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Abstract
The acute neuroinflammatory response to surgery may play a key pathogenic role in postoperative delirium (POD). Here, 
we investigated the contribution of acute postoperative pain to neuroinflammation and related delirium-like behaviors after 
surgery in adult and aged rats. Animals were assigned into four groups: control, abdominal surgery, surgery with analgesia 
using local ropivacaine, and surgery with analgesia using systemic morphine. Pain was assessed by the Rat Grimace Scale 
(RGS). Trace and context memory retention was evaluated following trace fear conditioning during the first 2 days after 
surgery. Pro-inflammatory cytokines in medial prefrontal cortex and hippocampus were measured by enzyme-linked immu-
nosorbent assay. In both age groups, the RGS increased significantly from baseline until 6 h after surgery. The postoperative 
analgesia with either local or systemic regimens comparably alleviated the RGS increase in adult and aged animals. The two 
analgesic regimens attenuated the surgery-induced trace and context memory deficits, as well as cytokines overproduction in 
both medial prefrontal cortex and hippocampus. No age-related differences were found in the neuro-cognitive effectiveness 
of postoperative analgesia. Our experimental findings provide proof-of-concept for adequate postoperative pain management 
as one of the main preventive strategies of POD.
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Short communication

Postoperative delirium (POD) is a common surgery-related 
complication especially in the elderly patients [1–3]. The 
consequences of POD can be serious, including associations 
with long-term cognitive decline and increased mortality. 
To date, no established pharmacological prevention or treat-
ment for POD has been available. The latest clinical prac-
tice guidelines suggest that a multicomponent preventive 

intervention minimizing known risk factors may be the best 
approach to reduce the incidence of POD [2, 3]. Among 
them, acute postoperative pain is widely accepted to be 
one of the most significant modifiable contributors. Nev-
ertheless, preclinical direct evidence regarding the associa-
tion between acute postoperative pain and POD is entirely 
lacking.

Although the exact pathogenesis of POD remains under-
determined, previous studies imply a critical role of neuroin-
flammation characterized by overproduction of pro-inflam-
matory cytokines within the brain [4, 5]. More recently, we 
reported in rats that abdominal surgery induced acute wide-
spread neuroinflammation and related POD-like state in the 
early postoperative period [6]. This neuroinflammation may 
transit from acute to chronic in an age- and hippocampal-
specific manner, resulting in the development of sustained 
cognitive dysfunction. We have further demonstrated that 
acute postoperative pain contributes to the development of 
cognitive dysfunction during the late period after surgery 
in aged rats [7]. However, the effects of postoperative pain 
on acute neuroinflammation, as well as its age dependency 
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on related delirious state, remain unknown. In this study, 
therefore, we investigated the contribution of postoperative 
pain to POD-associated acute neuroinflammatory responses 
in adult and aged rats.

All experiments were approved by the Institutional Ani-
mal Care and Use Committee of Kochi Medical School 
(Approval number: H-00121). Male adult (2–4 months) and 
aged (20–24 months) Wistar rats were housed with standard 
12-h cycle lighting with ad libitum access to food. The rats 
of each age were randomly allocated to one of four groups 
(n = 8 rats/group): (1) anesthesia without surgery (control 
group); (2) anesthesia with surgery; (3) anesthesia with sur-
gery plus single-dose surgical wound infiltration with 0.2% 
ropivacaine after surgery; and (4) anesthesia with surgery 
plus a single subcutaneous dose administration with 0.8 mg/
kg morphine after surgery. 1 week before the surgical proce-
dure, all randomized rats were subjected to a standard open 
field test.

Abdominal surgery was performed as previously 
described [6–8]. Briefly, 1.5–2.0% isoflurane was main-
tained through a nose cone during the procedure. Following 
a 2 cm midline laparotomy, the small intestine was exterior-
ized, and manipulated with fingers for 3 min. The surgery 
duration was fixed at 10 min. The control rats were only 
anesthetized for the same time period. The hemodynamic 
parameters during anesthesia were non-invasively measured. 
Postoperative pain was assessed by the Rat Grimace Scale 
(RGS) from 0 (no pain) to 2 (severe pain) according to a 
previous report [9]. The RGS was recorded 10 min before 
surgery, at 2, 4, 6, 8, 12, and 24 after inhalation period.

Trace and context memory retention after the trace fear 
conditioning was conducted to assess medial prefrontal cor-
tex (mPFC)-dependent attention and hippocampus-depend-
ent memory function, respectively, as our previous study [6]. 
Briefly, on the first day after surgery, each rat was placed 
in the conditioning chamber and received one training ses-
sion of 8 trials of trace fear conditioning, consisting of a 
10-s, 4 kHz, 75 dB tone conditioned stimulus (CS) and a 
0.7-s, 0.8 mA foot shock unconditioned stimulus (US) sepa-
rated by an empty 30-s trace interval. 24 h after the training 
session, the trace and context memory retention tests were 
performed. During the trace memory retention testing, the 
animal was placed in a novel context consisting of an obser-
vation chamber for a 2-min baseline (pre-CS) period. Then, 
a 10-s CS tone without the foot shock was given, followed 
by a 4-min post-CS period. Total seconds of freezing during 
the post-CS period were measured, and shown as a percent-
age of freezing time in 4 min (% freezing). Freezing behav-
ior is defined as the absence of all movement, excluding 
movement caused by respiration. For the context memory 
retention testing, the freezing behavior was recorded dur-
ing exposition to the original conditioning chamber for a 
4-min period without the CS or US. After behavioral testing, 

the animals were decapitated. The hippocampus and mPFC 
were rapidly harvested and homogenized with a polytron 
homogenizer in ice-cold lysis buffer containing protease 
inhibitors. The levels of tumor necrosis factor-α (TNF-α) 
and interleukin-1β (IL-1β) were analyzed by the enzyme-
linked immunosorbent assay.

The results were expressed as the mean ± standard devia-
tion (SD). Differences between the study groups were com-
pared with the Kruskal–Wallis test and differences between 
individual groups with the Wilcoxon–Mann–Whitney test 
with Bonferroni correction. Data were analyzed using the 
statistical software SPSS (version 11; SPSS Inc, Chicago, 
IL). p < 0.05 was considered statistically significant.

There were no significant differences in the parameters 
measured in the preoperative open field test (Supplementary 
data 1) and hemodynamics during anesthesia (Supplemen-
tary data 2) among experimental groups. Body weights were 
not significantly different from baseline (before surgery) to 
2 days after surgery in all groups. In both adult and aged 
groups, the RGS increased significantly from baseline until 
6 h after surgery. However, the two analgesic regimens com-
parably suppressed the postoperative RGS increase (Sup-
plementary data 3). During the training session, no group 
or age difference was observed in the freezing responses 
(Supplementary data 4), indicating intact acquisition of fear 
memory in the conditioning. For trace memory retention, 
freezing behaviors were comparably short during the 2-min 
baseline (before CS) in all groups in both adult (Fig. 1a) and 
aged (Fig. 1b) groups. However, significant group effects 
were observed during the 30-s trace interval following the 
CS offset. Subsequent pairwise comparisons demonstrated 
that surgical rats froze significantly less than control rats, 
whereas aged surgical rats froze less than adult surgical 
rats (p < 0.05). Notably, either of the 2 analgesia regimen 
inhibited the laparotomy-induced trace memory deficit with 
similar potency within adult groups, as well as within aged 
groups. However, the age differences in trace memory were 
still observed, i.e., % freezing in either analgesia group of 
aged animals was significantly lower compared with the 
corresponding group of adult rats. For the context reten-
tion testing, pairwise comparisons indicated that surgical 
rats froze significantly shorter than control animals in both 
adult (p < 0.05) and aged (p < 0.05) groups. However, no 
significant differences in freezing levels were found between 
age groups. The surgery-induced context memory deficit was 
comparably attenuated by the 2 analgesia regimens in both 
age groups.

The average TNF-α levels in the hippocampus and mPFC 
of the surgical group were significantly greater than those of 
the control group in both adult (Fig. 2a, b) and aged (Fig. 2c, 
d) animals. However, the TNF-α levels of ropivacaine 
and morphine group were comparably lower than those 
in surgical group (p < 0.05 in each pairwise comparison). 
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Age-dependent group differences in TNF-α production 
were not observed (p > 0.05 in each pairwise comparison). 
Regarding IL-1β levels, the statistical analysis revealed simi-
lar main group effects with those observed for TNF-α in 
both age groups.

Our results demonstrated that postoperative analgesia 
with either local ropivacaine infiltration or systemic mor-
phine could ameliorate acute neuroinflammation and related 
delirious-like cognitive disorders. Interestingly, despite the 
entirely different analgesic mechanisms, both analgesic 
regimens showed comparable effectiveness. Furthermore, 
preliminary data further indicated that non-surgical animals 
that received analgesic regimens failed to show significant 
effects in trace or context memory, as well as brain cytokine 
levels (Supplementary data 5). These observations suggest 
that the anti-neuroinflammatory responses observed in the 
analgesic groups were mediated via pain-relieving effects, 
rather than through any direct effects on cognitive function.

The peripheral inflammatory signals are known to 
be transferred into the brain via several pathways [10]. In 
particular, the afferent vagus nerve is reported as an impor-
tant neuronal transmitting route [11]. Our findings further 
imply that afferent pain signaling may also be involved in 
the peripheral-to-brain immune communication. In addition, 
recent evidence indicates that stress exposure exaggerates 
the neuroinflammatory responses to a subsequent periph-
eral immune challenge via the neuroendocrine pathway [12]. 
Therefore, another possibility is that the stress response to 

acute pain may trigger the development of neuroinflam-
mation. In either cases, adequate postoperative acute pain 
management may be important to optimize the neuroinflam-
matory response to surgery, and thus minimize the incidence 
of POD.

Despite similar brain cytokine levels, surgery-induced 
impairment of trace fear memory retention was more pro-
nounced in aged than adult animal (Fig. 1a). These results 
complement the clinical observation that the elderly patients 
are more vulnerable to the development of POD. However, 
analgesic regiments failed to diminish this age-related 
behavioral susceptibility. This phenomenon indicated that 
intrinsic brain aging conditioning, but not excessed periph-
eral stimuli, might be involved in the predisposition to POD 
in the elderly.

There are few limitations that should be considered. 
First, the present results along with our previous findings 
[7] imply that adequate management of acute postopera-
tive pain may prevent both early and late cognitive decline 
after surgery. However, the effects of postoperative pain 
on the chronic neuroinflammation during the late period 
after surgery have not yet been directly examined. Second, 
intact acquisition of fear memory was observed during the 
training session in all experimental groups (Supplemen-
tary data 4). Nevertheless, we cannot rule out the possibil-
ity that acute pain could modify the sensitivity to CS and/
or US, interfering with the behavioral testing. Third, the 
invasive intensity of our surgical model may not exactly 

Fig. 1   Behavioral response to 
trace fear conditioning during 
the testing session in adult and 
aged animals at 2 days after 
surgery. a Freezing behavior 
during trace memory retention 
test before the tone (Pre-CS) 
and after (Post-CS). b Freez-
ing behavior during context 
memory retention test. The four 
study groups were as indicated 
in materials and methods (n = 8 
in each group). Each vertical 
bar represents the mean ± SD. 
*p < 0.05 vs. surgery group 
within each age group. †p < 0.05 
vs. corresponding group in adult 
rats
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simulate the complex clinical situation. This may explain 
why each analgesia regimen could almost completely 
reduce the postoperative pain. Therefore, future studies 
are needed to translate our preclinical animal findings to 
humans.

In conclusion, the results of our proof-of-concept study 
indicated that acute postoperative pain may contribute to 
the development of neuroinflammation and related deliri-
ous-like behavior after surgery. Our findings support that 
postoperative pain management may be one of the most 
important modifiable factors for prevention of POD.
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