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Abstract
Background Perioperative neurocognitive disorder (PND) is the progressive deterioration of cognitive
function after surgery. The purpose of this study was to observe the effect of preoperative pain on
in�ammatory factors and neuronal apoptosis in the hippocampus of rats.

Methods 36 adult male Sprague-Dawley rats were randomly divided into 4 groups: the control group, the
pain group, the pain+operation group, and the operation group. 6 days before the surgery, the rats
received cognitive training, and the cognitive evaluation was carried out on the1, 3 and 7th days after the
surgery. The rats were killed on the �rst, third and seventh days after the surgery (n = 3 rats/day). The
cognitive function of rats was evaluated by the Morris Water Maze (MWM), and the expression levels of
the pro-in�ammatory cytokines interleukin 6(IL-6), Interleukin 1β(IL-1β)and Tumor Necrosis Factor-α(TNF-
α), Acetylcholine(Ach)and Cyclic Adenosine monophosphate(cAMP), protein kinase A(PKA)and gamma-
aminobutyric acid type A receptors(GABAA) in the hippocampus were measured on the 1st, 3rd and 7th
days after the operation. 

Results Our results showed that the pain model rats exhibited impaired behavior on the �rst day (P<
0.001), and this lasted until the 7th day after the operation (P≤0.002 and P≤0. 001, respectively).
Preoperative pain model rats showed a higher level of apoptosis than that shown by the simple operation
rats. On the 1st, 3rd and 7th days after the operation, the protein content of IL-1β, IL-6 and TNF-α in the
pain operation group was increased compared to that in the simple operation group (P<0.001). ACh,
cAMP, PKA and GABAA expression in the hippocampus was decreased after operation in the preoperative
pain model rats.

Conclusion Preoperative pain is a key risk factor for the development of PND. The ACh-PKA-GABAA
signaling pathway plays a key role in the acetylcholine pathway.

Background
Perioperative neurocognitive disorder (PND) includes acute delirium and persistent postoperative
cognitive impairment [1]. Because PND leads to an increase in postoperative mortality, an increase in
complications and the prolongation of hospitalization, it is more likely to evolve into Alzheimer’s disease
[2, 3], which has attracted increasing attention from diverse disciplines. However, the mechanism of PND
has not been clearly elucidated yet. Therefore, preventing and treating controllable risk factors for PND
have become important methods of managing PND. Clinical observation has shown that the incidence of
POCD in patients with preoperative pain is higher than that in patients with a pain duration ≥ 3 months
[4, 5]. Animal experiments have also shown that preoperative chronic pain facilitates a decrease in
cognitive function in rats [6]. These results suggest that preoperative chronic pain may be an important
controllable risk factor for PND. Therefore, it may be critical for managing PND and studying the
mechanism underlying preoperative slow pain and PND.
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Rodent models and clinical data have shown that neuroin�ammation plays a key role in the pathogenesis
of PND [7]. Increasing evidence has suggested that chronic pain plays an important role in inducing and
maintaining neuroin�ammation induced and maintained by immunocyte in�ltration [8], glial cell
activation [9] and central nervous system in�ammatory mediators [9–12]. Peripheral pro-in�ammatory
cytokines, which are mainly involved in the in�ammatory regulation of acetylcholine through the vagus
nerve re�ex arc, can be invoked as primary initiators of neuroin�ammation [13]. This process involves the
pro-in�ammatory cytokines IL–1β, IL–6, and TNF-α [14–15]. Acetylcholine receptors can activate cyclic
adenosine monophosphate (cAMP)-protein kinase A (PKA) through G protein coupling. The second
messenger pathway [16] leads to the phosphorylation of the GABAA receptor. The GABAA receptor is an
inhibitory neurotransmitter mainly found in the central nervous system [17]. GABAA is involved in the
cognitive development of rats and strictly controls spatial learning [18].

Although it has been con�rmed that preoperative chronic pain maintains the balance of in�ammatory
mediators in the central nervous system through the acetylcholine pathway, it is unclear whether this
balance is disrupted after surgical and anesthetic stimulation, resulting in PND. The purpose of this study
was to evaluate in�ammatory factor expression and neuronal apoptosis in the hippocampus of rats with
preoperative chronic pain to determine the correlation between chronic pain and PND, detect the contents
of ACh, cAMP, PKA and GABAA, and observe the effect of preoperative chronic pain on the acetylcholine
pathway.

Methods
Animals

All the animals used in this study are from the experimental animal center of Fujian maternal and child
health care institute, and are raised according to its guidelines. All experiments were performed in the
experimental animal center of Fujian maternal and child health care institute. All animals were housed in
an environment with a temperature of 24 ° C to 25 ° C, 12 hours light and 12 hours dark cycle, free access
to food and water. All rats were acclimated to their environment for at least 7–10 days prior to the
experiment. In this study, all animal-related experiments were carried out under the revised guidelines for
Nursing and Use of Experimental Animals [19] (American Society of Physiology) and were approved by
the Ethics Committee of our hospital (NO. 2018–093).

Groups and Experimental steps

36 adult male Sprague-Dawley rats (3–6 months), weighing 350–400 g, were randomly by random
number table according to body weight divided into 4 groups: the control group, the pain group, the
pain+operation group and the operation group. Control animals received aseptic saline to control for the
effect of injection stress. The right posterior foot pad of each mouse in the pain group, was
subcutaneously injected with complete Freund’s adjuvant 20 µl. The mice in the pain+operation group
received the same treatment as those in the pain group and underwent partial hepatectomy with general
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anesthesia. In short, the liver was exposed through a 1–2 cm midline abdominal incision, and the left
lobe of the liver (equivalent to approximately 30% of the organ) was resected. The wound was then
permeated with 0.25% lidocaine and closed with an aseptic suture. The mice in the simple operation
group underwent hepatectomy only (the operation procedure was the same as that in the pain operation
group).

Prior to surgical modeling, the rats underwent 6 days of the morris water maze (MWM) training. After
MWM were conducted on days 1, 3, and 7 after surgery.

Tissue preparation

The rats were killed on days 1, 3 and 7 (n = 3 per day) after surgery. The rats were decapitated under
anesthesia with 10% pentobarbital sodium, the brains were removed and the hippocampi were extracted.
The separated hippocampi were separated into two parts; one part was stored at 80°C for preservation
and later use, and the other was �xed with polyformaldehyde (PFA).

Cognitive testing

The Morris water maze is a hippocampal-dependent spatial learning test for rodents [20]. The rats were
trained with the platform in a �xed position and tested three times a day for 6 days. Preoperative pain
was �rst induced in the animals, and then partial hepatectomy was performed on day 7. On the 1st, 3rd
and 7th days after the operation, the rats were subjected to reverse testing, in which the platform was
moved to the outer edge of the pool. The swimming distance, speed and latency for the rats to �nd the
platform were recorded by a video system attached to the ceiling, and the digital images were analyzed
by water maze software (HVS image, UK).

ELISA

The levels of ACh, cAMP, IL–1, IL–6 and TNF–1 in the samples were determined according to the
instructions of the kit. The results were analyzed using TMB, which is converted to blue by the catalysis
of peroxide and then to yellow by the action of an acid. Changes in color were positively correlated with
ACh, cAMP, IL–1β, IL–6 and TNF-α levels in the samples. The absorbance (OD value) was measured at a
wavelength of 450 nm by an enzyme labeling instrument, and the concentrations in the sample were
estimated. The supernatant was used for the determination of the total protein level with ELISA kits
(Dakewe, Shenzhen, China).

Western blot analysis

Hippocampal tissue samples were homogenized in cold lysis buffer containing protease inhibitors and
then centrifuged. Standardized protein samples were boiled in buffer for 5 minutes, separated on a
polyacrylamide microgel and transferred to a nitrocellulose membrane by electrophoresis. The membrane
was blocked in TBS for 1 hour with 5% defatted milk and incubated in rabbit anti-GABAA (1:1000)( merck
Millipore, USA) and anti-PKA antibodies (1:1000) ( merck Millipore, USA)overnight at 4°C. the membrane
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was placed in TBS with secondary antibody diluted 1:400 for 1 hour at room temperature. Protein
visualization was performed by using an enhanced chemiluminescence detection kit (ECL; Amersham
Biosciences). The relative expression levels of the target proteins were standardized to the expression
level of β-actin.

Immunohistochemistry

Seven days after the operation, the PFA-�xed hippocampi were embedded in para�n wax after
dehydration in graded ethanol solutions. A slicing machine was used to slice the para�n-embedded
tissues into 4-μm thick continuous coronal sections. Then, the hydrated sections were stained in
hematoxylin and eosin (HE) and dehydrated in ethanol. The stained sections were removed and used to
observe the morphology and arrangement of neurons in the rat hippocampus by microscopy.

TUNEL

Seven days after surgery, the sections were �xed in 4% PFA, incubated, and then washed and developed
using diaminobenzoic acid reagent. The sections were counterstained with Harris hematoxylin, and �ve
high power �elds from each section were analyzed by microscopy. In each �eld of view, 100 cells were
selected to calculate the average ratio of apoptotic cells to determine the apoptotic index (AI).

Statistical analysis

Two-way ANOVA was used to analyze the immunohistochemical, ELISA and Western blot data. Repetitive
two-way ANOVA was used to analyze training behavior. Separate two-way ANOVA was used to examine
the effects of pain and surgery on working memory performance in the reversal test. When ANOVA was
signi�cant, the correlation between MWM parameters and pro-in�ammatory cytokine expression was
analyzed by an independent sample t test. P < 0.05 was considered to be statistically signi�cant.

Results
Preoperative pain aggravates spatial learning and memory impairment after surgical trauma in rats

The results of the MWM test showed that the distance traveled and latency to �nd the platform were
decreased in the simple operation group and the pain operation group on the �rst day after operation
compared with those in the blank group and the simple pain group (Fig. 1A and B). Compared with the
other three groups, the pain operation group showed the same cognitive impairment on the 3rd and 7th
days after operation (Fig. 1A and B). Compared with those of the pain operation group on the 3rd day
after operation, the distance and latency parameters of the simple operation group were signi�cantly
improved, but they were still lower than those of the blank group and the simple pain group; the above
data were improved until 7 days after operation (Fig. 1A and B). These results showed that preoperative
pain and hepatectomy damage spatial learning and memory and induce a prolonged disease response in
rats.
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Preoperative pain increases neuronal apoptosis after surgical trauma in rats

To study the apoptosis of neurons in the hippocampal area of the rats with preoperative pain, we used HE
staining to observe the morphology of the neurons in the hippocampal CA1 region of the rats. Blank
group cells were closely arranged, and the membranes were transparent. However, the simple operation
group and the pain operation group showed pyramidal cells with agglomerated nuclei, wider cell gaps,
and cell disorder, necrotic neurons and the loss of a large number of neuronal cells. Compared with those
in the pain operation group, the cells in the operation group and the pain group exhibited signi�cantly
improved neuronal morphology and arrangement (Fig. 2).

In addition, the results of TUNEL staining are shown in Figure 3. Higher AI and signi�cant neuronal
apoptosis were found in the hippocampal CA1 region of the rats in the pain+operation group.

Expression of in�ammatory cytokines after surgical trauma in the hippocampus of rats with preoperative
pain

To study whether pain and surgical trauma change the expression of pro-in�ammatory factors in the
hippocampus, the protein contents of IL–1β, IL–6 and TNF-α were measured by ELISA at different time
points. On the 1st, 3rd and 7th days after the operation, the protein contents of IL–1β, IL–6 and TNF-α in
the pain operation group were increased compared with those in the other three groups (Fig. 4). The
protein contents of IL–1β, IL–6 and TNF-α in the operation group were increased on the 1st, 3rd and 7th
days after the operation compared with those in the blank group and pain group. There was no
signi�cant change in the protein contents in the blank group and simple pain group on the 1st, 3rd or 7th
days after the operation. These results suggest that preoperative pain is more likely to induce the long-
lasting expression of pro-in�ammatory factors in the hippocampus after operation and that surgery is
also induces the expression of pro-in�ammatory factors in the hippocampus.

The acetylcholine pathway was activated in rats with preoperative pain exposed to surgical trauma.

To understand the effect of preoperative pain on acetylcholine pathway activation, a further study was
conducted. The expression of ACh, cAMP, PKA, GABAA and other proteins in the brain was determined by
Western blot analysis and ELISA. The results (Fig. 5) showed that ACh, PKA, cAMP, and GABAA expression
decreased signi�cantly on the 7th day after partial hepatectomy in rats with preoperative pain compared
with that in the rats from the other three groups. In addition, the protein contents of ACh, PKA, cAMP, and
GABAA in the simple operation group were signi�cantly lower than those in the simple pain group and the
blank group on the 1st and 3rd day but higher on the 7th day. The levels were clearly restored. This
suggests that cognitive impairment after operation may be due to the inhibition of the ACh signaling
pathway, which correlated with PKA and GABAA expression, and that the presence of pain before
operation increases the likelihood and prolongs this effect.

Discussion
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The results of our study showed that the distance and latency parameters of the water maze decreased
more signi�cantly in the group with preoperative chronic pain than in the simple operation group. The
protein contents of IL–1β, IL–6 and TNF-α in the pain operation group increased on the 1st, 3rd and 7th
days after the operation, indicating that preoperative chronic pain can signi�cantly aggravate the
neuroin�ammatory reaction after operation. Preoperative chronic pain leads to neuronal apoptosis and
increases the expression of pro-in�ammatory cytokines in the hippocampus, which leads to a decrease in
cognitive function after operation. Our study revealed that rats with preoperative pain are susceptible to
cognitive impairment after surgical trauma. Postoperative cognitive impairment paralleled the increased
expression of pro-in�ammatory cytokines in the central nervous system.

In this study, we aimed to observe the effect of preoperative chronic pain on postoperative cognitive
impairment, so we chose complete Freund’s adjuvant (CFA) to establish a chronic in�ammatory pain
model. CFA can precipitate antigens locally that releases slowly and plays an important role in
stimulating antigens. It is an ideal model of chronic pain that is widely used. For our surgical intervention,
we chose partial liver surgery. Distribution of painless nerves in the liver can minimize the impact of
visceral pain on the central system during and after the operation and the interference between different
pains. The liver acts as a machine. As the main metabolic organ of the body, the liver plays a key role in
drug metabolism. However, there was no drug intervention in this study, so the metabolic activity of the
liver had little effect on this experiment. In addition, we chose to remove 30% of the liver because such a
procedure has no impact on the normal physiological function of the liver. Therefore, partial liver surgery
was used as an intervention to study the effect of preoperative chronic pain on postoperative cognitive
function.

Our initial results showed that, compared with those of the blank group and the simple pain group, the
distance and latency parameters in the water maze test of the operation group were decreased; however,
the rats with preoperative pain showed poorer cognitive ability than that of the rats that underwent simple
operation, showing that the distance and latency parameters of the MWM experiment were prolonged. It
has been suggested that preoperative chronic pain is an important risk factor for decreases in cognitive
and learning abilities in rats after operation and that it prolongs the disease response. It is well known
that preoperative pain activates the peripheral innate immune system. Peripheral immune attacks are
transmitted to the brain through a variety of humoral and neurological pathways [22]. This immune
system-brain signal leads to the production of pro-in�ammatory cytokines in the brain, which mainly
involves the activation of glial cells [23]. The activation of the peripheral innate immune system promotes
the release of in�ammatory cytokines, such as IL–1β, IL–6 and TNF-α, by directly or indirectly activating
microglia [24]. These neurotoxic in�ammatory mediators can further change the function of neurons and
lead to a decrease in cognitive function [25]. Therefore, we evaluated the expression of pro-in�ammatory
cytokines in the hippocampus of the rats. The results showed that the expression of IL–1β, I L6 and TNFα
in the hippocampus of the operation group was increased signi�cantly(P<0.05) compared with that in the
control group and pain group. In rats with preoperative pain, IL–1β, IL6 and TNFα were more highly
expressed in the hippocampus of rats (P<0.05). This suggests that preoperative pain can cause a
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signi�cant in�ammatory response in the hippocampus after operation, so we further determined that
preoperative pain is an important risk factor for postoperative cognitive impairment[21].

In our study, it was found that rats with preoperative chronic pain had longer reaction times than those
that underwent simple surgery, which is an important phenomenon that was not mentioned in previous
studies. We speculate that this may be related to the effect of acetylcholine. In some in vitro experiments,
it has been shown that the in�ammatory reaction of microglia can be inhibited by nicotine, while nicotine
can reduce the local in�ammatory reaction through the acetylcholine pathway and produce
neuroprotective effects [26]. Therefore, we further observed the content of ACh in the hippocampus. The
results showed that, compared with the blank group and the simple pain group, the pain+operation group.
exhibited signi�cantly decreased ACh levels in the hippocampus on the 3rd and 7th days. ACh levels in
the hippocampal region decreased only on the 1st and 3rd days after the operation in the operation group
(P < 0.05), while the ACh levels in the hippocampus decreased signi�cantly on the 3rd and 7th days after
the operation (P < 0.05), and the levels in the operation group decreased only on the 1st and 3rd days
after the operation (P < 0.05). According to the results, we speculate that, although some microglia may
be activated in rats with chronic pain, there is no neuroin�ammatory reaction, and cognitive function is
not affected due to the anti-in�ammatory pathway of acetylcholine. In rats that underwent simple
operation, we observed that IL–1β, IL–6 and TNF-α expression increased to varying degrees, indicating
that surgery is a risk factor for PND, which is consistent with the �ndings of previous studies. Like [25].
However, as time passed after the operation, the expression of in�ammatory factors in the rats in the
simple operation group gradually decreased, indicating that the operation may be a transient stimulus
that induces an increase of the expression of pro-in�ammatory cytokines over a short period of time and
that as time passes, acetylcholine increases, the anti-in�ammatory effect increases, and cognitive
function gradually recovers. However, there was no signi�cant decrease in preoperative pain in rats under
the same conditions, which indicates that the combined effects of preoperative chronic pain and surgery
can induce a high level of neuronal apoptosis and prevent the body from repairing itself. Therefore, we
think that preoperative pain is a major factor that leads to the prolongation of PND.

We further observed the activation of the acetylcholine pathway and its G protein coupling in the
hippocampus. The results showed that the expression of cAMP, PKA, and GABAA in the hippocampus of
rats that underwent partial hepatectomy was signi�cantly lower than that in rats that did not undergo
operation, and the content of AMP, PKA, and GABAA in the hippocampus of rats with preoperative pain
was signi�cantly lower than that of rats that underwent simple operation (P < 0.05). Additionally, the
content of AMP, PKA, and GABAA in the hippocampus of rats with preoperative pain was signi�cantly
higher than that in rats that did not undergo operation (P < 0.05), and the content of PKA in the
hippocampus of rats with preoperative pain was signi�cantly lower than that of rats that did not undergo
operation (P < 0.05); this was more obvious on the 7th day after the operation. The acetylcholine receptor
can activate the cAMP-PKA pathway through G protein coupling to intracellular cAMP-activated PKA-
phosphorylated CREB (p-CREB), and activated p-CREB can also interact with the targeted CRE region to
regulate the transcription of many downstream genes, promote the development of synaptic connections,
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and form a long-term memory. This process is related to synaptic plasticity. Synaptic plasticity refers to
the adjustment of the connection strength between nerve cells [27] An activity-dependent increase in
synaptic transmission intensity may result in long-term potentiation (LTP)[28], and memories are
considered to be generated through the process of LTP, which is generally regarded as one of the main
molecular mechanisms that form the basis of learning and memory. Interestingly, studies have shown
that pro-in�ammatory cytokines involved in immuno system-brain signal transduction are thought to
destroy synaptic plasticity [14]. Downstream of the cAMP-PKA pathway, GABAA can gate the GABAA

receptor signal in synaptic transmission during LTP induced by high-frequency activity, modulate the
frequency dependence of synaptic plasticity [30] and play a key role in learning and memory. Based on
the above information, we speculate that GABAA is affected by the ACh-cAMP-PKA signaling pathway
and that the role of the ACh-cAMP-PKA pathway is very important for the development of PND. Therefore,
it can be inferred that preoperative chronic pain leads to in�ammation in the central nervous system,
activates the acetylcholine anti-in�ammatory pathway, maintains the balance between the internal
environment and synaptic plasticity, and does not induce obvious cognitive impairment. After surgical
stimulation, neuroin�ammation further increases, destroys the original balance, and leads to the release
of a large number of central in�ammatory, the induction of high levels of apoptosis in neuronal cells, and
acetylcholine production disorder. The anti-in�ammatory effect is weakened, and the ACh-cAMP-PKA
signal is passed through the shadow pathway at the same time. Reducing GABAA results in the disruption
of synaptic plasticity, which leads to an increase in PND incidence and prolongation of PND.

There are some shortcomings in this study. In our study, the behavior, apoptosis level of hippocampal
cells, and expression of pro-in�ammatory cytokines and acetylcholine pathway proteins were compared
between rats with preoperative chronic in the presence and absence of surgery but not between rats with
preoperative chronic pain, so it is impossible to determine whether the rats had preoperative chronic pain.
The effective management of preoperative chronic pain has an effect on postoperative cognitive
function, and whether the peripheral innate immune system is activated by preoperative chronic pain,
especially whether “immune memory ability” occurs in this process, is important. At the same time, the
effects of preoperative chronic pain and surgical trauma pain on the consequences were not eliminated.
In the study of the cellular pathway, we observed changes in the expression of different proteins in the
pathway, but unfortunately, we did not determine the speci�c proteins. At the same time, we did not
elucidate the changes in endogenous and exogenous acetylcholine, and we did not inhibit the pathway to
determine the effect of the pathway. Therefore, this study is only a preliminary observational study, and
our follow-up study will compensate for the shortcomings.

Conclusions
In conclusion, the results of this study suggest that pro-in�ammatory cytokines may play an important
role in disrupting the normal cognitive function of the hippocampus. Preoperative pain leads to an
excessive and prolonged neuroin�ammatory response, which involves the acetylcholine pathway, in
which the ACh-PKA-GABAA cell signaling pathway plays an essential role. Additionally, preoperative pain
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is a key risk factor for the development of PND. Preoperative pain management and in�ammatory
inhibition may be promising strategies for preventing PND.
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PND: Perioperative neurocognitive disorder; MWM: Morris Water Maze; IL–6: Interleukin–6; IL–1β:
Interleukin–1β; TNF-α: Tumor Necrosis Factor-α; Ach: Acetylcholine; cAMP: Cyclic Adenosine
monophosphate; PKA: protein kinase A; GABAA: gamma-aminobutyric acid type A receptors; PFA:
polyformaldehyde; CFA: Freund’s adjuvant; LTP: long-term potentiation.
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Figure 1

Water maze data of the rats in each group that were trained for 6 days and 7 days after operation. (a) The
distance swam to reach the platform on the training day, (b) the latency to reach the platform on the
training day and the time swum to reach the platform on the training day. The results are presented as the
mean ± standard deviation. * P < 0.05, compared with the blank control group; # P < 0.05 and the simple
pain group; & P < 0.05 compared with the simple operation group. Control: control group; pain: pain group;
surgery: operation group; pain surgery: pain+operation group; 1, 2, 3, 4, 5, and 6: training days 1, 2, 3, 4, 5,
and 6; pp1, pp3, and pp7: 1, 3, and 7 days after the operation.
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Figure 2

Control: control group; pain: pain group; surgery: operation group; pain surgery: pain+operation group.



Page 16/18

Figure 3

Quantitative comparison of microphotographs and the apoptotic index in the hippocampus of the rats, as
determined by the TUNEL method. Control: control group; pain: pain group; surgery: operation group; pain
surgery: pain+operation group.
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Figure 4

The expression of in�ammatory cytokines after surgical trauma in the hippocampus of rats with
preoperative pain. The protein contents of IL-1β, IL-6 and TNF-α in the hippocampus of the rats were
measured on the 1st, 3rd and 7th days after the operation. * P < 0.05, compared with the blank control
group; # P < 0.05 compared with the simple pain group; & P < 0.05 compared with the simple operation
group. Control: control group; pain: simple pain group; surgery: simple operation group; pain surgery: pain
operation group; pp1, pp3, and pp7: 1, 3, 7 days after the operation.
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Figure 5

The expression of acetylcholine pathway factors in preoperative pain rats after surgical trauma. The
protein contents of ACh, cAMP, PKA, and GABAA in the hippocampus of the rats were measured on the
1st, 3rd and 7th days after the operation. * P < 0.05, compared with the blank control group; # P < 0.05,
compared with the simple pain group; & P < 0.05, compared with the simple operation group. Control:
blank control group; pain: simple pain group; surgery: simple operation group; pain surgery: pain
operation group; pp1, pp3, and pp7: 1, 3, and 7 days after the operation.


