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Repeated exposure to sevoflurane in neonatal
rats impairs cognition in adulthood via the
PKA-CREB-BDNF signaling pathway
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Abstract. Sevoflurane (Sev) anesthesia is widely used in pedi-
atrics due to its low blood-gas partition coefficient and lack
of pungency. However, Sev treatment may lead to cognitive
dysfunction in later life. The current study administered Sev
to neonatal rats to investigate the effects of Sev treatment
on cognitive performance in adulthood. In total, 6-day-old
rats received 3% Sev for 2 h daily for 3 consecutive days.
The cognitive function of rats in adulthood was evaluated
in 56-day-old rats by Morris water maze test. The hippo-
campal neuron morphology was observed by Nissl staining.
Hippocampal brain-derived neurotrophic factor (BDNF)
levels were measured by ELISA. The protein expression of
protein kinase A (PKA), cAMP response element binding
protein (CREB), phosphorylated-CREB (p-CREB) and
BDNF in hippocampus were assessed by western blotting.
The water maze results demonstrated that neonatal treatment
with Sev resulted in a significant impairment of cognition in
56-day-old adult rats. Behavioral analysis revealed that Sev
treatment increased latency to first pass the platform and
decreased residence in target quadrants and across platform
frequency compared with the control group in Morris water
maze tests. Furthermore, compared with the control group,
neonatal exposure to Sev reduced the number of neurons and
the concentration of BDNF in the hippocampus, a brain region
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important for learning and memory. Additionally, Sev signifi-
cantly decreased the expression of PKA, p-CREB, BDNF and
the p-CREB/CREB ratio. Treatment with bucladesine, a selec-
tive PKA agonist, partially reversed the deleterious effects of
Sev. In summary, the results indicated that PK A-CREB-BDNF
signaling served an important role in the cognitive decline
caused by neonatal exposure to Sev.

Introduction

Sevoflurane (Sev), a common inhaled anesthetic in pediatrics,
has the advantages of low airway irritation and a low blood gas
distribution coefficient (1,2). Despite these advantages, reports
have indicated that Sev significantly increased the incidence
of learning deficits in adolescents (3,4). In neonatal animals,
Sev induced neurological impairment, including cognitive
decline and abnormal social behaviors in adulthood (5,6).
Unfortunately, few interventions or treatments prevent these
neurological defects (7).

Brain-derived neurotrophic factor (BDNF) servesan
important role in neuronal survival, growth and differentia-
tion (8). BDNF is located in the hippocampus, cerebral cortex
and basal forebrain, which are critical areas for learning and
memory (9). cAAMP response element binding protein (CREB)
regulates the expression of several genes, including BDNF,
that promote synapse formation and neural plasticity (10,11).
Furthermore, there are several CREB binding sites in the
promoter region of the BDNF gene (12). CREB phosphoryla-
tion is essential for its function (13).

Several protein kinases, including protein kinase A
(PKA), extracellular receptor kinase and phosphati-
dylinositol-3 kinases, are known to phosphorylate and
activate CREB (14,15). Since activation of PK A/CREB/BDNF
signaling is closely associated with memory formation, the
current study investigated whether Sev influences cognition
via the PKA/CREB/BDNF pathway in the hippocampus
in vivo. The present study tested the hypothesis that
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intraperitoneal injections of bucladesine (Buc; also called
DB-cAMP), a membrane permeable selective activator of
PKA, can cause an improvement in cognition.

Materials and methods

Materials. The following anesthetics, substances and kits
were used: sevoflurane (Sev; Abbott GmbH), Buc (Abbott
GmbH), anti-PKA (cat. no. ab5815; Abcam), anti-CREB
(cat. no. ab31387; Abcam), anti-phosphorylated (p-) CREB
(cat. no. ab10564; Abcam), anti-BDNF (cat. no. ab226843;
Abcam), anti-actin (cat. no. ab179467; Abcam), goat anti-rabbit
IgG H&L (HRP conjugated; cat. no. ab205718; Abcam) and
BDNF ELISA kits (cat. no. NI-0035; Beijing North Institute of
Biotechnology Co., Ltd.).

Animals. A total of 30 Sprague-Dawley rats (male, 10;
female, 20; weight, 220+20 g), 10-12 weeks old, were used.
Animals were purchased from Jinfeng Laboratory Animal Co.,
Ltd. Animals were housed with free access to food and water
at a temperature of 22+2°C and 55+5% humidity with 12-h
light/dark cycles. Male and female rats were caged at a ratio
of 1:2. Female rats were housed in individual cages after they
were confirmed to be pregnant until they delivered naturally.
Day of birth was noted as postnatal day 0 (P0). The experi-
mental protocol was approved by the Institutional Animal
Care and Use Committee of Zhangqiu District Maternal and
Child Health Care Hospital (Jinan China).

Anesthetic exposure. In total,55 P6-P8 rat pups (male, 28;
female, 27) were placed in a glass chamber (20x12x10 cm) and
rested in a water bath to maintain a constant environmental
temperature of 37-38°C. The Con group (male, 8; female, 7)
was not exposed to Sev. The Sevgroup (male, 10; female, 10)
were exposed to 3% Sev in 30% oxygen carrier gas (in
balance with nitrogen) and exposed to 2 h daily for 3 consecu-
tive days in the chamber (16). Following anesthesia, pups were
allowed to recover and were returned to their mothers. For
the intervention studies, Buc, a selective PKA agonist (17),
was administered to the rats via an intraperitoneal injection
at a concentration of 300 nM/rat 2 h prior to Sev anesthesia
(male, 10; female, 10) (18). The Con group did not undergo
Buc intraperitoneal injection. All the experiments performed
were blinded. At P50, rats underwent behavioral tests. Study
protocol is presented in Fig. 1.

Water maze. Three groups of animals were tested for water
maze: Con (n=10), Sev (n=10) and Buc + Sev (n=10). Rats
were trained in an open water maze (diameter, 1.5 m) filled
with water (temperature, 26°C) made opaque with latex
liquid. Prominent extra-maze visual cues around the room
remained in fixed positions throughout the experiments. In
the behavioral tests, rats were required to locate a hidden
submerged platform (diameter, 10 cm; 1.5 cm below the
surface), which remained in the same position for individual
animals; Four equally spaced points (north, south, east and
west) at the edge of the pool were used as starting positions.
The whole process was divided into two parts: the first 4 days
were training tests and day 5 was the probe test. During the
training tests, trials began when rats were placed in the pool
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Figure 1. Study protocol of experiment. P, postnatal day; Sev, sevoflurane;
Buc, bucladesine.

facing the side wall at a start position and ended once the rats
found the platform. If rats had not found the platform within
120 sec, they were guided there by hand. In the probe tests,
the swimming duration was set to not exceed 120 sec. If the
rat did not find the platform in 120 sec, the task was consid-
ered a failure. A Morris water maze video analysis system
was purchased from Chinese Academy of Medical Sciences.
A video camera was mounted to the ceiling directly above
the center of the maze was used in conjunction with the
animal tracking system (19).

Nissl staining.Rats were deeply anesthetized with pentobarbital
sodium (Shanghai Chemical Reagent Company) at the dose
of 50 mg/kg and perfused transcardially with 0.9% NaClfor
5 min. Rats were then perfused with 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer (pH 7.4) for 20 min.
Brains were removed, fixed in 4% PFA for 7 days at room
temperature and embedded in paraffin. Following this,
3 uM-thick paraffin sections were excised from the dentate
gyrus (DG) of the hippocampus and Nissl staining (56°C for
30 min) was successfully optimized onto paraffin sections.
Morphological changes of neurons were detected using a light
microscope (magnifications, x40, x100 and x200).

Measurement of BDNF levels. Rats were decapitated and
sacrificed following 50 mg/kg pentobarbital sodium anes-
thesia via intraperitoneal injections. The hippocampus were
removed,homogenized and centrifuged at 10,000 x g at 4°C
for 10 min to obtain hippocampal homogenates. BDNF levels
in hippocampal homogenates were measured using commer-
cially available BDNF ELISA kits (cat. no. NI-1200; Beijing
North Institute of Biotechnology Co., Ltd.).

Western blotting. Hippocampus were rinsed twice with cold
PBS and dissolved on ice with a RIPA buffer containing 1 Mm
Phenylmethanesulfonyl fluoride (Promega Corporation) for
30 min, followed by centrifugation at 12,000 x g for 10 min
at 4°C. Protein concentrations were determinate using the
BCA protein assay. Total proteins (50 ug/well) were sepa-
rated via 10% SDS-PAGE and transferred via electrophoresis
onto PVDF membranes. Membranes were blocked with
5% skimmed milk at room temperature for 1 h and incu-
bated overnight at 4°C with anti-PKA (1:1,500), anti-CREB
(1:600), anti-phosphorylated-CREB (p-CREB; 1:1,000),
anti-BDNF (1:1,200) and anti-actin (1:3,000). Actin was
used as the loading control. Subsequently, membranes were
incubated with corresponding secondary antibodies (1:1,000)



EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1442, 2021 3

Training test

200 —e—Con
g —*—Sev
‘é 150 I .
E=1 * %
S 400 i\\l T
I R N ]
@ \
Q.
g 50 ‘\
w — .
0 T T T T
Day 1 Day 2 Day 3 Day 4
C Probe test
|
" w
E

357 Probe test
301

251

Residence time in target quadrant(s)
N
o

Con Sev

o9)

150 1 Training test

*k

120 -

90 1

60

30

Average escape latency time (sec)

Con

60 - Probe test

50 A *k

40 1

30

20

101

Latency of first pass the platform(s)

Con

n

10 - Probe test

Across platform frequency

Con Sev

Figure 2. Effect of repeated neonatal exposure to Sev on learning and memory in adult rats examined by Morris water maze tests. (A) Individual and
(B) average escape latency times during the training tests. (C) Motion trails in the control and Sev groups during the probe tests. (D) Latency to first pass the
platform during the probe tests. (E) Residence time in target quadrant during the probe tests. (F) Across platform frequency during the probe tests. n=10/group.

"P<0.05; “P<0.01 vs. Con. Sev, sevoflurane; Con, control.

at 37°C for 2 h and reactions were visualized with chemi-
luminescence reagents provided by an ECL kit (Bioworld
Technology, Inc.) and exposed to X-ray film. Blot intensities
were quantified with densitometry by Quantity One v4.6.6
(Bio-Rad Laboratories).

Statistical analysis. Paired T-tests and one-way ANOVA
followed by Bonferroni's correction were performed to
compare differences between groups. SAS software (Wuhan
Oriental Seth Software Co., Ltd.) was used for statistical
analysis. Data are presented as mean =+ standard error of the
mean. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Sev induces cognitive impairment. Morris water maze tests
were used to evaluate the effect of Sev on cognition. In the
training tests, escape latency times were significantly increased
following repeated exposure to Sev (Fig. 2A and B). In the

probe tests, Sev significantly increased latency to first pass
the platform (Fig. 2C and D) and decreased residence times
in target quadrants (Fig. 2E) and across platform frequencies
(Fig. 2F).

Sev reduces neuron numbers in the DG of hippocampus. Nissl
staining was used to examine the numbers of DG neurons.
In the control group, granule neurons exhibited round nuclei,
which werelocated in the center of the perikaryon and
surrounded by a pale cytoplasm (Fig. 3A). Decreased numbers
of granule neurons and vacuoles were observed in the Sev
group (Fig. 3B).

Sev decreases BDNF levels and inhibits PKA/CREB/BDNF
signaling in the hippocampus. The level of hippocampal
BDNF was measured via ELISA.BDNF levels were signifi-
cantly decreased following repeated exposure to Sev (Fig. 4A).
BDNEF levels in the control group were7.2+1.6 pg/mg protein,
which was significantly higher compared with the Sev-treated
group at 5.9+0.8 pg/mg protein.
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Figure 3. Different morphological profiles of granule cells visualized Nissl-stained sections in the dentate gyrus. Repeated neonatal exposure to Sev reduced
the number of granule neurons in adults. (A-a) Granule neurons in the control group exhibited round nuclei, located in the center of the perikaryon and
surrounded by a pale cytoplasm. (B-a) The numbers of granule neurons in the Sev groupware decreased and vacuoles were observed. A-b and B-b (magnifica-
tion, x100) are magnified views of the indicated regions from A-a and B-a (magnification, x40). A-c and B-c (magnification, x200) are magnified views of
indicated regions from Ab and Bb. n=4/group. Sev, sevoflurane.
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Figure 4. Effect of repeated neonatal exposure to Sev on hippocampal BDNF levels and PKA-CREB-BDNF signaling in adult rats. (A) BDNF levels in
hippocampus in Con and Sev group. Repeated Sev exposure significantly decreased hippocampal BDNF levels. (B) Representative western blotting images of
PKA, CREB, p-CREB and BDNF. (C) Semi-quantitative analysis of the western blotting results. Expression of PKA, p-CREB, BDNF and the p-CREB/CREB
ratio was decreased in Sev group compared with the control group. n=5/group. ‘P<0.05; “P<0.01 vs. Con. Sev, sevoflurane; BDNF, brain-derived neurotrophic
factor; PKA, protein kinase A; CREB, cAMP response element binding protein; p-, phosphorylated; Con, control; HP, hippocampus.
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Figure 5. Buc improves the learning and memory deficit induced by Sev examined by Morris water maze tests. (A) Individual and (B) average escape latency
times during the training tests. (C) Motion trails during the probe tests. (D) Across platform frequency during the probe tests. (E) Residence time in target
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bucladesine; Sev, sevoflurane; Con, control.

Expression of PKA, CREB, p-CREB and BDNF in
the hippocampus was quantified via western blotting
(Fig. 4B and C). The relative protein levels of PKA, p-CREB
and BDNF in Sev group were significantly decreased compared
with the Con group. CREB expression was not significantly
different between the Con and Sev groups. Furthermore, the
p-CREB/CREB ratio was calculated. The p-CREB/CREB
ratio in Sev group was lower than that in the Con group. These
results demonstrated that Sev inhibited the activation of the
PKA/CREB/BDNEF signaling pathway.

Activation of PKA-CREB signaling improves cognition and
restores BDNF levels. To examine the underlying pathogen-
esis caused by Sev, rats were treated with the PKA-selective
agonist Buc. Cognition was evaluated using Morris water
maze tests. In the training tests, escape latency times
(Fig. 5A) and the average escape latency times (Fig. 5B) were

significantly decreased in Buc-treated rats compared with only
Sev-treated rats. In probe tests, the across platform frequency
(Fig. 5C and D) and residence time in target quadrants (Fig. SE)
were significantly increased in Buc-treated rats compared with
only Sev-treated rats. Furthermore, the latency to first pass
the platform was significantly decreased in Buc-treated rats
compared with rats treated solely with Sev (Fig. 5F).

Additionally, the effect of Buc on expression of PKA,
CREB, p-CREB and BDNF was examined via western
blotting. Buc activated PKA/CREB/BDNF signaling.
Following the administration of Buc, the expression of
PKA, p-CREB and BDNF in the hippocampus were notably
increased compared with rats treated solely with Sev
(Fig. 6A and B). CREB expression was not significantly
different between the groups. These results indicated that the
cognitive impairment caused by Sev was dependent on the
PKA/CREB/BDNF pathway.
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Figure 6. Buc activates the PKA-CREB-BDNF signaling pathway.
(A) Representative western blotting images of PKA, CREB, p-CREB and
BDNF. (B) Semi-quantitative analysis of the western blotting results. Buc
upregulated the protein expression of PKA, p-CREB and BDNF and the ratio
of p-CREB/CREB. n=5/group. "P<0.05; “P<0.01 vs. Con; "P<0.05 vs. Sev.
Buc, bucladesine; PKA, protein kinase A; CREB, cAMP response element
binding protein; p, phosphorylated; BDNF, brain-derived neurotrophic
factor; Con, control; Sev, sevoflurane.

Discussion

Sev is a commonly used inhalational anesthetic in pediatric
surgery and exhibits minimal airway reactivity and a low
blood/gas partition coefficient (2). Although Sev has various
advantages, it is crucial to elucidate its effects on brain
development, particularly on safety issues arising from the
use of anesthesia in children (20). The current study evalu-
ated the effect of Sev on cognition in rats. The main finding
of the current study was that repeated neonatal exposure to
Sev induced cognitive impairment in adulthood. The results
demonstrated that hippocampal BDNF levels were signifi-
cantly decreased in rats treated with Sev, with the loss of
granule neurons and inhibition of the PKA/CREB/BDNF
signaling pathway. Cognitive impairment caused by Sev was
partially reversed by the activation of the PKA/CREB/BDNF
signaling pathway following the administration of the PKA
agonist Buc (21). These results indicated that cognitive defi-
ciencies caused by Sev may be restored by activation of the
PKA/CREB/BDNF pathway.

Rats were treated at P6-8 days to investigate whether
repeated neonatal exposure to Sev caused cognitive dysfunction
in adult rats. The results revealed that Sev treatment in newborn
rats resulted in behavioral changes in later life, as demonstrated
by the Morris water maze tests. Repeated exposure to Sev
caused cognitive impairment in the training and probe tests.

The DG of the hippocampus is known to serve an impor-
tant role in cognitive function (22). The results demonstrated
that repeated exposure to Sev reduced the numbers of granule
cells in the DG. These reductions in cell numbers may be asso-
ciated with BDNF expression. BDNF is expressed in multiple
areas of the brain in mammals and is critical for neuronal
survival, plasticity and morphogenesis (23). The binding of
BDNF to tropomyosin receptor kinase B (TrkB) is known
to activate multiple intracellular signaling pathways (24).
In cultured neurons, sustained TrkB activation promotes
neuronal dendritic arborization and spinogenesis, whereas
transient TrkB activation facilitates dendritic growth and
spine morphogenesis. In hippocampal slices, slow delivery
of BDNF facilitates LTP, whereas fast application of BDNF
enhances basal synaptic transmission in Schaffer collateral
synapses. High-frequency stimulation of neurons converts
BDNF-induced TrkB signaling from a transient to a sustained
mode (25). Furthermore, Sev has been reported to down-regu-
late BDNF/TrkB signaling in neonatal mice (26).

CREB is a component of multiple intracellular signaling
pathways and serves an important role in the nervous system.
CREB modulates transcription factors via phosphoryla-
tion (27) and CREB signaling in the hippocampus is associated
with emotional and cognitive behaviors (28). The phosphory-
lation of CREB by PKA serves a role in various nervous
system diseases such as Alzheimer's disease and cranioce-
rebral trauma (29,30), and BDNF is a downstream target of
PKA/CREB signaling (31). Several studies have reported that
BDNF down-regulation contributes to structural damage and
functional impairment in the central nervous system (32-35).
The results of the current study revealed that the expression of
PKA, p-CREB and BDNF was down-regulated in the hippo-
campus following Sev treatment. It has been hypothesized that
the activation of PK A/CREB/BDNF signaling pathways may
improve cognition (36). Therefore, rats were treated with Buc,
a selective PKA agonist (20), and the results demonstrated
that the activation of PKA significantly improved cognition
in Sev-treated rats. Furthermore, when Buc was administered
to rats, the expression of PKA, p-CREB and BDNF in the
hippocampus was increased compared with rats treated only
with Sev. In conclusion, the results of the current study indi-
cated that Sev induces cognitive impairment in rats via the
PKA-CREB-BDNF signaling pathway.
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