
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Xu et al. BMC Anesthesiology          (2024) 24:200 
https://doi.org/10.1186/s12871-024-02587-6

BMC Anesthesiology

†Dongni Xu, Jiayi Liu and Shiyu Meng regarded as Joint First Authors.

*Correspondence:
Yuqing Chen
chenyq97@mail.sysu.edu.cn
Yu Hong
hongy39@mail.sysu.edu.cn

Full list of author information is available at the end of the article

Abstract
Background The inhalational anesthetic isoflurane is commonly utilized in clinical practice, particularly in the field of 
pediatric anesthesia. Research has demonstrated its capacity to induce neuroinflammation and long-term behavioral 
disorders; however, the underlying mechanism remains unclear [1]. The cation-chloride cotransporters Na+–K+–
2Cl−–1 (NKCC1) and K+–2Cl−–2 (KCC2) play a pivotal role in regulating neuronal responses to gamma-aminobutyric 
acid (GABA) [2]. Imbalances in NKCC1/KCC2 can disrupt GABA neurotransmission, potentially leading to neural 
circuit hyperexcitability and reduced inhibition following neonatal exposure to anesthesia [3]. Therefore, this study 
postulates that anesthetics have the potential to dysregulate NKCC1 and/or KCC2 during brain development.

Methods We administered 1.5% isoflurane anesthesia to neonatal rats for a duration of 4 h at postnatal day 7 (PND7). 
Anxiety levels were assessed using the open field test at PND28, while cognitive function was evaluated using the 
Morris water maze test between PND31 and PND34. Protein levels of NKCC1, KCC2, BDNF, and phosphorylated ERK 
(P-ERK) in the hippocampus were measured through Western blotting analysis. Pro-inflammatory cytokines IL-1β, IL-6, 
and TNF-α were quantified using ELISA.

Results We observed a decrease in locomotion trajectories within the central region and a significantly shorter total 
distance in the ISO group compared to CON pups, indicating that isoflurane induces anxiety-like behavior. In the 
Morris water maze (MWM) test, rats exposed to isoflurane exhibited prolonged escape latency onto the platform. 
Additionally, isoflurane administration resulted in reduced time spent crossing in the MWM experiment at PND34, 
suggesting long-term impairment of memory function. Furthermore, we found that isoflurane triggered activation 
of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α; downregulated KCC2/BDNF/P-ERK expression; and increased 
the NKCC1/KCC2 ratio in the hippocampus of PND7 rats. Bumetadine (NKCC1 specific inhibitors) reversed cognitive 
damage and effective disorder induced by isoflurane in neonatal rats by inhibiting TNF-α activation, normalizing 
IL-6 and IL-1β levels, restoring KCC2 expression levels as well as BDNF and ERK signaling pathways. Based on these 
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Introduction
Worldwide, millions of infants (0–3 years of age) require 
anesthesia for surgery each year, and more than a quarter 
of them are exposed to general anesthesia within the first 
year of life. General anesthetic exposure can cause long-
term cognitive impairment, especially in the developing 
brain, but its mechanism is still unclear [3].

Isoflurane is a volatile anesthetic that is usually main-
tained as a general anesthetic in various surgeries for 
both patients and animals. As reported, its anesthetic 
action can be affected by different mechanisms, such as 
agonist action on gamma-aminobutyric acid (GABA) 
receptors and antagonist action on N-methyl-D-aspar-
tate (NMDA) receptors [4]. According to an increasing 
number of findings, neonatal animals may experience 
neuropathological changes after anesthesia and suffer 
abnormal social behaviors and cognitive dysfunction in 
the long term, but the mechanism is still unclear. The 
early use of such agent has the potential to evoke neuro-
toxic effects on future, hence, its mechanism should be 
deeply understood. NKCC1 excites GABA in immature 
neurons, but KCC2 expression inhibits GABA matura-
tion.At the same time, studies have reported that per-
sistent neuroinflammation caused by isoflurane is an 
important cause of cognitive impairment. Among the 
many inflammatory factors, IL-1βis considered to be the 
dominant factor in the persistence of neuroinflammation 
and is associated with cognitive impairment caused by 
isoflurane. However, the molecular mechanism by which 
IL-1βcauses cognitive impairment, especially in the early 
stages of development, is unclear [5].We aimed to investi-
gate the mechanism of inflammation and chloride chan-
nel protein in isoflurane induced long-term cognitive 
dysfunction in neonatal mice.

Materials and methods
Animals
The animal experiments conducted in this study were 
approved by the Institutional Animal Care and Use Com-
mittee (Approval No: SYSU-IACUC-2022-000097) and 
the Laboratory Animal Ethics Committee of Sun Yat-sen 
University. Neonatal Sprague-Dawley rats were housed 
in polypropylene cages with regulated temperature, 

humidity, and a 12-hour light/dark cycle. All rats were 
provided ad libitum access to water and food.

Anesthesia
We randomly assigned seventy postnatal Day 7 (PND7) 
SD mice, weighing between 13 and 18 g and of both sexes, 
to two groups: the anesthesia group (n = 35) received iso-
flurane for 4 h (2.5% for 3 min during induction; followed 
by 1.5% for 4 h in a carrier gas mixture of 21% oxygen and 
79% nitrogen), while the control group (n = 35) received 
only air. The pups were kept warm and maintained at a 
constant normal temperature throughout the experi-
ment. An infrared analyzer from Datex Ohmeda, USA 
was used to continuously monitor the chamber’s gas 
composition including isoflurane, oxygen, carbon diox-
ide concentrations, as well as the lowest alveolar con-
centration. Immediately after anesthesia, five rats from 
each group underwent arterial blood sample extraction 
through puncture of the left ventricle chest wall using 
an i-STAT blood gas analyzer from Abbott, USA for 
analysis of blood gases and a Bayer blood glucose meter 
(04680464002 model) from Bayer, USA for measur-
ing blood glucose concentration. After confirming that 
NKCC1 may be associated with cognitive impairment 
in neonatal rats following isoflurane anesthesia, further 
research was conducted on an additional group receiving 
isoflurane anesthesia combined with bumetanide intra-
peritoneal injection (at a dose of 1.82  mg/kg), adminis-
tered fifteen minutes prior to inhalation of isoflurane. 
To prevent dehydration after anesthesia completion, 
all anesthetized rats were subcutaneously injected with 
500µL normal saline solution three hours later.

Tissue isolation
We divided P7 rats into two groups: one group was 
exposed to isoflurane and the other group was exposed to 
air for a duration of 4 h. At 0, 6, 24, and 48 h after anesthe-
sia termination, we sacrificed some of the rats and con-
ducted Western analysis on NKCC1, NKCC2, BDNF, and 
p-ERK using half of their hippocampus. The other half 
was used for ELISA to measure the expression levels of 
pro-inflammatory cytokines TNF-α, IL-1β, and IL-6. Rat 
hippocampi were collected at four time points with five 
pups per time point (T1). Acute dysregulation of NKCC1 

findings, it can be speculated that BDNF, P-ERK, IL-1β, IL-6 and TNF - α may act downstream of the NKCC1/KCC2 
pathway.

Conclusions Our findings provide evidence that isoflurane administration in neonatal rats leads to persistent 
cognitive deficits through dysregulation of the Cation-Chloride Cotransporters NKCC1 and KCC2, BDNF, p-ERK 
proteins, as well as neuroinflammatory processes.
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and KCC2 induced by sevoflurane exposure was imme-
diately assessed at T2 (6 h), T3 (24 h), and T4 (48 h) after 
exposure to evaluate long-term protein changes. At the 
end of the experiment, we deeply anesthetized the pups 
with isoflurane followed by transcranial perfusion using 
ice-cold phosphate-buffered saline via the left ventricle. 
Brains were extracted and hippocampi were rapidly dis-
sected on ice before being frozen in liquid nitrogen. Sam-
ples were stored at -80 °C while crude plasma membrane 
fractionation followed a standard protocol. The remain-
ing ten mice in each group were returned to their home 
cages once they regained righting reflex. The remaining 
pups were allowed to grow freely until behavioral test-
ing was performed 28 days after birth.The experimental 
timeline is illustrated in Fig. 1.

ELISA (enzyme-linked immunosorbent assay) assay
We obtained 30  mg of hippocampal tissues from rats 
in each group and prepared them as 10% hippocam-
pal homogenate using normal saline. Subsequently, the 
homogenates were centrifuged at 3000  rpm for 15  min. 
The resulting supernatant was collected, and the levels 
of TNF-α, IL-1β, and IL-6 in rat hippocampal tissues 
were determined using ELISA kits (Guangzhou, Weijia 
company).

Western blotting
Frozen hippocampal tissues were extracted, homoge-
nized, and lysed. The BCA protein quantitative method 
was utilized to determine the protein concentration. A 5× 
loading buffer was employed to mix the protein, which 
underwent denaturation treatment at 37  °C for 30  min. 
A separation gel of 10% and a concentrated SDS gel of 
5% were used. PAGE electrophoresis was conducted at 
a constant current of 300  mA for 2.5  h. Rabbit anti-rat 
BDNF antibody (ABEAM, UK), rabbit anti-rat p-ERK 
antibody (CST, US), and mouse anti-rat β-actin antibody 
(Santa Cruz, US) were diluted at a ratio of 1:2000 and 
incubated overnight at 4 °C. Sheep anti-rabbit secondary 
antibody (Wuhan Bodeo Biological J: Cheng Co., Ltd.) 

or sheep anti-mouse secondary antibody (Wuhan Bodeo 
Biological Engineering Co., Ltd.) were added at a dilution 
of 1:5000 and incubated at room temperature. The film 
was developed using an ECL chemiluminescence detec-
tion kit. Subsequently, the film was scanned by a BIO-
RAD gel imaging system and quantitatively analyzed 
using Quantity One software to determine the optical 
density values. The expression levels of KCC2, NKCC1, 
BDNF, and p-ERK were determined by calculating their 
respective ratios with β-actin based on optical density 
values.

Open field test (OFT)
The open-field test was utilized to assess both general loco-
motor activity and anxiety-like behaviors [6]. Rats (n = 10) 
were gently placed in a rayless open-field apparatus mea-
suring 50 cm × 50 cm × 37 cm, constructed with Plexiglas 
walls and a black floor, and allowed to freely explore for 
five minutes. Between each trial, the arena was cleaned 
using 70% ethanol. Data recording was facilitated by video 
footage, while EthoVision XT 7.0 (Noldus, Wageningen, 
Netherlands) aided in data analysis. Locomotor activity 
was measured based on distance traveled and speed, while 
evaluation of anxiety-like behaviors relied on frequency 
and duration of visits to the center zone.

Morris water maze (MWM)
The Morris water maze test (MWM) was conducted on 
postnatal day 31 to assess the cognitive functions of rats 
in each group. The place navigation test was carried out 
for the initial three days, followed by a spatial probe test 
on the fourth day. Rats were released into the water fac-
ing the wall from a designated starting point in the pool, 
and their escape latency (i.e., time taken to find the fixed 
platform) was recorded. Rats were required to remain on 
the platform for 30 s; if they failed to locate it within 90 s, 
they were guided towards it and allowed to stay for 30 s. 
On the fourth day, we removed the platform from the 
water and observed both crossing times over its previous 
location and duration of staying in that quadrant.

Fig. 1 A concise schematic depiction of experimental procedures
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Statistical method
SPSS 21.0 software was utilized for conducting the sta-
tistical analysis. Data measurement was performed using 
the mean ± standard deviation (x ± s). Group comparison 
was carried out using Student’s t-test. Repeated measure-
ments t-test were employed to analyze significant differ-
ences between different groups, and post hoc testing was 
conducted using Tukey’s HSD test. A significance level of 
P < 0.05 indicated statistically significant differences.

Results
Isoflurane anesthesia leads to long cognitive impairment 
in neonatal rats
The open-field test was conducted to assess the locomo-
tor activity and emotional behavior of rats. It is evident 
that the ISO group exhibited reduced locomotion trajec-
tories in the central region, with a significantly shorter 
total distance compared to CON pups. Relative to the 
control group, isoflurane-treated rats spent less time 
exploring the center area. We consider these reductions 
in exploration time and entry frequency as indicators 
of anxiogenic-like behavior, suggesting that offspring 

treated with isoflurane also displayed anxiety-like behav-
ior. The detailed data are presented in Fig. 2.

The Morris water maze (MWM) was utilized to evaluate 
rodents’ learning and spatial memory abilities by provid-
ing distal cues for navigating from various start points sur-
rounding an open swimming arena towards a submerged 
escape platform. Extensive evidence supports its validity 
in measuring hippocampal-dependent spatial learning and 
memory [7]. Control pups performed well in the MWM 
task; however, rats treated with isoflurane took longer to 
reach the platform, indicating impaired performance. Addi-
tionally, isoflurane administration resulted in a decreased 
percentage of crossing time during the MWM experiment 
compared to control rats at PND32, suggesting long-term 
detrimental effects on memory function caused by isoflu-
rane exposure. The detailed data are illustrated in Fig. 3.

The inflammatory response of hippocampus contributes to 
cognitive impairment after neonatal isoflurane anesthesia
Studies have demonstrated that persistent neuroinflam-
mation induced by isoflurane serves as a significant con-
tributor to cognitive impairment. In order to investigate 
alterations in inflammatory factors following isoflurane 
treatment, ELISA was employed to assess the expression 
levels of proinflammatory cytokines IL-1β, TNF-α, and 
IL-6. Compared to the control group, the hippocampus 
of neonatal rats in the isoflurane group exhibited a nota-
ble elevation in pro-inflammatory cytokines IL-1β, TNF-
α, and IL-6. The detailed data are illustrated in Fig. 4.

Isoflurane anesthesia affects the expression of NKCC1/
KCC2
NKCC1/KCC2 imbalance alters GABA neurotransmis-
sion, potentially resulting in hyperexcitability of neural 
circuits and reduced inhibition following neonatal expo-
sure to anesthesia. The protein expression investigation 
was conducted on the rat hippocampus at PND7 using 
western blotting at 0 h, 6 h, 24 h, and 48 h after anesthesia 
termination. KCC2 expression showed a decrease at 24 h 
and 48  h post isoflurane exposure, while the NKCC1/
KCC2 ratio increased. BDNF and p-ERK expression in 
the hippocampus were downregulated at 0  h and 6  h, 
whereas there were no significant differences observed in 
NKCC1 expression across all time points examined. Fig-
ures 5 and 6 present all the data.

NKCC1 specific inhibitor (bumetanide) alleviates cognitive 
impairment caused by isoflurane in neonatal rats
Our aforementioned experiments have substanti-
ated alterations in the NKCC1/KCC2 protein ratio in 
mice subsequent to isoflurane anesthesia, thereby sug-
gesting a pivotal regulatory role of chloride ion trans-
porters in the enduring cognitive decline observed in 
neonatal rats induced by isoflurane. Consequently, we 

Fig. 2 A Movement trajectories of mice in the CON and ISO groups were 
analyzed in the open field test experiment. B The time spent in the center 
of the open field test was compared between the two groups. C Total dis-
tance covered during the open field test was measured for both groups. 
The data are presented as mean ± standard deviation (n = 12 mice per 
group). Statistical significance was determined using *p < 0.05 compared 
to the CON group, and **p < 0.01 compared to the CON group
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further investigate the potential efficacy of NKCC1 
specific inhibitors (bumetanide) for ameliorating the 
cognitive impairment and neuropsychiatric disorders 
instigated by isoflurane. Figure 7.

Discussion
General anesthetics have the potential to be neurotoxic 
during brain development, leading to increased apoptotic 
cells, impaired neurogenesis, and neuroinflammation 
[8–10]. Certain anesthetics used in early life in rodents 
and primates may impair cognitive function, with last-
ing effects into adulthood. All types of general anesthet-
ics can penetrate the brain, and evidence suggests that 
anesthetics like isoflurane can induce neuronal apoptosis, 
neuroinflammation, and behavioral deficits in later stages 
of rat life [11–13]. Sedative and anesthetic drugs are 
commonly administered for procedural sedation and sur-
gical anesthesia in infants and children. Recent clinical 
studies have started to establish a link between exposure 
to anesthesia during infancy in humans and subsequent 
neuropathology as well as cognitive disturbances later 
in life [14–16]. Although this topic has been extensively 
researched previously, the mechanisms underlying the 
adverse consequences of neonatal anesthesia exposure 
have only recently been thoroughly investigated [17–20].

The Morris water maze (MWM) is widely utilized for 
assessing the spatial learning and memory abilities of 
animals, particularly in relation to neurocognitive dis-
orders [21–23]. In the place navigation test, an increase 
in escape latency indicates a decline in cognitive abil-
ity related to spatial memory [24], while an increase 

Fig. 4 A, B, C Compared to the CON group, the concentrations of hip-
pocampal inflammatory factors TNF-α, IL-1βand IL-6 were significantly el-
evated at 6 and 24 h. The data are presented as means ± SEMs (n = 6 per 
group) and were analyzed using a t-test. ∗P < 0.05,∗∗P < 0.01 control vs. ISO

 

Fig. 3 A The trajectory diagram of the CON and ISO groups in the platform finding experiment clearly indicated that the ISO mice required more time to 
locate the correct platform position. B The escape latency time of both mouse groups in the MWM navigation test revealed that on the fourth day, ISO 
mice took longer to find the platform. C The number of times each group crossed over the platform during the probe trial of the MWM test was analyzed. 
D In comparison to the CON group, it was evident that target quadrant traveling times were significantly shorter for mice in the ISO group. Data are pre-
sented as means ± SEMs (n = 12 per group) and were statistically compared using repeated measure 2-way ANOVA. ∗P < 0.05, control vs. ISO
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in time spent crossing the platform and staying in the 
target quadrant suggests improved special informa-
tion processing skills and overall proficiency [25, 26]. 
Our findings demonstrate that PND28-31 rats exposed 
to isoflurane exhibit poor performance on both place 
navigation and exploration tests. Furthermore, our 
research reveals impaired spatial memory capabilities 

among isoflurane-treated pups, as evidenced by 
increased latency in the MWM task, consistent with 
previous studies.

Features of depression include having a dark mood, 
being incapable of experiencing pleasure, having thoughts 
of suicide and experiencing changeable sleep, appetite, 
sexual desire, and gastrointestinal motility [27, 28]. For 

Fig. 6 A Immunoblotting was employed to determine the protein levels of BDNF, P-ERK, and ERK in hippocampal tissue lysates at various time points 
(0, 6, 24, and 48 h). B. C Quantification of the data depicted in A was performed. The data are presented as mean ± SEM (n = 3 per group), with statistical 
significance denoted as ∗P < 0.05 and ∗∗P < 0.01 for comparisons between control and ISO groups

 

Fig. 5 A, B The protein levels of NKCC1 and KCC2 in hippocampal tissue lysates at different time points (0, 6, 24, and 48 h) were determined using im-
munoblotting. C, D, E Quantification of the data shown in Figure A was performed. The data are presented as the mean ± SEM (n = 3 per group), with 
statistical significance indicated as *P < 0.05 and **P < 0.01 for control vs. ISO
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rodents, the measurement of behaviors such as depression 
and anxiety can be achieved through the SPT, FST, and 
OFT [29]. Based on our OFT data, rats exposed to isoflu-
rane during the neonatal period can suffer depression-like 
behaviors in adolescence. In particular, the time of staying 
in the center area of open field box is shortened and the 
total distance of movement is reduced [30–32].

In summary, after exposure to isoflurane in the neo-
natal stage, our results found that rats can suffer mixed 
neurobehavioral disorders such as cognitive damage and 
affective disorder, moreover, the damage of isoflurane to 
the memory ability of newborn rats may be long-term.

Proinflammatory cytokines, including TNF-α, IL-6, 
and IL-1β, are associated with learning/memory impair-
ment [33–36]. Isoflurane can upregulate the levels of IL-6 
in the plasma of patients who receive minimally invasive 
surgery as well as in neuroglioma cells while increasing 
TNF-α, IL-1β, IL-6, and caspase-3 expression in adult 
and aged rodent brains. We also found isoflurane-acti-
vated TNF-α, IL-6, and IL-1β in neonatal rats exposed. 

The findings agree with those of previous studies [37–
39], and the hippocampus can be easily affected by neu-
roinflammation derived from anesthesia and surgery.

The cation-chloride cotransporters Na+–K+–2Cl−–1 
(NKCC1) and K+–2Cl−–2 (KCC2) play a critical role in 
regulating neuronal responses to gamma-aminobutyric 
acid (GABA). NKCC1 promotes GABA excitation in 
immature neurons, while the expression of KCC2 inhib-
its GABA maturation. Imbalance between NKCC1 and 
KCC2 alters GABA neurotransmission, potentially lead-
ing to hyperexcitability in neural circuitry and reduced 
inhibition following neonatal exposure to anesthesia [3, 
40, 41]. Our findings demonstrate that 24 h and 48 h after 
initial exposure, there is a significant increase in the hip-
pocampal NKCC1/KCC2 ratio due to dysregulated KCC2 
expression in isoflurane-exposed pups. This may serve 
as a crucial factor contributing to cognitive impairment 
observed in neonatal rats exposed to isoflurane.

Brain-derived neurotrophic factor (BDNF) essentially 
impacts neuronal plasticity, learning, and memory. Reports 

Fig. 7 A 1. Movement trajectories of mice in the ISO and ISO + Bumetanide groups were analyzed in the OFT and WMZ. B The time spent by both groups 
in the center of the OFT was measured. C Total distance covered by mice in the OFT was recorded for both groups. D The Escape time on day 4 in the 
ISO + bumetanide group was significantly shorter compared to ISO group. E The platform crossing times in MWM test of the ISO + bumetanide group 
was significantly longer compared to ISO group. F Escape latency time, which indicates how long it took for both groups to find an escape route, was 
measured during MWM navigation tests, in the ISO + bumetanide group was significantly longer compared to ISO group. G Representative western blot 
bands were used to analyze protein levels of NKCC1 and KCC2 in hippocampus samples. H Analysis of NKCC1 and KCC2 protein expression levels was 
conducted on hippocampus samples. I Serum ELISA results showed immune factor IL-1β in ISO was higher than ISO + Bumetanide group on day 34 
after birth. All data are presented as mean ± SEM (n = 3 ~ 12 per group), with statistical significance denoted as ∗P < 0.05 or ∗∗P < 0.01 when comparing 
between ISO and ISO + Bumetanide
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have shown that the negative regulatory effect of IL-1β on 
learning and memory is dependent on neurodegenera-
tive diseases [42–44]. Anesthesia and surgery can trigger 
microglial activation, IL-1β release, and BDNF downregu-
lation in the hippocampus, thereby leading to hippocam-
pus-dependent cognitive damage in aged mice [45]. The 
neuroinflammation induced by microglia and astrocytes 
markedly affects POCD development. In addition, BDNF 
signaling changes are capable of causing synaptic dysfunc-
tion related to memory deficits in Alzheimer disease (AD), 
Parkinson’s disease (PD), stroke, and sepsis-related enceph-
alopathy [46, 47]. ERK acts as a basic signal for learning and 
memory [48]. To build long-term memory, ERK signaling 
is activated in the early stage in the hippocampus [49, 50]. 
The brain-derived neurotrophic factor precursor-ERK axis 
in the brain is capable of relieving the anxiety of preadoles-
cent mice exposed to isoflurane after foot-shock stress [51, 
52]. Isoflurane inhibited p-ERK expression in both neona-
tal and adulthood exposures in mice [53, 54].

Our study suggests that exposure to isoflurane in early 
life can lead to cognitive damage and neuropsychiatric 
disorders, which may be mediated by decreased levels 
of BDNF and ERK signaling. During the early stages of 
development, GABA mediates depolarization excitation 
through the high expression of NKCC1 ion channels on 
neurons, maintaining high intracellular chloride ion (Cl-) 
concentrations. As development progresses, there is an 
increase in the expression of KCC2 ion channels respon-
sible for pumping Cl- on neurons while the expression of 
NKCC1 gradually decreases. This shift leads to a transi-
tion in GABA-mediated function from excitation to inhi-
bition, which is crucial for synaptic development and 
neuronal plasticity. Abnormalities in this transformation 
are associated with various neurological diseases [55, 56].

Our study found that cognitive impairment caused by 
isoflurane may be related to NKCC1/KCC2. Therefore, 
we further investigated the potential of using bumetanide 
as a specific inhibitor for NKCC1 to reverse the cogni-
tive damage and neuropsychiatric disorders induced by 
isoflurane exposure. We observed that bumetanide effec-
tively reversed the cognitive damage and behavioral dis-
orders induced by isoflurane in neonatal rats through its 
ability to inhibit TNF-α activation, IL-6 activation, IL-1β 
activation downregulate NKCC2 expression as well as 
downregulate BDNF and ERK signaling.

In summary, neonatal exposure to isoflurane during the 
neurodevelopmental surge elicits behaviors such as anxi-
ety and depression and induces cognitive impairment in 
adolescent rats, potentially attributed to its detrimental 
effects on NKCC1 and KCC2. Nonetheless, the mechanism 
through which NKCC1/KCC2 regulates cognitive impair-
ment may be associated with the expression of BNDF and 
P-ERK signaling pathways as well as hippocampal inflam-
matory response. Therefore, it is crucial to identify viable 

therapeutic strategies for addressing aberrantly activated 
proinflammatory cytokines or cation-chloride cotrans-
porters that could aid in effective neurotoxic interventions. 
To extrapolate our findings to a clinical setting, more rig-
orous epidemiological studies along with clinical trials 
are urgently required to evaluate the long-term impact of 
neonatal anesthesia on infants’ development. Discover-
ing insightful mechanisms and developing novel drugs 
for preventing long-term damage in children is of utmost 
importance. Our research alone is insufficient; further 
investigation into specific mechanisms remains superficial.
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