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Cannabinoid receptor 2 deficiency enhances isoflurane-induced
spatial cognitive impairment in adult mice by affecting
neuroinflammation, neurogenesis and neuroplasticity
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Abstract. Isoflurane (Iso) is a commonly used inhalational
anesthetic and is associated with the incidence of postopera-
tive cognitive dysfunction (POCD). Cannabinoid receptor 2
(CB2R) was previously reported to have a promising
neuroprotective function in cases of POCD, but the specific
mechanisms have remained to be fully explored. The aim of
the present study was to investigate the effect of CB2R defi-
ciency on spatial cognitive performance in adult mice exposed
to Iso. A total of 20 adult CB2R knockout (KO) and 20 wild-
type (WT) mice were exposed to Iso (1.4% in oxygen for 4 h)
or 100% oxygen. The Morris water maze (MWZ) test was
performed 10 days after Iso exposure. Immunofluorescence
staining and reverse transcription-quantitative PCR were
performed to assess the expression of microglial marker
ionized calcium-binding adaptor molecule-1 (Ibal) and the
mRNA expression levels of microglial phenotype markers
(M1: Interleukin-6, tumor necrosis factor-a, inducible
nitric oxide synthase; M2: Chitinase-3 like protein) in the
hippocampus. Changes in hippocampal neurogenesis and
neuroplasticity were assessed by 5-bromodeoxyuridine
(BrdU) immunostaining and Golgi staining. Compared with

Correspondence to: Dr Huiqun Jia, Department of Anesthesiology,
The Fourth Hospital of Hebei Medical University, 12th Health Road,
Shijiazhuang, Hebei 050011, P.R. China

E-mail: jysyjiahuiqun@163.com

*Contributed equally

Abbreviations:  ANOVA, analysis of variance; BrdU,
5-bromodeoxyuridine; CB2R, cannabinoid receptor 2; DG, dentate
gyrus; Ibal, ionized calcium-binding adaptor molecule-1; IL-6,
interleukin-6; iNOS, inducible nitric oxide synthase; Iso, isoflurane;
KO, knockout; LTP, long-term potentiation; MWZ, Morris water
maze; POCD, postoperative cognitive dysfunction; TNF-a, tumor
necrosis factor-o; WT, wild-type; Ym1/2, chitinase-3 like protein

Key words: cannabinoid receptor 2, isoflurane, cognition,
neuroinflammation, neurogenesis, neuroplasticity

control mice, WT Iso-exposed mice had impaired spatial
performance in the MWZ test. Furthermore, hippocampal
Ibal immunoreactivity and the number of microglial branches
were notably increased in Iso-exposed WT mice. This was
paralleled by significant upregulation of Ml-associated
markers and downregulation of M2-associated markers in
the hippocampus. An obviously reduced number of BrdU*
neurons and decreased spine density were observed in WT
Iso-exposed mice compared with control mice. Of note,
CB2R deficiency exacerbated the spatial cognition impair-
ment induced by Iso in the MWZ test. The alterations in the
activation, morphology and M1 polarization of microglia,
the number of BrdU* neurons and spine density were more
pronounced in CB2R-deficient Iso-exposed KO mice than in
WT Iso-exposed mice. These results suggested that CB2R
has a crucial role in Iso-induced cognitive impairment, which
may be related to changes in hippocampal neuroinflamma-
tion, neurogenesis and neuroplasticity.

Introduction

Postoperative cognitive dysfunction (POCD) is one of the most
common and devastating complications in patients undergoing
major surgery under general anesthesia (1). Patients with POCD
generally present with a striking decline in cognitive abilities,
including memory, concentration, attention and cognitive flex-
ibility (2). Previous clinical studies have indicated that POCD
is closely associated with elevated healthcare costs, extended
hospitalization and increased mortality (3). While factors such
as advanced age, pre-existing cognitive impairment, lengthy
surgery and general anesthesia have been established as the
major risk factors for POCD (4), the pathogenesis and mecha-
nisms remain somewhat elusive.

An accumulating body of evidence suggests that POCD
shares a significant mechanical connection and commonality
with Alzheimer's disease, in which altered microglia and
astrocytic cells release extensive proinflammatory cytokines,
resulting in persistent neuroinflammation and synaptic
impairment (5). The various inflammatory components of
neuroinflammation, including proinflammatory cytokines,
chemokines and glial cells, have a fundamental role in regu-
lating the neurogenesis process and dendric spine density in
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cognition-related brain regions, such as the hippocampus (6,7).
Multiple perioperative factors, including surgical stimula-
tion and inhaled anesthetics, may accelerate this process
by enhancing proinflammatory factors. Overproduction of
these proinflammatory molecules results in a negative and
toxic response in neurons, including dysfunction in neuro-
genesis, neural plasticity and long-term potentiation (LTP),
eventually leading to cognitive decline (8). Thus, surgery/
anesthesia-induced neuroinflammation has been indicated to
promote the incidence and development of POCD and candi-
date interventions targeting aberrant neuroinflammation
have aroused global interest (9). Microglia are considered
as the innate immunity cells in the central nervous system
and their activation and M1/M2 polarization are crucial to
the process of neuroinflammation (10). Furthermore, the
physiological functions of microglia in neurogenesis and
synaptic plasticity may be dampened in neurodegenerative
diseases (11). Regulating the activation and M1/M2 polariza-
tion of microglia in neuroinflammation may have a potential
therapeutic effect on cognitive ability in neurodegenerative
diseases and POCD.

Cannabinoid receptor 2 (CB2R) is a crucial neuromodula-
tory target in the central nervous system and has an important
role in homeostatic control and numerous neurodegenerative
diseases. CB2R is reported to be expressed in both microglia
and neurons in healthy brains at low levels and is markedly
upregulated by microglia during pathological conditions.
Previous studies have demonstrated the vital role of CB2R in
microglial activity and polarization in the regulation of neuro-
inflammatory processes (12). Accumulated evidence suggests
a critical role of CB2R in mediating neuroinflammation,
neurogenesis and neuroplasticity, and it is a promising phar-
macological target for Alzheimer's disease and POCD (13,14).
Pharmacological intervention or genetic deletion of CB2R may
affect the pathological development of Alzheimer's disease in
model mice, accompanied by attenuation of neuroinflamma-
tion and improvement of cognitive impairment (15,16). Another
study indicated that activation of CB2R may effectively
attenuate surgery/isoflurane (Iso)-induced spatial memory
impairment by downregulating hippocampal microglial acti-
vation and pro-inflammatory factors (17). Bromodeoxyuridine
(BrdU) immunohistochemistry has been applied for the study
of neurogenesis in the adult mammalian brain (18) and activa-
tion of CB2R was also reported to significantly increase the
BrdU* cells in a mouse model of stroke (19). Golgi staining is
considered as a classical method to detect dendritic spine (20)
and activation of CB2R by minocycline increased the number
of dendritic spines in the hippocampus and enhanced learning
and memory of aged mice (21). However, the mechanisms
underlying the therapeutic effect of CB2R on Iso-induced
POCD model mice have not been extensively investigated.
Thus, the present study was performed to investigate the
effects of CB2R deficiency on spatial memory, hippocampal
neuroinflammation, neurogenesis and neuroplasticity in mice
with Iso-induced POCD.

Materials and methods

Animals. Five female CB2R knockout (KO) mice (aged
3 months; weight, 25-30 g) were purchased from the Jackson

Laboratory and originally created on the background
of C57BL/6J mice. Based on the protocol of a previous
study (22), female CB2R KO mice were crossed with five
male wild-type (WT) C57BL/6J mice (aged 3 months; weight,
25-30 g; purchased from Sipeifu Biotechnology Co.) to obtain
heterozygous CB2R*" mice, and then the CB2R*" mice were
bred with each other to generate littermates of CB2R** (CB2R
WT) and CB2R"" (CB2R KO). All mice were group-housed
in a standard rodent unit with free access to food and water.
All mice were genotyped by PCR using the following primers:
CB2R KO, 5-GGGGATCGATCCGTCCTGTAAGTCT-3"
CB2R WT, (5-GGAGTTCAACCCCATGAAGGAGTAC-3";
and CB2R common (5'-GACTAGAGCTTTGTAAGGCGG
G-3") (23). ‘Common’ refers to primers used for both experi-
mental types of mice. Primers for the CB2R KO mice included
CB2R KO and CB2R common, and primers for the CB2R WT
mice included CB2R WT and CB2R common.

All experiments were performed with the approval of the
Animal Care Committee of the Fourth Hospital of Hebei
Medical University (Shijiazhuang, China).

Animal groups and treatment. A total of 20 CB2R KO mice
and 20 WT littermates (CB2R WT) (aged 3 months; weight,
25-30 g) were randomly divided into groups (n=10 in each
group): CB2R WT+0O,, CB2R KO+0O,, CB2R WT+Iso and
CB2R KO+Iso. The level of Iso exposure was based on
previous reports indicating that 1.4% Iso for >4 h resulted
in cognitive impairment in young adult C57BL/6 mice (23).
The mice from the CB2R WT+Iso and CB2R KO+Iso groups
received 1.4% Iso in 100% oxygen for 4 h using a rodent anes-
thesia machine (R610; RWD Life Science Co., Ltd.) based on
previous literature (24). The mice from the CB2R WT+O, and
CB2R KO+0O, groups received 100% oxygen for 4 h and the
temperature was maintained at 37+0.5°C using a heating pad
during Iso treatment.

Morris water maze (MWZ) test. After a 10 day washing period
between Iso treatment and examination based on previous
literature (24), the MWZ test was performed to evaluate
the spatial learning and memory capabilities of the mice, as
previously reported (25,26). An open-field circular pool was
filled with warm water (23°C) to a height of 30 cm and a white
hidden platform (10 cm in diameter) was submerged 1.5 cm
below the water surface. A black curtain separated the pool
from its surroundings in an isolated room. An automated
video tracking system recorded the motion of each mouse
and the data were analyzed using MWZ test analysis software
(version: DigBehv-MM; Jiliang Co.). During the five consecu-
tive training days, each mouse performed four trials of the
navigation test daily. The escape latency to the hidden plat-
form and swimming speed were recorded. On the sixth day,
the hidden platform was removed and the number of times the
former location of the platform was crossed was recorded.
After the cognitive performance experiments, mice were
injected with a dose of sodium pentobarbital (50 mg/kg,
intraperitoneally) and sacrificed by cervical dislocation. Their
brains were removed from skulls and rapidly dissected into
two hemispheres. One hemisphere was post-fixed in 4% para-
formaldehyde for 24 h, incubated in 30% sucrose for 12 h and
then processed for immunofluorescence staining and BrdU
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immunostaining. The other hemisphere was frozen imme-
diately on dry ice, stored at -80°C and processed for RNA
extraction.

Immunofluorescence staining. Immunofluorescence staining
of the hippocampal slices was performed as described in a
previous study by our group (15). All hippocampal sections
were incubated with 3% bovine serum albumin (OriGene
Technologies, Inc.) for 20 min at room temperature (25-30°C)
to block non-specific binding sites. The sections were then
incubated with the primary antibody, rabbit polyclonal
anti-ionized calcium-binding adaptor molecule-1 (Ibal; cat.
no. ab153696; 1:500; Abcam), for 12 h at 4°C. The sections
were then incubated with Alexa Fluor 488-conjugated
secondary antibodies (cat. no. ab150077; 1:100; Abcam) for 2 h
at room temperature (25-30°C), followed by counterstaining
with DAPI. Representative fluorescence microscopy images of
the hippocampal samples were taken and immunofluorescence
staining intensity was quantified using a Nikon Eclipse Ni-U
microscope (Nikon Corporation) at x10 magnification and
image pro plus software version 6.0 (Media Cybernetics, Inc.)
by an investigator who was blinded to the origin of the sections.
Integrated optical density of each slice from each group was
measured and presented as a percentage with CB2R WT + O,
as the control. Microglial morphology was analyzed using
Imaris software (version 8.1; Oxford Instruments) at x100
magnification to assess the number of microglial branches.

RNA extraction and reverse transcription-quantitative
PCR (RT-qPCR) analysis. Total RNA was extracted from
the hippocampal tissue using the RNeasy mini kit (Qiagen
GmbH) following the manufacturer's protocol. RT to generate
cDNA was performed using the ReverTra Ace qPCR RT
Master Mix with gDNA Remover kit (Toyobo Co., Ltd.)
according to the manufacturer's protocol. gPCR analysis was
performed using the FastStart Essential DNA Green Master kit
(Roche) according to the manufacturer's protocol. The primer
sequences of the target genes were as follows: Interleukin-6
(IL-6),5-TGCAAGAGACTTCCATCCAGTT-3' (forward) and
5'-GAAGTAGGGAAGGCCGTGG-3'(reverse); tumornecrosis
factor-a (TNF-a), 5'-GCACCACCATCAAGGACTC-3'
(forward) and 5'-TGAGACAGAGGCAACCTGAC-3'
(reverse); inducible nitric oxide synthase (iNOS),
5'-GGCAGCCTGTGAGACCTTTG-3' (forward) and
5'-GCATTGGAAGTGAAGCGTTTC-3' (reverse); chitinase-3
like protein (Ym1/2), 5'-CAGGGTAATGAGTGGGTTGG-3'
(forward) and 5'-CACGGCACCTCCTAAATTGT-3' (reverse);
GAPDH, 5'-ACTCCACTCACGGCAAATTC-3' (forward)
and 5'-TCTCCATGGTGGTGAAGACA-3' (reverse). The
PCR amplification conditions were adjusted based on the
manufacturer's protocol and previous research (15): 95°C for
10 min and 45 cycles of 95°C for 10 sec and 60°C for 1 min.
The expression levels of these genes were normalized to the
levels of GAPDH and presented as 2-2%°4 with CB2R WT+O,
as the control (27).

BrdU injection and immunostaining. All mice received an
intraperitoneal injection of BrdU (Sigma-Aldrich; Merck
KGaA) at a dose of 50 mg/kg twice a day for five consecutive
days and were sacrificed 24 h after the last BrdU injection (28).

For BrdU staining, coronal sections were incubated in 2N
HCI at 37°C for 30 min to denature the DNA. The sections
were then incubated with 1% bovine serum albumin (cat.
no. ZLI-9027; OriGene Technologies, Inc.) for 30 min at room
temperature (25-30°C), followed by incubation with anti-BrdU
antibody (cat. no. 6326; 1:500 dilution; Abcam) at 4°C for 12 h.
The primary antibody was detected by subsequent incubation
with the corresponding biotinylated secondary antibody (cat.
no. ZB-2040; 1:100; OriGene Technologies, Inc.) and a diami-
nobenzidine kit (cat. no. ZLI-9017; OriGene Technologies,
Inc.) at room temperature (25-30°C) for 1 h. Stained sections
were imaged by an investigator blinded to the treatment
conditions using an Olympus VS120 light microscope at x4
magnification (Olympus Corporation). All BrdU* cells in the
dentate gyrus (DG) of the hippocampus were identified and
counted by an investigator who was blinded to the origin of the
section. The average numbers of BrdU"* cells in three sections
per mouse were analyzed.

Golgi staining and spine density analysis. Golgi staining
was performed according to the protocol of the FD Rapid
Golgistain™ kit (FD NeuroTechnologies, Inc.), as previ-
ously described (15). Mouse brain tissues were impregnated
with solutions A and B for 2 weeks (room temperature, in
the dark), followed by incubation in solution C for 1 week
(4°C, in the dark). Next, brain tissues were cut into 100-pzm
coronal sections. Sections containing the hippocampus were
stained with solutions D and E mixed with distilled water and
dehydrated in a graded ethanol series. Images were acquired
using an Olympus IX-81 microscope (Olympus Corporation)
with a 60x oil lens. Dendritic spine density in the DG of the
hippocampus was measured using Imaris software (version
8.1; Oxford Instruments) in a blinded manner.

Statistical analysis. All statistical analyses were performed
using GraphPad Prism version 7.0 (GraphPad Software, Inc.).
Values are expressed as the mean + standard error of mean.
Results of the escape latencies and swimming speeds from the
MWZ tests were analyzed using two-way repeated-measures
ANOVA followed by Tukey's post-hoc test. For other data, a
two-way ANOVA was performed, if appropriate. P<0.05 was
considered to indicate a statistically significant difference.

Results

CB2R deficiency aggravates Iso-induced spatial cognitive
impairment in adult mice. The timeline of the experimental
procedures is presented in Fig. 1A. To examine whether
CB2R deficiency affected spatial learning and memory in
the Iso-induced POCD mouse model, animals were subjected
to MWZ tests. It was revealed that Iso exposure and CB2R
deficiency did not affect the swimming speed on the five
training days (Fig. 1B). The results indicated that the CB2R
WT+Iso group had a significantly longer escape latency and a
smaller number of platform crossings than the CB2R WT+O,
group (P<0.05 and P<0.001, respectively; Fig. 1C and D).
Furthermore, CB2R KO+Iso mice had a significantly longer
escape latency and a smaller number of platform crossings than
the CB2R WT+Iso group (P<0.05 and P<0.05, respectively;
Fig. 1C and D). Representative swimming paths on the sixth
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Figure 1. CB2R deficiency enhances Iso-induced spatial memory impairment in the MWZ test. (A) Schematic diagram of the experimental procedures.
(B) Swimming speed. (C) Mean escape latency. (D) Crossing the platform. (E) Representative path tracing on the sixth day of the MWZ test. Values are
expressed as the mean + standard error of the mean (n=10). Results of escape latency and swimming speed were assessed by two-way repeated-measures
ANOVA and other statistical comparisons were performed by two-way ANOVA. "P<0.05, ““P<0.001 and #P<0.05. CB2R, cannabinoid receptor 2; MWZ,

Morris water maze; WT, wild-type; KO, knockout; sec, seconds; Iso, isoflurane.

day are provided in Fig. 1E. The present results indicated that
CB2R deficiency aggravated the spatial learning and memory
deficits induced by Iso exposure.

CB2R deficiency enhances Iso-induced microglial activa-
tion and branching in the hippocampus of adult mice. To
investigate whether CB2R deficiency affected microglial acti-
vation and morphology in the Iso-induced POCD model mice,
microglia were subjected to immunofluorescence staining
for Ibal, an efficient and specific microglial biomarker (29).
The results indicated increased Ibal immunoreactivity and
a larger number of microglial branches in the hippocampus
of the CB2R WT+Iso group compared to the CB2R WT+O,
group (P<0.01; Fig. 2A-D). In addition, Ibal immunoreactivity
and the number of microglial branches in the hippocampus
of the CB2R KO+Iso group were significantly increased

in comparison with the CB2R WT+Iso group (P<0.05;
Fig. 2A-D). These results demonstrated that CB2R deficiency
facilitated Iso-induced microglial activation and branching in
the hippocampus of adult mice.

CB2 receptor deficiency promotes microglial M1 polarization
in the hippocampus of adult mice exposed to Iso. In general,
in numerous neurodegenerative diseases, activated microglia
are driven to polarize to two opposite subtypes: M1 phenotype
expressing the markers IL-6, TNF-a and iNOS or the M2
phenotype characterized by Ym1/2 expression (10). To explore
the effect of CB2R deficiency on microglial M1/M2 polar-
ization in an Iso-induced mouse model of POCD, RT-qPCR
analysis was performed to evaluate the mRNA expression
levels of IL-6, TNF-a, iNOS and Ym1/2. The results indicated
significant upregulation of M1-associated mRNA levels and
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Figure 2. CB2R deficiency enhances Iso-induced activation and affects the morphology of microglia in the hippocampus of adult mice. (A) Representative
images of immunofluorescence staining for Ibal (green) and nuclei stained in blue (white scale bar, 100 ym). (B) Quantification of Ibal immunofluorescence
staining intensity in the hippocampus. (C) Representative images of Ibal (green) and nuclei (blue) by immunofluorescence staining (red scale bar, 10 pm).
(D) Number of Ibal+ microglial branches in the hippocampus. Values are expressed as the mean + standard error of the mean (n=6) and analyzed using
two-way ANOVA, “P<0.01, "P<0.05 and “"P<0.01. CB2R, cannabinoid receptor 2; Ibal, ionized calcium-binding adaptor molecule-1; WT, wild-type; KO,

knockout; Iso, isoflurane.

downregulated M2-associated mRNA levels in the CB2R
WT+Iso group compared with the CB2R WT+O, group (all
P<0.05; Fig. 3A-D). Of note, these changes in microglial
M?2/M1 polarization in the CB2R WT+Iso group were greater
than those in the CB2R KO+Iso group (all P<0.05; Fig. 3A-D).
Thus, CB2R deficiency significantly influenced Iso-induced
microglial polarization by promoting M1 and suppressing M2
phenotype expression.

CB?2 receptor deficiency aggravates neurogenesis damage
in the hippocampus of adult mice exposed to Iso. Inhibition
of hippocampal neurogenesis has been demonstrated to be
a vital hallmark of the POCD model (30). To investigate the
effect of CB2R deficiency on neurogenesis in an Iso-induced
POCD mouse model, BrdU immunostaining was performed to
label proliferating neural progenitor cells. The results revealed
that CB2R WT+Iso mice had significantly fewer BrdU* cells
in the hippocampus compared with the CB2R WT+O, group
(P<0.001; Fig. 4A and B). Furthermore, the number of BrdU*
cells in CB2R KO+Iso mice was significantly lower than that

in CB2R WT+Iso mice (P<0.05; Fig. 4A and B). These results
indicated that CB2R deficiency enhanced Iso-induced neuro-
genesis damage in the hippocampus of adult mice.

CB?2 receptor deficiency reduces dendritic complexity in the
hippocampus of adult mice exposed to Iso. Aberrant synaptic
plasticity has been reported to be closely related to Iso-induced
POCD (31). In Fig. 5A, Golgi staining demonstrated that
neurons in the whole brain section from the control mice
were interlaced, thus making neuronal changes in the whole
brain section difficult to analyze. Thus, Golgi staining was
performed to detect the spine density in the hippocampal
DG region in the different groups. The results indicated that
spine density in hippocampal DG neurons of CB2R WT+Iso
mice was significantly lower than that of CB2R WT+O, mice
(P<0.05; Fig. 5B and C). In addition, a marked reduction in
spine density was determined in the hippocampal DG region
of CB2R KO+Iso mice compared with that in CB2R WT+Iso
mice (P<0.05; Fig. 5B and C). These results indicated that
CB2R deficiency significantly enhanced the Iso-induced
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Figure 3. CB2R deficiency promotes microglial M1 polarization in the hippocampus of adult mice exposed to Iso. Quantification of the hippocampal mRNA
levels of M1 microglia-associated biomarkers (A) IL-6; (B) TNF-a; (C) iNOS; and (D) M2 microglia-associated marker Ym1/2. Values are expressed as the
mean + standard error of the mean (n=6) and analyzed using two-way ANOVA. "P<0.05, "P<0.001, ”P<0.05 and *P<0.01. CB2R, cannabinoid receptor 2; Ibal,
ionized calcium-binding adaptor molecule-1; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; TNF-a, tumor necrosis factor; Ym1/2, chitinase-3 like

protein; Iso, isoflurane.

spine density reduction and dendritic complexity in the
hippocampus of adult mice.

Discussion

POCD is one of the most urgent concerns for patients and
clinicians worldwide, as it significantly increases medical
costs, morbidity and mortality. Therefore, extensive
research has been performed to investigate its underlying
etiology and potential therapeutic targets. A large and
growing body of evidence supports the theory that CB2R
has a vital neuroprotective role in cognitive dysfunction
diseases via modulation of microglia-associated neuro-
inflammation (32). The present study investigated the
effects of CB2R deficiency on Iso-induced spatial cogni-
tion impairment in adult mice. The results indicated that
CB2R KO mice with Iso exposure had a significantly poorer
performance in the MWZ test, more pronounced changes in
neuroinflammation parameters and more severe neurogen-
esis and neuroplasticity damage in the hippocampus than
WT mice, indicating that CB2R deficiency made adult mice

more vulnerable to the neurotoxicity of Iso, as summarized
in the schematic in Fig. 6.

The MWZ test, a classical tool used to monitor
hippocampus-related spatial learning and memory ability,
has been widely applied in laboratory research (33). The
results suggested that CB2R KO mice without Iso exposure
had a similar cognitive score in the MWZ test compared
with control mice and that Iso-exposed CB2R KO mice
had a poorer performance in the MWZ test compared with
Iso-exposed WT mice. However, previous studies on the
effect of CB2R deficiency on cognition and memory were
inconclusive. Li and Kim (23) reported that CB2R KO
mice displayed impaired long-term contextual fear memory
but enhanced spatial working memory. Schmole et al (26)
indicated that CB2R deletion enhanced spatial learning of
6-month-old CB2R KO and APP/PS1 (double transgenic
mice)/CB2R KO mice in the MWZ test. Aso et al (34)
reported that CB2R deficiency did not significantly affect
memory impairment in a two-object recognition test of
3-month- and 6-month-old APP/PS1/CB2R KO mice. Of
note, the present results also suggested that CB2R deficiency
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Figure 5. CB2R deficiency reduces dendritic complexity in the hippocampus of adult mice exposed to Iso. (A) A representative image of neurons with Golgi
staining in the whole brain section (scale bar, 200 ym). (B) Representative images of hippocampal dendrite fragments with visible spines (scale bar, 5 ym).
(C) Quantification of spine density in the hippocampal dentate gyrus. Values are expressed as the mean + standard error of the mean (n=4) and analyzed using
two-way ANOVA ""P<0.05. CB2R, cannabinoid receptor 2; WT, wild-type; KO, knockout; Iso, isoflurane.

in the absence of Iso exposure did not affect the cognitive
performance. These independent studies imply that in the
absence of Iso, CB2Rs alone have diverse, or even opposite
roles, in regulating different types of cognition and memory,

depending on the distinct disease stage. Moreover, combined
surgery, anesthetic treatment or other injury factors and the
effect of CB2 receptor deficiency on cognitive function
requires further study.
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Figure 6. Schematic representation of the effects of CB2R deficiency on Iso-induced cognitive impairment. Iso exposure leads to spatial memory impairment
of adult mice, accompanied by alterations in the activation, morphology and M1 polarization of microglia, BrdU* neurogenesis and spine density in the hip-
pocampus. CB2R deficiency makes adult mice more vulnerable to Iso neurotoxicity, as indicated by more significant injury in terms of neuroinflammation,
neurogenesis and neuroplasticity after Iso exposure. BrdU, 5-bromodeoxyuridine; CB2R, cannabinoid receptor 2; WT, wild-type; KO, knockout; Iso, isoflurane.

The neuroinflammatory hypothesis is considered one of
the leading mechanisms of POCD, based on which various
promising candidates for the prevention and treatment of
POCD have been developed (9). Strategies targeting microglia
to reduce the development of POCD may be feasible and
viable (35). Iso exposure or surgery leads to post-operative
cognitive dysfunction in aged rodents, accompanied by
upregulated protein levels of pro-inflammatory cytokines
TNF-a, IL-1p, interferon-y and microglia marker Iba-1 in the
hippocampus (36). Thus, immunofluorescence staining and
RT-qPCR were performed in the present study to determine
the effect of CB2R deficiency on microglial activity and
mRNA expression of M1/M2 microglial phenotype markers
in the whole hippocampus. The results indicated the presence
of spatial cognitive impairment accompanied by significant
alterations of activation, morphology and M1 polarization
of microglia in the hippocampus of Iso-exposed CB2R WT
mice compared with control mice. CB2R KO mice without Iso
exposure had a similar expression of Ibal and M1 polarization
compared with control mice and Iso-exposed CB2R KO mice
had more expression of Ibal and M1 polarization compared
with Iso-exposed WT mice. This may be interpreted as
CB2R deficiency alone not being able to induce the activa-
tion of microglia, while it enhanced Iso-induced microglial
activation and spatial cognitive impairment in the MWM test.
These results are consistent with those of previous studies.
Nent er al (37) demonstrated that hyperreactive neuropathic
pain responses in CB2R KO mice were associated with
increased immunostaining of microglial marker Ibal in the
spinal cord. Amenta et al (38) indicated that blockade or
deletion of CB2Rs expanded the post-traumatic inflamma-
tory responses in controlled cortical impact model mice, as

evidenced by substantial upregulation of iNOS expression
and aberrant activation of resident microglia. Sun ez al (17)
reported that selective activation of CB2R effectively attenu-
ated Iso/surgery-induced hippocampal memory loss in adult
mice by downregulating microglia-associated CD11b expres-
sion and proinflammatory factors in the hippocampus and
medial prefrontal cortex. In an experimental germinal matrix
hemorrhage rat model, activation of CB2R by JWH133
downregulated neuroinflammation by promoting microg-
lial M1-to-M2 polarization through the cyclic adenosine
monophosphate (CAMP)/protein kinase A (PKA) signaling
pathway (39). The underlying relationship of CB2R deletion,
the cAMP/PKA pathway and microglial polarization in the
pathological process of POCD requires validation in further
experiments. All of these results highlight that the neuropro-
tective effects of CB2R were associated with the modulation
of microglial neuroinflammation in POCD.

In addition to neuroinflammation, neurogenesis and
neuroplasticity are considered crucial mechanisms for the
endogenous cannabinoid system to exert regulatory roles in
numerous neurocognitive disorders (40). CB2R has been linked
to the regulation of adult neurogenesis in the mammalian
brain. The largest rates of neurogenesis were observed in the
subgranular zone of hippocampal DG and in the subventricular
zone (41). Thus, in the present study, BrdU immunostaining was
performed to detect the neurogenesis ability in hippocampal
DG. The results indicated that CB2R deficiency did not alter
BrdU* neuronal populations in the hippocampus compared
to control mice but significantly enhanced the suppression of
neurogenesis induced by Iso exposure. This is in accordance
with the results of previous studies. Mensching et al (41)
determined that adult CB2R-deficient mice had a stable level
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of proliferation in the hippocampus. Bravo-Ferrer et al (19)
revealed that blockade and deletion of CB2R deteriorated the
number of new neurons in the peri-infarct cortex after stroke.

Dendritic spines are post-synaptic structures at a majority
of excitatory synapses in the mammalian brain. The number
and size of dendritic spines are closely related to cognitive
function in different neurological diseases (42). Iso expo-
sure was reported to lead to neuroplastic deficit. Neonatal
Iso exposure was indicated to contribute to the decline of
dendritic spine densities in the hippocampal DG of juvenile
mice accompanied by cognitive deficits in an object recogni-
tion test (43). Thus, Golgi staining was performed to detect the
dendritic spine destiny in hippocampal DG. In other studies,
deletion of CB2R led to alterations of various targets involved
in the hippocampal neuroplasticity of mice, including synap-
tophysin, synaptic transmission, LTP function and dendritic
complexity (22,44). However, the present results indicated no
difference in spine density between CB2R WT and CB2R KO
mice, although the changes after Iso exposure were signifi-
cantly different. It is possible that CB2R deficiency may be
more relevant in feeble conditions in which neurogenesis
and neuroplasticity are severely impaired by Iso or traumatic
injury.

There are certain limitations to the present study. RT-qPCR
experiments were performed to explore the impact of CB2R
deficiency on microglial phenotype changes in Iso-induced
POCD mice based on a previous study by our group (15). It
may be better to detect the expression of M1/M2 microglial
phenotypes markers through different tests, including western
blot or flow cytometry.

In conclusion, the present study indicated that CB2R
deficiency aggravated spatial cognitive impairment in the
Iso-induced POCD mouse model. This was partly explained
by the aggravated neuroinflammatory reactivity of microglia
and enhanced injury to neurogenesis and neuroplasticity in
the hippocampus. These results further suggest that CB2R is
a promising pharmacological target for Iso-induced POCD;
however, further research is required to demonstrate its
validity.
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