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Abstract. — OBJECTIVE: General anesthesia
impairs spatial learning and memory in neona-
tal rats. The aim of this study was to investigate
whether the Wnt pathway was involved in neo-
natal isoflurane and sevoflurane exposure-in-
duced neurocognitive impairment.

MATERIALS AND METHODS: Sprague-Daw-
ley rats were randomly assigned to adminis-
tration isoflurane or sevoflurane for 6 hours
at postnatal 7 days. Wnt inhibitor XAV 939
was administrated 30 min before anesthesia.
Morris water maze was used to test the learn-
ing and memory at 5-week and 10-week. He-
matoxylin and Eosin (H&E) stain was per-
formed to evaluation the neuronal death in
the hippocampus. Quantitative Real-time PCR
(qg-PCR) and Western blot assays were used to
measure mRNA and proteins expression lev-
els of the Wnt3a, GSK 38 and p-catenin, re-
spectively.

RESULTS: The results showed that isoflurane
or sevoflurane could significantly increase ne-
onatal death and cell lost in the developing
brain and the Wnt inhibitor could improve the
cell degeneration. It demonstrated that isoflu-
rane or sevoflurane could impair the P7 rats
learning and memory capability, while these ef-
fects were reduced over time. When rats treat-
ed Wnt inhibitor at 30 min before anesthesia,
the impairment of brain could relieve. q-PCR
and Western blot demonstrated that isoflurane
or sevoflurane affects expression levels of Wn-
t3a, GSK 3p and fB-catenin. These results sug-
gested that impairment of learning and memo-
ry in P7 rats may be related to the Wnt signal-
ing pathway.

CONCLUSIONS: The results suggested gen-
eral anesthesia treatment led to increased brain
cell degeneration and impaired learning and
memory in P7 rats via Wnt signaling pathway.

Key Words:
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Introduction

Millions of pregnant women and neonates un-
dergo anesthesia to prevent pain during childbirth
or for surgical procefures'. Jevtovic-Todorovic
et al? first reported that an anesthetic combina-
tion of isoflurane, nitrous oxide and midazolam
could kill brain cells and impaired learning and
long-term neurocognitive functions. General an-
esthesia is inhaled or injected anesthetic agents
to cause a state of unconsciousness during the
surgery. However, the mechanism of anesthesia
is still not understood very well. Jevtovic-Todor-
ovic’s findings are growing concern relevant to
human health within the public and anesthesia
community?.

Volatile anesthetics, such as isoflurane and
sevoflurane, could inhale and induce rapid in-
duction and faster recovery times. Due to those
advantages, volatile anesthetics are widely used
in pediatric patients*°. The brain of neonate is de-
veloping brain, which is in a dynamic state of es-
tablishing and strengthening neural connections.
Many studies have reported that children before
4-year old exposure to general anesthesia could
increase the risk of developing learning disabili-
ties®’. The postnatal day 7 rats are common non-
primate model to study the effects of anesthetics
on neonates®. The administration of general anes-
thetics, such as isoflurane and sevoflurane could
kill brain cells and lead long-term neurocognitive
dysfunction’'?. Although the preclinical results
exhibited anesthetics caused brain cell death,
the relationship between the brain injury and
behavior and cognitive deficit are not clear">.
Several clinical studies also determined that gen-
eral anesthesia could decrease cognitive function.
The first study reported there was no difference
in neurodevelopment between 2-year old infants
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who has inguinal hernia repairs under either the
general or neuraxial anesthesia'®. Another study
also found no significant differences in cognitive
function or behavior between infants who ex-
posed general anesthesia during inguinal hernia
repair surgery and their sisters or brothers'”. Most
recently, a study reported that children had a defi-
cit that received anesthesia from ages 2-4, com-
pared to age-matched control'®. The mechanism
still needs to be elucidated. The Wingless/Int
(Wnt) pathway plays an important role in neural
development and neurodegenerative diseases'*°.
The Wnt is a secreted glycolipoprotein, which
could be activated by its ligands, one of the most
vital endogenous activators of Wnt, in the central
nervous system. Ligand binds to Wnt receptor
frizzled and then initiates the cascade that results
in inactivates the f-catenin destruction complex.
The step prevents B-catenin degradation through
its phosphorylation and -catenin accumulates in
the cytoplasm and translocates to the nucleus and
then binds to lymphoid enhancer-binding fac-
tor/T-cell specific transcription factor (Lef/Tcf).
This leads to the transcription of Wnt-related
genes involved in cell proliferation, survival, dif-
ferentiation, neurogenesis and inflammation®2.
However, in the absence of Wnt ligands, the
B-catenin could be phosphorylated by CK-1 and
glycogen synthase kinase 3p (GSK-3B), which
could increase B-catenin ubiquitination and deg-
radation through the proteasomal pathway. In this
study, postnatal day 7 rats were used to evaluate
the effects of isoflurane and sevoflurane and
Wnt inhibitor on learning and memory through
Wnt/B-catenin pathway. The mRNA and protein
expression levels of Wnt, B-catenin, and GSK-3p
were measured with quantitative Real-time poly-
merase chain reaction (QPCR) and Western blot,
respectively

Materials and Methods

Animal’s Anesthesia

Onehundred postnatalday 7 (P7) Sprague-Daw-
ley rats were housed in a temperature and humid-
ity controlled room with a 12-h light-dark cycle.
The rats were randomly assigned into five groups
(n=20): Control group, ISA group, SEA group,
ISAI group and SEAI group. The P7 rats were
anesthetized in an acrylic box with 0.75% iso-
flurane (ISA group) or 0.85% sevoflurane for 6
h (SEA group). Isoflurane and sevoflurane were
obtained from Shanghai Yuyan Instrument Co.,

Ltd (Shanghai, China). The isoflurane with Wnt
inhibitor (ISAI group) and sevoflurane with Wnt
inhibitor (SEAI group) were injected with 100 pl
2 mg/ml Wnt inhibitor XAV 939 (Abmole China,
Shanghai, China) at 30 min before anesthesia. The
control group rats were under the same treatment
and environment, except that the control group
rats were exposed to air for 6 h. Hemoglobin ox-
ygen saturation and heart rate were detected with
a rodent trans-reflectance sensor. Animals were
kept for another 5 or 10 weeks with free access to
water and food. The present work was conducted
with approval from the Animal Ethics Committee
of the University.

Morris Water Maze Test

The Morris water maze (NatureGene Corp.,
Beijing, China) was a circular pool (120 cm in
diameter and 50 cm deep) filled with warm water
(25 = 1°C) with four quadrants. The white, 15 cm
diameter hidden platform was submerged 1.5 cm
below the water surface. The hidden platform was
placed at the same position during the training
experiments. A digital camera was set up to re-
cord the tracking of the path. Rats were received
four training trials per day for five consecutive
days. Each rat was released facing wall of water
maze at different starting positions. The investi-
gator recorded the time of the rats taken to reach
the hidden platform (latency); the cut-off time
was 60 s. If the rat did not reach the platform
within 60 s, the investigator would guide it to the
hidden platform. It was allowed to stay on the
platform for 15 s and the latency was recorded
as 60 s. At the end of the test, the probe trial was
administered with the platform removed from
the circular pool. The time spent of the first time
to reach the platform (T1), the time spent in the
target quadrant (T2) and the times of crossing the
platform were recorded and analyzed.

Histopathological Assay

After animals behavioral studies, the rats
were killed by decapitation, the hippocampus
was removed and further fixed in 10% phos-
phate-buffered formalin for overnight, dehydrat-
ed and embedded in paraffin. Then it was cut on
a microtome into 5 um thick slices according to
previously describled®. Sections were dried, de-
paraffinized in xylene and rehydrated in ethanol,
stained with hematoxylin and eosin. Briefly, they
were placed in hematoxylin for 5 min, washed
with tap water and left for 5 min, followed by
rinsing in 1% acid alcohol and washing in tap
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water. After that, sections were added in eosin
solution (1%) for 5 min, followed by washing
in tap water, dehydrated. All stained sections
assessed under light microscope. All the above
chemical reagents were obtained from Shanghai
R&S Biotechnology Co., Ltd (Shanghai, China).

qgRT-PCR Assay

Quantitative Real-time PCR was performed
to evaluate the expression level of Wnt3a, GSK
3B and PB-catenin. For RNA isolation, total RNA
was extracted with Trizol reagent (Gibco, Grand
Island, NY, USA), the concentration and purity
of RNA were determined at 260/280 nm using a
nanodrop spectrophotometer (Berthold Detection
Systems GmbH, Pforzheim, Germany). 1 pg of
each isolated RNA was subjected to cDNA syn-
thesis. RTcDNA synthesis was conducted in a 14
ul reaction buffer, containing 1 pl reverse tran-
scriptase (50 U) and 1 ul ologo (dT) primer, ac-
cording to manufacturer’s instructions (TaKaRa,
Otsu, Shiga, Japan). With the obtained for cDNA
as a template, the relative expression levels of
Wnt3a, GSK 3 and B-catenin from rats receiv-
ing experimental treatment were determined by
PCR. The sequences of the primers for RT-PCR
are as follows,

Wnt 3a: Forward, 5-ATGGGCGGGAGGGGA-
CA-3’; and Reverse, 5-CGCCCATTGGATCCT-
TAAG-3’;

GSK 3p: Forward, 5-AACACCAAGGGAG-
CAAA-3’, and Reverse, 5-GAGCGTGAG-
GAGGGATAAGG-3’;

B-catenin: Forward, 5>-CGTTTCGCCTTCATG-
GACTA-3’, and Reverse, 5’-GCCGCTGGGT-
GTCCTGATGT-3’;

B-actin: Forward, 5’-GTGGGGATAATGAACTTG-
CAG-3’, and Reverse, 5-GGAACCCCTGG-
TAGAACAGT-3".

Each 20 pl reaction system comprised 2 pl of
cDNA, 10 pl SYBR Premix Ex Taq II, 10 pmol/l
of both sense and antisense primers. All data for
each sample were measured in triplicate and us-
ing 2-**“‘method.

Western Blot Assay

The hippocampal tissues were homogenized in
a buffer composed of 10 mmol/L Tris-HCI, 0.5
mmol/L. EDTA, 250 mmol/L sucrose, 1 mmol/L
phenyl methyl sulfonyl fluoride, 1 mmol/L. Na-
,VO, and protease inhibitor cocktail. The pro-
tein samples from each group were resolved

by SDS-PAGE. The protein concentrations were
determined using a BCA Protein Assay reagent
kit (Thermo Fisher Scientific, Beijing, China).
Equal amounts of protein (50 pg) were separat-
ed by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS/PAGE), transferred to
polyvinylidene fluoride (PVDF) membranes, the
nonspecific binding of antibodies were blocked
with 5% non-fat dried milk in phosphate buffered
saline (PBS) and then incubated with the primary
antibodies Wnt3a, GSK-3f3, p-GSK-3p, f-catenin,
p-P-catenin (Abcam, Cambridge, MA, USA), and
B-actin (Abcam, Cambridge, MA, USA) were
used followed by the application of the secondary
antibodies consisting of, HRP-conjugated goat
anti-rabbit IgG (Abcam, Cambridge, MA, USA).
The protein bands were detected by enhanced
chemiluminescence reagents ECL. The imag-
es were analyzed with Quantity One molecular
image System. All the chemical reagents were
obtained from Shanghai R&S Biotechnology Co.,
Ltd (Shanghai, China).

Statistical Analysis

Data are expressed as mean £+ SD. Statistical
differences were evaluated by software SPSS
19.0 (SPSS Inc., Chicago, IL, USA). Statistical
analysis was performed using one-way analysis
of variance, and LSD test was used to post-hoc
test ANOVA. p-values of less than 0.05 were con-
sidered as statistically significant.

Results

Isoflurane and Sevoflurane Exposure
Induces Spatial Learning and
Memory Impairment

Morris water maze test was used to investigate
whether isoflurane and sevoflurane affect spatial
learning and memory. These experiments were
performed at 5 weeks and 10 weeks after anes-
thesia. As shown in Table I, the latency times
of ISA, SEA group were 26.08+11.68 s, 25.12 +
11.23 s, respectively, while the latency time of
control group was 15.72 + 7.06 s at 5-week. The
difference was significant (p < 0.05). When rats
treated with Wnt inhibitor XAV 939 at 30 min
before anesthesia, the latency times were mark-
edly reduced than that of ISA and SEA group,
respectively. This experiment was tested again at
10-week post anesthesia. The latency time of ISA
and SEA groups were significantly diminished
than those at 5-week (p < 0.05). The probe trial
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Table I. Escape latency of rats after treatment in Morris water maze (s).

Group 1d 2d 3d 4d 5d

S weeks Control 63.02 + 19.62 34,15+ 15.35 28.42 £ 13.15 19.52 + 11.26 1572 +£7.06
ISA 68.75 £20.25 40.13 + 16.03 35.62 £ 15.63 2946 +12.08  26.08 + 11.68*
SEA 68.93 +20.16 40.02 +15.97 34,96 + 15.42 28.86 £ 11.98  25.12 + 11.23*
ISAI 66.75 £ 19.86 38.69 + 15.39 30.46 + 14.85 22,62+ 11.54  16.56 + 8.02*
SEAI 66.43 £19.76 37.26 £ 14.87 3274+ 15.13 26.97 £ 11.36 15.87 £ 7.794

10 weeks Control 51.46 £17.32 30.92 + 14.25 23.36 £ 12.76 16.43 £9.26 10.23 £ 5.14
ISA 57.62 + 18.43 36.52 £ 15.24 30.01 £12.97 24.36 + 11.07 15.76 + 6.98"
SEA 57.84 £ 18.52 36.13 £ 15.16 29.53+12.14 23.86 + 10.95 15.23 £6.724
ISAI 54.65+£17.96 33.18 + 14.09 26.32 £ 11.94 20.32+9.76 12.46 £5.87
SEAI 53.76 + 17.41 32.59 +13.74 25.96 + 11.25 19.82 +9.54 12.05 +5.65

Note: vs. 5 weeks control group *p < 0.05; vs. 5 weeks ISA group *p < 0.05; vs. 5 weeks SEA group 4p < 0.05.

was conducted to measure reference memory at
the end of learning. The hidden platform was
removed from the circular pool. Isoflurane and
sevoflurane tended to increase the time needed
to reach the platform for the first time (T1, Fig-
ure 1, p < 0.05), and significantly reduced the
time spent in the target quadrant (T2) and also
times crossing the platform (N) were markedly
reduced at 5 weeks after anesthesia. When rats
were administrated with Wnt inhibitor XAV 939
at 30 min before anesthesia, T1 was significantly
reduced while T2 and N were markedly increased
when compared with ISA and SEA group, re-
spectively. There was no statistical difference
of T1, T2 and N among 5 different groups at 10
weeks post anesthesia (Figure 1, p > 0.05). How-
ever, T1, T2 and N were significantly different at
10-week compared to the same group at 5-week
(Figure 1, p < 0.05). These results demonstrated
that isoflurane and sevoflurane could impair P7
rats’ learning and memory capability, while these
effects were reduced over time. When rats were
treated with Wnt inhibitor XAV 939 at 30 min
before anesthesia, the impairment of brain could
relieve. These findings suggested that impairment
of learning and memory in P7 rats may through
the Wnt signaling pathway.

Histopathological Assay

Histological features of the hippocampus of P7
rats, which were treated with anesthetic isoflu-
rane and sevoflurane, were shown in Figure 2. In
the control group, there was no marked patholo-
gy change in the hippocampus, and the neurons
were clear and of moderate size, with normal
ultrastructure. Whereas isoflurane and sevoflu-
rane treated group, the neurons were significant
shrinkage, loss of neurons and widespread dam-

age in ISA and SEA group at 5-week after anes-
thesia (Figure 2). However, P7 rats treated with
Wnt inhibitor XAV 939 could markedly relief that
damage. Those morphological changes were sig-
nificantly moderated and reduced neuronal loss at
10-week (Figure 2).

Isoflurane and Sevoflurane Exposure
Affects Wnt3a, GSK-3p and [-catenin
MRNA Expression

Quantitative reverse transcriptase-polymerase
chain reaction (RT-PCR) results revealed that the
mRNA expression levels of Wnt3a and B-catenin
were significantly higher in the ISA and SEA
groups, compared to control group at 5-week
(Figure 3A, C, p < 0.05), while GSK-3 expres-
sion level was significantly lower than that of
control group (Figure 3B, p < 0.05). As shown
in Figure 3, the expression levels of Wnt3a and
B-catenin (Figure 3A, C, p < 0.05) were signif-
icantly reduced after Wnt inhibitor XAV 939
treatment, while GSK-3p expression level was
dramatically increased in ISAI and SEAI groups
(Figure 3B, p < 0.05). However, there was no
marked difference of mRNA expression levels of
Wnt3a, B-catenin and GSK-3f in ISA and SEA
groups compared to control group (Figure 3 D-F,
p > 0.05) at 10-week.

Isoflurane and Sevoflurane Exposure
Affects Wnt3a, GSK-3p and f-catenin
Proteins Expression

Wnt/B-catenin pathway related proteins were
determined in this experiment. As is clearly
shown in Figure 4, the proteins expression lev-
els of Wnt and phosphorylated-p-catenin were
significantly up-regulated in ISA and SEA
group at 5 weeks post-anesthesia compared
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Figure 1. Effect of isoflurane and sevoflurane on the memory rentention in a probe trial. *p < 0.05, compared with 5
weeks control group; “p < 0.05, compared with 5 weeks ISA group; 4p < 0.05, compared with 5 weeks SEA group; *p <
0.05, compared with 5 weeks ISAI group; *p < 0.05, compared with 5 weeks SEAI group.

to control group (Figure 4 A, C, p < 0.05),
while phosphorylated- GSK-3f was markedly
decreased in ISA and SEA groups (Figure 4
B, p < 0.05). Wnt inhibitor XAV 939 was sig-
nificantly inhibited the up-regulation of Wnt
and phosphorylated-B-catenin and increased
phosphorylated-GSK-3f expression in the hip-
pocampus in ISA and SEA groups, as com-
pared with the control group at 5 weeks (Figure
4 A, B, C, p <0.05). After 10 weeks, Wnt and
phosphorylated-B-catenin were also markedly
up-regulated, and phosphorylated- GSK-33 was
dramatically decreased in ISA and SEA group,

compared with control group (Figure 5 A, B,
C, p < 0.05), but the degree of regulation was
much lower than the same group at 5-week (p <
0.05). These data indicated that isoflurane and
sevoflurane could affect Wnt/B-catenin path-
way related proteins, and these results consist
of the mRNA expression pattern.

Discussion

We showed that 4-h isoflurane and sevoflurane
treatment caused a significant increase of cell
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death in the hippocampus of the post-natal day 7
rats compared with control exposed only to air.
The cell death caused a long-term neurocognitive
deficit, which was evident in learning and mem-
ory study. The finding for isoflurane and sevoflu-
rane is consistent with the previous report by Sa-
tomoto et al’, who reported that neonatal P6 mice
administrated with sevoflurane for 6 hours could
markedly increase neuroapoptosis in the hip-
pocampus. While Johnson et al* also observed
that neonatal exposure to isoflurane induces a
marked deficit on learning and memory capabili-
ty. Jevtovic-Todorovic et al?> found that isoflurane
could significantly increase the neuronal degener-
ation in a dose-dependent model in P7 rats. One
possible mechanism would be the isoflurane and
sevoflurane are toxic to neural precursors and

- ®  Figure 2. Effect of isoflurane and
sevofluraneon hippocampal neuronal
damage at 5-week and 10-week post-
anesthesia (x200).

control
ISA
SEA
ISAI
SEAI

cause neurons decrease in proliferation at P7 rats.
However, it is not clear that the effects of isoflu-
rane and sevoflurane in proliferation occur at cell
cycle exit or cell cycle arrest.

One key finding of this work is a decrease in
neural proliferation caused by isoflurane and
sevoflurane at 5-week after anesthesia and re-
lieve at 10-week. The time course of anesthetic
effect on proliferation in neonatal rats would be
important for understanding if and how anes-
thetic effect on neurogenesis affects long-term
cognitive outcome. The Morris water maze
was used to assess hippocampus dependent
learning and memory capability in our study.
The memory deficits of P7 rats at 5 weeks after
inhaled anesthetics and the fewer deficits were
found at 10 weeks compared with the same
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group at 5 weeks. These results suggested that
the deficits were transient, which is consistent
with Culley’s results?*. Culley et al** found that
the neurocognitive deficits at 5 weeks after 2
h exposure isoflurane while no deficits were
found at 8 weeks.

Previous studies showed that the neuron cell
death occurs immediately after isoflurane and
sevoflurane exposure, cognitive deficits occur

at 4-6 weeks after the surgery and would grad-
ually improve over time. Morris water maze
is usually considered as a hippocampal-de-
pendent spatial reference memory assay. The
hippocampal lesions profoundly affect spatial
reference memory in rodents. To understand
the possible mechanism of anesthetic induced
neurocognitive decline in P7 rats, Wnt signal-
ing pathway related mRNA and proteins were
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assessed in this study. The Wnt pathway plays a
vital role in neural development during embry-
ogenesis?®?’. GSK-3 family has two members,
GSK-3a and GSK-3p that show 98% sequence
identity within their domains and share 85%
amino acid sequence identity. The two GSK-3
isoforms were mainly expressed in the nervous
system including brain and spinal cord, while
the GSK-3pB is highly expressed in the devel-
oping brain. GSK-3f plays a vital role in the
neuronal differentiation and maintenance of
neurons during nervous system development.
GSK-3p is a key regulator of Wnt pathway,
which is a neuron-specific intracellular ser-
ine-threonine kinase. GSK-3f could increase
B-catenin degeneration in the cytoplasm and
prevent B-catenin translocate to nuclear and in-
hibit the activation of the Wnt/B-catenin path-
way. In the presence of Wnt ligand, the Wnt
pathway is activated, B-catenin is not phospho-
rylated by the destruction complex including
GSK-3p, and then B-catenin accumulates in the
cytoplasm and migrates in the nucleus where
transcripts Wnt target genes®®*. However, in
the absence of the Wnt ligand, B-catenin is
degraded by GSK-3p3 and Wnt target genes are
not transcripted. The Wnt/B-catenin signaling
pathway plays an important role in regulation
of several functions in neurogenesis. The mR-
NA and proteins expression of Wnt, B-catenin
were significantly up-regulated and GSK-3f
markedly reduced after anesthetics in imma-
ture rats, when P7 rats treated with Wnt inhib-
itor XAV 939 could prevent neuronal cell death
and reverse the mRNA and proteins expression
trend in ISA and SEA group. As the results
shown in this study, the inhibitor of Wnt can
reverse the impairment of neuron death caused
by isoflurane and sevoflurane. Yi et al*® found
Wnt signaling pathway played an important
role in some cancers, while our results also
suggested that Wnt signaling pathway was in-
volved in anesthetics induced neurocognitive
deficits in developing brain.

Conclusions

We demonstrated that memory and learning
impairment induced by neonatal exposures to
isoflurane and sevoflurane are associated with
Wnt signaling pathway in the hippocampus,
which probably affects the downstream expres-
sion of learning and memory-related genes.
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