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Purposeː: Sevoflurane exposure in the neonatal period of rodent animals was reported to be associated with neuroendocrine 
dysregulations later in life. We tested the hypothesis that repeated sevoflurane exposure in neonatal rats enhances the sensitivity to 
pain and acute traumatic stress response later in juvenile life and investigated whether the neonatal brain depolarizing γ-aminobutyric 
acid type A receptor (GABAAR) activity is involved in mediating these abnormalities.
Methodsː: The postnatal 6 days (P6) Sprague-Dawley male rat pups pretreated with vehicle or the NKCC1 inhibitor, bumetanide, 
received sequential exposures to 2.1% sevoflurane exposure for 2 hours daily in 3 consecutive days.
Resultsː: The results showed that repeated exposures to sevoflurane in neonatal rats significantly reduced the paw withdrawal thermal 
latency (PWTL) at P9, P45. Repeated exposures to sevoflurane in neonatal rats did not significantly affect the basal secretion of serum 
corticosterone at juvenile period P45, whereas the level of corticosterone for neonatal sevoflurane-exposed rats at P45 was significantly 
higher than the CON group after subject to conditioned fear traumatic stress (CFTS). The resulting NKCC1/KCC2 mRNA ratio was 
significantly increased immediately after the neonatal rats received the last sevoflurane exposure, which was alleviated by pretreated 
with the NKCC1 inhibitor bumetanide.
Conclusionː: Repeated exposures to sevoflurane in neonatal rats enhanced the sensitivity to pain and acute traumatic stress response 
in juvenile life. The neonatal brain depolarizing GABAAR activity is involved in mediating these abnormalities.
Keywords: sevoflurane, neonatal, exposure, paw withdrawal thermal latency, conditioned fear traumatic stress

Introduction
Traumatic stress is an inevitable mental reaction during hospitalization in children. A large number of uncontrollable or 
necessary medical procedures such as venipuncture, lumbar puncture, insertion of urinary tube or gastric tube, endo-
tracheal intubation, surgical operations often result in nociceptive stimulus. Numerous clinical studies have demonstrated 
that failure to treat pain in children leads to short-term complications and long-term physiological, behavioral, cognitive 
sequelae including altered pain processing, attention deficit disorder, impaired visual-perceptual ability or visual-motor 
integration,1–3 and poor executive functions.4,5 Over 1 million children under the age of 4 years received general 
anesthesia in the United States every year.6 However, it is only in the last decade that we started to recognize that 
general anesthesia has deleterious effects on the developing brain.6 With arising concerns regarding the safe use of 
general anaesthesia in young children, there is an urgent demand to clearly understand the resulting functional changes in 
the brain in a comprehensive and clinically relevant manner.
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Sevoflurane is currently one of the most commonly used inhalation anaesthetics in pediatric practice. Previous 
research have indicated that the developing brain is vulnerable to sevoflurane anesthesia. Fetal exposure to high 
concentrations or long durations of sevoflurane can induce widespread neurodegeneration and long-term learning or 
memory deficits.7–11 The first 2 postnatal weeks in rodents are characterized by high vulnerability to general anesthetics. 
A number of previous studies have shown that the corticosteroid-based stress response system and GABAergic signaling 
during development may be involved in mediating the adverse effects of neonatal exposure to anaesthetics.12,13 GABAA 

R (γ-aminobutyric acid type A receptor) is the main inhibitory receptor in the mature central nervous system, but it acts 
as an excitatory receptor in the early stage of neural development. GABAAR is a ligand-gated ion channel receptor, 
which is coupled with the chloride ion channel. CCC (Cation Chloride Cotransporter) is the key controlling factor in 
controlling the switch of the GABAAR function.14 Cl−(chloride ion) is the main charge carrier through GABAA 

R channels,15 which is mainly regulated by the inwardly directed NKCC1 (Sodium Potassium Chloride 
Cotransporter 1) and the outwardly directed KCC2 (Potassium Chloride Cotransporter 2). In immature neurons, 
NKCC1 increases the chloride reversal potential; thus, it accumulates Cl− inside the cell. KCC2, on the other hand, 
reduces the chloride reversal potential; thus, it extrudes Cl− out of the cell and shifts the actions of the GABA from 
excitation to inhibition. Interfering with the balance of NKCC1/KCC2 may cause excessive excitement of the circuit and 
lead to neurodevelopmental disorders. NKCC1 and KCC2 are sensitive to neuronal damage, and the imbalance of their 
expression is thought to cause a variety of neuropathic diseases.16 Sevoflurane exposure enhances GABAAR activity in 
immature neurons, which induces increased GABAAR-mediated depolarization and corticosteroid levels.17 The excita-
tory effects of GABAAR play an important role in synaptic formation and neural plasticity. The neuroendocrine system 
may be involved in sevoflurane-induced neurotoxicity through GABAAR. As an important part of the neuroendocrine 
system, the limbic-hypothalamic-pituitary-adrenal (LHPA) axis plays an important role in the development of the 
nervous system.18 According to these studies, the safe use of sevoflurane in pediatric anesthesia and sedation still 
holds the attention of the public and anaesthesiologists. Thus, in this study, we tested the hypothesis that repeated sevo-
flurane exposure in neonatal rats enhances the sensitivity to pain and stress response later in juvenile life and investigated 
whether the neonatal brain depolarizing receptor (GABAAR) activity is involved in mediating these abnormalities.

Materials and Methods
Animals
The current study had been approved by the Ethics Committee of Sichuan Provincial Women’s and Children’s Hospital, 
Chengdu, China and had been performed in accordance with the ARRIVE guidelines and the Guide for the Care and Use 
of Laboratory Animals from the National Institutes of Health (Bethesda, MD, USA). Sprague-Dawley (SD) rats were 
obtained from the Animal Center of Chengdu Medical College (Chengdu, China), and were housed individually in 
standard conditions with a 12-h light/dark cycle (light from 08:00 to 20:00) at constant incubator (24±1°C, 30% 
humidity) and ad libitum access to water and rodent chow. To control for the litter variability, several pups from different 
litters were used for each treatment condition. Multiple sets of animals were used in the experiments. After the 
experiment, rats were anaesthetized with pentobarbital (70 mg/kg, i.p.) and then euthanized by decapitation.

Experimental Groups and Sevoflurane Exposure
In the current experiment, three groups were divided. The postnatal 6 days (P6) male rat pups were divided randomly to 
the SEV (sevoflurane) or SEV+BUM (sevoflurane plus bumetanide) or CON (control, not exposed to sevoflurane) 
groups. The SEV group was exposed to 2.1% sevoflurane in O2/N2 (FiO2 50%) for 2 hours daily in three successive 
days, in a thermostated box set to 37±1°C. The total gas flow was set at 2 L·min−1. The concentrations of sevoflurane and 
oxygen were measured continuously using a calibrated Datex side stream analyser that sampled from the interior of the 
chamber. The rats kept breathing spontaneously. After receiving sevoflurane exposure, the rat pups recovered conscious-
ness and were returned to the mothers on gaining the righting reflex. In the current study, arterial blood for gas analysis 
demonstrated that 2.1% sevoflurane exposure for 2 h does not significantly change blood gas values and physiological 
parameters (data not shown). To study the role of GABAAR-mediated depolarization/activation at the time of repeated 
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neonatal sevoflurane exposures, rat pups in the SEV+BUM group received an injection of the NKCC1 inhibitor, 
bumetanide 1.82 mg·kg−1, intraperitoneally), 15 min prior to receiving the sevoflurane exposure per day. Bumetanide 
in this concentration/dose range is widely used as the most selective of currently available inhibitors of NKCC1.19,20 The 
CON group were separated from the dams for identical conditions (37 ± 1°C, FiO2 50%), except for exposure to 
sevoflurane. In order to control for injections of bumetanide prior to exposure, rat pups in the CON group and SEV group 
received equal volumes of vehicle (VEH, i.p.) saline at P6, P7 and P8.

Paw Withdrawal Thermal Latency (PWTL)
The measurement of PWTL was based on a previous study.21 The experimental rats in each subgroup (n = 10) at P9, P45 
were placed on the surface of a 2-mm-thick glass plate in a chamber, then the sensitivity of rat to heat stimuli with 
a RTY-3 radiant heat stimulator was tested (Xi’an Fenglan Instrumental Factory, Xi’an, P.R. China; 10 V). The 
experimental rats have been allowed to acclimate for 15 minutes. Testing started once the rat became largely inactive. 
The heat stimuli was given to a hind paw of the experimental rats. The latency was recorded as the duration starting from 
the heat stimuli to the occurrence of a hind paw withdrawal reflex. Three heat stimuli were repeatedly given to each rat 
and the mean PWTL was obtained. The inter-stimulus interval for each heat stimuli was 5 min. Rats after the 
measurement of PWTL were not used in any other experiments and were euthanized.

Conditioned Fear Traumatic Stress (CFTS)
Fear conditioning system (TSE, Bad Homburg, Germany) was employed to establish the model of CFTS at P45. 
Contextual fear conditioning took place in a box, which contains a loud speaker which can generate 4.5k Hz, 60 dB 
sound signal. The floor of the box consists of 28 stainless steel bars (6 millimeter in diameter and 12 millimeter apart), 
through which foot shock could happen. All P45 rats were put into the conditioned fear chamber, acclimated to the 
environment for 5 min, and then the sound signal (4.5k Hz, 60 Db, 30 s) occurred intermittently for 6 times with an 
interval of 2 min. At the end of every sound signal, the experimental rats were paired with a inescapable foot shock (1.2 
mA, 5 s). After the last inescapable foot shock, the experimental rats were taken out for measurement of serum 
corticosterone.

Measurement of Serum Corticosterone
Serum corticosterone of rats was measured using commercial ELISA kits (Cayman Chemical Company, Ann Arbor, 
MI). In order to explore long-term effects of repeated neonatal sevoflurane exposures on endocrine responses to stress 
during juvenile period, a subgroup rats of each experiment group (n = 6) were used for measurement of basal serum 
levels of corticosterone 30 min before the process of CFTS at P45. Another subgroup rats of each experiment group (n 
= 6) were used for measurement of serum levels of corticosterone 5 min after establishment of model of CFTS. Blood 
sampling was collected using the “tail clip” method. Specifically, the distal 0.5 mm of the tail was removed using 
a sterile scalpel blade, and blood was allowed to drain directly into a microcentrifuge tube. These rats used for for 
measurement of serum levels of corticosterone were not used in any other experiments since the blood sampling was 
a terminal procedure.

Analyses of mRNA Levels for NKCC1 and K+-2Cl− (KCC2) in the Hypothalamus
Immediately after receiving the last sevoflurane exposure for neonatal rats, a subgroup rats of each experiment group (n 
= 6) were used for assay of the mRNA levels (NKCC1, KCC2) in the hypothalamus by qRT-PCR (real-time reverse 
transcription-PCR) in a StepOnePlus™ Real-Time PCR System (Applied Biosystems, CA, USA). RNA was obtained 
from the samples employing an RNeasy Plus Kit (Qiagen, CA, USA), and using reverse-transcribed with a high-capacity 
cDNA reverse transcription kit (Bio-Rad Laboratories, Hercules, CA, USA), and then assayed via qRT-PCR. TaqMan 
probes and oligonucleotide primers specific for the study genes were gained from Applied Biosystems (Carlsbad, CA, 
USA):NKCC1 (Rn00582505_m1) and KCC2 (Rn00592624_m1). Data were normalized to GAPDH (glyceraldehyde- 
3-phosphate dehydrogenase) mRNA (Rn01775763_g1). Gene expression was analyzed using the ΔΔCT method, and the 
data were expressed as relative fold change from that of the control group.
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Statistical Analysis
Values are reported as mean (SEM). SPSS (version 17.0) was used for statistical analysis. Distribution of data was 
analysed using the Kolmogorov–Smirnov test. Student’s t-test was used for single comparisons and multiple comparisons 
among groups were analysed using one-way analysis of variance (ANOVA) followed by post hoc Bonferroni test. 
A P value less than 0.05 was considered statistically significant.

Results
Neonatal Repeated Sevoflurane Exposure Enhances the Sensitivity to Pain Later in 
Juvenile Life
In order to evaluate the neonatal repeated sevoflurane exposure in rats on the sensitivity to pain at juvenile period, the 
PWTL was measured at P9, P45. One-way ANOVA showed repeated exposures to sevoflurane in neonatal rats 
significantly reduced the PWTL at P9 and P45 compared with the CON group (P<0.01, Figure 1). Pretreated with the 
NKCC1 inhibitor bumetanide before neonatal sevoflurane exposures increased the paw withdrawal thermal latency 
compared with the SEV group. These suggested repeated exposures to sevoflurane in neonatal rats enhanced the 
sensitivity to pain later in life. The neonatal brain depolarizing GABAAR activity might be involved in mediating 
these abnormalities.

Repeated Exposures to Sevoflurane in Neonatal Rats Did Not Significantly Affect the 
Basal Secretion of Serum Corticosterone at Juvenile Period, but the Serum 
Corticosterone Levels Under Stress Conditions Were Significantly Enhanced
In order to evaluate the neonatal repeated sevoflurane exposures in rats on the stress response at juvenile period, the basal 
secretion of serum corticosterone was tested at P45. One-way ANOVA showed repeated exposures to sevoflurane in 
neonatal rats did not significantly affect the basal secretion of serum corticosterone at juvenile period (Figure 2).

In order to assess whether neonatal exposure to sevoflurane alters endocrine responses to stress in the CFTS model 
during juvenile period, serum corticosterone levels under basal and stress condition were measured in blood samples 

Figure 1 Neonatal repeated sevoflurane exposure enhances the sensitivity to pain later in juvenile life, Pretreatment with bumetanide prior to neonatal sevoflurane 
exposure alleviated this response. PWTL: The paw withdrawal thermal latency. (mean ± SEM; n = 10 rats/group; *p < 0.05 vs CON group; #p < 0.05 vs SEV group, one-way 
ANOVA).
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collected from P45 rats 30 min before the process of CFTS and 5 min after subject to CFTS. The results showed that 
neonatal sevoflurane-exposed rats had unaltered secretion of corticosterone under the basal condition before the process 
of CFTS at P45; however, the level of corticosterone 5 min after subject to CFTS for neonatal sevoflurane-exposed rats 
was significantly higher than the CON group ((P < 0.01; Figure 2). Pretreatment of neonatal rats prior to each sevoflurane 
exposure with bumetanide significantly attenuated the heightened secretion of corticosterone after subject to CFTS ((P < 
0.01; Figure 2).

Repeated Sevoflurane Exposures in Neonatal Rats at P6, P7, P8 Increases the NKCC1/ 
KCC2 mRNA Ratio in the Hypothalamus of Rat Pups, Which Was Alleviated by 
Pretreated with the NKCC1 Inhibitor Bumetanide
The authors investigated whether the neonatal brain depolarizing GABAAR was altered immediately after the neonatal 
rats receiving the last sevoflurane exposure by examining the expression of NKCC1/KCC2 mRNA ratio in the 
hypothalamus of rat pups. Repeated exposures to sevoflurane at P6, P7, P8 increased the expression of NKCC1 
mRNA in the hypothalamus (P < 0.01; Figure 3A), which was alleviated by pretreating with the NKCC1 inhibitor 

Figure 2 Neonatal repeated exposure to sevoflurane in rats enhanced the secretion of corticosterone in the juvenile CFTS model, while the basal secretion of serum 
corticosterone was not significantly affected at juvenile period (mean ± SEM; n = 6 rats/group; *p < 0.05 vs CON group; #p < 0.05 vs SEV group, one-way ANOVA).

Figure 3 Repeated sevoflurane exposures in neonatal rats at P6, P7, P8 increases the NKCC1/KCC2 mRNA ratio in the hypothalamus of rat pups, which was alleviated by 
pretreated with the NKCC1 inhibitor bumetanide. (A) Repeated sevoflurane exposures in neonatal rats at P6, P7, P8 increased the expression of NKCC1 mRNA in the 
hypothalamus. (B) Repeated sevoflurane exposures in neonatal rats at P6, P7, P8 had no significant effects on expression of KCC2 mRNA in the hypothalamus. (C) Repeated 
sevoflurane exposures in neonatal rats at P6, P7, P8 increases the NKCC1/KCC2 mRNA ratio in the hypothalamus of rat pups. (mean ± SEM; n = 6 rats/group; *p < 0.05 vs 
CON group; #p < 0.05 vs SEV group, one-way ANOVA).
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bumetanide (P < 0.01; Figure 3A). Repeated exposures to sevoflurane at P6, P7, and P8 had no significant effect on the 
expression of KCC2 mRNA levels in the hypothalamus (Figure 3B). The resulting NKCC1/KCC2 mRNA ratio was 
significantly increased immediately after the neonatal rats received the last sevoflurane exposure (P < 0.01; Figure 3C), 
which was alleviated by pretreating with the NKCC1 inhibitor bumetanide (Figure 3C). These results indicated the brain 
depolarizing GABAAR activity might be increased after neonatal rat pubs were exposed to repeated sevoflurane 
exposure, which could be attenuated by pretreating with the NKCC1 inhibitor bumetanide.

Discussion
In this study, we tested the hypothesis that neonatal repeated exposures to sevoflurane increased the sensitivity to pain 
and stress response later in juvenile life, and investigated whether the neonatal brain depolarizing GABAAR was 
involved in mediating these abnormalities. The results showed repeated exposures to sevoflurane in neonatal rats 
significantly reduced the PWTL at P9, P45. The brain depolarizing GABAAR activity was enhanced by elevated 
NKCC1/KCC2 mRNA ratio in the hypothalamus. Repeated exposures to sevoflurane in neonatal rats did not significantly 
affect the basal secretion of serum corticosterone at juvenile period, whereas, by using the rat model of CFTS induced by 
electric foot shocks during the juvenile period, we showed that the secretion level of corticosterone 5 min after the 
establishment of CFTS in neonatal sevoflurane-exposed rats was significantly higher than the CON group. Pretreatment 
of neonatal rats prior to sevoflurane exposures with NKCC1 inhibitor, bumetanide, ameliorated most of these effects. Our 
study indicated that repeated exposures to sevoflurane in neonatal rats increased the sensitivity to pain and acute stress 
response later in juvenile life.

With the progress of medical technology, greater numbers of neonates and infants receive surgery, interventions, or 
examination under general anesthesia or sedation at an early stage after birth. Anesthesia or sedation is required for 
a large number of medical examinations and procedures in pediatric outpatients and inpatients which are non-invasive 
and do not cause obvious surgical trauma, but require immobilization. Sevoflurane has become one of the most 
commonly used general anesthetics in pediatrics due to its characteristics of small respiratory tract irritation, rapid 
induction and recovery, and stable hemodynamics. Sevoflurane, in particular multiple or prolonged exposures, has been 
reported to be neurotoxic in the developing brain in animal studies and lead to abnormal neurological development 
including attention-deficit/hyperactivity disorder (ADHD).8–10,22,23 The causative links between neonatal sevoflurane 
exposure and later life neurocognitive dysfunctions were always the subject of heat dispute. So, we established 
“repeated sevoflurane exposure” model in neonatal rats without surgical procedures in our study. In the present study, 
repeated sevoflurane exposures in neonatal rats did not significantly affect the basal secretion of serum corticosterone 
level later in juvenile life. However, the authors showed that repeated exposures to sevoflurane in neonatal rats enhanced 
the sensitivity to pain and secretion of corticosterone in the CFTS model. These results suggested a possibility the later 
life neurocognitive dysfunctions were not solely driven by the effect of early life sevoflurane exposure, the adverse 
effects of neonatal anaesthesia in rodents might be associated with post-anaesthesia life experiences. Thus, we proposed 
the neurocognitive dysfunctions might be the result of a cumulative impact initially programmed by neonatal sevo-
flurane exposure and later exacerbated by adverse stressful factors such as trauma and various types of psychosocial 
stress.

During brain development, GABAergic synapses are formed prior to the formation of glutamatergic synapses and the 
activation of the GABAAR depolarizes immature neurons.24,25 NKCC1 was reported to play a critical role in regulating 
the function of brain GABAergic transmission and modulating the vulnerability to maternal separation-induced suscept-
ibility to later life stress.16 Disturbing NKCC1/KCC2 balance was associated with brain circuit hyperexcitability and 
contributed to a wide spectrum of stress-related neurocognitive dysfunctions.26–29 In the present study, the NKCC1/KCC2 
mRNA ratio was increased in the hypothalamus immediately after neonatal rats receiving the last sevoflurane exposure at 
P8, the stress susceptibility exhibited in the CFTS model during juvenile period was significantly increased for neonatal 
sevoflurane-exposed rats, which was alleviated by administration of NKCC1 inhibitor bumetanide before neonatal 
sevoflurane exposures. We proposed the mechanism that the enhanced depolarizing GABAAR activity after neonatal 
repeated sevoflurane exposures at P6-P8 contributed to the dysregulation of the neuroendocrine response and increased 
the risk of stress exposure later in life. The alleviating effect of bumetanide on neuroendocrine dysregulation in the CFTS 
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model for neonatal sevoflurane-exposed rats is that bumetanide, by reversing GABA-initiated signaling from depolariz-
ing to inhibitory, facilitates adaptation of the neonatal brain to environmental stressful factors later in life.

Conclusion
Our current findings indicated that repeated exposures to sevoflurane in neonatal rats enhanced the sensitivity to pain and 
acute traumatic stress response in juvenile life. The neonatal brain depolarizing GABAAR activity in the hypothalamus 
might be involved in mediating these abnormalities.
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