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Dexmedetomidine alleviated isoflurane-induced  
neurotoxicity in aged rats
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Abstracts: Backgrounds: Age is a major risk factor for Alzheimer’s disease. Previous studies have shown that pa-
tients with Alzheimer’s syndrome suffered greater risk when undergoing general anesthesia. As an inhalation an-
esthetic, isoflurane (ISO) has a convenient, rapid induction effect, and is suitable for induction and maintenance of 
general anesthesia. Dexmedetomidine (DEX) can be combined with anesthetics to improve the anesthetic effect. 
Methods and Results: In this study, 24-month old rats were randomly divided into three groups and were given intra-
peritoneal injection of saline, ISO combined with DEX, or ISO, respectively. Subsequently, rats performed the water 
maze test, and Golgi staining, RT-PCR, and Western blot analysis were performed to evaluate neuronal damage 
caused by ISO and the alleviating action caused by DEX. The results show that, when compared with the C group, 
learning and memory abilities in the ISO group were reduced, and levels of the amyloid precursor protein (App), 
cAMP-response element binding protein (CREB), and brain-derived neurotrophic factor (BDNF) decreased, whereas 
levels of β-amyloid increased. No significant differences were observed with the ISO + DEX group. Conclusion: DEX 
can improve the activity of the CREB pathway, inhibit the degradation of APP, and alleviate nerve damage caused 
by ISO.
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Introduction

Alzheimer’s disease (AD) is a type of dementia 
in which patients develop progressive loss of 
nervous system cells. The main features inc- 
lude harmful changes in direction, identifica-
tion, judgment and personality. Age is the main 
risk factor of the development of AD. United 
Nations (UN) digital standards indicate that an 
age of 60 is critical [1]. The report estimated 
that in the United States individuals diagnosed 
with AD over the age of 65 years old involves 
5.3 million cases, which is 25-fold higher when 
compared to individuals younger than 65 [2]. 
Administration of anesthesia is a significant 
risk factor of the development of AD. Studies 
have shown that an increased incidence of 
elderly patients undergoing anesthesia, incre- 
ased the risk of developing AD [3, 4]. Several 
studies have shown that beta-amyloid protein 
(β-amyloid) plays an important role in the 
pathogenesis of AD [5, 6]. However, APP is a 
precursor protein of Aβ, indicating that the neu-
rotoxicity caused by β-amyloid aggregation re- 

quired the participation of enzymatic hydroly- 
sis of APP. In addition, APP knockout mice show 
abnormal development, synaptic function, and 
learning and memory function [7]. Cleavage of 
APP by the aspartyl protease beta-site APP-
cleaving enzyme (BACE) is an important step 
[8]. BACE-1 is a key aspartase that forms a 
myelin sheath in peripheral nerve cells. It is a 
transmembrane protein that contains two ac- 
tive sites and can form two dimers outside the 
cell. β-amyloid is usually formed by the activity 
of several enzymes, including BACE-1. Clinical 
trials have demonstrated that most patients 
with AD show elevated levels of BACE-1 expres-
sion, resulting in an increased β-amyloid pro-
duction [9].

ISO is a commonly used clinical anesthetic and 
its advantages include its fast-acting capacity, 
with little induced irritability, and it stabilizes 
the hemodynamic status of patients. Recent 
evidence has suggested that ISO can dam- 
age the development of neurons and cause 
cognitive dysfunction in a dose-and time-
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dependent manner [10]. DEX, a α2 adrenergic 
agonist, is an anesthetic and sedative that has 
been reported to have neuroprotective effects 
[11].

Learning and memory abilities depend on str- 
uctures within the medial temporal lobe, inc- 
luding the hippocampal region [12]. The devel-
opment of neurons in the hippocampus is 
closely related to the learning and memory abil-
ities of the developing brain. DEX increases 
expression of BDNF astrocytes by extracellu- 
lar signal-regulated kinase-dependent path-
ways, and induces subsequent neuroprotec- 
tive effects [13]. BDNF has also been shown to 
trigger fast action potentials that affect the 
excitability of neurons. Furthermore, BDNF has 
a significant effect on activity-dependent syn-
aptic plasticity events, including long-term 
enhancement, learning, and memory [14].

In this study, we investigated the mechanism of 
cognitive impairment induced by general anes-
thesia in aged rats by evaluating the levels of 
APP, BACE-1, CREB and BDNF in ISO- and DEX-
anesthetized aged rats.

Materials and methods

Animals

Wistar rats, 24 weeks old, weighing 250 ± 40 g, 
were used in this study. All experiments were 
performed in accordance with the ethical co- 
mmittee.

Drug administration

A total of 36 Wistar rats were divided into three 
groups (n=12 per group): control group (C), ISO 

and DEX group (ISO + DEX), and an ISO gr- 
oup (ISO). Rats in the ISO + DEX and ISO gro- 
ups were exposed to 1.5% ISO and 100%  
oxygen for a duration of 4 h, whereas rats in  
the C group were exposed to a similar amount 
of saline and received 100% oxygen only. The 
dose of DEX used was 15 μg/kg, and was 
administered via intramuscular injection.

Morris water maze task

The Morris water maze task included a hidden 
platform trial and a probe trial. To evaluate the 
learning and memory ability in aged rats that 
received ISO with or without DEX, navigation tri-
als and spatial probe tests were used. Specific 
experimental methods are showed in the refer-
ences section [15].

Sample collections

After completion of the learning and memory 
test, rats were euthanized through disloca- 
tion of the cervical spine, and the brain was col-
lected. The hippocampus was separated, and 
immediately frozen in liquid nitrogen.

Golgi staining

A Golgi-Cox staining was performed to eval- 
uate the hippocampal dendritic spine density 
and was conducted with the FD Rapid Go- 
lgi StainTM Kit (pk401, FD Neuro Technolo- 
gies, Inc.) following the manufacturer’s ins- 
tructions. 

Real-time PCR and western blot analysis

Total mRNA was extracted from Hippocampus 
using the RNA out reagent (Beijing Tiandz, Inc., 
China) according to the manufacturer’s in- 
structions. The first cDNA strand was synthe-
sized using Oligo (dT) primers and transcript 
reverse transcriptase (Beijing TransGen Bio- 
tech Co. Ltd., China). The primers for real-time 
amplification of relative cDNAs were designed 
using Oligo 7.22 and oligo 6.0, primer pairs as 
shown in Table 1. Protein extracts were sub-
jected to SDS-polyacrylamide gel electroph- 
oresis under reducing conditions on 15%  
gels. Primary antibodies against APP, BACE-1, 
β-Amyloid, CREB and BDNF proteins were 
1:1000 dilution. To verify equal sample load- 
ing, membranes were incubated with a mo- 
noclonal GAPDH antibody, followed by an HRP-

Table 1. Primer pairs of genes
Genes Primer pairs
APP Forward GCCTCTGGATCTTCACTTGG

Reverse GTCTGGGCATAAGTGCCAAT
BACE-1 Forward CTGGTCCAAGAGGATTTCCA

Reverse TCATTGCCTTGCACGTAGAG
CREB Forward AATTGCCTCCACACCTTCAC

Reverse TCACCAAGCTGCTCATCAAC
BDNF Forward AGACCAGTCCTGTGGCTGAT

Reverse GCGGTCTTTGACGTAGGAAG
GAPDH Forward AGGCCGAGAATGGGAAGCTT

Reverse TGGAGTCTACTGGTGTCTTC
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conjugated goat anti-mouse IgG (1:1000, Santa 
Cruz Biotechnology, USA). 

As shown in Figure 2, when compared with the 
C group, the density of the hippocampal den-

Figure 1. Behavioral experiment results of aged rats treated with ISO and/or DEX. *indicates significant difference 
compared with the C group.

Figure 2. Golgi 
staining of aged 
rats treated with 
ISO and/or DEX. 
*indicates a sig-
nificant differen- 
ce compared wi- 
th the C group.

Statistical analysis

Statistical parameters in this 
study were calculated using 
GraphPad Prism 6.2. Data 
were analyzed using one-way 
analysis of variance. Values 
are expressed as mean ± S.D. 
P < 0.05 was considered 
significant.

Results

DEX alleviates cognitive im-
pairment of ISO in aged rats

As shown in Figure 1, in the 
Morris water maze task, all 
rats could find the platform, 
and no differences were ob- 
served between rats in the 
ISO + DEX group and the C 
group. On Day 4 and Day 5, 
rats in the ISO group were 
slower in finding the platform 
when compared to rats in the 
C group, and this difference 
was significant (P < 0.05). In 
the space probe test, the 
number of platform crossings 
in the ISO group on Day 5 was 
significantly lower when com-
pared to that in the C group. 
Moreover, no significant dif-
ferences were observed in 
the swimming speed of the 
animals between rats in the 
C, ISO + DEX and ISO groups.

Golgi staining

Figure 3. The mRNA expression of APP, BACE-1, CREB and BDNF in hippo-
campus. *indicates a significant difference compared with the C group.
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dritic spine decreased by 39.6% in the ISO 
group (P < 0.05).

Expression of mRNAs in the hippocampus

Figure 3 shows that, when compared with the C 
group, App levels increased to 152.2% in the 
ISO group, whereas CREB and BDNF levels 
decreased by 25.8% and 37.6%, respectively, 
in the ISO group. No significantly changes were 
observed in the ISO + DEX group, and no differ-
ences BACE-1 levels were observed among the 
groups.

The expression of proteins in hippocampus

As shown in Figure 4, when compared with the 
C group, App, CREB and BDNF levels decreased 
to 37.2%, 75.1% and 72.7%, respectively. In 
addition, protein levels of β-amyloid increased 
to 169% in the ISO group when compared with 
the C group. Moreover, no significant changes 
were observed in the ISO + DEX group, and no 
differences in BACE-1 levels were observed 
among the groups.

Discussion

In this study, aged rats were subjected to anes-
thesia and subjected to different tests. The 
Morris water maze task showed that although 
all aged rats could eventually find the platform, 

rats in ISO group were slower in finding the plat-
form when compared with the C group. No sig-
nificant differences were found between the 
ISO + DEX group and the C group, indicating 
that, DEX had a positive effect on spatial learn-
ing and memory ability of the aged rats. In the 
collected hippocampal tissue, Golgi staining 
showed that the number of dendritic ridges in 
ISO treated rats was reduced when compared 
with the C group, which was consistent with the 
decrease of CREB and BDNF protein expres-
sion levels. In this study, β-amyloid protein 
increased and APP decreased, while no signifi-
cant changes were observed in BACE-1 levels. 
Similar to our findings, the use of ISO anesthe-
sia in rats at 14 days of gestation can cause 
significant obstructive behavior in the offspring 
[16]. Other narcotic drugs, such as ketamine, 
can cause similar damage, resulting in a reduc-
tion in rat learning and their memory ability [15, 
17]. In general, anesthetics can play a dual role 
in neuroprotection and neurotoxicity, and is 
related to the dose, mode of use, and exposure 
time. In this study, aged rats were exposed to 
1.5% of ISO for 4 h, which resulted in a signifi-
cant impairment in learning and memory. These 
findings are different from the results reported 
by Li et al. [18]. The key factor may be the differ-
ence in dose of ISO used. In this study, no sig-
nificant changes were observed in the ISO + 
DEX group when compared with the C group, 

Figure 4. The protein levels of 
APP, BACE-1, β-Amyloid, CREB 
and BDNF in the hippocam-
pus. *indicates a significant 
difference compared with the 
C group.
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indicating that the damage caused by ISO was 
weakened by DEX. It has been reported that 
DEX relieved damage caused by bupivacaine 
[19]. Pancaro et al. hypothesized that ketamine 
caused significant cellular degeneration and 
apoptosis in limbic brain regions when com-
pared with DEX treatment [20]. 

In the water maze experiment, no significant 
differences in swimming speed were observed 
between groups, indicating that the motor fu- 
nction of rats in each group was not affected. 
These findings also indicate that exposure to 
ISO and DEX did not cause anxiety in aged rats. 
Although the rats in each group learned how to 
use the water maze, the rate of learning in the 
ISO group was significantly slower, and there 
was a significant difference between Day 4  
and Day 5 when the ISO group was compared 
with the C group. Moreover, the spatial probe 
test indicated that the number of times the ISO-
treated rats passed through the platform area, 
after this was removed, was significantly 
reduced, which was consistent with the find-
ings reported by Wang et al. [21]. Interestingly, 
no significant changes were observed in the 
ISO + DEX group when compared to the C 
group. A study performed by Si et al. indicated 
that DEX stimulated the JAK2/STAT3 signaling 
pathway and protected spatial learning and 
memory impairment of isolemic mice when 
mice were aged, which was consistent with the 
results of our study [22]. 

Exposure to ISO can lead to inactivation of 
CREB transcription [23]. Through Golgi stain-
ing, we showed that the number of dendrites in 
ISO-exposed rats was significantly reduced, 
whereas the number of dendritic ridges in the 
ISO + DEX group was not different from that of 
rats in the C group. The number of dendrites 
directly reflected the ability to conduct signals 
between nerve cells, and CREB phosphoryla-
tion is very important in the process of produc-
ing new dendrites [24]. DEX can effectively 
phosphorylate CREB, thereby improving learn-
ing and memory disorders in aged rats [25, 26]. 
Studies have shown that DEX alleviated pro- 
pofol-induced hippocampal neuronal damage  
and increased CREB and BDNF expression [27, 
28].

During aging, APP plays an important role in 
maintaining synaptic function, and APP has 
been extensively studied in AD. It has previous-

ly been reported that ISO caused decomposi-
tion of APP and accelerated the process of 
senile dementia-related neurodegenerative di- 
seases [3]. In this study, we demonstrate that 
mRNA expression of APP in rats that received 
ISO alone was significantly higher, however its 
protein content was significantly lower com-
pared to the other two groups, which may be 
due to decomposition of APP caused by ISO. 
The mRNA and protein expression of APP was 
inconsistent. Moreover, the relation between 
mRNA and protein levels involved many factors, 
for example, to maintain the balance of intra-
cellular protein expression, cells are self-regu-
lating [29]. Further, APP protein is easily pro-
duced by both the non-amyloidogenic and 
amyloidogenic pathway and processed into 
downstream products [30]. Our data suggest 
that aged rats exposed to 1.5% ISO caused 
degradation of APP and induced overexpres-
sion of β-amyloid, which was attenuated by 
DEX. Expression of mRNA and protein levels of 
BACE-1 did not change, which was in line with 
the findings presented by Liu et al. [31]. In this 
study, although no changes were observed in 
the expression level of BACE-1, we speculate 
that BACE-1 degraded APP to β-amyloid by amy-
loidosis, however this requires further experi-
mental validation.

In summary, DEX prevented degradation of APP 
to β-amyloid, and improved the level of CREB 
and BDNF, to effectively alleviate ISO-caused 
nerve damage to aged rats.
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