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Background: Considerable evidences support the finding that the anesthesia reagent isoflurane
increases neuronal cell death in young rats. Recent studies have shown that dexmedetomidine can
reduce isoflurane-induced neuronal injury, but the mechanism remains unclear. We investigated
whether isoflurane cause neurotoxicity to the central nervous system by regulating the N-methyl-D-
aspartate receptor NMDAR) and excitatory amino acid transporter] (EAAT1) in young rats. Fur-
thermore, we examined if dexmedetomidine could decrease isoflurane-induced neurotoxicity.
Methods: Neonatal rats (postnatal day 7, n=144) were randomly divided into four groups of 36
animals each: control (saline injection without isoflurane); isoflurane (2% for 4 h); isoflurane +
single dose of dexmedetomidine (75 pg/kg, 20 min before the start of 2% isoflurane for 4 h);
and isoflurane + dual doses of dexmedetomidine (25 pg/kg, 20 min before and 2 h after start
of isoflurane at 2% for 4 h). Six neonates from each group were euthanatized at 2 h, 12 h, 24 h,
3 days, 7 days and 28 days post-anesthesia. Hippocampi were collected and processed for
protein extraction. Expression levels of the NMDAR subunits NR2A and NR2B, EAAT1 and
caspase-3 were measured by western blot analysis.

Results: Protein levels of NR2A, EAAT]1 and caspase-3 were significantly increased in hip-
pocampus of the isoflurane group from 2 h to 3 days, while NR2B levels were decreased.
However, the -induced increase in NR2A, EAAT]1 and caspase-3 and the decrease in NR2B in
isoflurane-exposed rats were ameliorated in the rats treated with single or dual doses of dexme-
detomidine.Isoflurane-induced neuronal damage in neonatal rats is due in part to the increase
in NR2A and EAAT1 and the decrease in NR2B in the hippocampus.

Conclusion: Dexmedetomidine protects the brain against the use of isoflurane through the
regulation of NR2A, NR2B and EAAT1. However, using the same amount of dexmedetomidine,
the trend of protection is basically the same.
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Introduction

There are many newborns who need to receive anesthesia due to diagnosis or surgical
needs each year.! Generally, the most commonly used anesthetics, including isoflurane
and ketamine, exert their effects by inhibiting the N-methyl-D-aspartate receptor
(NMDAR) and/or potentiating the gamma amino acid type A receptor.! The NMDAR
is a heterotetramer with universal brain distribution. It is composed of NR1 and NR2
(2A, 2B, 2C, and 2D) subunits. NR2A and NR2B are the most dominant subunits in
the brain.>> NMDARs have critical roles in synapse plasticity, long-term potentia-
tion (LTP), and long-term depression (LTD). A persistent strengthening of synapses
induces LTP to improve learning and memory,** while a long-lasting decrease in
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synaptic strength causes LTD and results in learning and
memory deficits.!” Meanwhile, LTD is needed for plasticity
in the brain and prevents overexcitation of circuits. Studies
have shown that prolonged or multiple exposures to NMDAR
inhibitors such as isoflurane may affect cell proliferation,
interrupt synaptic transmission, and induce apoptosis and
neuronal injury in the central nerve system (CNS) during
development in rodents."!*"* Liu et al'! found that a short
exposure to isoflurane increased NR2B expression in adult
mice and improved their cognitive functions. However,
prolonged exposure to isoflurane decreased NR2B levels,
increased the production of apoptotic proteins, and resulted
in cognitive dysfunction. Frontal lobe and hippocampus
demonstrated an age-dependent decrease in NMDAR and
NR2B expression, along with delayed short-term memory,
long-term memory impairment, and spatial cognitive dys-
function.” Glutamate plays critical roles in synaptic plasticity
and development by mediating the fast excitatory transmis-
sion. The extracellular glutamate concentration is kept low
enough to avoid neurons from glutamate excitotoxicity.!'
Excessive release of glutamate may lead to neuronal damage
through receptor-mediated excitotoxicity, which plays an
important role in many CNS diseases. Excitatory amino acid
transporter 1 (EAATYI) is an important glutamate transporter
in neurons and glial cells, which limits excessive increase of
glutamate levels to reduce glutamate excitotoxicity.'

Dexmedetomidine is an agonist for o,-adrenoreceptors.
It has been widely used in clinics and shows potent sedative,
analgesic, and anxiolytic effects. Dexmedetomidine produces
less stress responses and maintains a stable cardiovascular
function. It has been shown that dexmedetomidine protects
neuronal cells against isoflurane-induced hippocampal neu-
ronal injury in neonatal mice.!*!” However, the mechanism
underlying this protective effect has yet to be determined.
In the present study, we investigated whether prolonged
exposure to isoflurane generates neurotoxicity by changing
the expression of NMDAR subunits and EAAT1. We further
investigated if dexmedetomidine protects against isoflurane-
induced neuronal injury and if glutamate neurotransmission
could be influenced.

Materials and methods

Animals and grouping

Experimental animals were 144 male Sprague Dawley rats
(specific pathogen free) at postnatal day 7 weighing 12-20 g
obtained from the Experimental Animal Facility at Shengjing
Hospital of China Medical University (Taichung, Taiwan).
The Ohmeda 210 anesthesia machine and F-MCI sensor were
purchased from Datex-Ohmeda (Datex-Ohmeda, Helsinki,

Finland). Isoflurane was purchased from Abbott Laboratories
(Chicago, IL, USA) and dexmedetomidine was purchased
from Jiangsu Hengrui Medicine Co. Ltd. (Lianyungang,
China; Lot 14101732).

All experimental procedures and protocols were approved
by The Laboratory Animal Care Committee of China Medical
University, Shenyang, China (2015PS223K) and were per-
formed in accordance with the Guidelines for the Care and Use
of Laboratory Animals from the National Institutes of Health,
USA. Rat pups were randomly divided into four groups (n=36
per group): control, isoflurane, isoflurane with a single dose
of dexmedetomidine, and isoflurane with dual doses of dex-
medetomidine. All pups initially stayed with their dams until
postnatal day 21, when surviving rats were weaned and housed
in a temperature- and light-controlled room (22°C; 12-hour
light/dark cycle) with ad libitum access to food and water.

Experimental model

For all isoflurane groups, rats were placed in a customized
anesthetic chamber (30x20x20 cm®) with a gas inlet and
outlet. The gas inlet was connected to a compressed oxygen
tank and a standard anesthesia vaporizer to direct a constant
1 L/min flow of oxygen containing 2% isoflurane through
the chamber. The isoflurane levels were continuously moni-
tored through the gas outlet by a gas monitor. The infusion
time of isoflurane was 4 hours for all isoflurane groups. For
the group receiving a single dose of dexmedetomidine, the
drug was administered intraperitoneally (ip) at 75 pg/kg
20 minutes prior to isoflurane infusion. For the group receiv-
ing dual doses of dexmedetomidine, the drug was adminis-
tered twice at 25 ug/kg (ip) 20 minutes before and 2 hours
after beginning isoflurane infusion. Sham animals received
single saline injections (ip) and were exposed to 30% O, for
4 hours. During anesthesia, the oxygen concentration was
continuously monitored and maintained at 30%. All rats were
allowed to breathe spontaneously. After anesthesia, the rats
were closely monitored until they regained consciousness,
and then were returned to their dams in their home cages.

Tissue preparation

Rats were decapitated at 2 hours, 12 hours, 24 hours, 3 days,
7 days, and 28 days after the 4-hour anesthesia. Hippocampi
were collected on ice and placed immediately into liquid
nitrogen. The samples were removed from the liquid nitrogen
4 hours later and stored at —80°C until use.

Western blot assays
Lysis buffer (Beyotime, Shanghai, China) was added to
hippocampal samples (10 uL per 1 mg tissue). Samples were
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sonicated and incubated at room temperature for 30 minutes.
Lysates were centrifuged at 4°C, 12,000x g for 20 minutes,
and the supernatants were collected. Bicinchoninic acid
assay was used to measure total protein concentration.
Equivalent quantities of protein (40 [g) were separated by
10% SDS-PAGE under reducing conditions and electropho-
retically transferred to a polyvinylidene fluoride membrane.
Membranes were blocked in 5% nonfat milk for 4 hours
and washed three times. Membranes were then incubated
overnight at 4°C with anti-GAPDH (1:5,000 dilution; Pro-
teintech, Chicago, IL, USA), anti-NR2B rabbit monoclonal
antibody (1:1,000 dilution; Abcam, Cambridge, UK), anti-
EAATI rabbit monoclonal antibody (1:1,000 dilution; Cell
Signaling Technology, Beverly, MA, USA) or anti-caspase-3
rabbit monoclonal antibody (1:1,000 dilution; Abcam).
After three washes (10 minutes per wash), membranes were
incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody at room temperature
for 90 minutes. Membranes were then washed three times
(10 minutes per wash) and labeled proteins were visualized
by incubating with chemiluminescent substrates (Thermo
Fisher Scientific, Waltham, MA, USA) for 5 minutes. X-ray
films were developed in a C300 developing machine (Azure
Biosystems, Dublin, CA, USA), and Image] was used to
semi-quantify protein levels. Protein levels of NR2A, NR2B,
EAAT]I, and caspase-3 were normalized to their respective
GAPDH levels.

Statistical analyses

Data were expressed as X+s. All statistical analyses were per-
formed using SPSS (v19.0; IBM Corporation, Armonk, NY,
USA). All continuous variables were tested for assumption of
normality using the Shapiro—Wilk test. If the assumption of
normality was met, one-way ANOVA followed by Tukey’s
post hoc multiple comparison tests was used. If the assump-
tion of normality was unmet, the Kruskal-Wallis H test was
used. Significance was accepted at P<<0.05.

Results

Caspase-3 levels

Compared with the control group, the levels of caspase-3
increased significantly at 2 hours, 12 hours, 24 hours, and
3 days after anesthesia in the isoflurane group (P<<0.05,
P<0.01, P<0.01, and P<<0.01, respectively), but no
significant difference was found between the control and
isoflurane groups post-anesthesia 7 and 28 days after
anesthesia. Compared with the isoflurane group, caspase-3
levels were significantly decreased in the isoflurane+ dex-
medetomidine single-dose group at 12 hours, 24 hours, and

3 days (P<<0.05, P<<0.05, and P<0.05, respectively) after
anesthesia. In the isoflurane+ dexmedetomidine dual-dose
groups, caspase-3 levels were significantly decreased at
3 days (P<<0.05) after anesthesia compared to isoflurane
group (Figure 1).

NMDAR NR2A levels

Compared with the control group, the levels of NMDAR 2A
increased significantly at 2 hours, 12 hours, 24 hours, and
3 days after anesthesia in the isoflurane group (P<<0.05,
P<0.01, P<0.01, and P<<0.01, respectively), but no sig-
nificant difference was found between the control and
isoflurane groups post-anesthesia at 7 and 28 days after
anesthesia. Compared with the isoflurane group, NMDAR
2A levels were significantly decreased in the isoflurane+
dexmedetomidine single-dose group at 2 hours, 12 hours,
24 hours, and 3 days (P<0.05, P<<0.05, P<<0.05, and
P<0.01, respectively) after anesthesia. In the isoflurane+
dexmedetomidine dual-dose groups, NMDAR 2A levels
were significantly decreased at 12 hours, 24 hours, and
3 days (P<<0.05, P<<0.05, and P<0.05, respectively) after
anesthesia (Figure 2).

NMDAR NR2B levels

Compared with the control group, the levels of NMDAR 2B
decreased significantly in the isoflurane group, but no signifi-
cant difference was found between the control and isoflurane
groups post-anesthesia 28 days after anesthesia. Compared
with the isoflurane group, NMDAR 2B levels were signifi-
cantly increased in the isoflurane+ dexmedetomidine single-
dose group. In the isoflurane+ dexmedetomidine dual-dose
groups, NMDAR 2A levels were significantly decreased at
12 hours and 3 days (P<<0.05 and P<<0.05, respectively) after
anesthesia (Figure 3).

EAAT | levels

Compared with the control group, the levels of EAATI
increased significantly at 2, 12, and 24 hours after anesthe-
sia in the isoflurane group (P<<0.05, P<<0.01, and P<<0.01,
respectively), but no significant difference was found between
the control and isoflurane groups post-anesthesia at 3, 7, and
28 days after anesthesia. Compared with the isoflurane group,
EAAT!I levels were significantly decreased in the isoflurane+
dexmedetomidine single-dose group at 2, 12, and 24 hours
(P<<0.05, P<<0.05, and P<0.05, respectively) after anesthe-
sia. In the isoflurane+ dexmedetomidine dual-dose groups,
NMDAR 2A levels were significantly decreased at 2, 12,
and 24 hours (P<<0.05, P<<0.05, and P<<0.05, respectively)
after anesthesia (Figure 4).
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comparison tests was used for data analysis.
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Discussion

Our studies have demonstrated that 2% isoflurane for 4 hours
increases hippocampal neuronal apoptosis in Sprague Dawley
rat pups. The result is consistent with a previous study which
reported that rat pups subjected to an initial 4% isoflurane
and subsequently maintained at 1 minimum alveolar con-
centration (MAC) exhibited a marked increase in cell death
in several brain areas, including hippocampus.'® Dexmedeto-
midine administration (both single and dual doses) protected
against isoflurane neurotoxicity. Using different doses of
dexmedetomidine, single or dual administration did not
have significantly different effects. Furthermore, isoflurane
decreased NR2B expression and increased NR2A, EAATI,
and caspase-3 expression while dexmedetomidine changed
the expression of the subunits, suggesting that the glutamate
neurotransmission could be influenced. Sanders et al showed
that dexmedetomidine attenuates isoflurane-induced neuronal
injury and neurocognitive impairment in the hippocampus
and thalamus.” The present study further demonstrates that
glutamate systems involving NR2A, NR2B, and EAAT] are
involved in the toxicity of isoflurane and the neuroprotection
provided by dexmedetomidine.

The caspase family plays essential roles in programmed
cell death and caspase-3 is a central mediator. In the early phase
of apoptosis, activated caspase-3 cleaves corresponding cyto-
plasmic nuclear substrates and leads to cell death.**' Li et al
reported a significantly greater amount of apoptotic cells in
the hippocampus of rat pups exposed to 2% isoflurane for
6 hours.?? In our expriment, Western blot analysis showed that
the expression of caspase-3 in hippocampus of isofturane group
was significantly higher than that of other groups in 3 days,
leading to an increase in apoptotic proteins and neurotoxicity.
The levels of caspase-3 in the single-dose dexmedetomidine
group were slightly but nonsignificantly lower than the dual-
dose group, and both groups were lower than the isoflurane
group. Our results agree with previous studies by Li et al'®
in which neonatal rats were exposed to 0.75% isoflurane for
6 hours. They showed that there was no significantly different
protective effect between single (75 pg/kg) and triple admin-
istrations (25 ng/kg per administration) of dexmedetomidine
when all rats received same doses. Results from both our
group and the Li group showed the toxicity of isoflurane and
the neuroprotective effect of dexmedetomidine.

The duration of 3 months after pregnancy to 4 years after
birth in humans is equivalent to 7-14 days after birth in
rodents. During this period, synapses are rapidly increased.
Thus, if exposed to NMDAR inhibitors such as isoflurane,
ketamine, or nitrous oxide, brain development is inhibited

to various degrees, leading to neuronal injury and long-term
disability.?*?* Anesthetic exposure changes NMDAR subunits,
affects calcium influx, induces cell signaling cascades, and
generates LTP or LTD.??¢ The levels of the NR2B subunit
in the hippocampus decrease with age. Increasing the NR2B
levels in the hippocampi of old rats enhances excitatory
postsynaptic potentials, strengthens memory, and improves
synaptic transmission function.?” Our results showed that
NR2A levels were increased in the isoflurane group while
NR2B levels were decreased, which may affect the ability
of learning and memory in adulthood. We will explore this
issue in future experiments. Furthermore, in NR2A knock-
out mice and NR2A regulatory signaling-deficient mice,
activation of NR2B can generate LTP.*3° NVP-AAMO077,
a NR2A specific inhibitor, is able to activate NMDARs and
generate LTP.*%3! Compared to NR2A-dependent NMDAR:s,
NR2B-dependent NMDARS carry a large amount of calcium
ions which react preferentially with calmodulin kinase II,
so they are more likely to induce LTP.*2 Most neonatal rats
have high levels of NR2B which begins to decline to adult
levels 6-20 days after birth. On the other hand, the levels of
NR2A subunits are low early after birth and begin to increase
to adult levels 12 days after birth.**** Our data are consis-
tent with results from Zhao et al*® showing that ketamine
exposure in pregnant rats induces neuronal rats impairment,
consistent with changes in NMDAR subunits. Thus, these
results suggest that inhibition of NR2A and NR2B subunits
is involved in isoflurane-induced neurotoxicity.

EAATI is predominantly expressed in astrocytes and is
one of the glutamate transporters required to maintain gluta-
mate levels in the extracellular space.***” Qu et al*’ reported
that isoflurane induced spatial learning and memory impair-
ment and produced increases in glutamate and EAAT] levels
in the hippocampal CA1 region of old rats, suggesting that
the increase in glutamate induced excitotoxicity, while the
increase in EAAT] protected against it and further improved
isoflurane-induced spatial learning and memory dysfunction.
In the present study, we also found that EAATT levels were
significantly increased in the isofluran e group. Those changes
suggest that the enhanced EAATT levels may be related to
neuroprotective mechanisms in the CNS that remove excessive
glutamate released by excitatory synapses, maintaining extra-
cellular glutamate levels and protecting against excitotoxicity.
The decreased EAAT] levels in the dexmedetomidine groups
may be due to the neuroprotective effects of dexmedetomidine,
which leads to attenuation of the increase in EAATI.

Taken together, the present study may provide guidance in
the clinical use of drugs, suggesting that isoflurane anesthesia
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in pediatric patients may be combined with dexmedetomidine
and other protective drugs to reduce brain damage. However,
there are some limitations to our study. First, this study did not
measure blood glucose, blood oxygen, or body temperature
levels. Prolonged isoflurane anesthesia may cause hypoxia,
hypercapnia, abnormal glucose levels, and hypothermia. All
of these factors may lead to increased apoptosis, which can
cause neurocognitive disorders. Second, NR2A and NR2B
inhibitors were not used in the present studies, so we could not
definitively determine whether apoptosis and the expression of
certain subunits were directly related. Third, the plasma levels
of dexmedetomidine were not measured and we could not
determine the exact difference in the effective drug dosage in
rats treated with high and low doses of dexmedetomidine.

Conclusion

Isoflurane caused an increase in apoptotic cells in neonatal
rats, which was related to increased expression of NR2A
and EAAT! and decreased expression of NR2B. Isoflurane-
induced neurotoxicity during critical developmental periods
may be controlled by dexmedetomidine.
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