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Abstract

Background—The majority of studies evaluating neurocognition in humans who had procedures
under anesthesia early in life found long-term deficits even though the typical anesthesia duration
normalized to the human life span is much shorter than that shown to induce developmental
abnormalities in rodents. Therefore, we studied whether subsequent environmental stressors
contribute to deficiencies programmed by a brief neonatal etomidate exposure.

Methods—~Postnatal days (P) 4, 5, or 6, Sprague-Dawley rats, pretreated with vehicle or the Na*-
K+-2CI~ (NKCC1) inhibitor, bumetanide, received two injections of etomidate resulting in
anesthesia for 2 h. To simulate stress after anesthesia, the animals were exposed to a single
maternal separation for 3 h at P10. 3—7 days after exposure to etomidate the rats had increased
hypothalamic NKCC1 mRNA and corticotropin releasing hormone (CRH) mRNA and decreased
K*-2CI~ (KCC2) mRNA levels with greater changes in males. In rats neonatally exposed to both
etomidate and maternal separation, these abnormalities persisted into adulthood. These animals
also exhibited extended corticosterone responses to restraint stress with increases in total plasma
corticosterone more robust in males, as well as behavioral abnormalities. Pretreatment with the
NKCC1 inhibitor ameliorated most of these effects.
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Conclusions—Post-anesthesia stressors may exacerbate/unmask neurodevelopmental
abnormalities even after a relatively short anesthetic with etomidate, leading to dysregulated stress
response systems and neurobehavioral deficiencies in adulthood. Amelioration by bumetanide
suggests a mechanistic role for etomidate-enhanced gamma-aminobutyric acid type A receptor-
mediated depolarization in initiating long-lasting alterations in gene expression that are further
potentiated by subsequent maternal separation.

Etomidate; Maternal separation; Environmental factor; Developing brain; Behavior; Stress

1. Introduction

One and a half million neonates and infants are exposed to general anesthesia annually in the
United States alone (Servick, 2014). Most retrospective epidemiological studies of patients,
who had medical procedures requiring general anesthesia before 1-4 years of age, found
significant subsequent neurocognitive deficiencies in late childhood or adolescence (for
review see Creeley, 2016). The possibility of anesthetic-induced developmental
abnormalities is strongly supported by the results of numerous laboratory studies of healthy
animals, though the full range of neonatal anesthesia-induced changes and underlying
mechanisms remain poorly understood even in animal models (for review see Walters and
Paule, 2016). Many factors influence the developmental outcome of anesthetic exposure in
animals, one of which is the duration of anesthesia. Given that life expectancy in humans is
20-35 times longer than in rodents, the typical anesthesia duration in humans, normalized to
the species’ life span, is much shorter than that shown to induce developmental
abnormalities in rodents (Stratmann et a/., 2009). This observation suggests that additional
factors contribute to developmental abnormalities initially programmed by early life
exposures to general anesthetics.

We recently demonstrated that relatively long (5-6 h) exposures of neonatal rats to either
sevoflurane or propofol, two different anesthetics that share the ability to enhance gamma-
aminobutyric acid type A receptor (GABAAR) activity, induced long-term neurobehavioral
and neuroendocrine abnormalities, including exacerbated endocrine responses to stress in
adulthood (Tan et al., 2014; Xu et al., 2015). These abnormalities were reminiscent of those
induced by excessive postnatal stress, such as repeated maternal separations throughout the
first weeks of life (Patchev et al., 1997; Brunson et al., 2005), suggesting that the
developmental effects of anesthesia and environmental stressors early in life share similar
underlying mechanisms and that they may interact to induce a combined effect. The
combined effect of early life exposure to general anesthesia and environmental stressors may
be of special translational relevance because many infants, who require general anesthesia,
are inevitably exposed in their lives to environmental stressors, such as diseases, pain, or
psychosocial stress. Given the frequency of anesthesia in the youngest patients, elucidating
how GABAergic anesthetics predispose to dysregulated stress responses is of even broader
translational significance, because dysregulated stress responses were linked to a number of
developmental neurocognitive and neuropsychiatric disorders (Sanchez et al., 2001).
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To investigate the developmental effects of a combination of a relatively short exposure to
general anesthesia and a subsequent environmental stressor that may not be sufficient to
induce developmental abnormalities by themselves, we exposed neonatal rats to 2 h
anesthesia with etomidate and then to a single maternal separation. To investigate the role of
etomidate-induced enhancement of GABAR-mediated depolarizing/stimulatory signaling
in the developmental effects, a subgroup received the Na*-K*-2CI~ (NKCC1) transporter
inhibitor, bumetanide, prior to administration of etomidate. Bumetanide exhibited promising
therapeutic effects not only in animal models, but also in human studies of diseases, such as
autism spectrum disorders (ASD), schizophrenia, Rett syndrome, and others, in which
abnormal GABAR-mediated depolarization - determined by an increased NKCC1/
K*-2CI~ (KCC2) ratio - may play an etiological role (Cellot and Cherubini, 2014; Tyzio et
al., 2014; Lemonnier et al., 2013; Lemonnier et al., 2016). Similarly, we found a protective
effect of bumetanide against the developmental effects of GABAergic anesthetics (Xu et al.,
2015). Etomidate, despite its infrequent use in pediatric anesthesia, possesses ideal
properties for the initial testing of this hypothesis. Like propofol, etamidate selectively
enhances GABAAR activity, but unlike propofol disrupts the adrenal synthesis of
corticosterone by inhibiting 11-B-hydroxylase (Vanlersherg and Camu, 2008). Because of
these combined actions, etomidate may induce greater activation of the limbic-
hypothalamic-pituitary-adrenal (LHPA) axis in neonatal rats by combining direct etomidate-
induced enhancement of GABA pR-mediated depolarization/stimulation in the hypothalamus
and reduced negative feedback because of inhibited synthesis of adrenal corticosterone. In
addition, the etomidate-caused inhibition of 11-B-hydroxylase increases substrate
availability for synthesis of GABAergic neuroactive steroids, which by enhancing
GABAR-mediated depolarization/stimulation in the hypothalamus of neonatal rats may
further increase production of corticotropin-releasing hormone (CRH) (Kaminski and
Rogawski MA, 2001). An increase in CRH production is not only a crucial initial step in the
activation of the LHPA axis by stress, but may also contribute to a number of
neurodevelopmental abnormalities by acting outside of the LHPA axis (Toth et a/., 2014;
Flandreau et al., 2015; Zhang et al., 2016).

2. Methods and Materials

2.1. Animals

All experimental procedures were approved by the University of Florida Institutional
Animal Care and Use Committee. Sprague-Dawley rats were housed under controlled
illumination (12-h light/dark, lights on at 7:00 a.m.) and temperature (23-24 °C) with free
access to food and water. Within 24 h of delivery, litters were culled to 12 pups. At the age
of 21 days, pups were weaned and housed in sex-matched groups of two for the rest of the
study. To control for litter variability, pups from the same litter were used for different
treatment conditions. Multiple sets of animals were used in the experiments. The data
reported in this study were collected from 109 male and 111 female rats.

2.2. Treatment groups

Two cohorts of animals were studied. Neonatal rats in cohort one (5 animals per sex, per
treatment, and per time period) were used for gene expression studies to determine
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etomidate-induced changes immediately and 3-7 days after exposure to etomidate, the time
period at which maternal separation was administered (Fig. S1, Table S1). Rats in cohort
two (15-17 animals per sex and per treatment) were used for behavioral and neuroendocrine
studies, as well as for gene expression measurements in adulthood (Fig. S1, Table S2).
Separate animals were used in Cohort 1 and 2. During etomidate anesthesia at P4, P5 or P6
or maternal separation at P10 male and female rat pups were kept in a temperature-
controlled chamber (+37 °C) with a continuous supply of 30% oxygen in air. Gas
monitoring was performed using a calibrated Datex side stream analyzer (Datex-Ohmeda,
Helsinki, Finland). The Etomidate (ET) group received 8 mg/kg of etomidate
intraperitoneally (IP) for induction of anesthesia followed by second injection of etomidate
(4 mg/kg, IP) 50 min after the first administration. These two doses of etomidate together
were sufficient to anesthetize the pups for 2 h, the period during which they did not exhibit a
righting reflex, but responded to tail clamp. Based on measurement of the time to loss and
return of righting, the presence or absence of a response to tail clamp, the absence of
respiratory depression, and EEG activity, we found that the two injections of etomidate
induced a depth of anesthesia for a total of 2 h that is in a similar range to that induced by
2.1% sevoflurane (Edwards et al., 2010; Cao et al., 2012; Xu et al., 2015). Sevoflurane at
2.1% is near 0.6 minimum alveolar concentration for P4—P6 rats (Orliaguet et a/., 2001).
Previously we have shown that blood glucose and gas levels after anesthesia with 2.1%
sevoflurane for 6 h were in the normal range (Edwards et a/., 2010). To simulate stress after
anesthesia, half of the animals in the ET group were subjected to maternal separation for 3 h
at P10 i.e., the ET plus maternal separation group (ET + SEP group). The control animals
were subjected to animal facility rearing only. To study the role of etomidate-enhanced
GABAR-mediated depolarization, a subgroup of rats from the ET + SEP group received a
single injection of the NKCCL1 inhibitor, bumetanide (1.82 mg/kg, IP, Ben Venue
Laboratories, Inc., Bedford, OH), 15 min prior to initiation of anesthesia with etomidate, the
Bumetanide plus ET + SEP group (Bu + ET + SEP group). Bumetanide in this
concentration/dose range is widely used as the most selective currently available inhibitor of
NKCC1 in both animal and human studies (Cellot and Cherubini, 2014; Tyzio et al., 2014;
Lemonnier ef al., 2013; Lemonnier et al., 2016; Xu et al., 2015; Tan et al., 2014). In order to
control for the injections of bumetanide prior to anesthesia, all treatment groups except the
Control group received equal volumes of saline (IP) at P4, P5 or P6.

Adult rats were sequentially evaluated in the elevated plus maze (EPM) starting at P60, for
prepulse inhibition (PPI) of the acoustic startle response at P70 and for the corticosterone
response to physical restraint for 30 min at =P120 (Fig. S1). The animals in cohort two were
sacrificed one week after the last /7 vivotest to collect brain tissue samples.

2.3. Basal and stress-induced activity of the LHPA axis

For measurements of basal diurnal corticosteroid secretion, blood was collected on two
different days between 7:00 and 9:00 am and 7:00 and 9:00 pm, respectively. One week
later, the acute stress-induced release of corticosterone was studied after subjecting the
animals to physical restraint for 30 min. Blood samples (~300 pL) were collected at 10, 60,
and 120 min after the restraint. Physical restraint was administered using rodent holders
(Kent scientific Corporation, Torrington, CT). Blood sampling was done using the “tail clip”
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method. Serum corticosterone was measured using commercial ELISA kits (Cayman
Chemical Company, Ann Arbor, MI) following the manufacturer’s instructions.

2.4. Behavioral Tests

Assessment of behavior in the EPM—The EPM studies were performed using the
EPM apparatus and BIO-EPM 3C video tracking software (EB Instruments, Pinellas Park,
FL) during the light phase of the dark-light cycle as previously described by our laboratory
(Xu et al., 2015). If a fall occurred, the animal was removed from the study (3 males and 4
females were removed from the study).

Measurements of the acoustic startle response and PPI of startle—The PPI of
startle tests were performed using the SR-Lab startle apparatus (San Diego Instruments, San
Diego, CA) as previously described by our laboratory (Edwards et al., 2010; Cao et al.,
2012). The %PPI for each prepulse level was calculated using the following formula: %PPI
=100x [(pulse alone) - (prepulse + pulse)]/pulse alone (Geyer and Dulawa, 2003). Data
were collected as Vi, amplitude.

Analyses of mRNA levels for NKCC1, KCC2 and CRH—The mRNA levels for
CRH, NKCC1, and KCC2 in the hypothalamus were analyzed via reverse transcription-PCR
(QRT-PCR) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City,
CA, USA). RNA was extracted from the samples using an RNeasy Plus Kit (Qiagen,
Valencia, CA, USA), reverse transcribed with a high-capacity cDNA reverse transcription kit
(Bio-Rad Laboratories, Hercules, CA, USA), and then analyzed via qRT-PCR.
Oligonucleotide primers and Tagman probes specific for the above genes were obtained
from Applied Biosystems (Carlsbad, CA, USA): CRH (Rn01462137_m1), NKCC1
(Rn00582505_m1), KCC2 (Rn00592624 m1). Data were normalized to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA (Rn01775763_g1). Gene expression was
calculated using the AACT method and data was presented as relative fold change from that
of control animals.

2.5. Statistical Analysis

Values are reported as mean + SEM. Statistical analyses were carried out on raw data using
JMP Pro 12 software (SAS Institute Inc., Cary, NC). General linear models with
experimental groups and sex as main effects, and a group X sex interaction, were run for
outcomes. Mixed models for repeated measures were used to analyze the serum
corticosterone data, with morning corticosterone concentration, time post stress, sex, and
treatment as main effects. By including morning corticosterone concentration, the model is
accounting for the effect of pre-stress serum corticosterone on the response to stress.
Interactions among treatment group, sex, and time were modeled to assess how the time
course of the corticosterone response after stress differed due to both treatment and sex.
Additionally, to assess differences in total corticosterone concentrations, area under the
curve in respect to ground (AUCg) was calculated and compared across experimental groups
and sexes (Pruessner et al., 2003). Sex and group differences in baseline corticosterone were
assessed with Student’s t-test and ANOVA. For all analyses, posthoc pairwise comparisons
were done with the Tukey-Kramer method, which also adjusts analyses for multiple
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comparisons. All comparisons were run as two-tailed tests. P < 0.05 was considered
significant.

3. Results

3.1. Neonatal anesthesia with etomidate alters gene expression for CI™ transporters and
CRH in the hypothalamus of rat pups

There were significant treatment effects on hypothalamic NKCC1 mRNA levels at P4-6
(F(2,23) = 3.951, P = 0.034) and at P9-11 (F(,,23) = 13.826, P < 0.001), but no significant sex
X treatment interaction at either time point (Fig. 1A-D).

Rat pups exposed to etomidate anesthesia, exhibited reduced the KCC2 mRNA levels in the
hypothalamus only at P9-P11 (F(2 24y = 7.337, P =0.003; Fig. 2E-H), specifically in
comparison to control (P=0.003); bumetanide did not decrease the effect of etomidate on
KCC2 mRNA levels (P = 0.032 vs Control, and P = 0.583 vs ET; Fig. 1G,H). There was no
significant sex X group interaction.

The resulting NKCC1/KCC2 mRNA ratios, however, were increased in both sexes
immediately after etomidate anesthesia (F(2,23) = 7.210, P = 0.004; Fig. 11,J) and 3-7 days
after exposure to the anesthetic (F(,,23) = 43.067, P < 0.001; Fig. 1K,L). The increases in the
hypothalamic NKCC1/KCC2 mRNA ratios were greater in males than in females 3-7 days
after exposure to the anesthetic (F(2 23) = 10.768, P < 0.001), but not immediately after
anesthesia (F(2 23) = 2.475, P = 0.106). Bumetanide alleviated the effects of etomidate in
males (P = 0.070 vs Control, and P < 0.001 vs ET), but not in females (P = 0.158 vs Control,
and P = 0.886 vs ET,; Fig. 1K,L).

There were no treatment effects on the hypothalamic levels of CRH mRNA immediately
after etomidate anesthesia (F(2 24) = 0.782, P = 0.469; Fig. 2A,B). In contrast, a significant
group X sex interaction in hypothalamic levels of CRH mRNA was observed at P9-P11
(F(2,24) = 4.330, P = 0.0248; Fig. 2C,D). Etomidate increased the hypothalamic levels of
CRH mRNA only in males (P < 0.0001; Fig. 3C), with this increase attenuated in females (P
=0.1466; Fig. 2D). Bumetanide alleviated the effects of etomidate in males (P = 0.891 vs
Control, and P < 0.001 vs ET).

3.2. Anesthesia with etomidate at P4, P5 or P6 and subsequent maternal separation at P10
induce profound alterations in gene expression for the CI~ transporters and CRH in the
hypothalamus of adult rats

Two way ANOVA revealed a significant group X sex interaction on hypothalamic NKCC1
mMRNA levels in adult rats (F4,40) = 8.078, P < 0.001, Fig. 3A, B). Compared to control,
only the group exposed to both etomidate and maternal separation exhibited increased
hypothalamic NKCC1 mRNA levels in males (P < 0.001), with a trend in females (P =
0.054). This increase was greater in males than females (P < 0.001). Bumetanide normalized
these increases in males (P < 0.001 vs ET + SEP, P = 0.109 vs Control; Fig. 3A) and in
females (P = 0.001 vs ET + SEP, and P=0.927 vs Control; Fig. 3B).
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The hypothalamic levels of KCC2 mRNA were reduced in the etomidate-anesthetized
maternally separated group (F4 40y = 10.057, P < 0.001; Fig. 3C,D), with no group X sex
interaction (F(4 40) = 1.417, P = 0.246). Bumetanide normalized the reduced hypothalamic
KCC2 mRNA level (P <0.001 vs ET + SEP, and P = 0.393 vs Control; Fig. 3C,D).

The resulting NKCC1/KCC2 mRNA ratios were increased in etomidate-anesthetized
maternally separated rats (F(4 40y = 34.365, P < 0.001; Fig. 3E,F) with greater increases in
males (F(4,40) = 8.457, P < 0.001; Fig. 4E,F). Bumetanide alleviated the increases in the
hypothalamic NKCC1/KCC2 mRNA ratios in both males (P < 0.001) and females (P <
0.001) (Fig. 3E,F).

Adult rats neonatally exposed to both etomidate and maternal separation exhibited increased
hypothalamic CRH mRNA levels (F(4 40) = 21.514, P < 0.001; Fig. 4A,B), with greater
increases in males than females (group x sex interaction: F4 40y = 2.993, P = 0.030; Fig. 4A,
B). Such increases were attenuated in male rats pretreated with bumetanide (P = 0.004 vs ET
+ SEP; Fig. 4A), but not in females (P = 0.976 vs ET + SEP; Fig. 4B).

3.3. Anesthesia with etomidate at P4, P5 or P6 and subsequent maternal separation at P10
induce extended endocrine responses to stress and behavioral abnormalities in adult rats

Female adult rats had higher corticosterone concentrations at rest and after stress than their
male counterparts (P < 0.001; Fig. 5). Evening and morning serum levels of corticosterone at
rest were similar among all experimental groups within the same sex (Fig. 5A,B). Analysis
of the corticosterone responses to restraint stress revealed a significant time X group X sex
interaction, indicating joint treatment and sex differences in the magnitude and time course
of corticosterone responses (F(g 141) = 2.234, P = 0.023). Adult male rats neonatally exposed
to both etomidate and maternal separation had the greatest total corticosterone response
(measured as AUCQ) in (P = 0.002 vs. Control, P < 0.001 vs. SEP only and BU + ET + SEP
groups; Fig. 5C). Neonatal pretreatment with bumetanide normalized the adult stress
response of etomidate-anesthetized maternally-separated rats (P=1.0 vs. Control). Similar to
male rats, in female rats the total corticosterone response (AUCg) was also greater in
etomidate-anesthetized maternally-separated rats (P < 0.001 vs. BU + ET + SEP; P = 0.035
vs. SEP, but P = 0.130 vs. Control; Fig. 5D). Peak corticosterone levels in female rats were
not significantly different in any experimental group 10 min after restraint stress(P = 0.05),
except in the BU + ET + SEP group, which was lower when compared to all other
experimental groups of female rats (P < 0.001).

Rats neonatally exposed to etomidate anesthesia and then to maternal separation at P10
exhibited reduced PPI of the acoustic startle response only at lowest prepulse intensity (3
dB) when compared to rats in the Control (P = 0.002), SEP (P = 0.006), and BU + ET + SEP
(P = 0.002) groups, but not in the ET only group (P = 0.14) (Fig. S2). Group X sex
interaction was not significant (F4,150) = 0.622, P = 0.647). The PPI responses at prepulse
intensities of 6 dB and 12 dB were similar across all treatment groups and between sexes.

In the elevated plus maze, adult male rats from all treatment groups traveled similar total
distances, but the ET + SEP group spent a shorter time in open arms of the EPM when
compared to male rats from the Control (P < 0.001) and BU + ET + SEP (P = 0.001) groups,
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with no treatment effects in distance covered (Fig. 6A,B). Adult female rats from all
experimental groups were similar in terms of total distance covered and time spent in open
arms of the EPM (Fig. 6C,D).

4. Discussion

We report profound, sex-dependent effects of etomidate in neonatal rats on NKCC1/KCC2
mRNA ratios and CRH mRNA levels in the hypothalamus and a further potentiation of these
effects by a single stressor, an episode of maternal separation. These effects were more
prominent in male rats. The persistent sex-dependent increases in the NKCC1/KCC2 mRNA
ratio and CRH mRNA level in the hypothalamus of adult rats, neonatally exposed to
etomidate anesthesia followed by maternal separation, were accompanied by extended
neuroendocrine responses to acute stress and behavioral abnormalities, suggesting a causal
link. Such a link is further supported by the finding that the NKCC1 inhibitor, bumetanide,
largely prevented etomidate’s effects in neonatal rats. Likewise, bumetanide diminished the
effects of neonatal etomidate exposure combined with maternal separation, at both the
molecular and systemic levels in adult rats. Amelioration by bumetanide suggests that
anesthetic-enhanced GABAaR-mediated depolarization/excitation may be one of the initial
steps in these developmental effects. Significant alterations in gene expressions,
neuroendocrine and neurobehavioral abnormalities in adult rats neonatally exposed to
etomidate anesthesia and a single maternal separation suggest that even relatively mild
environmental stressors may reveal long-term developmental abnormalities initiated by a
relatively short exposure to a general anesthetic during an early period of life, and that a
neonatally administered anesthetic may program abnormal functioning of the stress response
systems and behavioral deficiencies in adulthood.

The increased hypothalamic NKCC1/KCC2 mRNA ratios resulted from increased levels of
NKCC1 mRNA as well as decreased levels of KCC2 mRNA in male and female rat pups
with greater effects 3—7 days after etomidate exposure than immediately after anesthesia.
These findings imply that etomidate may induce developmental abnormalities through a
previously unknown long-lasting alteration in gene expression. The depolarizing/stimulatory
action of GABA in immature rat hypothalamic neurons (Gao and van den Pol, 2001), and
preventive effects of bumetanide on the etomidate-induced alterations in gene expressions,
suggest that etomidate induces these changes, at least in part, by enhancing GABAAR-
mediated stimulation. The transition in GABAaR-mediated signaling from stimulatory to
inhibitory occurs later in male than female rats (Akman et a/., 2014), and thus may explain
the more prominent etomidate-induced abnormalities in males. Different types of stress,
including early life stress, may increase the NKCC1/KCC2 ratio, impair GABAR-mediated
inhibition and increase CRH levels (O’Malley et al., 2011; Veerawatananan et al., 2015; Gao
et al., 2016). Hence, the increases in the NKCC1/KCC2 ratio and CRH mRNA in the
hypothalamus caused by etomidate support the mechanistic plausibility of cumulative
developmental effects of anesthesia with etomidate and subsequent early life stress.

The inhibitory control of the CRH-secreting hypothalamic paraventricular neurons (PVN) by
GABAR-mediated signaling and the positive modulation of this signaling by neuroactive
steroids is one of the fundamental mechanisms of adaptation to stressful stimuli. Because of
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the depolarizing/stimulatory action of GABA in immature rat hypothalamic neurons (Gao
and van den Pol, 2001), both neuroactive steroids and GABAeric anesthetics are likely to
further up-regulate or in the case of GABAergic anesthetics initiate CRH release and
systemic stress responses. Also, the delayed returns to baseline of restraint stress-induced
corticosterone responses in male and female adult rats neonatally exposed to etomidate and
maternal separation may be, at least in part, due to an increased hypothalamic NKCC1/
KCC2 ratio and impaired neuroactive steroid-based GABAR-mediated negative feedback.
Higher sensitivity of adrenal glands to LHPA axis hormones in female rats (Figueiredo et al.,
2007) may explain that corticosterone responses to acute stress were similarly extended in
females, despite smaller increases in the NKCC1/KCC2 mRNA ratios. In line with
significantly greater increases in the NKCC1/KCC2 mRNA ratios and CRH mRNA levels in
hypothalamus of male rats neonatally exposed to etomidate and maternal separation, long-
term alterations in behavior, such as reduction in the PPl and decrease in time spent in open
arms of the EPM were more prominent in males, the effects that were ameliorated by
pretreatment with bumetanide.

Dysregulation of the neuroendocrine response to stress and excessive CRH production,
programmed by adverse early-life experiences, are thought to contribute to a wide spectrum
of stress-related cognitive disorders, including depression, posttraumatic stress disorder, and
schizophrenia (Lupien et al.,, 2009; Baram et al., 2012; Franklin ef a/., 2012). Our current
findings add a new type of early life experience, namely neonatal exposure to general
anesthesia, as an early programming event that may contribute to stress-related cognitive
disorders. These effects may be further reinforced by subsequent life stressors. This can be a
phenomenon of paramount importance given that every fourth newborn is exposed to
general anesthesia during the first 12 months of life and, according to a UNICEF report,
more than 50% of the world’s children live in conditions of chronic stress (UNICEF, 2005).
Long-lasting and/or repeated episodes of stress caused by diseases, pain, maternal
deprivation, psychological stress, etc. that children may experience in their lives may have a
more profound exacerbating effect in comparison with the single episode of stress to
otherwise healthy animals tested in this study. In future studies, it will be important to
determine if different paradigms of post anesthesia stress that more closely model the
stressful conditions human subjects may experience in their lives may exacerbate
developmental effects, initially programmed by even shorter anesthetic exposures”.

This study provides experimental evidence that a combination of relatively short exposure to
the GABAergic anesthetic etomidate and subsequent single maternal separation, induces
long-term developmental sex-dependent abnormalities similar, but not identical, to those
induced by relatively long exposures to sevoflurane (Xu et a/., 2015) or propofol (Tan et al.,
2014), suggesting the possibility of a general phenomenon. This is an initial basic science
study designed to elucidate a tremendously complex translational problem. Even though
etomidate is infrequently used in pediatric/neonatal surgery, comparison of the
developmental effects of sevoflurane, the most widely used anesthetic in pediatric
anesthesia, whose polyvalent actions include enhancement of GABAAR activity, propofol,
the most frequently used intravenous anesthetic with a selective GABAR-mediated action,
and etomidate, an anesthetic with a GABAergic mechanism of action similar to propofol
that, in contrast to propofol, is known to disrupt the adrenal synthesis of corticosteroids
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(Vanlersberg and Camu, 2008), but is likely to activate the remainder of the LHPA axis more
than the other two anesthetics (see Introduction), represents a unique experimental tool to
elucidate relative role of GABAAR signaling and stress response systems in the
developmental effects of these three important general anesthetics. The current study
suggests an important role for environmental stressors in determining the developmental
outcome of exposure to general anesthetics early in life and for a contribution of neonatal
anesthesia in the dysregulation of the stress response system and neurobehavioral
deficiencies in adulthood. Our findings inform about specific molecular mechanisms that
may be involved in the mediation of these effects. Etomidate-induced increases in the
NKCC1/KCC2 mRNA ratio and in levels of CRH mRNA in the hypothalamus of neonatal
rats that persist into adulthood may represent mechanisms that contribute to neuroendocrine
and neurobehavioral abnormalities initially programmed by neonatal anesthesia and then
further exacerbated by sub-threshold environmental stressors. Our findings provide support
for the possibility that CI™ transporters, especially the NKCC1 CI~ importer, represent a
promising therapeutic target for the prevention of neonatal anesthesia-programmed
neurodevelopmental abnormalities and suggest new measurements, in addition to
neurocognitive tests, to be performed in human studies, e.g. measurements of PPI and stress
responses, to evaluate developmental effects of neonatal anesthesia.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Post-anesthesia stressor may exacerbate/unmask neurodevelopmental
abnormalities even after a relatively short anesthetic with etomidate

. Adult rats, neonatally exposed to etomidate and later to maternal separation,
had increased hypothalamic Na*-K*-2CI~ (NKCC1) mRNA and corticotropin
releasing hormone mRNA and decreased K*-2CI~ (KCC2) mRNA levels

. The alterations in gene expression were accompanied by extended
neuroendocrine responses to acute stress and behavioral abnormalities

. The neuroendocrine and behavioral abnormalities were greater in males

. Pretreatment with the NKCC1 inhibitor, bumetanide, ameliorated most of
these effects
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Figure 1.

Anesthesia with etomidate for 2 h at postnatal days (P) 4, 5 or 6 increased hypothalamic
levels of Na*-K*-2CI~ (NKCC1) mRNA, and reduced hypothalamic levels of K*-2CI~
(KCC2) mRNA in male and female rat pups. Shown are the respective NKCC1 and KCC2
MRNA levels (A—H) and the resulting NKCC1/KCC2 mRNA ratios (I-L). Etomidate
increased hypothalamic NKCC1 mRNA levels in male and female pups 3-7 days after the
anesthetic when compared to that of control pups (P < 0.001) and bumetanide-pretreated
etomidate-anesthetized pups (P = 0.012), whereas the increase immediately after anesthesia
was significant only compared to that of control pups (P = 0.034). Bumetanide alleviated the
effects of etomidate on the NKCC1/KCC2 mRNA ratio 3—7 days after exposure to the
anesthetic in males (P <0.001 vs Etomidate (ET), but P = 0.07 vs Control), but not in
females (P = 0.016 vs Control, and P = 0.886 vs ET). Data normalized against Control are
means = SEM from 5 rats per treatment group. *P < 0.05 vs. Control, and Bumetanide (BU)
+ET; #P < 0.05 vs. Control; @P < 0.001 vs. female ET group.
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Figure 2.
Anesthesia with etomidate for 2 h at postnatal days (P) 4, 5 or 6 increased hypothalamic

levels of corticotropin releasing hormone (CRH) mRNA in male and female rat pups with
greater increases in males. These effects were alleviated by pretreatment with bumetanide
prior to anesthesia with etomidate. The brain hypothalamus tissue samples were collected ~2
h after the onset of anesthesia with etomidate (P4-P6) or 3—7 days later (P9-P11) for gRT-
PCR analyses. Shown are the levels of CRH mRNA at P4-P6 (A-B) and P9-P11 (C-D).
Bumetanide alleviated the effects of etomidate in males (P = 0.89 vs Control, and P < 0.001
vs Etomidate (ET)) but not in females (P = 0.999 vs Control, and P = 0.14 vs ET). Data
normalized against control are means + SEM from 5 rats per treatment group. *P < 0.05 vs.
Control, and BU + ET; @P < 0.05 vs. female ET group.
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Figure 3.
Anesthesia with etomidate for 2 h at postnatal days (P) 4, 5 or 6 followed by maternal

separation for 3 h at P10 lead to increased hypothalamic levels of Na*-K*-2CI~ (NKCC1)
mRNA reduced hypothalamic levels of K*-2CI~ (KCC2) mRNA in adult male and female
rats. These effects were alleviated by pretreatment with bumetanide prior to anesthesia with
etomidate. Shown are the respective levels of NKCC1 mRNA (A,B) and KCC2 mRNA
(C,D), and the resulting NKCC1/KCC2 mRNA ratios (E,F). Bumetanide prevented the
increases in the hypothalamic NKCC1/KCC2 mRNA ratios in males (P < 0.001 vs
Etomidate (ET) + Maternal Separation (SEP), and P = 0.506 vs Control) and females (P <
0.001 vs ET + SEP, but P=0.0012 vs Control). Data normalized against control are means +
SEM from 5 rats per treatment group. *P < 0.05 vs. all treatment groups in males and vs.
Control, and Bumetanide (BU) + ET + SEP in females; #P < 0.05 vs. all groups, except

ET; @P < 0.05 vs. female ET + SEP group.
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Figure 4.
Anesthesia with etomidate for 2 h at postnatal days (P) 4, 5 or 6 followed by maternal

separation for 3 h at P10 lead to increased hypothalamic levels of corticotropin releasing
hormone (CRH) mRNA in adult male and female rats, with greater effects in male rats.
Shown are the respective levels of CRH mRNA in male (A) and female (B) rats. Data
normalized against control are means + SEM from 5 rats per treatment group. *P < 0.05 vs.
all treatment groups except Etomidate (ET) only group; #P < 0.05 vs. Control group; @P =
0.004 vs. female ET + Maternal separation (SEP) group.
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Figure 5.
Anesthesia with etomidate for 2 h at postnatal days (P) 4, 5 or 6 followed by maternal

separation for 3 h at P10 lead to increased serum levels of corticosterone after physical
restraint for 30 min in adult male and female rats. These effects were alleviated by
pretreatment with bumetanide prior to anesthesia with etomidate. Shown are the respective
levels of serum corticosterone in male (A) and female (B) rats across each collection point,
as well as the total corticosterone response (AUCg in male (C) and female (D) rats. Morning
measurements were taken as baselines for calculations of the total corticosterone responses.
Data are means + SEM from 9 male rats per treatment group and from 6 female rats per
treatment group, except the Bumetanide (BU) + Etomidate (ET) + Maternal separation
(SEP) group, which had 7 female rats. *P<0.05 vs. Control, SEP, and BU + ET + SEP
groups. #P<0.05 vs. SEP, and BU + ET + SEP groups.
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Anesthesia with etomidate for 2 h at postnatal days (P) 4, 5 or 6 followed by maternal
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separation for 3 h at P10 lead to reduced time spent in open arms of the elevated plus maze
(EPM) in adult male, but not female rats, an effect that was alleviated by pretreatment with
bumetanide prior to anesthesia with etomidate. The EPM tests were performed at P~60.
Shown are % of time spent in open arms of the EPM and distance traveled by male (A,B)
and female (C,D) rats. Data are means + SEM from 14-16 male and 14-17 female rats per
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treatment group. #P < 0.05 vs. Control, and Bumetanide + Etomidate (ET) + Maternal
separation (SEP) groups.
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