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Isoflurane exposure regulates the cell viability and BDNF
expression of astrocytes via upregulation of TREK-1
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Abstract. Neonatal isoflurane exposure in rodents disrupts
hippocampal cognitive functions, including learning and
memory, and astrocytes may have an important role in this
process. However, the molecular mechanisms underlying
this disruption are not fully understood. The present
study investigated the role of TWIK-related K* channel
(TREK-1) in isoflurane-induced cognitive impairment.
Lentiviruses were used to overexpress or knockdown
TREK-1 in astrocytes exposed to increasing concentrations
of isoflurane or O, for 2 h. Subsequently, the mRNA
and protein expression of brain-derived neurotrophic
factor (BDNF), caspase-3, Bcl-2-associated X (Bax)
and TREK-1 was measured by reverse transcription-
quantitative polymerase chain reaction and western blot
analysis, respectively. In addition, cell viability was assessed by
a 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2 ,4-disulfophenyl)-
2H-tetrazolium monosodium salt assay. The results
demonstrated that, prior to manipulating TREK-1, isoflurane
significantly decreased the cell viability and BDNF
expression, and increased Bax, caspase-3 and TREK-1
expression was observed. However, TREK-1 overexpression
in astrocytes significantly downregulated BDNF expression,
and upregulated Bax and caspase-3 expression. Furthermore,
lentiviral-mediated short hairpin RNA knockdown of TREK-1
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effectively inhibited the isoflurane-induced changes in BDNF,
Bax and caspase-3 expression. Taken together, the results of
the present study indicate that isoflurane-induced cell damage
in astrocytes may be associated with TREK-1-mediated
inhibition of BDNF and provide a reference for the safe use of
isoflurane anesthesia in infants and children.

Introduction

Isoflurane is commonly employed to maintain general anes-
thesia during various types of surgery, owing to its properties
that allow a precise concentration to be delivered continuously
throughout in vivo experiments (1,2). However, isoflurane may
induce neurotoxicity, which in turn leads to cognitive dysfunc-
tion or learning/memory impairment (3), and postoperative
cognitive dysfunction is one of the most common complica-
tions characterized by cognitive decline following surgery
using isoflurane (4). Notably, early isoflurane exposure may
induce long-term learning deficits and cognitive dysfunction
in children and rodents (5.6).

Hippocampal neuroplasticity has an important role in
cognitive functions such as learning and memory (7,8).
Previous studies have demonstrated that decreased hippo-
campal neurogenesis contributes to spatial learning deficits
in aging and animal models of Alzheimer's disease (9,10).
In addition, decreased presynaptic and postsynaptic protein
expression, fewer synaptic contacts and less efficient synaptic
connections induced by adolescent A9-tetrahydrocannabinol
treatment are associated with cognitive impairment in adult-
hood (11). Furthermore, treadmill exercise improves cognitive
function by enhancing hippocampal neuroplasticity, including
increased expression of brain-derived neurotrophic factor
(BDNF) and enhanced cell proliferation in obese mice (12).

Astrocytes, which actively interact with neurons at synapses,
are the most abundant cell type in the brain and have an impor-
tantrole in supporting neuronal development (13,14).In addition,
astrocytes contribute to synaptic plasticity by secreting factors
that increase the number and function of synapses, and also
influence synaptic transmission across neuronal circuits (15).
Astrocyte-mediated metaplasticity contributes to the hippo-
campal dysfunction that underlies the impaired cognition
involved in several neurological diseases (16). Furthermore,
astrocytes are an important intermediary of septal cholinergic



7306

modulation in the hippocampus, which has an important
role in hippocampus-dependent learning and memory (17).
Notably, cognitive impairment following isoflurane exposure
is associated with impairment of hippocampal activity and
function in rodents (18). The majority of studies concerning
the cellular mechanisms of isoflurane toxicity have focused
on the survival, proliferation, differentiation and migration of
hippocampal neurons and neural stem cells (19,20). However,
the cellular effects of isoflurane on hippocampal astrocytes and
the associated molecular mechanism are not fully understood.
TWIK-related K* channel (TREK-1) is a two-pore domain
background K* channel that is essential for cell volume
regulation and is therefore involved in the regulation of cell
proliferation, necrosis and apoptosis (21). TREK-1 is expressed
throughout the brain, particularly in neurons and astrocytes
of the cortex, cerebellum and hippocampus (22), and a
recent study reported high expression and partial function of
TREK-1 in astrocytes (23). Notably, TREK-1 is activated by
clinical concentrations of isoflurane (24), and is involved in the
effects of isoflurane preconditioning (25,26). A recent study
reported that blocking TREK-1 using the sortilin-derived
peptide spadin induced an antidepressant-like effect and also
augmented protein kinase A-CREB-BDNF signaling in the
hippocampus (27). Additionally, the essential role of astrocyte
K* channels in central nervous system homeostasis has been
confirmed in animal disease models, and emerging evidence
indicates that signaling mediated by astrocyte ion channels,
such as TREK-1, enables the interaction between astrocytes and
neurons, which subsequently regulates synaptic transmission
and plasticity (28). Thus, we hypothesize that the activity of
TREK-1 and associated factors, such as BDNF in hippocampal
astrocytes, may be involved in isoflurane-induced cognitive
dysfunction. The present study investigated the effects of
different isoflurane dosages on cell viability and the expression
of caspase-3, Bcl-2-associated X (Bax) and BDNF in astrocytes
following lentiviral-mediated TREK-1 manipulation.

Materials and methods

Astrocyte isolation and culture. Experiments were approved
by the Institutional Animal Care and Use Committee of the
Fourth Military Medical University. A total of 4 female and
2 male C57BL/6 J mice (20.0+1.2 g and 22.0+1.5 g; 7-9 weeks
old ) were purchased from the Laboratory Animal Center of
the Fourth Military Medical University (Xi'an, China), and
were housed on a 12-h light/dark cycle with ad libitum access
to food and water and bred within ( 2 female and 1 male in
1 cage) the Laboratory Animal Center of the Fourth Military
Medical University. Mouse pups were caged with the mother
and siblings under a 12-h light/dark cycle at room temperature
maintained at 22°C.

Astrocytes were harvested from the brains of 10 newborn
(1-day-old) mice, as previously described (29-31). Briefly,
hippocampi were isolated in ice-cold dissection buffer (Hanks'
balanced salt solution; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) under a stereomicroscope. After
the meninges were removed, single cell suspensions were
obtained by mechanical dissociation. After filtering with a 200
molybdenum wire mesh screen, cells were rinsed and resus-
pended in Dulbecco's modified Eagle's medium (DMEM)
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(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher
Scientific, Inc.) and plated in 75 cm? flasks coated with
poly-L-lysine (Corning Incorporated, Corning, NY, USA).
Cells were incubated at 37°C with 5% CO, until 90% confluent.
The medium was replenished 2 days after plating and changed
every 2 days. Astrocyte-enriched cultures were obtained by
shaking mixed glial cultures at a speed of 240 rpm to remove
less adhesive microglia and other cells for 24 h after 12 days
of incubation. Subsequently, astrocytes were digested with
0.25% trypsin and 1 mM-EDTA, split into 6-well or 12-well
plates and incubated for ~3 days at 37°C prior to experiments.

Isoflurane administration. Cells were placed on 6-well plates at
density of 3x10° per well and tand cultured in DMEM supple-
mented with 10% FBS in an incubator with 5% CO, at 37°C for
~3 days, which was followed by exposure to different concen-
trations of isoflurane according to the clinical concentration of
isoflurane and previous studies (32,33). Briefly, identical airtight
chambers (Billups-Rothenberg, Inc., Del Mar, CA, USA) and
content-certified gas canisters containing 21% oxygen, and
79% nitrogen were equilibrated to 37°C overnight in a heated
room. Subsequently, plates were randomly placed in airtight
chambers flushed with control gas (100% oxygen) at 4 1/min for
~5 min or flushed with gas containing isoflurane (oxygen with
isoflurane) at the same flow rate until the isoflurane concentra-
tions in the chamber reached the set value and remained stable
for 2 h at0.5, 1.0 or 1.5 minimum alveolar concentration (MAC)
isoflurane (0.7%, 1.4% and 2.1%, respectively). The chamber
was then sealed and placed in an incubator at 37°C for 2 h.
Afterwards, the cells were removed and returned to a normal
culture (incubated at 37°C with 5% CO, ) at atmospheric condi-
tions for 2 h for cell viability analysis and other assays.

Cell viability determination. Cell viability was determined
using a 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo
phenyl)-2H-tetrazolium monosodium salt (WST-1) assay kit
(Cell proliferation Reagent WST-1; 11 644 807 001; Roche
Diagnostics, Indianapolis, IN, USA) according to the manufac-
turer's instructions. In a preliminary experiment, three different
WST-1 concentrations (WST-1/cell growth medium, 100, 200
and 300 pl/ml) were employed with three different treatment
durations (1,2 and 3 h), and the results demonstrated that there
was no significant difference in the cell viability between cells
treated with different WST-1 concentrations and for different
durations. Therefore, for subsequent cell viability experiments,
cells were treated with 200 pl/ml WST-1 for 2 h, which was
recommended in the manufacturer's protocol. Briefly, 200 ul
WST-1 (Cell proliferation Reagent WST-1; 11 644 807 001,
Roche Diagnostics) was added to each well (with 3x10° cells
in 1 ml growth medium) prior to exposure to isoflurane, and
cultures were treated with isoflurane or O, (control group) for
2 h at 37°C. The optical density was measured at 450 nm using
a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) immediately following isoflurane administration. Data
are presented as the mean of three independent experiments
that were performed at least five times.

Immunocytochemistry. To verify the identity of astrocytes,
primary cultures were placed on poly-L-lysine-coated
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coverslips in 12-well plates until 80% confluent. Astrocytes
were fixed in 4% paraformaldehyde for 30 min at 4°C and
permeabilized in 0.3% Triton-X-100 (T9284; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) for 10 min at room
temperature (23°C) prior to immunocytochemistry.
Subsequently, astrocytes were blocked in 5% (w/v) bovine
serum albumin (Sigma-Aldrich; Merck KGaA) for 30 min
at room temperature. The primary antibody mouse anti-glial
fibrillary acidic protein (GFAP; 1:1,000; SAB5201113;
Sigma-Aldrich; Merck KGaA) was diluted in immune buffer
(1% wi/v bovine serum albumin and 0.3% Triton-X-100) and
incubated with astrocytes overnight at 4°C. Subsequently,
cells were washed with PBS and incubated for 2 h in the
dark at room temperature in the presence of fluorescent
secondary antibodies (Alexa Fluor 594 donkey anti-mouse
IgG; 1:1,000; A-21203; Invitrogen; Thermo Fisher Scientific,
Inc.). Cells were then incubated with DAPI for 20 min at room
temperature to stain the cellular nuclei. Finally, the coverslips
were mounted onto slides in PBS/glycerol (vol/vol, 1:1). The
preparations were analyzed under a laser scanning confocal
microscope (FV-1000; Olympus Corporation, Tokyo, Japan),
and the positive cells were measured and quantitated using
Image-Pro Plus software (version 6.0, Media Cybernetics, Inc.,
Rockville, MD, USA) in 6 fields of view.

Virus infection and reverse transcription-quantitative
polymerase chain reaction (RT-gqPCR) analysis. Lentiviruses
expressing a short hairpin RNA (shRNA) targeting the
sequence of the TREK-1 gene (Lv-shRNA-TREK-1), a nega-
tive control lentivirus (Lv-shRNA-sham), lentivirus expressing
TREK-1 (Plenti-TREK-1-GFP) and a GFP control lentivirus
(Plenti-sham-GFP) were all purchased from Shanghai
Genechem Co., Ltd. (Shanghai, China). Growing cells were
seeded at 2x10° cells/well into 6-well plates or 1x10° cells/well
into 12-well plates and incubated at 37°C for 3 days. The
transfection was performed using polybrene reagent (Shanghai
Genechem Co., Ltd.), according to the manufacturer's protocol.
Briefly, 20 pl of polybrene (5 mg/ml) and 50 pul of virus (storage
concentration of virus: 5.0x10* TU/ml for Lv-shRNA-TREK-1,
4.5x10% TU/m] for Lv-shRNA-sham, 4.9x10% TU/ml for
Plenti-TREK-1-GFP and 5.0x10® TU/ml for Plenti-sham-GFP)
into 20 ml DMEM medium (with 10% FBS) were mix gently,
and the cells were cultured with the mixture medium (1 ml/well
for 6-well plates and 0.5 ml/well for 12-well plates) at 37°C
for 24 h. At 24 h after infection, the transfection mixture
was replaced with fresh medium (DMEM + 10% FBS) and
cultured for a further 48 h at 37°C. Then, Cells in 12-well
plates were fixed in 4% paraformaldehyde and stained with
GFAP antibody to confirm the virus transfection effects by
immuno-fluorescent assay as before.

Total RNA was isolated from cells using RNAiso Plus
(Takara Bio, Inc., Otsu, Japan) and reverse transcribed
(37°C for 15 min; 85°C for 5 sec and 4°C for 10 min) with a
Prime-Script RT reagent kit (Takara Bio, Inc.). Subsequently,
the cDNA was quantified by qPCR with SYBR Premix Ex
Taq (Takara Bio, Inc., Otsu, Japan). The following primer
sequences were used: Mice GAPDH forward, 5'-CCAATG
TGTCCGTCGTGGATCT-3' and reverse, 5'-GTTGAAGTC
GCAGGAGACAACC-3'; BDNF forward, 5-"TCATACTTC
GGTTGCATGAAGG-3' and reverse, 5-ACACCTGGGTAG
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GCCAAGTT-3"; caspase-3 forward, 5~ AACCAGATCACA
AACTTCTGCAAA-3" and reverse, 5-TGGAGTCCAGTG
AACTTTCTTCAG-3"; and TREK-1 forward, 5'-TCAAGC
ACATAGAAGGCTGG-3' and reverse, 5'-ACGGATGTG
GCAGCGTGG-3'. The two-step qPCR program used was as
follows: 1 cycle of 95°C for 30 sec, followed by 40 cycles of
95°C for 5 sec, 60°C for 30 sec, and 1 cycle of 95°C for 15 sec,
then maintained at 4°C. Subsequently, the relative changes in
gene expression of BDNF, TREK-1, caspase-3 were analyzed
by 2244 method (34).

Western blot analysis. Cell samples were harvested from
culture plates following isoflurane exposure for the determi-
nation of TREK-1, BDNF, caspase-3 and Bax protein levels.
Cells were lysed in buffer composed of 62.5 mM Tris-HCI,
2% wi/v SDS, 10% glycerol, 50 mM dithiothreitol and
0.1% w/v bromphenol blue. Insoluble materials were separated
by centrifugation at 4°C, 12,000 x g for 10 min and protein
levels in the supernatant were measured by the BCA method
(Invitrogen; Thermo Fisher Scientific, Inc.), and then the
supernatant was heated to 100°C for 10 min and then cooled on
ice for 30 min. Electrophoresis was performed by SDS-PAGE
using a 10% polyacrylamide gel (40 pg of total protein per
lane). Separated proteins were transferred onto nitrocellulose
membranes, which were subsequently blocked with 5% non-fat
milk solution for 1 h at room temperature under gentle agitation.
After washing three times in TBS with 0.5% Tween-20 (TBST;
10 min per wash), membranes were incubated with primary
antibodies against TREK-1 (1:500; Sigma-Aldrich; Merck
KGaA), BDNF (1:5,000; Cell Signaling Technology, Inc.,
Danvers, MA, USA), caspase-3 (1:500; Abcam, Cambridge,
UK), Bax (1:1,000; Abcam) and p-actin (1:2,000; Abcam)
overnight at 4°C. The membranes were washed three times
in TBS and incubated with peroxidase-conjugated antibodies
in TBST for 1 h (donkey anti-rabbit IgG; 1:10,000; Abcam).
Subsequently, membranes were washed three times for 10 min
in TBST, and immunoreactive bands were detected using
SuperSignal West Pico Chemiluminescent Substrate (34077,
Thermo Fisher Scientific, Inc.), visualized on X-ray films and
densitometric analysis was performed with Bio-Rad Quantity
Onel-D Analysis Software (1709600; Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Statistical analysis. Statistical analysis was performed using
SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). Data are presented
as the mean + standard deviation. Comparisons were
performed using a one-way or two-way analysis of variance
followed by Tukey post hoc tests for multi-group comparisons,
and isoflurane concentration was the factor assessed. P<0.05
was considered to indicate a statistically significant difference.

Results

Isoflurane exposure decreases cell viability in astrocytes
in vitro. In the present study, primary mouse astrocytes were
isolated and cultured on poly-D-lysine-coated coverslips.
After 7 days of culture, the cellular homogeneity of the
primary cultures was evaluated using immunocytochemistry
for the glial marker GFAP, and cells exhibited immunoreac-
tivity for GFAP (Fig. 1A). Following treatment of the cultured
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Figure 1. Effect of isoflurane exposure on the cell viability and gene expression of astrocytes. (A) Representative microphotographs of GFAP staining
(red), DAPI staining (blue) and their merged images. Scale bar, 200 ym. (B) Histograms demonstrating the effect of 0.5 (0.7%), 1.0 (1.4%) and 1.5 (2.1%)
minimum alveolar concentration of isoflurane on the cell viability. mRNA expression of (C) BDNF, (D) caspase-3 and (E) TREK-1, as determined via
reverse transcription-quantitative polymerase chain reaction. (F) Representative protein bands and densitometric analysis of BDNF, TREK-1, caspase-3 and
Bax expression relative to -actin expression. n=6 per group; "P<0.05 and “P<0.01, as indicated. GFAP, glial fibrillary acidic protein; BDNF, brain-derived
neurotrophic factor; TREK-1, TWIK-related K* channel; Bax, Bcl-2-associated X; OD, optical density; ISO, isoflurane.
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Figure 2. Microphotographs indicating GFAP staining (red) and lentivirus infection (green) in astrocytes. Astrocytes were successfully infected with
(A) Plenti-GFP lentivirus as an overexpression control, (B) Plenti-TREK-1-GFP lentivirus for TREK-1 overexpression, (C) shRNA-sham-GFP lentivirus as a
knockdown control and (D) shRNA-TREK-1-GFP lentivirus for knockdown of TREK-1. Scale bar, 200 ym. GFAP, glial fibrillary acidic protein; GFP, green
fluorescent protein; TREK-1, TWIK-related K* channel; shRNA, short hairpin RNA.

cells with different concentrations of isoflurane for 2 h, cell
viability was detected in a WST-1 assay. Compared with the
control group, isoflurane exposure at 0.5 MAC had no effect
on the viability of astrocytes. By contrast, 1.0 and 1.5 MAC
isoflurane treatments resulted in a significant reduction in cell
viability compared with the control group (P<0.01; Fig. 1B).

Isoflurane exposure decreases BDNF levels and increases
Bax, caspase-3 and TREK-1 expression in astrocytes. To
investigate the potential molecular mechanism of the effects
of isoflurane in astrocytes, following treatment with different
concentrations of isoflurane for 2 h, RT-qPCR and western blot
analysis were performed to evaluate the expression of BDNF,
caspase-3, Bax and TREK-1. As demonstrated in Fig. 1C-F,
in comparison with the control group, the mRNA and protein
expression of BDNF was significantly decreased in the 1.0 MAC
(P<0.05) and 1.5 MAC (P<0.01) isoflurane-treated groups. The
mRNA and protein expression of caspase-3, and the protein
expression of Bax, increased significantly in the 1.0 MAC
(P<0.05) and 1.5 MAC (P<0.01) isoflurane-treated groups.
Furthermore, the mRNA and protein expression of TREK-1
increased significantly in the 1.0 MAC (P<0.05) and 1.5 MAC
(P<0.01) isoflurane-treated groups. No significant differences
were observed between the 0.5 MAC isoflurane-treated group

and the control group for any genes. These results indicate that
isoflurane administration may promote TREK-1 activity and
apoptosis in astrocytes, and inhibit BDNF expression.

Overexpression of TREK-1 downregulates BDNF, and
upregulates Bax and caspase-3. To investigate whether the
aforementioned effects of isoflurane in astrocytes were due
to the upregulation of TREK-1, the present study overex-
pressed and knocked down TREK-1 in cultured astrocytes via
lentivirus infection (Fig. 2), and detected the mRNA and/or
protein expression of BDNF, Bax and caspase-3. As demon-
strated in Fig. 3, Plenti-TREK-1-GFP infection significantly
increased TREK-1 expression in astrocytes compared with
Plenti-sham-GFP infection cells (P<0.05), and TREK-1 over-
expression exhibited similar effects to the isoflurane-dependent
changes in the expression of BDNF, Bax and caspase-3, as
TREK-1 overexpression reduced the expression of BDNF, and
increased the expression of Bax and caspase-3, which was also
observed for isoflurane treatment in Fig. 1C-F. Compared with
the Plenti-sham-GFP group, the BDNF mRNA and protein
expression significantly decreased (P<0.05), while the Bax
and caspase-3 expression was significantly increased (P<0.05)
in the group infected with Plenti-TREK-1-GFP. These results
indicate that TREK-1 may have an important role in BDNF
expression and apoptosis in astrocytes.
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Figure 3. Overexpression of TREK-1 downregulates BDNF, and upregulates Bax and caspase-3 expression. Effect of Plenti-TREK-1-GFP infection on
(A) TREK-1, (B) BDNF and (C) caspase-3 mRNA levels in astrocytes. (D) Representative protein bands for Bax, caspase-3, BDNF, TREK-1 and f3-actin in
sham and TREK-1 overexpression lentivirus-transfected cells. (E) Plenti-TREK-1-GFP infection decreased the protein expression of BDNF in astrocytes.
(F) Plenti-TREK-1-GFP infection increased the protein expression of TREK-1, caspase-3 and Bax in astrocytes. n=6 per group; ‘P<0.05 and “P<0.01, as
indicated. TREK-1, TWIK-related K* channel; BDNF, brain-derived neurotrophic factor; Bax, Bcl-2-associated X; GFP, green fluorescent protein.

TREK-1 knockdown in astrocytes inhibits isoflurane-
dependent changes in BDNF, Bax, and caspase-3. To deter-
mine whether suppressing TREK-1 expression may attenuate
the effects of isoflurane in astrocytes, cultured astrocytes
were infected with Lv-shRNA-TREK-1 and Lv-shRNA-sham
prior to isoflurane administration (Fig. 2). As demonstrated in
Fig. 4, Lv-shRNA-TREK-1 infection significantly decreased
TREK-1 mRNA and protein expression (P<0.05) in astrocytes
compared with Lv-shRNA-sham cells, and inhibited the effect
of 1.0 and 1.5 MAC isoflurane on the expression of TREK-1,
BDNF, Bax and caspase-3 (P<0.05).

Discussion

Anesthetic pharmacological agents are widely used clini-
cally for a controlled and reversible loss of consciousness
during surgery, which allows millions of individuals to
safely undergo surgery (35). However, the side effects on
brain development following exposure to general anes-
thetics are attracting increased attention (36). Isoflurane is

a commonly used inhalation anesthetic, and treatment with
1.4-1.7% isoflurane for 2 h was reported to reduce acetyl-
choline levels in the brain and result in learning/memory
impairment in rats (32). In addition, exposure to high concen-
trations of isoflurane (1.0 MAC) for 4 h induced caspase-3
and extracellular signal-regulated kinase 1/2 activation,
and inhibited N-methyl-D-aspartate (NMDA) receptor
subunit NR2B protein expression, leading to an impairment
of spatial learning performance in young adult C57BL/6
mice (33). Furthermore, neonatal isoflurane exposure was
demonstrated to disrupt hippocampal functions such as
learning and memory in humans (37). The mechanisms of
isoflurane-induced cognitive impairment are poorly under-
stood. Potential candidate mechanisms include an apoptotic
cytotoxic effect (38-40) or a sublethal alteration in circuit
formation (41-43). Previous studies have indicated that cogni-
tive impairment following isoflurane exposure is directly
associated with its effects on synaptic plasticity (19,20,44).
Currently, increasing evidence demonstrates that astro-
cytes are responsible for controlling the formation, maturation,
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Figure 4. TREK-1 knockdown in astrocytes inhibited isoflurane-dependent changes in BDNF, Bax and caspase-3 expression. Evaluation of (A) mRNA
and (B) protein levels of TREK-1 in astrocytes following Lv-shRNA-TREK-1 infection. mRNA levels of (C) TREK-1, (D) BDNF, and (E) caspase-3 in
Lv-shRNA-TREK-I infected astrocytes following exposure to 0.5 (0.7%), 1.0 (1.4%) and 1.5 (2.1%) MAC isoflurane. (F) Representative protein bands and
densitometric analysis of TREK-1, BDNF, caspase-3 and Bax expression relative to f-actin in Lv-shRNA-TREK-1 infected astrocytes following exposure
t0 0.5, 1.0 and 1.5 MAC isoflurane. n=6 per group; ‘P<0.05 and “P<0.01 vs. control; “P<0.05 and *P<0.01 vs. sh-sham. TREK-1, TWIK-related K* channel,
BDNF, brain-derived neurotrophic factor; Bax, Bcl-2-associated X; Ly, lentivirus; shRNA, short hairpin RNA; MAC, minimum alveolar concentration;

sh-, shRNA; ISO, isoflurane.

function and elimination of synapses, processes that are vital
for the neural circuit formation and the processing of infor-
mation in the brain (45,46). As a result, astrocyte dysfunction
is reported to be involved in several brain disorders that are
associated with cognitive impairment, therefore, astrocytes
are considered to have a number of roles in addition to their
role in supporting cells (47,48) Notably, previous studies have
demonstrated that isoflurane markedly disrupted the response
of astrocytes to neuronal activity by suppression of calcium

transients in astrocytes (49), and astrocytes protected against
isoflurane-induced neurotoxicity by buffering pro-BDNF (50).
Additionally, isoflurane alters the ability of cultured astro-
cytes to support neuronal growth (51). In the present study,
the results demonstrated that brief clinical doses of isoflurane
(1.0 MAC or 1.5 MAC for 2 h) significantly decreased astro-
cyte viability, and this disruption may be critically involved
in the cognitive impairment previously reported following
isoflurane exposure.
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It is established that astrocytes synthesize and secrete
various cytokines to regulate neural plasticity, which include
BDNF and glial cell line-derived neurotrophic factor
(GDNF) (52,53). BDNF belongs to the nerve growth factor
superfamily, which is essential for neuronal differentiation,
survival and hippocampal synaptic plasticity, and is associated
with cognitive functions such as learning and memory (54).
Previous studies have indicated that the age-associated decline
in BDNF signaling contributes to age-associated memory defi-
cits and cognitive dysfunction (55,56), and decreased BDNF
expression in the brain was reported to be associated with the
severity of cognitive impairment (57). By contrast, a previous
study indicated that increased BDNF expression may have an
essential role in the recovery process of cognitive function
following injury to the adult central nervous system (58), and
intracranial BDNF injection effectively improved cogni-
tive skill in rats with axonal injury (59). Another study also
reported that exposure to an enriched environment restored
cognitive impairment induced by chronic cerebral hypoperfu-
sion by upregulating the protein levels of BDNF and NMDA
receptor subunit 1 (60). Furthermore, the BDNF signaling
pathway is considered to be involved in the cognitive deficits
of aging mice (61), and in isoflurane-induced apoptosis in the
developing rat brain (62). Xu et al (63) reported that BDNF
was involved in hippocampal cell apoptosis, and reduced
BNDF levels promoted hippocampal neuronal apoptosis
in zinc deficient mice cell due to upregulation of Bax and
caspase-3 expression. Previous reports also demonstrated that
isoflurane exposure reduced the expression of BDNF, and
increased caspase-3 and Bax expression in the hippocampus,
which contributed to isoflurane-induced neuronal apoptosis
and cognitive impairments in rats (64,65).

GDNF belongs to the transforming growth factor-3 super-
family and has an important role in the development of the
dopaminergic nigrostriatal system, and astrocyte-derived
GDNF is a potent inhibitor of microglial activation (66).
However, limited evidence concerning the roles of GDNF in
anesthetic-induced cognitive impairment is available. The
present study demonstrated that isoflurane decreased BDNF,
and increased Bax and caspase-3 expression in cultured
astrocytes, which is consistent with the results of previous
studies (62,67,68). Furthermore, the results of the current
study indicate that isoflurane exposure-induced astrocyte
apoptosis may be associated with the downregulation of
BDNF expression. However, the potential role of GDNF in
isoflurane-induced neurological damage in the hippocampus
is unclear and requires further investigation.

K* channels containing a two-pore domain (K2p) are a
large family of hyperpolarizing channels that produce back-
ground currents that prevent the depolarization of membranes
and cell excitability. These K* channels have functions in the
cellular mechanisms of apoptosis, vasodilatation, anesthesia,
pain, neuroprotection and in the pathomechanism of cognitive
deficits (21). TREK-1 is a member of the TREK subfamily of
K2p channels, which are expressed throughout the central
nervous system and activated by polyunsaturated fatty acids
and lysophospholipids, and inhibited by neurotransmitters (69).
TREK-1 may also be activated by volatile anesthetics and may
be an important target in the action of drugs such as isoflu-
rane (70). Several studies have demonstrated that TREK-1
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is involved in cognitive deficits (71-73). The results of the
current study indicate that isoflurane administration in vitro
significantly upregulated TREK-1 expression in astrocytes.
Furthermore, overexpression of TREK-1 in astrocytes down-
regulated BDNF, and upregulated Bax and caspase-3, while
TREK-1 shRNA effectively reversed the isoflurane-dependent
changes in BDNF, Bax and caspase-3 expression. These results
indicate that isoflurane exposure disrupts astrocyte viability
and BDNF expression, and induces apoptosis, and these effects
may be mediated via the TREK-1 signaling pathway.

However, certain studies have reported that isoflurane
preconditioning or postconditioning may provide neuroprotec-
tion against various damaging insults (74,75). Thus, the role of
isoflurane in brain development and function remains contro-
versial. Differences in the concentration and duration time of
isoflurane exposure, as well as differences between in vitro
and in vivo experimentation, may have contributed to these
discrepancies. However, the present study did not investigate
the roles of isoflurane and TREK-1 in vivo, which is a potential
limitation of the present study.

In conclusion, the results of the current study demonstrated
that brief exposure to isoflurane at 1.0 MAC or 1.5 MAC
for 2 h increased the expression of TREK-1 and the apop-
tosis-associated proteins caspase-3 and Bax, and decreased the
cell viability and expression of BDNF in vitro. However, these
changes were reversed by TREK-1 knockdown. Further inves-
tigation is required to elucidate the detailed signaling cascades
that are involved in the regulation of TREK-1 in response to
isoflurane exposure for different cell types, and to confirm
the efficacy of TREK-1 knockdown in recovering cognitive
dysfunction in vivo. The present results provide evidence that
isoflurane-induced cognitive dysfunction may be associated
with TREK-1 dysfunction in hippocampal astrocytes and
provides a reference for the safe use of isoflurane anesthesia in
infants and children.
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