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Abstract

Purpose Neuroinflammation may contribute to the pathogenesis of the cognitive symptoms of postoperative delirium (POD)
and its subsequent long-term cognitive impairment. Haloperidol (HAL), a dopamine receptor antagonist, is widely used
to treat POD, whereas the effects of HAL on postoperative neuroinflammation and related cognitive deficits have been
underdetermined.

Methods Aged rats underwent sham or abdominal surgery and were subcutaneously treated with either vehicle, low-dose
(0.5 mg/kg bolus, then 0.5 mg/kg/day infusion), or high-dose (2.0 mg/kg bolus, then 2.0 mg/kg/day infusion) HAL. All
treatments were initiated immediately after surgery and continued for 48 h. On either postoperative day 2 (early) or 7 (late),
all rats were tested for trace and context fear memory retention after acquisition of trace fear conditioning. Following the
cognitive testing, the levels of pro-inflammatory cytokines, as well as dopamine and its metabolite, in hippocampus and
medial prefrontal cortex (mPFC) were measured.

Results In the early postoperative period, surgery induced acute neuroinflammation along with related trace and context
memory dysfunction. Dopamine turnover was increased in both hippocampus and mPFC, whereas no relationship with
memory functions was observed. However, HAL even at high-dose failed to restore the surgery-induced neuroinflammation
and related cognitive deficits. In the late postoperative period, chronic neuroinflammation was detected only in hippocampus,
which was associated with context, but not trace memory dysfunction. Neither low- nor high-dose HAL could prevent the
development of these late-phase neurocognitive deficits.

Conclusion Our findings indicate that perioperative administration with HAL may have no effects on postoperative neuro-
inflammation and related cognitive impairment.
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Introduction

Postoperative delirium (POD) is a common but potentially
serious surgical complication associated with healthcare
burden, particularly in elderly patients [1, 2]. Specifically,
Electronic supplementary material The online version of this emerging evidence suggests a close relationship between
article (https://doi.org/10.1007/s00540-019-02646-0) contains the development of POD and increasing risk of subse-
supplementary material, which is available to authorized users. quent persistent cognitive decline, including dementia [3].
Although the pathogenesis of POD remains elusive, compre-
hensive clinical and laboratory investigations indicate that
the maladaptive inflammatory responses within the brain,
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POD-associated long-lasting cognitive deficits [5]. However,
there is still no clinically proven pharmacotherapy targeting
neuroinflammation.

Haloperidol (HAL), a typical anti-psychotic, is the most
widely used medication for reducing hyperactive symp-
toms of POD via dopamine (DA) D, antagonism [6, 7].
The decreasing excessive dopaminergic activity by HAL
may reduce schizophrenia-like symptoms overlapping with
delirium, e.g., agitation, psychomotor activity, combative-
ness, hallucination, and depression. However, there is ongo-
ing controversy regarding the net efficacy of HAL for the
long-term consequences of POD, mostly due to lack of high-
quality research evidence [1, 2, 7]. Specifically, it remains to
be elucidated whether HAL influences postoperative neuro-
inflammation and related cognitive impairment.

We earlier reported that trace fear-conditioning task could
be applied to assess delirious-like behaviors in aged rats
[5]. The previous studies have shown that trace and con-
text memory retention following trace fear conditioning are
representative of attentional and cognitive abilities, respec-
tively [8, 9]. Since these deficits are the core symptoms of
clinical delirium, our behavioral paradigm may be clinically
relevant to evaluate the state of delirium in rodents. In this
study, using this approach, we examined the effects of HAL
treatment and the role of DA signaling on the postoperative
neuroinflammatory trajectory and related neurocognitive
behaviors in aged rats.

Materials and methods
Animals and experimental designs

All experiments were approved by the Institutional Animal
Care and Use Committee of Kochi Medical School. Male
Wistar rats aged 18-21 months and weighing 570-620 g
were used in this study. One week before the surgical proce-
dure, all randomized rats were subjected to a standard open-
field test to assess baseline spontaneous activity in novel
environment. HAL (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in 0.3% tartaric acid, diluted with saline.
Either 0.5 mg/kg bolus followed by an infusion of 0.5 mg/
kg/day (Low-HAL group), 2.0 mg/kg bolus followed by an
infusion of 2.0 mg/kg/day (High-HAL group) HAL, or vehi-
cle alone was administered subcutaneously using osmotic
mini-pumps (Alzet Model 2ML4; Alzet, Cupertino, CA,
USA). Control animals received an equivalent volume of
0.3% tartaric acid. All treatments were initiated immedi-
ately after surgery and continued for 48 h. The doses were
selected based on the previous study [10]. Mini-pumps filled
with drug or vehicle solutions were inserted subcutaneously
on the back flank during surgical or sham surgical procedure.

The study consisted of two experiments, Experiment-1
and Experiment-2 that were performed to explore acute and
late postoperative phases, respectively (Fig. 1). In Experi-
ment-1, cognitive function of all rats was assessed 2 days
after surgery or sham procedure, followed by brain sampling
and analysis. Since our previous study with the same animal
model showed that systemic inflammation manifested during
postoperative days 1-3 [11], we defined this period as the
early postoperative phase that is potentially relevant for the
development of POD. In Experiment-2, an identical behav-
ioral and neurochemical analysis was performed 7 days after
surgery under the same experimental conditions. In both
experiments, each group consisted of 8 animals.

Anesthesia and surgery

Abdominal surgery was performed as our previous reports
[5, 12]. Briefly, the animals were anesthetized with iso-
flurane (1.5-2.0%) in oxygen at 0.5 L/min through a nose
cone connected to a vaporizer. After a 2-cm vertical midline
incision, peritoneal cavity was carefully explored and the
small intestine was exposed. The exteriorized bowel was
manipulated for 3 min. Postsurgical analgesia was provided
with wound infiltration of 0.2% ropivacaine (300 ul; Astra-
Zeneca, Osaka, Japan). Body temperature was continuously
monitored by rectal probe and maintained at 36.5+0.3 °C
by a heating lamp. Sham control animals were only anes-
thetized, shaved, and given analgesia in the same manner as
the experimental rats. The mean arterial oxygen saturation,
pulse rate, and arterial pressure were non-invasively. Postop-
erative pain was quantified 2 h after surgery, based on facial
expression by the rat grimace scale (RGS) from O (no pain)
to 2 (severe pain) based on the previous study [13].

Behavioral testing

HAL-induced catalepsy was also determined using a stand-
ard bar test. A 1.6-cm-diameter bar was fixed horizontally
10 cm above the floor of a Plexiglas cage. Rats were placed
in the test cage and allowed to acclimatize for 5 min before
performing the test. Both forepaws were then placed on the
bar, and measured the length of time during which each
rats maintained the initial position (maximum cut-off time,
180 s).

Inattention and cognitive deficits were assessed after a
2-day (Experiment-1) or 7-day (Experiment-2) postsurgi-
cal recovery period with a trace fear-conditioning task as
previously described [5]. Briefly, the conditioning cham-
ber had a standard grid floor connected to a shock genera-
tor—scrambler. The animals were placed and habituated to
the conditioning chamber for a 2 min period, posteriorly
receiving one training session of 8 trials of trace fear con-
ditioning. The trace fear-conditioning trial comprised a
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Fig. 1 Experimental protocol and time course. All animals underwent
either a sham procedure (only anesthesia and analgesia) or an abdom-
inal surgery. Behavioral testing, bar test, and trace fear-conditioning
(TFC) task were performed either early (2 days; Experiment-1) or
late (7 days; Experiment-2) after surgery, followed by quantification

10-s, 4 kHz, 75 dB tone conditioned stimulus (CS) and a
0.7-s, 0.8 mA foot shock unconditioned stimulus (US) sep-
arated by an empty 30-s trace interval. The total seconds of
freezing throughout the 30-s trace interval were calculated
for each rat and shown as a percentage of freezing time
during the total duration of the 30-s trace interval. Freez-
ing behavior was defined as the absence of all movement,
excluding respiratory movements. The trace and context
memory retention tests were performed 4 h after the train-
ing session. During the trace memory retention testing, the
animal was placed in a novel context consisting in the con-
ditioning chamber. After a 2-min baseline period, a 10-s
CS tone was given, followed by a 4-min post-CS period
in the absence of foot shock. During the context memory
retention testing, the animals were placed into the original
conditioning chamber for a 4-min period without receiv-
ing the CS or US. The behavior of rats was videotaped
and subsequently analyzed by a researcher blinded to the
treatment groups. The freezing behavior was expressed as
a percentage of freezing time during the 4-min observa-
tional period.
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of hippocampal cytokines. The rats in each group were randomly
divided into 3 groups, either control, Low-haloperidol (HAL), and
High-HAL treatment. All treatments were initiated immediately after
surgery and continued for 48 h. Each treatment group consisted of 8
animals

Tissue collection and neurochemical analysis

The animals were sacrificed by a lethal dose of sodium
pentobarbital (60 mg/kg i.p.) followed by decapitation,
either at 2 or 7 days after surgery and completion of behav-
ioral testing. Subsequently, tissues and plasma were col-
lected. Plasma concentration of HAL was quantified using
a liquid-liquid extraction followed by a liquid chroma-
tography—mass spectrometry analysis conducted with an
HP 1100 LCDAD-MSD system (Hewlett-Packard Com-
pany, USA). The whole brain was rapidly harvested, and
hippocampus and medial prefrontal cortex (mPFC) were
dissected. The levels of tumor necrosis factor-a (TNF-
a) and interleukin-1 p (IL-1p) were analyzed by ELISA
kits 438207 (Biolegend, USA) and ER2IL1B (Thermo
Scientific, USA), respectively, following manufacturers’
instructions. The concentration of DA and its metabolite,
3,4-dihydroxyphenylacetic acid (DOPAC), was measured
by high-performance liquid chromatography (HPLC)
with electrochemical detection, as described in detail in
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Supplementary data 1. DA turnover was calculated by the
ratio DOPAC/DA, and used as an index of DA metabolism.

Statistical analysis

All the results were expressed as mean + standard deviation
(SD). Difference between the study groups was assessed
using the Kruskal-Wallis test, and differences between indi-
vidual groups by the Wilcoxon—Mann—Whitney test with
Bonferroni correction as a post hoc analysis. Correlations
between variables were evaluated with Pearson’s correlation
test. All data were analyzed using the statistical software
SAS (version 9.3; SAS Institute Inc., Cary, NC), and p <0.05
was considered statistically significant.

Results

There were no significant differences in the parameters
measured in the preoperative open-field test (Supplemen-
tary data 2), hemodynamics during anesthesia, and RGS 2 h
after surgery (Supplementary data 3) among experimental
groups. The plasma HAL concentrations of Experiment-1
were within the human pharmacological active range of
7.1 +1.2 ng/ml (Low-HAL groups) and 20.5 + 3.7 ng/ml
(High-HAL groups) [14]. Consistently, the results of bar test
in Experiment-1 showed that HAL caused a significant dose-
dependent cataleptic effect in both sham-surgery (p <0.05)
and surgery (p <0.05) groups (Fig. 2a). The HAL-induced
catalepsy was not observed 7 days after surgery (Fig. 2b,
p=0.57). No other adverse effects were detected through
the experimental period.

Trace fear-conditioning task at 2-day after surgery

In Experiment-1, significant effects of the factor trial number
during the training session were comparably observed in
both sham surgery (Fig. 3a) and surgery (Fig. 3b) groups.
In addition, there were no group differences in the freezing
responses (p=0.74), indicating neither surgery nor HAL
influenced acquisition of fear memory in the conditioning.
When trace memory retention was tested 4 h later in a novel
chamber, freezing levels were comparably low during the
2-min baseline (before CS) in all groups (Supplementary
data 4). All groups exhibited greater freezing in the post-CS
period compared with baseline (all p <0.05), and a signifi-
cant group effect was observed during the 30-s trace interval
following the CS offset (Fig. 3c¢). Subsequent pairwise com-
parisons demonstrated that surgical rats froze significantly
less than the animals in corresponding sham-surgery groups
(all p<0.05). On the other hand, HAL in both Low and High
regimens showed no effects within the sham-surgery groups.
Notably, HAL also had no effects on the surgery-induced
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Fig.2 Effect of haloperidol treatment on the cataleptic behavior
of bar test in aged rats. The elapsed time (s) in Experiment-1 (a)
and Experiment-2 (b) is shown. Each vertical bar represents the
mean + SD. The three study groups of both sham and surgery animals
were indicated in “Materials and methods (n=8 in each group). *Sig-
nificant (p <0.05), ns non-significant (p > 0.05)

impairments of trace memory retention; the freezing per-
centage was not different within surgery groups (p=0.79).

For the context retention testing, pairwise comparisons
revealed a significant main group effect (p <0.05, Fig. 3d).
Similar to trace memory retention testing, pairwise com-
parisons indicated that surgical rats froze significantly less
than the animals in corresponding sham-surgery (p =0.82)
or surgery (p=0.76) groups.

Trace fear-conditioning task at 7 days after surgery

During the training session, there were no significant differ-
ences in the acquisition of trace fear conditioning between
the groups (Fig. 4a, b). In trace memory retention testing,
no significant between-group differences were observed
(p=0.68, Fig. 4c). However, context memory retention
was significantly impaired in the surgery groups compared
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with the corresponding sham-surgery groups (Fig. 4d, all
p <0.05), whereas neither Low- nor High-HAL regimen had
significant effects within sham-surgery (p =0.69) or surgery
(p=0.70) groups.

Brain levels of pro-inflammatory cytokines

After completion of behavioral testing either 2 (Experi-
ment-1) or 7 (Experiment-2) days after surgery, TNF-a and
IL-1p levels in the hippocampus and mPFC were measured.
In sham-surgery animals, hippocampal and mPFC levels of
TNF-a at 2 (Fig. 5a, b) and 7 (Fig. 5c, d) days after surgery
were comparable between groups (all p> 0.05). In contrast,
the average TNF-a levels in both brain regions at 2 days
after surgery in the surgical group were significantly greater
than those in the control groups (all p <0.05, Fig. 5a, b).
However, no significant pharmacological effects of HAL
were observed in both hippocampus and mPFC (p > 0.05
in each pairwise comparison). At 7 days after surgery, the
hippocampal TNF-a levels in the surgical groups were
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higher than those in corresponding sham-surgery groups
(all p<0.05, Fig. 5c, d), whereas there were no differences
in the TNF-a levels in the mPFC. Neither Low- nor High-
HAL regimen showed any significant effects on the TNF-«
levels in both regions. Regarding IL-1f levels, the statisti-
cal analysis revealed similar main group effects with those
observed for TNF-a (Supplementary data 5).

Brain levels of DA and its metabolite

In the hippocampus of sham-surgery rats at postopera-
tive day 2, HAL did not change the levels of DA (p=0.67,
Fig. 6a), whereas significantly increased the concentrations
of DOPAC (+197% for Low-HAL, +443% for High-HAL
vs. control, p <0.05, Fig. 6b) in dose-dependent manner.
Along with this, the DA turnover was found to be signifi-
cantly enhanced by HAL in dose-dependent manner (+208%
for Low-HAL, +417% for High-HAL vs. control, p <0.05,
Fig. 6¢). Laparotomy also significantly increased the hip-
pocampal levels of DA and DOPAC (both p <0.05, sham
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vs. surgery in corresponding control rats), resulting in eleva-
tion of the DA turnover (+ 1127%, p <0.05). However, HAL
showed no additional effects on the hippocampal contents of
DA, DOPAC, and DA turnover, in surgery group (p=0.75
for Low-HAL, p=0.88 for High-HAL vs. control surgery
groups). On the other hand, at postoperative day 7, there
were no group differences in any of the dopaminergic param-
eters (Fig. 6d—f). Similar group differences were observed
with respect to mPFC (Supplementary data 6).

Correlation analysis between hippocampal
neurochemicals and memory retention

The relationships of hippocampal TNF-a and DA turnover
levels with freezing rates during trace or context memory
retention testing were assessed in control animals of both
sham and surgery groups. The results of Pearson’s correlation

analyses are summarized in Table 1. Two days after the pro-
cedures (Experiment-1), hippocampal levels of TNF-o were
inversely correlated with both trace and context memory reten-
tions. Conversely, a significant relationship was not observed
between hippocampal levels of DA turnover and both memory
performances. At 7 days after the procedures (Experiment-2),
the hippocampal TNF-a levels were significantly correlated
with context, but not trace, memory retention. However, there
was no significant relationship between the hippocampal DA
turnover and both memory functions.

Discussion
In the present study, we showed in geriatric rodents that

acute neuroinflammation, as well as increased brain DA
turnover, was induced secondary to surgery in the early
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postoperative period. Consistent with our previous study [5],
postoperative poor trace and context memory functions were
highly correlated with the neuroinflammatory response in
both hippocampus and mPFC. Meanwhile, the relationships
with DA turnover were less pronounced, suggesting that
increased dopamine signaling may not play a major role in
the pathogenesis of attentional/cognitive domains of POD.
In line with this, our findings indicate that a DA D, receptor-
selective antagonist HAL could not significantly restore the
surgery-induced delirious-like cognitive symptoms.
Recent clinical studies show the possibility that neuro-
inflammation is one of the pathogenesis of schizophrenia
[15]. The previous in vitro experiments have also been
reported that HAL could inhibit inflammatory signaling

@ Springer

and glia-derived pro-inflammatory proteins [16, 17]. These
results imply that HAL has an anti-neuroinflammatory
activity, which may in turn be involved in its anti-psychotic
effects. However, until now, this hypothesis remains to be
confirmed under in vivo conditions. One of the obstacles
regarding HAL treatment in whole animals is the differ-
ences in the pharmacokinetics with humans, e.g., elimina-
tion half-life (¢,,) of rodent and human is 3.5 h and 20-24 h,
respectively [10]. Therefore, in this study, continuous infu-
sion pumps were applied to extrapolate human- to rodent
dose, successfully achieving human equivalent plasma
concentrations.

HAL is shown therapeutic activity on psychotic symp-
toms, schizophrenia and delirium, principally acting as a



Journal of Anesthesia (2019) 33:416-425

423

[ Control [ Control
[ Low-HAL I Low-HAL
B High-HAL B High-HAL
A B C *
£
120, [ Control 120, ns 60 s
I Low-HAL
100 - X ~ 100 50
[ High-HAL o0 o l
o0 §() | g 80 | 2 40 iniu
£ 5 :
en ~ * £
£ 60 4 « o 604 =5 3 30
< = <
A 40 ] ns 8 40 1 A 20
20 22 20 | 10
Sham Surgery Sham Surgery Sham Surgery
D 120 E 120 K 60
1 [ Control 1 [ Control [ Control
100 | [ L(?W-HAL 100 HH Low-HAL 50/ [ Low-HAL
_ B High-HAL 2 B High-HAL 3 Bl High-HAL
280 - 5, 80 2 40
£ g 2
2 60| O 60 ] = 30
< = ns
E 40 | ns & 40 ns g 20 ns ns
ns ns @) ns ns T T
20 1 | | | 20 1 10
o LOM@ Mm@ o LOIMM Cmm 0 Jj_ii_ljﬁ
Sham Surgery Sham Surgery Sham Surgery

Fig.6 HPLC analysis of dopamine (DA), its metabolite, and turnover
in the hippocampus after surgery. Levels of DA (a), 3,4-dihydroxy-
phenylacetic acid (DOPAC, b), and DA turnover (DOPAC-to-DA
ratio, ¢) in Experiment-1, as well as levels of DA (d), DOPAC (e),

and DA turnover (f) in Experiment-2 are shown. Each vertical bar
represents the mean+ SD. The three study groups of both sham and
surgery animals were indicated in “Materials and methods” (=8 in
each group). *Significant (p <0.05), ns non-significant (p > 0.05)

Table 1 Pearson’s correlation

Two days after surgery or sham procedure

Seven days after surgery or sham proce-

coefficient and corresponding dure
p values for the relationships
between TNF-a or DA turnover Trace Context Trace Context
levels and either trace or context
memory performance Pearson. )4 Pearson. p Pearsonh p Pearson. p
correlation correlation correlation correlation
TNF-«a —-0.58 <0.05 -0.63 <0.05 0.16 0.41 -0.47 <0.05
DA turnover  —0.15 0.47 -0.07 0.61  0.05 0.88 —0.06 0.75

potent dopaminergic antagonist [6]. In our HPLC analysis,
HAL administration did not change DA contents, whereas
dose-dependently increased the DOPAC levels and enhanced
DA turnover, in non-surgical control animals. Comparably,
the previous reports showed that this DA turnover enhance-
ment is a compensatory response to the blockade of DA D2
receptors [18]. Although HAL failed to show the additional

effects on surgery-induced elevation of DA turnover, sug-
gesting that no compensatory effects occurred due to an
already maximum rate. On the other hand, the HAL-induced
compensatory response could be an alternative approach for
evaluating the blocking activity of DA antagonists. These
findings further confirm that our dosage regimen is pharma-
cologically active in aged rats. As evidence, HAL treatment
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dose-dependently produced catalepsy that is predictive of
extrapyramidal effects through the blockade of DA recep-
tors in humans. However, despite in vivo therapeutically rel-
evant doses, treatment with HAL failed to treat the surgery-
induced acute neuroinflammation.

In late postoperative phase, after the surgery-induced
systemic inflammation was resolved, significant neuro-
inflammation was detected in the hippocampus, but not
in mPFC. This may explain the corresponding behavioral
consequences in which laparotomy impairs the hippocam-
pus-dependent context memory retention without affecting
the mPFC-dependent trace memory retention. Our results
further showed that HAL administration during early post-
operative period could not prevent the development of these
late-phase neurocognitive deficits. Under identical experi-
mental conditions, we previously found that the postop-
erative chronic neuroinflammation may be associated with
age-related pro-inflammatory changes of microglia [19]. The
hippocampal specificity may be due to its higher microglia
density and aging-related vulnerability. This suggests that
the transition from acute to chronic hippocampal neuroin-
flammation after surgery may represent a pathogenic mech-
anism producing POD-associated persistent postoperative
neurocognitive disorders. Recently, a study demonstrated
that in vivo administration of HAL has no significant influ-
ence in the microglial population of rat cortex [20]. Conse-
quently, pharmacologically active doses of HAL may lack of
in vivo efficacy for microglia-mediated neuroinflammation,
and thus no mitigating effects on the long-term cognitive
burden of POD.

In addition or association with neuroinflammation, imbal-
ance in various neurotransmitters can contribute to the
pathogenesis of delirium [21]. Among them, excess in DA
levels within the brain may play a crucial role. Our results
also showed that surgery resulted in a moderate increase
in DA contents, while a more profound increase of the DA
metabolite, DOPAC, levels, i.e., increased DA turnover,
during the early postoperative period. Since only extracel-
lular DA is metabolized into DOPAC by monoamine oxi-
dase, the elevated DA turnover could reflect in increased
synaptic DA levels [18]. Like a transient nature of POD
in human, excessed dopaminergic activity is diminished
during the late postoperative phase. However, we could
not find significant correlation of this hyperdopaminergic
state with any cognitive abnormality. This discrepancy may
be due to a wide range of delirious symptoms via several
independent mechanisms. Specifically, excessive dopamin-
ergic activity is shown to be associated with symptoms of
hyperactive delirium, i.e., restlessness, agitation, and refusal
to cooperate with care [21]. Since there is currently no
established method for assessing the hyperactive delirious
state in rodents, these symptoms have not been detected in
our experimental POD model. To better understand these
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relationships, a comprehensive animal model of POD should
be established in the future.

POD is associated with a subsequently increased risk of
dementia, contributing to the healthcare burden of elderly
patients [3]. Therefore, exploring the mechanism based
rather than the symptomatic treatment for POD may be of
greater clinical importance. Specifically, evidence consist-
ent with our findings suggests that acute neuroinflammation
may be a key pathogenesis of POD [4, 5]. HAL is the most
widely used anti-psychotic drug in management of delirium,
whereas its rationale is not clear due to limited clinical evi-
dence with conflicting results [1, 2, 7]. Taking into consid-
eration the increased risk of extrapyramidal side effects in
elderly, routine use of HAL for preventing or treating POD
may not be currently recommended [1, 2]. Our findings fur-
ther provide preclinical insight that pharmacologically active
doses of HAL did not elicit anti-neuroinflammatory effects,
and thus may have no impact on the cognitive symptoms
of POD. Nevertheless, we cannot rule out the possibility
that a different type of surgical model may induce different
dopamine responses, which could influence the cognitive
outcomes. Furthermore, various critical translational ques-
tions remain such as effects of the administration route and
timing, new-generation anti-psychotic drugs, as well as the
effects on non-cognitive morbidity and mortality. Therefore,
future studies are needed to answer these issues before our
findings can be translated into clinical practice.

Conclusion

Our data indicate that acute neuroinflammation, but not
excess in dopaminergic activity, may contribute to the devel-
opment of delirious-like cognitive symptoms during the
early postoperative period. Postoperative administration of
HAL with pharmacologically active doses failed to alleviate
the surgery-induced neuroinflammation and related cogni-
tive deficits. Furthermore, HAL treatment could not prevent
the hippocampal neuroinflammatory chronification and the
consequent long-term cognitive decline. Our findings indi-
cate that perioperative administration with HAL may have
no effects on postoperative neuroinflammation and related
cognitive impairment.
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