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postoperative cognitive dysfunction and pathogenesis in aged rats
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a b s t r a c t

The upstream signal molecule modulating neuro-inflammation and synaptic changes during the patho-
genesis of postoperative cognitive dysfunction (POCD) is still elusive. Here, we examined the effects
and mechanisms of energy sensor AMP-activated protein kinase (AMPK) in the pathogenesis of POCD.
Our data showed that surgery significantly increased the expression of p-AMPK in aged rats (p < 0.05),
but not in adult rats (p > 0.05). Moreover, inhibiting AMPK activation via compound C during operation
significantly improved surgery-induced impairment of the learning and memory of aged rats in water
maze (p < 0.05). Further mechanism studies showed that corresponding to the impairment of learning
and memory after surgery, surgery significantly increased the activation of microglia, decreased the
expressions of NR2B and p-NR2B, and increased the expressions of Tau and p-Tau, which also were obvi-
ously restored by inhibiting AMPK during operation. In contrast, Inhibiting AMPK activation during oper-
ation didn’t change ATP level in the hippocampus of aged rats after surgery. These data suggest that
surgery induced activation of AMPK in hippocampus in an age-dependent manner. AMPK plays important
roles in POCD of aged rats via multiple mechanisms, and is a possible molecular target for the prevention
and treatment of POCD.

� 2018 Published by Elsevier B.V.

1. Introduction

Postoperative cognitive dysfunction (POCD) is a common com-
plication among aged patients after surgery, which is characterized
by the impairment of memory, information processing ability, and
mental flexibility (Chen et al., 2013; Hovens et al., 2012;
Pandharipande et al., 2013; Ramaiah and Lam, 2009). During the
pathogenesis of POCD, peripheral surgery or anesthesia alone both
can induce obvious neuroinflammation, oxidative stress, Tau’s
abnormality and synaptic impairments in the brain(Degos et al.,
2013; Dong et al., 2016; Hovens et al., 2014; Le et al., 2014; Li
et al., 2017; Lin et al., 2014; Terrando et al., 2010; Terrando
et al., 2011; Vacas et al., 2013; Vacas et al., 2014; Xu et al., 2014;
Zhang et al., 2016). And the pathological changes of brain are mod-
ulated by peripheral inflammatory factors and immune cells (He
et al., 2012; Terrando et al., 2010; Terrando et al., 2011; Terrando
et al., 2016; Vacas et al., 2013, 2014). However, whether there is

a critical upstream signal molecule initiating the brain’s pathogen-
esis during POCD is still elusive.

AMP-activated kinase (AMPK) is a ubiquitous serine/ threonine
protein kinase, and comprises a catalytic a subunit, regulatory b
and c subunits (Thornton et al., 2016). AMPK is an energy sensor
activated by the increase of AMP/ADP: ATP ratio. AMPK activation
requires phosphorylation of Thr172 at the activation loop of the
catalytic a subunit (Cheng et al., 2016). Under the physiological
condition, AMPK maintains the cellular energy homeostasis via
up-regulating catabolic processes or down–regulating energy-
consuming processes (Burkewitz et al., 2015). It also modulates
the protein synthesis, especially the synthesis of long-termmemory
related proteins (Costa-Mattioli et al., 2009; Klann andDever, 2004).
Moreover, AMPK is closely involved in ischemic diseases (Choi et al.,
2013; Li et al., 2007; Nam et al., 2013; Rousset et al., 2015), neurode-
generative diseases (Cai et al., 2012; Du et al., 2015; Liu et al., 2015;
Ma et al., 2014; Vingtdeux et al., 2011), and pain (Bullon et al., 2016;
Song et al., 2015). For example, AMPK expression was up-regulated
in the post-ischemic hippocampus, and the impairment of hip-
pocampus was significantly alleviated by inhibiting the AMPK acti-
vation through reducing ATP depletion, lactate accumulation, and
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oxidative stress (Li et al., 2007; McCullough et al., 2005; Nam et al.,
2013). The expression and activation of AMPK also increased in the
brains of patients with Alzheimer’s Disease, and inhibiting AMPK’s
activation improved the impairment of synaptic plasticity of hip-
pocampus via decreasing amyloid-b protein (Ab) ’s generation and
modulating eukaryotic elongation factor 2 (eEF2) and its kinase
eEF2K (Cai et al., 2012; Ma et al., 2014). In addition, activated AMPK
modulated the production of inflammatory cells through down-
regulating phosphatidylinositol 3-kinase/p38 mitogen-activated
protein kinase (PI3K/p38), mitogen-activated protein kinase
(MAPK), nuclear factor kappa B (NF-jB) and Nod-like receptor pro-
tein 3 (NLRP3) (Bullon et al., 2016; McCullough et al., 2005; Song
et al., 2015; Zhu et al., 2015). The above studies have shown that
AMPK can modulate inflammation response, Ab’s neurotoxicity,
oxidative stress and synaptic plasticity in acute and chronic brain
injuries. Interestingly, neuroinflammation, Ab’s neurotoxicity, oxida-
tive stress, and synaptic changes all are important pathological
mechanisms of POCD (Degos et al., 2013; Lin et al., 2014; Terrando
et al., 2010; Terrando et al., 2011; Vacas et al., 2013, 2014; Xu et al.,
2014). Therefore, we proposed that AMPK could be a ‘switch’ mole-
cule modulating the pathogenesis of POCD. Our data showed that
laparotomy induced AMPK’s activation in the hippocampus of aged
rats, butnot in the adult rats. InhibitingAMPKactivationduringoper-
ation limited microglia activation, NR2B down-regulation, and Tau
and p-Tau up-regulation in the hippocampus of aged rats with sur-
gery, and resulting in an overall improvement of POCD in aged rats.

2. Results

2.1. Laparotomy induced AMPK activation in hippocampus of aged, but
not adult, rats

Phospho-AMPK (p-AMPK) is the active type of AMPK. AMPK
was mainly expressed in neurons (Fig. 1A). Compared to the con-
trol group of aged rats, p-AMPK levels in the hippocampus in the
surgery group were significantly increased [F(3,12) = 6.509, p =
0.007], but not the AMPK levels (Fig. 1B). The activation level of
AMPK (p-AMPK/AMPK ratio) was increased significantly at 6 h, 1
day and 3 days after laparotomy (p = 0.016, 0.023, and 0.030,
respectively). In contrast, the expression levels of AMPK and p-
AMPK in young adult hippocampus were similar under normal
condition and after laparotomy [F(3,12) = 0.890, p = 0.474]
(Fig. 1C). These data suggested that AMPK activation after surgery
was affected by the age of rats.

2.2. Inhibiting AMPK activation during laparotomy improved POCD in
aged rats

In order to clarify the effects of AMPK activation on POCD in
aged rats, we detected the learning and memory functions of the
aged rats by Morris water maze among the CTL group (control
group), the SD (surgery + DMSO) group and the SC (surgery + AM
PK inhibitor compound C) group.

The latency to the platform during the training of water maze
was analyzed by two-way repeated measures ANOVA with the
treatment as between-subjects factor and measure time as with-
in subjects’ factor. The latency to the platform was obviouslyaf-
fected by the treatments [F(2,27) = 4.005, p = 0.030], measure time
[F(3,25) = 25.783, p < 0.001], but no significant effect on the interac-
tion of treatment �measure time [F(6,52) = 1.479, p = 0.207]. Fur-
ther analysis showed that the latency to the platform of SD
group was significantly longer than that of CTL or SC group (p =
0.018, p = 0.024, respectively) (Fig. 2A). These data showed that
the learning function in the SC group was better than that of the
SD group.

During the probe trial of water maze, latency for the first time
to the area of the hidden escape platform, the numbers of crossings
through the platform and the time percent spent in the target
quadrant of the SD group all were significantly different from that
of the CTL and the SC groups (p < 0.05, respectively). Latency for
the first time to the area of the hidden escape platform of the SD
group was longer than that of the SC group (p = 0.006) (Fig. 2B).
And the numbers of crossings through the platform, the time per-
cent spent in the target quadrant of the SD group both were less
than that of the SC groups (p = 0.026 for crossing times; p < 0.001
for% time in the target quadrant) (Fig. 2C and D). These data
showed that the memory function in the SD group were worse
than that of the SC group.

Consistent with the improvement of learning and memory
functions in the SC group, the p-AMPK expression of the SC group
was significantly less than that of the SD group (p < 0.01, respec-
tively) (Fig. 2F), although the total AMPK expression was compara-
ble in both groups (p > 0.05, respectively) (Fig. 2E). These results
suggested that inhibiting AMPK activation during operation
improved POCD of the aged rats.

2.3. Inhibiting AMPK activation during laparotomy limited microglia’s
activation in aged rats

In order to investigate the underlying mechanisms by which
inhibiting AMPK activation improved POCD, we first detected the
activation of the microglia, a mark of neuroinflammation. In the
young adult rats, surgery significantly increased the percentage
of the activated microglia in the dentate genus (DG) 6 h after oper-
ation [F(3,12) = 3.527, p = 0.049], but not in CA1 region during the
first three days after operation [F(3,12) = 1.694, p = 0.221] (Supl.
Fig. 1). In the aged rats, compared to the other two groups, the per-
centage of the activated microglia in the DG and the CA1 region in
the SD group increased significantly at 6 h [F(2,9) = 83.413, p < 0.001
for DG; F(2,9) = 73.00, p < 0.001 for CA1] and 1 day [F(2,9) = 93.256, p
< 0.001 for DG; F(2,9) = 117.380, p < 0.001 for CA1] after surgery
(Fig. 3). These data showed that inhibiting AMPK activation during
operation limited microglia’s activation in the aged rats.

2.4. Inhibiting AMPK activation during laparotomy limited NR2B
down-regulation

N-methyl-D-aspartic acid receptor (NMDAR) is closely involved
in synaptic plasticity and memory (Kandel, 2012). NR1, NR2A and
NR2B are the main subunits. Previous studies have shown that
AMPK and NMDAR can reciprocally regulate the activation and
the expression via calcium ion and ATP-sensitive K (+) (K-ATP) cur-
rent (Seixas da Silva et al., 2017; Shen et al., 2014). Therefore, we
detected the expression levels of these subunits. In young adult
rats, surgery didn’t change the expressions of NR1, NR2A and
NR2B in hippocampus during the first three days after operation
(p > 0.05, respectively) (Supl. Fig. 2). In the aged rats, compared
to the control group, NR2B expression of the SD group decreased
on the 1st day after surgery [F(2,9) = 8.323, p = 0.012] (Fig. 4C).
The NR2B down regulation in SD group was restored after inhibit-
ing AMPK activation [F(2,9) = 8.323, p = 0.035] (Fig. 4C). In contrast
to the obvious changes of NR2B, there was no difference of NR1
and NR2A expressions among the control group, the SD group
and the SC group (p > 0.05, respectively) (Fig. 4A and B).

2.5. Inhibiting AMPK activation during laparotomylimited the
expressions of Tau and p-Tau

Tau and p-Tau are closely associated with the stability of micro-
tubules and cognition. And AMPK directly phosphorylates Tau
(Thornton et al., 2011). So, we also detected the expressions of
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