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Abstract

Several recent studies suggest that in the human population, a routine, short anesthetic in 

otherwise healthy infants is void of neurodevelopmental insult. On the other hand, many human 

retrospective epidemiological studies report evidence of cognitive abnormalities in children after 

testing those who had different anesthesia-requiring procedures in early childhood. We tested in a 

rat model whether post-anesthesia stressful environmental factors can contribute to developmental 

abnormalities that were initiated by a relatively short exposure to sevoflurane, the most widely 

used anesthetic in pediatric anesthesia, whose polyvalent actions include enhancement of gamma-

aminobutyric acid type A receptor (GABAAR) activity.

Postnatal day 6 (P6) male Sprague-Dawley rats were anesthetized with sevoflurane for 60 min. To 

simulate subsequent stress, the animals were subjected to a single maternal separation for 180 min 

at P10. To study the role of GABAAR-mediated depolarization, subgroups of P6 rats received a 

single injection of the Na+-K+-2Cl− (NKCC1) inhibitor, bumetanide, prior to initiation of 

anesthesia with sevoflurane. Rats that were exposed to sevoflurane had decreased hypothalamic K
+-2Cl− (KCC2) mRNA level (F(2,13) = 3.839, P = 0.049), increased NKCC1/KCC2 mRNA ratio 

(F(2,13) = 5.043, P = 0.024) and increased corticotropin-releasing hormone (CRH) mRNA level 

(F(2,12) = 9.450, P = 0.003) at P10, the age at which maternal separation was imposed. Adult rats, 

neonatally exposed to a combination of sevoflurane and maternal separation, exhibited increases in 

the escape latencies greater than animals exposed to sevoflurane only (P = 0.012), and only rats in 

the sevoflurane plus maternal separation group spent significantly less time in the target quadrant 
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during the Morris water maze test (F(4,55) = 4.856, P = 0.002). Bumetanide ameliorated 

abnormalities induced by sevoflurane and a combination of sevoflurane plus maternal separation.

Neonatal exposure to sevoflurane may sensitize to stressors later in life, and post-exposure stress 

may exacerbate neurodevelopmental abnormalities even after a relatively short exposure to 

sevoflurane in rodents. The NKCC1 downregulation prior to exposure to the anesthetic may be 

therapeutic.
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Introduction

Millions of preemies and neonates require anesthesia for diagnostic and operative 

procedures every year. Numerous studies in species as divergent as rats and rhesus monkeys 

provide strong support for developmental neurocognitive deficiencies induced by neonatal 

exposure to general anesthetics [1–10]. To what extent these data can be applied to human 

patients is currently the subject of vigorous debate [11, 12]. Considering the duration of 

anesthesia relative to a subject’s life expectancy, humans should be much less affected, if at 

all. In line with this possibility, a recent study analyzing the neurocognitive outcomes of a 

single anesthesia exposure for elective inguinal hernia surgery before the age of 3 years of 

otherwise healthy children found no evidence of significant differences in IQ scores in later 

childhood when compared with healthy siblings with no anesthesia exposure [13]. On the 

other hand, several human retrospective epidemiological studies report evidence of cognitive 

abnormalities in children after testing those who had different anesthesia-requiring 

procedures before 3 years of age [14–19]. It is plausible that such abnormalities are the 

result of a cumulative impact initially programmed by neonatal anesthesia exposure and later 

amplified by adverse stressful environmental factors such as diseases and/or various types of 

psychosocial stress. The involvement of environmental factors in modulating the 

neurobehavioral effects of prolonged neonatal anesthesia exposure is supported by the 

results of rodent studies. Thus, neonatal anesthesia-induced neurobehavioral abnormalities 

in rodents were ameliorated and exacerbated by housing the exposed animals in enriched 

and enrichment-deprived environments, respectively [20, 21]. In addition, rats neonatally 

exposed to sevoflurane, an anesthetic whose polyvalent actions include enhancement of 

gamma-aminobutyric acid type A receptor (GABAAR) activity, exhibited exacerbated 

endocrine corticosterone responses to stress in adulthood (with larger increases in male rats), 

suggesting greater vulnerability of the exposed rats to stressful environmental factors later in 

life [9]. Sevoflurane-enhanced GABAAR-mediated signaling, which undergoes a 

fundamental transition from predominantly depolarizing/stimulatory to inhibitory in the rat 

brain during the first two postnatal weeks, may initiate these abnormalities as the Na+-K
+-2Cl− (NKCC1) Cl− importer inhibition prior to anesthesia was protective [9]. The current 

study has been designed to test whether developmental abnormalities programmed by a 

relatively short exposure of postnatal day 6 (P6) rats to sevoflurane, which may not be 

sufficient to induce developmental abnormalities by itself, can be further exacerbated by 
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post-exposure stress. To receive a proof of principle, we tested whether a single episode of 

maternal separation for 180 min at P10, an experience which, like short exposure to 

sevoflurane, may not be sufficient to induce obvious developmental abnormalities, 

contributes to a significant combined effect of the two interventions. At P10, the rat 

hypothalamic GABAAR-mediated signaling already has an adult phenotype, but the stress 

hyporesponsive period (SHRP) is still close to its midpoint, the period of heightened 

vulnerability to maternal deprivation [22]. We also tested whether the effects of neonatal 

anesthesia and post-anesthesia stress can be ameliorated by pretreatment with bumetanide. 

Bumetanide, a loop diuretic, is most selective of currently available NKCC1 inhibitors and is 

widely used in animal and human studies to shift GABAAR-mediated signaling in immature 

neurons to inhibitory [22–28]. Pretreatment with bumetanide ameliorated developmental 

abnormalities, including exacerbated neuroendocrine responses to stress in adulthood, 

induced by prolonged exposures of neonatal rats to sevoflurane [2, 6–10].

Materials and Methods

Animals

The present study was approved by the Ethics Committee of Jinling Hospital, Nanjing 

University, China, and was performed in accordance with the Guide for the Care and Use of 

Laboratory Animals from the National Institutes of Health (Bethesda, Maryland). Sprague-

Dawley rats (dams with pups) were purchased from the Animal Center of Jinling Hospital, 

Nanjing, China, and were housed individually in standard conditions with a 12-h light/dark 

cycle (light from 07:00 to 19:00) at 23 ± 1°C and ad libitum access to food and water. At the 

age of 21 days, pups were weaned and housed in sex-matched groups of three to four for the 

rest of the study. At the beginning of the experiment, the pups were well nourished, as 

judged by their stomachs being full of milk (detectable through the transparent abdominal 

wall). To control for litter variability, several pups from different litters were used for each 

treatment condition. Multiple sets of animals were used in the experiments. The data 

reported in this study was collected from 76 male rats.

Treatment groups

Two cohorts of animals were studied (Table 1). Neonatal rats in cohort 1 were treated at 

postnatal day 6 (P6) and then sacrificed to collect brain tissue at P10, the age at which 

maternal separation was imposed to animals in cohort 2. Rats in cohort 2 were used for 

behavioral studies in adulthood. P6 male rat pups were kept in a temperature-controlled 

chamber (+37 °C) with a continuous supply of oxygen (1.5 L/min) during anesthesia with 

6% sevoflurane (Shanghai Hengrui pharmaceutical Co. Ltd., Shanghai, China) for 3 min for 

anesthesia induction and 2.1% sevoflurane for 57 min for anesthesia maintenance (the 

Sevoflurane group). Gas monitoring was performed using a calibrated Datex side stream 

analyzer (Vamos, Drägerwerk AG & Co., Shanghai, China), which sampled from the interior 

of the animal chamber. According to Orliaguet et al, 2.1% sevoflurane lies near 0.6 

minimum alveolar concentration for P6 rats [29]. At the doses of 2.1 % sevoflurane the pups 

did not exhibit a righting reflex. Previously we have shown that blood glucose and gas levels 

after anesthesia with 2.1% sevoflurane were in the normal range [2]. To simulate post-

anesthesia stress, half of the animals in the Sevoflurane group were subjected to maternal 
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separation (MS) for 180 min at P10 — the Sevoflurane plus MS10 group. To assess the 

effects of MS at P10, a separate group of rat pups was subjected to MS for 180 min at P10 

only — the MS10 group. The control animals were subjected to animal facility rearing only 

— the Control group. To study the role of GABAAR-mediated depolarization, subgroups of 

P6 rats received a single injection of the NKCC1 inhibitor, bumetanide (1.82 mg kg−1, 

intraperitoneally, IP, Ben Venue Laboratories, Inc., Bedford, OH), 15 min prior to initiation 

of anesthesia with sevoflurane (Bumetanide plus Sevoflurane plus MS10 group). In order to 

control for prior anesthesia injections of bumetanide, all treatment groups except the Control 

group received equal volumes of saline (IP) at P6. Previously we have shown that saline at 

these volumes does not cause any obvious physiological responses [8, 9]. A separate group 

with bumetanide only has not been included. We have reported that bumetanide alone, 

without anesthesia, did not induce long-term behavioral effects, but ameliorated 

developmental effects of neonatal sevoflurane [6]. Rats in cohort 2 were evaluated in the 

Morris water maze (MWM) starting at P54.

Analyses of mRNA levels for NKCC1, K+-2Cl− (KCC2) and CRH

The mRNA levels for NKCC1, KCC2, and CRH in the hypothalamus were analyzed via 

real-time 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 Taqman probes specific for the above 

genes were obtained from Applied Biosystems (Carlsbad, CA, USA): NKCC1 

(Rn00582505_m1), KCC2 (Rn00592624_m1), and CRH (Rn01462137_m1). Data were 

normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 

(Rn01775763_g1). Gene expression was calculated using the ΔΔCT method and data was 

presented as relative fold change from that of control animals.

Morris Water Maze Test

The rats’ spatial learning and memory were tested with the MWM apparatus (Shanghai 

Softmaze Information Technology Co. Ltd, Shanghai, China, XR-XM101). The test was 

performed during the light phase of a 12-h light/dark cycle between 9:00 A.M. and 4:00 

P.M. The apparatus consisted of a circular tank (150 cm in diameter, 55 cm in height) filled 

with water (35 cm deep, temperature 23 ± 1°C). The pool was surrounded with an opaque 

curtain and was placed in an isolated room with four visual cues on the wall of the tank. A 

nontoxic paint was used to render the water opaque. The tank was divided into four equal 

quadrants, labeled left-top, left-bottom, right-top, and right-bottom. A 10-cm diameter 

platform (the escape platform) was submerged 2 cm below the surface of the water at a 

constant location in one of the quadrants, i.e., the left-top quadrant in this study. The rats 

were tested in the MWM four times per day for 6 consecutive days from P54 to P59 to 

search for the escape platform. The starting points for each rat were randomly chosen in one 

of the four quadrants, and each trial had a ceiling time of 60 s or a stopping time at which 

the escape platform was found. Between the trials, the rat was allowed to stay on the 

platform for additional 15 s to rest. If the rat failed to find the platform within 60 s, it was 

gently guided to the platform and allowed to rest on the platform for 15 s prior to the next 
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trial. A video tracking system recorded the swimming tracks of the rats. Twenty-four hours 

later, at P60, the spatial memory test was performed. The test lasted 60 s, during which the 

escape platform was removed. The rat was placed in the tank in the contralateral quadrant 

relative to original location of the escape platform (the target quadrant). The time spent in 

the target quadrant was recorded.

Statistical Analysis

Values are reported as mean ± SD. SigmaPlot 13.0 software (Systat Software, Inc., Point 

Richmond, CA) was used for statistical analyses. Two-way repeated measures ANOVA with 

day and treatment as the independent variables was used to analyze the escape latency data 

during the 6-day training period in the MWM experiments. All other multiple comparisons 

among groups were analyzed using one-way ANOVA followed by the Holm-Sidak test. P < 

0.05 was considered significant. The sample sizes in this study were based on previous 

experience with the same experimental techniques [21, 30].

Results

Anesthesia with sevoflurane for 60 min at P6 increases the NKCC1/KCC2 mRNA ratio and 
CRH mRNA level in the hypothalamus of P10 rat pups; an alleviating effect of pretreatment 
with bumetanide

There were no significant treatment effects on hypothalamic NKCC1 mRNA levels at P10 

(F(2,13) = 3.252, P = 0.072; Fig. 1A,B). Rat pups exposed to sevoflurane anesthesia at P6 

exhibited reduced the KCC2 mRNA levels in the hypothalamus at P10 (F(2,13) = 3.839, P = 

0.049; Fig. 1A,C), specifically in comparison to the Control group (P= 0.047). Bumetanide, 

administered prior to sevoflurane anesthesia at P6, normalized the hypothalamic KCC2 

mRNA levels (P = 0.276 vs Control, but P = 0.264 vs Sevoflurane; Fig. 1B). The resulting 

NKCC1/KCC2 mRNA ratio was significantly increased at P10 in rats from the Sevoflurane 

group (F(2,13) = 5.043, P = 0.024; Fig. 1D), but not in those that were pretreated with 

bumetanide prior to exposure to sevoflurane (P = 0.32 vs Control, but P = 0.125 vs 

Sevoflurane; Fig. 1D).

One-way ANOVA analysis revealed significant differences in CRH mRNA levels in the 

hypothalamus of P10 rats from different treatment groups (F(2,12) = 9.450, P = 0.003; Fig. 

1A,E). Post hoc pairwise comparisons found a significant increase in CRH mRNA levels in 

the Sevoflurane group when compared to the Control group (P = 0.003) and the Bumetanide 

plus Sevoflurane group (P = 0.028). In contrast to the Sevoflurane group, the Bumetanide 

plus Sevoflurane group had hypothalamic CRH mRNA levels not significantly different 

from that in the Control group (P = 0.192).

Maternal separation at P10 exacerbates impairment in the Morris water maze behavior of 
rats exposed to sevoflurane at P6; an alleviating effect of pretreatment with bumetanide

A two-way repeated measures ANOVA with training day as the within-subjects variable and 

group as a between-subjects variable revealed a significant main effect of day (such that 

escape latencies decreased across days; F(5,275)= 78.396, P< 0.001) and group (such that 

escape latencies differed across groups; F(4,275)= 11.445, P< 0.001), but no interaction 
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between the two variables F(20,275)= 1.001, P= 0.462) (Fig. 2A,B). Post-hoc comparisons 

between treatment groups showed that 60 min of anesthesia with 2.1% sevoflurane at P6 was 

sufficient to induce a significant increase in escape latencies (P = 0.012 vs the Control 

group). Maternal separation for 180 min at P10 didn’t significantly affect the escape 

latencies (P = 0.394 vs the Control group). However, subsequent maternal separation at P10 

of rats exposed to sevoflurane at P6 led to further increases in the escape latencies (P < 

0.001 vs the Control and MS10 groups, and P = 0.012 vs the Sevoflurane only group). 

Pretreatment with bumetanide prior to exposure to sevoflurane at P6 of rats that were 

subsequently subjected to maternal separation at P10 reduced escape latencies compared to 

the Sevoflurane plus MS10 group (P = 0.01), but latencies were still elevated relative to the 

Control group (P = 0.029).

One-way ANOVA revealed significant differences in time spent in the target quadrant of the 

MWM test between rats from different treatment groups (F(4,55) = 4.856, P = 0.002; Fig. 2C 

and D). In contrast to escape time during the 6-day training period, exposure to sevoflurane 

only at P6 did not lead to a significant change in time spent in the target quadrant during the 

test at P60 (P = 0.098 vs the Control group). However, rats neonatally exposed to 

sevoflurane and then subjected to maternal separation at P10 (the Sevoflurane plus MS10 

group) spent a significantly shorter time in the target quadrant when compared to the same 

parameter in the Control group (P = 0.002). Rats that were pretreated with bumetanide prior 

to exposure to sevoflurane and then to maternal separation at P10 spent an amount of time in 

the target quadrant that was not statistically different from that by rats in the Control group 

(P = 0.636), but significantly longer time when compared to the Sevoflurane plus MS10 

group pretreated with saline (P = 0.025).

Discussion

The full range of neonatal anesthesia-induced developmental abnormalities and their 

underlying mechanisms remain poorly understood. The main finding of this study is that 

subsequent exposure to an environmental stressful factor may reinforce or even reveal 

developmental neurobehavioral abnormalities that were initiated by neonatal exposure to 

anesthesia with sevoflurane even when anesthesia exposure is too short to induce significant 

deficiencies by itself. Another new finding is that sevoflurane, administered to neonatal rats, 

may induce lasting alterations in gene expressions, as evident from the observed increases in 

the NKCC1/KCC2 mRNA ratio and CRH mRNA levels in the hypothalamus days after 

exposure to the anesthetic. These genomic effects of sevoflurane alone and long-term 

neurobehavioral abnormalities in rats that were neonatally exposed to a combination of 

neonatal anesthesia and a single episode of maternal separation, were ameliorated by 

pretreatment with the NKCC1 inhibitor bumetanide, suggesting that sevoflurane-enhanced 

GABAAR-mediated stimulatory signaling in immature neurons may represent an initial step 

in mechanisms involved in mediating these effects.

Only a combination of single exposure to 2.1% sevoflurane for 60 min at P6 and of 

subsequent maternal separation for 180 min at P10, but not these conditions taken 

individually, yielded significant neurobehavioral abnormalities in time spent in the target 

quadrant of the MWM, while a combination of neonatal anesthesia with sevoflurane and 
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subsequent maternal separation induced significantly greater increases in escape latencies 

when compared to sevoflurane alone. These behavioral deficiencies, taken together with the 

increases in hypothalamic NKCC1/KCC2 mRNA ratio and CRH mRNA levels 4 days after 

exposure to sevoflurane, the age period when maternal separation was imposed, suggest a 

role for accumulating effects of sevoflurane and maternal separation. Sevoflurane-induced 

up-regulation of the NKCC1/KCC2 ratio in the hypothalamus, associated with increase in 

GABAAR-mediated stimulation — which may further be potentiated by stressors [31,32] — 

may represent a mechanistic basis for the cumulative effect of neonatal anesthesia and 

maternal separation observed in this study. Our recent findings in rats that were neonatally 

exposed to a relatively short anesthesia with etomidate, another general anesthetic that 

enhances GABAAR activity, and several days later to a single episode of maternal separation 

demonstrate that such increases in the hypothalamic NKCC1/KCC2 mRNA ratio and CRH 

mRNA level may persist into adulthood [34]. Similar to our current findings with 

sevoflurane, pretreatment with bumetanide prior to exposure to etomidate, ameliorated 

genetic and behavioral effects of etomidate and maternal separation [34], suggesting that 

common mechanisms underlie the developmental effects of these two anesthetics. The 

stress-like effects of enhanced GABAAR-mediated stimulation are indirectly supported by 

findings reported in the literature that the GABAAR agonist muscimol induced an endocrine 

stress response and anxiety- and depression-like behavior, with greater effects in mice 

treated with muscimol at P3–P5 than at P14–P16 [33]. In the future studies, it will be 

important to determine the cumulative neurodevelopmental effects of neonatal anesthesia 

and maternal separation using the anxiety and depression behavioral paradigms, such as 

open-field activities and forced swim test.

Our findings suggest that subsequent stressful life experiences may contribute to the 

developmental consequences of exposure to neonatal anesthesia. According to these 

findings, it is plausible that subsequent life experiences may reveal abnormalities 

programmed by a short early life exposure(s) to anesthesia. This may lend a plausible 

explanation to why many human studies found significant neurocognitive abnormalities in 

those who were anesthetized during the first 3 to 4 years of life despite the fact that the 

duration of anesthesia in young human patients is life span wise proportionately much 

shorter than that shown to induce developmental abnormalities in rodents. If similar 

mechanisms are functional in humans, we may speculate that development in healthy human 

patients who experience normal stress levels may be minimally if at all affected after 

exposure to general anesthesia, as it was shown by these recent studies [13,19]. However, 

most children who require general anesthesia during the early postnatal period inevitably 

experience a variety of significant stressors during post-anesthesia life (e.g., diseases, pain, 

hunger, psychological stress). Such patients may be at greater risk of developing early life 

anesthetic-initiated developmental abnormalities. In future studies, it will be important to 

determine the effects of different paradigms of postanesthesia stress that more closely model 

the stressful conditions human subjects may experience on developmental abnormalities 

induced by neonatal exposure to general anesthesia.

In summary, the results of this study provide evidence that the cumulative effect of neonatal 

exposure to sevoflurane and subsequent exposure to maternal separation can lead to 

developmental neurobehavioral abnormalities even when each condition alone may not be 

Yang et al. Page 7

Neurosci Lett. Author manuscript; available in PMC 2018 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sufficient to induce significant alterations. Anesthetic-enhanced GABAAR-mediated 

depolarization during anesthesia may contribute to the mechanisms that initiate the resulting 

developmental neurobehavioral effects.
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Figure 1. Anesthesia with sevoflurane of rat pups for 60 min at postnatal day (P) 6 reduced levels 
of K+-2Cl− (KCC2) mRNA, increased Na+-K+-2Cl− (NKCC1)/KCC2 mRNA ratio and increased 
levels of corticotropin-releasing hormone (CRH) mRNA in the hypothalamus at P10. These 
effects were alleviated by pretreatment with bumetanide prior to anesthesia with sevoflurane
The brain hypothalamus tissue samples were collected 4 days after the onset of anesthesia 

with sevoflurane for qRT-PCR analyses. (A) Illustration of the experimental protocol. Shown 

are the respective levels of NKCC1 mRNA (B), KCC2 mRNA (C), the resulting NKCC1/

KCC2 mRNA ratios (D) and CRH mRNA (E). Data normalized against Control are means ± 

SD from 5–6 rats per treatment group. *P = 0.02 vs. Control; #P = 0.025 vs. Bumetanide 

plus Sevoflurane plus maternal separation.
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Figure 2. Maternal separation at P10 exacerbated impairment in the Morris water maze 
(MWM) behavior of rats exposed to sevoflurane at P6; the alleviating effects of pretreatments 
with bumetanide
(A) Illustration of the experimental protocol. (B) Plots showing the values of escape 

latencies during the 6-day training period from P54 to P59. (C) Representative swimming 

tracks made by rats during the MWM test at P60. Location of the escape platform is 

illustrated by small circle in the left-top quadrant. (D) Histograms showing time spent in the 

target quadrant during the MWM test. N = 12 for each treatment group. MS10 means 

maternal separation at P10, See Methods for details. *P = 0.012 vs. the Control group; #P = 
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0.01 vs. the Bumetanide plus sevoflurane plus MS10 group. Color coding in B and D is the 

same as in C.

Yang et al. Page 13

Neurosci Lett. Author manuscript; available in PMC 2018 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yang et al. Page 14

Table 1

Treatment groups.

Cohort 1

Group Number Treatment Number of animals 
per group

1 Facility rearing only (the Control group) 5

2 Anesthesia with sevoflurane for 60 min at P6 (the Sevoflurane group) 6

3 Bumetanide prior to anesthesia with sevoflurane for 60 min at P6 (the Bumetanide plus 
Sevoflurane group) 5

Cohort 2

Group Number Treatment Number of animals 
per group

1 Facility rearing only (the Control group) 12

2 Anesthesia with sevoflurane for 60 min at P6 (the Sevoflurane group) 12

3 Maternal separation for 180 min at P10 (the MS10 group) 12

4 Anesthesia with sevoflurane for 60 min at P6 plus maternal separation for 180 min at P10 (the 
Sevoflurane plus MS10 group) 12

5 Bumetanide prior to sevoflurane at P6 plus maternal separation for 180 min at P10 (the 
Bumetanide plus Sevoflurane plus MS10 group) 12
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