A receptor binding to emotional behavior in female rhesus monkeys: effects of social
status and 5SHTT genotype. Neuroscience. 2013; 228:83-100. [PubMed: 23079633]

34. Howell BR, Grand AP, McCormack KM, Shi Y, LaPrarie JL, Maestripieri D, Styner MA, Sanchez
MM. Early adverse experience increases emotional reactivity in juvenile rhesus macaques: relation
to amygdala volume. Dev. Psychobiol. 2014; 56:1735-46. [PubMed: 25196846]

35. Rogers J, Raveendran M, Fawcett GL, Fox AS, Shelton SE, Oler JA, Cheverud J, Muzny DM,
Gibbs RA, Davidson RJ, Kalin NH. CRHR1 genotypes, neural circuits and the diathesis for
anxiety and depression. Molecular Psychiatry. 2013; 18:700-7. [PubMed: 23147386]

36. Raper J, Bachevalier J, Wallen K, Sanchez M. Neonatal amygdala lesions alter basal cortisol levels
in infant rhesus monkeys. Psychoneuroendocrinology. 2013; 38:818-29. [PubMed: 23159012]

Anesthesiology. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raper et al. Page 12

37. Raper, J.; Wilson, ME.; Sanchez, MM.; Bachevalier, J. Neonatal hippocampal lesions alter
emotional behavior and cortisol response to an acute stressor in adult rhesus monkeys; Society for
Neuroscience Abstracts 2013: program no. 475.01; presented at the 43rd Annual Meeting of the
Society for Neuroscience; San Diego, CA. Nov 9-13. 2013

38. Raper J, Wallen K, Sanchez MM, Stephens SBZ, Henry A, Villareal T, Bachevalier J. Sex-
dependent role of the amygdala in the development of emotional and neuroendocrine reactivity to
threatening stimuli in infant and juvenile rhesus monkeys. Hormones and Behavior. 2013; 63:646—
658. [PubMed: 23380162]

39. Kalin NH, Shelton SE, Takahashi LK. Defensive behaviors in infant rhesus monkeys: ontogeny
and context-dependent selective expression. Child Dev. 1991; 62:1175-83. [PubMed: 1756661]

40. Buchanan TW, Tranel D, Kirschbaum C. Hippocampal damage abolishes the cortisol responses to
psychosocial stress in humans. Hormones and Behavior. 2009; 56:44-50. [PubMed: 19281812]

41. Stratmann G, Lee J, Sall JW, Lee BH, Alvi RS, Shih J, Rowe AM, Ramage TM, Chang FL,
Alexander TG, Lempert DK, Lin N, Siu KH, Elphick SA, Wong A, Schnair CI, Vu AF, Chan JT,
Zai H, Wong MK, Anthony AM, Barbour KC, Ben-Tzur D, Kazarian NE, Lee JYY, Shen JR, Liu
E, Behniwal GS, Lammers CR, Quinones Z, Aqgarwal A, Cedars, Yonelinas AP, Ghetti S. Effect
of general anesthesia in infancy on long-term recognition memory in humans and rats.
Neuropsychopharmacology. 2014; 39:2275-87. [PubMed: 24910347]

42. Perouansky M. In science, all facts, no matter how trivial or banal, enjoy democratic equality. Br J
Anaesth. 2014; 112:387-8. [PubMed: 24431362]

43. Yue F, Cheng Y, Breschi A, Vierstra J, Wu W, Ryba T, Sandstrom R, Ma Z, Davis C, Pope BD,
Shen Y, Pervouchine DD, Djebali S, Thurman RE, Kaul R, Rynes E, Kirilusha A, Marinov GK,
Williams BA, Trout D, Amrhein H, Fisher-Aylor K, Antoshechkin I, DeSalvo G, See L-H, Fastuca
M, Drenkow J, Zaleski C, Dobin A, Prieto P, Lagarde J, Bussotti G, Tanzer A, Denas O, Li K,
Bender MA, Zhang M, Byron R, Groudine MT, McCleary D, Pham L, Ye Z, Kuan S, Edsall L,
Wu YC, Rasmussen MD, Bansal MS, Kellis M, Keller CA, Morrissey CS, Mishra T, Jain D,
Dogan N, Harris RS, Cayting P, Kawli T, Boyle AP, Euskirchen G, Kundaje A, Lin S, Lin Y,
Jansen C, Malladi VS, Cline MS, Erickson DT, Kirkup VM, Learned K, Sloan CA, Rosenbloom
KR, Lacerda de Sousa B, Beal K, Pignatelli M, Flicek P, Lian J, Kahveci T, Lee D, Kent WJ,
Ramalho Santos M, Herrero J, Notredame C, Johnson A, VVong S, Lee K, Bates D, Neri F, Diegel
M, Canfield T, Sabo PJ, Wilken MS, Reh TA, Giste E, Shafer A, Kutyavin T, Haugen E, Dunn D,
Reynolds AP, Neph S, Humbert R, Hansen RS, De Bruijn M, Selleri L, Rudensky A, Josefowicz
S, Samstein R, Eichler EE, Orkin SH, Levasseur D, Papayannopoulou T, Chang KH, Skoultchi A,
Gosh S, Disteche C, Treuting P, Wang Y, Weiss MJ, Blobel GA, Cao X, Zhong S, Wang T, Good
PJ, Lowdon RF, Adams LB, Zhou XQ, Pazin MJ, Feingold EA, Wold B, Taylor J, Mortazavi A,
Weissman SM, Stamatoyannopoulos JA, Snyder MP, Guigo R, Gingeras TR, Gilbert DM,
Hardison RC, Beer MA, Ren B, Mouse ENCODE Consortium. A comparative encyclopedia of
DNA elements in the mouse genome. Nature. 2014; 515:355-364. [PubMed: 25409824]

44. Watson KK, Platt ML. Of mice and monkeys: using non-human primate models to bridge mouse-
and human-based investigations of autism spectrum disorders. Journal of Neurodevelopmental
Disorders. 2012; 4:1-10. [PubMed: 22958445]

45. DeFrances CJ, Cullen KA, Kozak LJ. National Hospital Discharge Survey: 2005 annual summary
with detailed diagnosis and procedure data. Vital Health Stat. 2007; 13:1-209.

46. Tzong KYS, Han S, Roh A, Ing C. Epidemiology of pediatric surgical admissions in US children:
data from the HCUP kids inpatient database. J Neurosurg Anesthesiol. 2012; 24:391-5. [PubMed:
23076227]

Anesthesiology. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Raper et al.

A. Vocalizations

+
LT 0

Alone Profile Stare Alone Profile Stare

N
N
S
,
EM
»
S
S

E
N
S
&

L
S
-
o
S

=
h
=)
"
—_
[
=]

w0
N
!

Mean Frequency +
-
>
-
.
Mean Duration (sec) +
- ®
< =]

Control Anesthesia

C. Hostility
+ p=0.06

90 - 36
=
Z 7 = 30
‘fl +
2 24
& 54 g
g s
B g 18
£ 36 4 =
= £ 12
H 3
<
3 =
= 18 A 6
0 4 0
Alone Profile Stare  Alone Profile Stare
Control Anesthesia

Figure 1.

B. Freezing
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Emotional behavior responses on the Human Intruder paradigm: mean * standard error of
the mean (SEM) vocalizations (A), freezing (B), hostility (C), and anxiety (D). Anxiety
behavior expression was transformed (LN x + 1) for data analysis, nontransformed data is

graphed. Control animals are represented by open bars and anesthesia animals are

represented by closed bars. There was a significant Condition effect for all four behaviors. *
indicates a significant group difference (p<0.05), and t indicates a nonsignificant group

difference (p=0.06) with a large effect size.
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Physiological measures during anesthesia compared to normal physiology.

Table 1

First Anesthesia | Second Anesthesia | Third Anesthesia
(P6-10) (14 days after first) | (28 daysafter first)
Mean sb Mean o] Mean sb
End tidal CO,
(mm Hg) 37.55 3.54 39.72 3.18 37.72 1.78
Respiration rate
(breaths/minute) 52.53 11.31 | 45.19 791 43.07 10.40
Oxygen saturation of
hemoglobin (%) 96.76 1.53 97.22 1.71 98.48 1.17
Pulse rate
(beats/minute) 152.57 | 22.24 | 158.86 15.39 160.05 18.79
Rectal temperature
(degrees Celsius) 37.09 0.38 37.19 0.30 37.11 0.33
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) 56.37 19.76 | 52.09 17.55 55.43 13.99
Blood pH 7.38 0.03 7.39 0.05 741 0.03

P6-10 = postnatal day 6-10; SD = standard deviation
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Table 2
Behavioral Ethogram
Category and specific behavior M easur ement Brief Definition
Vocalization Behaviors Cumulative Frequency
Coo frequency Clear soft, moderate in pitch and
intensity, usually “oooooh” sounding
Scream frequency High pitch, high intensity screech or
loud chirp
Fearful Defensive Behaviors
Freeze duration Rigid, tense, motionless posture

Hostile Defensive Behaviors

Threat Bark

Threat (facial expression)

Cage Aggression

Lunge

Anxious Behaviors

Scratch

Body Shake

Tooth Grind

Yawn

Cumulative Frequency

frequency

frequency

frequency
frequency

Cumulative Frequency

frequency

frequency

a
frequency

frequency

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

Rapid scratching of body with hands
or feet

Whole body or just head and
shoulder region shakes

Repetitive, audible rubbing of upper
& lower teeth

Open mouth widely, exposing teeth

List of all behaviors scored, how they are measured and a brief definition.

a . . .
Behavior for which total duration was also measured.
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