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Abstract

Alzheimer’s disease (AD) is characterized by an active inflammatory response induced by
the brain’s deposition and accumulation of amyloid-beta (AB). Cannabinoid receptor type 2
(CB2R) is expressed in specific brain areas, modulating functions, and pathophysiologies in
CNS. Herein, we aimed to evaluate whether activation of CB2R can improve the cognitive
impairment in the experimental AD-like model and determine the involved intracellular sig-
naling pathway. Injection of D-galactose (150 mg/kg, i.p.) was performed to urge AD-like
features in bilaterally ovariectomized female rats (OVC/D-gal rats) for 8-weeks. Then,
AM1241, a CB2R-agonist (3 and 6 mg/kg), was injected intraperitoneally starting from the
6" week. Treatment with AM1241, significantly down-regulated; Toll-like receptor4 (TLR4),
Myd88 (TLR4-adaptor protein) genes expression, and the pro-inflammatory cytokines
(NFkB p65, TNF-a, IL-6, and IL-12). In contrast, it enhanced BDNF (the brain-derived neuro-
trophic factor) and CREB (the cyclic AMP response element-binding protein) as well as the
immune-modulatory cytokines (IL-4 and IL-10) levels. Moreover, AM1241 lessened the
immune-expression of GFAP, CD68, caspase-3, and NFkB p65 markers and mended the
histopathological damage observed in OVC/D-gal rats by decreasing the deposition of amy-
loid plaques and degenerative neuronal lesions, as well as improving their recognition and
learning memory in both novel object recognition and Morris water maze tests. In conclu-
sion, activating CB2R by the selective agonist AM1241 can overrun cognitive deficits in
OVC/D-gal rats through modulation of TLR4/ NFkB p65 signaling, mediated by modulating
CREB/BDNF pathway, thereby can be applied as a potential therapeutic strategy in AD
treatment.
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Introduction

Alzheimer’s disease (AD), the most prevalent form of dementia among older people, is a pro-
gressive neurodegenerative disorder marked by cognitive impairment, memory deficits, and
behavioral abnormalities [1]. By 2030, AD will affect more than 70 million people worldwide,
and this number of patients will grow to be 131 million by 2050 [2]. Accumulation of fibril B-
amyloid (AB) that forms the extracellular neuritic plaques and intracellular hyperphosphory-
lated tau protein that forms the intracellular neurofibrillary tangles (NFTs) are the typical his-
topathological hallmarks of AD [3].

AP deposition and tau protein cause synaptic dysfunction, mitochondrial damage, activa-
tion of microglia and astrocytes, and eventually leading to neuronal death [4]. In the initial
stage of AD, activated microglia and reactive astrocytes protect against neurotoxicity via
enhanced phagocytosis of AB. The failure to clear AB deposits during AD progression contrib-
utes to neurodegeneration [5].

Microglia cells, the resident macrophages in the brain, display a quiescent phenotype and
transform into an activated state upon chronic deposition of AB plaques attempting to clear
these aggregates [6]. Previous studies were discretely classified the inflammatory microglial
activation states into "M1" and "M2" based on a limited number of cell-surface and secretion
markers. However, the clustering of single-cell transcriptomes has shown that the various mul-
tifunctional states of microglia do not accurately capture this distinct classification. Moreover,
microglia have historically been characterized as "resting," "M1" (pro-inflammatory), or "M2"
(anti-inflammatory) based on simple in vitro stimulation methods [7, 8]. According to Prinz
et al. study [9], advances in imaging and genetics of single-cell technologies provided new
insights into the much more complex and fascinating microglia biology. However, the advan-
tage of the "M1/M2" classification is that it gives a simplified nomenclature to distinguish
between microglia in functionally distinct states [10].

Further, the M1-like phenotype commonly produces pro-inflammatory cytokines involving
TNE-a, IL-6, IL-1B, and highly upregulated surface markers such as CD40, CD86, and CD16/
32. Alternatively, the M2-like phenotype produces neurotrophic factors, improving the phago-
cytosis function and triggering an anti-inflammatory response [11].

The trans-membrane pattern-recognition receptors, Toll-like receptors (TLRs), play a sig-
nificant role in the innate immune system via identifying various microbes and tissue injury-
related ligands [12]. TLRs are stimulated in glial cells (microglia, astrocytes, and oligodendro-
cytes) and lymphocytes that infiltrate the brain in response to inflammation [13]. Among vari-
ous TLRs, TLR4 is considered one of the main receptors implicated in the microglial
activation via inducing the production of pro-inflammatory cytokines. TLR4 deficit endorses a
shift to M2 microglial phenotype, which alleviates the neurodegeneration [14]. Previous
research demonstrated that neuroinflammation and other cognitive impairments were amelio-
rated in TLR4-deficient/knockout mice models [15]. TLR4 induces NF-xB activation via
MyD88 dependent and MyD88 independent cascades that lead to the production of pro-
inflammatory cytokines [16]. Numerous compounds exhibited therapeutic effect against
experimentally induced AD models via inhibiting TLR4 expression, which could suppress the
secretion of pro-inflammatory cytokines and subsequent inhibition of microglia activation
[17]. To date, only symptomatic therapies for AD are available, and thus there is a necessity for
therapies that act on prevention of the disease progression [18].

The endogenous cannabinoid system has emerged as an important pharmacological target
for treating neurodegenerative diseases [19]. Cannabinoids are the major constituents of mari-
juana, and many of the wide spectra of central and peripheral actions of cannabinoids are
exerted via two specific cannabinoid receptors, cannabinoid receptors 1 (CB1R) and 2 (CB2R)
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[20]. CB2Rs are primarily expressed in immune cells, such as monocytes/macrophages, leuko-
cytes, and lymphocytes [21]. Activation of CB2R has been proved to decrease inflammation
and its associated tissue injury via immunosuppressive effects in many pathological disorders,
including those associated with neuroinflammation and neurodegeneration {22]. CB2R, as a
therapeutic target, plays an important role in the modulation of neuroinflammation and atten-
uation of activated microglia and astrocytes [23]. Accordingly, there is a need for more effec-
tive treatments of AD by using CB2R agonists.

In AD postmortem brains, CB2R was highly expressed, and its role in reducing pro-inflam-
matory mediators has been proved [24]. Major attention has been given to the therapeutic effi-
cacy of using CB2R specific agonists due to the absence of their psychoactive properties.
AM1241, a potent and selective CB2R agonist is one of the most commonly used in research to
induce CB2R activation [25].

As cannabinoids exert neuroprotective effects in numerous model systems, our research
aimed to explore the probable protective effect of the CB2R agonist, AM 1241, in weakening
the cognitive and learning deficits in an established AD-like model induced in female rats
bilaterally ovariectomized and chronically injected with D-gal. In addition, to determine the
signaling cascades underlying that protective effect which prevents AD-like pathological
alterations.

Materials and methods
Chemicals

AM1241, (Abcam, ab120934, United Kingdom), was prepared by dissolving 10 mg in ImL
DMSO (Sigma-Aldrich, USA, 03310) (Drug-DMSO), then the drug was freshly prepared daily,
by diluting one part of the previous Drug-DMSO mixture in double parts of PBS and intraper-
itoneally (i.p) injected at 3 and 6 mg/kg b.wt [26]. D-galactose (Sigma-Aldrich G0750, USA)
was freshly prepared in 0.9% saline.

Animals

Eighty adult female Sprague-Dawley rats (250-280 g) were utilized in the current study. They
were obtained from the National Cancer Institute, Cairo, Egypt. Rats were maintained in the
lab under suitable environmental conditions of; temperature (25 + 2°C), humidity (60%), and
good ventilation. Rats were allowed free access to water and normal food pellets. They were
left for acclimatization on lab conditions for one week prior to induction of any experimental
procedures.

Ethical statement

The experimental design and all animal handling protocols mentioned in the current research
were assented by the Institutional Animal Care and Use Committee at Cairo University (CU/
I1/F/12/19). Efforts were carried out to lessen the suffering of the animals.

Experimental design

Animals were specified into four groups (20 each) at random. Group 1; sham-operated group;
at which rats were intraperitoneally (i.p.) injected with saline solution. Group 2 (OVC/D-gal
group); rats were subjected to bilateral surgical ovariectomy (OVC), and i.p injected with D-
galactose (D-gal) (150 mg/kg) starting one-week post ovariectomy and continued for eight
weeks to induce pathological features of Alzheimer’s disease, according to the method adopted
by Kamel et al., [27]. Groups 3 and 4 (OVC/D-gal+AM1241 groups); rats were subjected to
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Fig 1. The schematic presentation of the experimental design.

https://doi.org/10.1371/journal.pone.0265961.9001

OVC and D-gal injection as in group 2, then starting from the 6™ week, they received i.p injec-
tion of 3 and 6 mg/kg respectively of AM1241 [26], concurrently with the D-gal till the end of
the experiment.

Prior to the termination of the experiment by five days, rats were submitted to 2 behavioral
memory tests, Morris Water Maze (MWM) and Novel Object Recognition (NOR) tests. For
NOR, rats were trained on day 55 and tested on day 56. Additionally, they were practiced for
four successive days (days 52-55) on MWM, and then on the 5 day (day 56), they were sub-
jected to the probe test (Fig 1). Rats were allowed to rest for one hour between the NOR and
MWM to diminish any physical stress on rats between the two tests. After completing the two
tests, rats of each group were allocated into two sets. Then they were sacrificed under anesthe-
sia (i.p injection of a mix of 5 mg/kg xylazine and 40 mg/kg Ketamine) by cervical dislocation.
The brain was immediately excised and washed with cold saline. The excised brains from each
group were divided into two sets. The brains of the first set (5 animals) were allocated for histo-
pathological and immunohistochemical studies; they were preserved in buffered neutral for-
malin (10%). At the same time, the hippocampi of the second set (15 animals) were dissected
out and were kept frozen at —80°C for further investigation.

Surgical procedures of ovariectomy [28]

Animals were anesthetized using xylazine (10 mg/kg; i.p.) and ketamine hydrochloride (50
mg/kg; i.p, then they were bilaterally shaved at the area between the last rib and the hip. After
shaving, the area was disinfected using ethanol 70%. A small incision was made through the
skin and muscles. The ovaries with the fat pads were exposed and taken out, and then a suture
knot was performed by a hemostatic clamp around the ovarian blood supply just below the
ovaries.

Thereafter, the ovaries and part of the oviduct were removed, and the muscle and skin lay-
ers were sutured. The wound was sprayed by a mix of bacitracin and povidone-iodine. The
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sham-operated control group was exposed to same previous procedures except for ovariec-
tomy. After surgery, animals were wrapped in a piece of cotton and kept in a heated place for
at least two hrs. Rats were also injected intraperitoneally with 0.1 ml diclofenac sodium and 0.1
ml ceftriaxone (100 mg/ml) to promote healing. Rats were fed on a soy-free diet to exclude
phytosterols’ presence in the diet.

Behavioral tests

Novel object recognition test. NOR test was performed to assess the strength of memory
to recognize objects and penchant for novelty. The test apparatus was designed as a wooden
dark open box (80 lengthx50widthx60cm height) with similar light intensity at every part.
Three phases were allocated in this test; habituation, familiarization, and test phases. Wooden
objects as cylinders and cubes (each 7-cm height) were put nearby the arena center, and between
trials, all objects and box arena were fully swept with 70% ethanol. During the habituation phase
of the test, rats were permitted 10 min to scout the apparatus in the absence of the object; 24 h
before the practicing. While in the familiarization phase, each rat was put in the empty box, then
5 min later, two similar objects (either familiar cubes or cylinders) were inserted in the arena
center. Following this, rats were left to seek the familiar objectives for 10 min then got back to
their cage. After 24 h retention, the test phase was carried out, where the animal was left 3 min
in the arena in the presence of one novel (cylinder) and one familiar (cube) object. Exploration
was determined only by either sniffing or touching the object with the nose. A discrimination
index was calculated by comparing the time taken by the rat to explore the familiar object with
that spent in searching the novel one, indicated as the ratio of the overall time taken in seeking
both objects. Additionally, a preference index was estimated as the time taken scouting the novel
object in the test phase, presented as the ratio of the total time spent scouting both objects [29].

Morris water maze test. MWM was employed to estimate memory deficits and spatial
learning in rodents. It depends on forming a maze of a rounded pool (180 cm in diameter and
60 cm height) filled with water to the scale of 35 cm and preserved at 25 + two °C. The pool
was sectioned into four quadrants, and then a 9 cm in diameter, movable escape platform was
placed in a particular quadrant center. Thereafter, the pool was laid in a room dimly lit with
distal fixed visual clues;, which availed as navigational sign key for placement of the goal. The
test was carried out according to the method described by Alawdi et al. [30].

Biochemical analysis

Preparation of brain tissue homogenate for biochemical analysis. The collected hippo-
campal tissues were homogenized in ice-cold phosphate buffer 10% (w/v) in a homogenizer
(MPW-120; Medical Instruments). Then, a cooling centrifuge (2k15; Sigma/Laborzentrifugen)
was used to centrifuge the obtained homogenate for 5 min at 4000 rpm. Then, the supernatant
was obtained for determining the hippocampal tissue contents of NF-kB-p65, TNF-o, BDNF,
the pro-inflammatory cytokines (IL-12 and IL-6) as well as the anti-inflammatory cytokines
(IL-10 and IL-4) using ELISA kits (Cusabio Biotech, Germany) following the manufacturer
directives. Each sample was assayed for each test in triplicate.

Quantitative real-time PCR (RT qPCR) for determination of TLR4 and Myd88 genes.
Quantitative reverse transcription-polymerase chain reaction (RT-PCR) was conducted to
detect TLR4 and Myd88 genes expression through the next steps.

According to the manufacturer’s recommendations, total RNAs were isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). The NanoDrop 2000c (Germany) was utilized to
evaluate the quantity and quality of the isolated RNA. A total of 100 ng of RNA was used in
QuantiNova SYBR Green RT-PCR Kit (QIAGEN, Hilden, Germany). The qRT-PCR reactions
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Table 1. The forward and reverse primers’ oligonucleotide sequences for TLR4 and Myd88 genes.

Target Primers’ sequence (5’- 3’)
TLR4 F: 5'~-AATCCCTGCATAGAGGTACTTCCTAAT-3'
R: 5'-CTCAGATCTAGGTTCTTGGTTGAATAAG-3'
Myds8 F: 5'-CAACCAGCAGAAACAGGAGTCT-3/ i
R: 5'-ATTGGGGCAGTAGCAGATGAAG-3' .
Beta actin F: 5'-TGTTTGAGACCTTCAACACC-3

R: 5'-CGCTCATTGCCGATAGTGAT-3'
https://doi.org/10.1371/journal.pone.0265961.t001

were performed in the Applied Biosystem thermal cycler (Applied Biosystems, Foster City,
CA, USA) with its attached software version 3.1 (StepOne™, USA). All represented samples
from each group were assayed with three biological replicates. All gPCR reactions were assayed
at least in duplicates. The cycle threshold (Ct) data was normalized using Beta actin as a house-
keeping gene. Relative gene expression was calculated using the AACT method. The relative
quantitation was calculated according to Applied Bio system software using the A Ct = Ct gene
test—Ct endogenous control equation.

AACt = ACtsamplel — ACt calibrator

RQ = Relative quantification = 24"

The RQ is the fold change compared to the calibrator (untreated sample).

The primers’ sets utilized in this study are listed in Table 1.

Histopathological examination. Twenty-four hours after formalin fixation, specimens
were subjected to routine washing, dehydration in serial dilutions of ethanol, clearing in
xylene, and at last embedding in paraffin. Paraffin blocks were sectioned at 4pum, followed by
applying hematoxylin and eosin (H&E) as well as Congo red stains according to the method
described by Suvarna and Layton [31]. A 4-point scale scoring system (0-3) was employed to
determine the observed histopathological lesions’ degrees of severity. That scoring system
denotes; none, changes < 30% (mild), changes 30-50% (moderate), and severe changes > 50%
(severe) alterations, respectively [32]. Three serial slices were examined per animal, and then,
depending on the examination of the H&E stained slides, five sections per group were immu-
nohistochemically evaluated.

Immunohistochemistry. Paraffin sections were used to detect the immunohisto-expres-
sion of GFAP, CD68, caspase-3, NF-kB p65, and CREB. Paraffin sections of sham-operated
and all treated groups were incubated with primary monoclonal antibodies against GFAP,
CD68, caspase-3, NFkB p65 and CREB (Abcam, Cambridge, MA, USA, ab7260, ab283654,
ab32351, ab16502, and ab31387, respectively) at 37°C for 60 min at dilutions of (1:200, 1:100,
1:100, 1:150, and 1:200 respectively). The sections were exposed to washing in PBS, followed by
their incubation at 37°C for 60 min with the secondary antibody (Dako, Carpenteria, CA,
USA). Sections were incubated with biotinylated horseradish peroxidase H and Avidin DH
complex according to Vectastain ABC peroxidase kit (Vector Laboratories Inc., Burlingame,
CA, USA). After the second wash in PBS, visualization of the reaction was performed using
3,3’-diaminobenzidine tetrahydrochloride (DAB Substrate Kit, Vector Laboratories Inc., Bur-
lingame, CA, USA). Hematoxylin was used as a counterstaining for all sections, followed by
dehydration in alcohol and clearance in xylene, then subjected to light microscopic examina-
tion. Quantitative analysis of the immune-reactivity of each marker was evaluated in frontal
cortex and hippocampus regions using Image J software NIH, version 1.46a, Bethesda, MD,
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USA. Ten randomly chosen high (x 400) microscopic fields were examined in each section and
presented as the optical density of the positively stained area. All histopathological assessments
were performed by an experienced investigator blinded to sample identity to avoid any bias.

Image J analysis software was used to quantify the immune-reactivity of each marker pre-
sented by the optical density of the positively stained (brown) areas in ten randomly chosen
high power (x400) microscopic fields. Five fields were from the frontal cortex (layers II-V),
and the other five were from the hippocampal area (CA3). Finally, we performed statistical
analysis for the obtained data.

Statistical analysis

The gained data were subjected to statistical analysis as the mean + SE (standard error). Graph-
Pad Prism program compared significance between groups via one-way ANOVA and Tukey’s
multiple comparison tests. Results were considered to be significant when P values < 0.05. For
comparing the frequency of the nonparametric data, the Kruskal Wallis H test was used, fol-
lowed by the Mann-Whitney U test for statistical evaluation of the scoring values of the histo-
pathological lesions. The nonparametric data were presented as median.

Results

CB2R receptors activation by AM1241 mended cognitive function in OVC/
D-gal rats in MWM and NOR

In NOR, D-galactose administration to ovariectomized rats in the OVC/D-gal group led to a
marked (P<0.05) decrease in the discrimination index compared to the sham-operated group
(0.3+0.03 versus 0.59£0.03). At the same time, administration of AM1241 brought about a
dose-related significant (P<0.05) elevation in the discrimination index compared to the OVC/
D-gal group (0.66+0.02 and 0.95+0.04). Additionally, the time spent by model rats to scout the
novel object was lower than that taken by the control sham-operated rats, reflecting a lower
preference index (0.27+0.01versus 0.67+0.037). However, AM1241 administered rats preferred
the novel object over the familiar one. They spent longer time to scout it, which elevated the
preference index (0.79£0.03 and 1.06+0.05) near to normal particularly with the high dose of
AM1241 (Fig 2a and 2b).

In MWM,, rats in the OVC/D-gal group exhibited a marked (P<0.05) elevation in escape
latency within the last two days of practicing (39.08+4.520 versus 11.2+2.148) at day 54 and
(39.08+3.520 versus 11.2+2.148) at day 55 in the acquisition phase to nearly five times com-
pared to the control sham-operated group. The administration of AM1241 normalized the val-
ues of the time required to attain the hidden platform (Fig 2c) as (10.96+1.41587 and 10.58
+0.915758) at day 54, and (10.96+1.31587 and 10.38+0.946287) at day 55. While, in the probe
test, the OVC/D-gal group exhibited lower crossings (46%) above the platform area, added to
that, in the target quadrant, they spent less time (49%) (19.36+0.17 versus 41.46+0.408) when
compared to control sets. Whereas AM1241 significantly (P<0.05) enhanced memory reserva-
tion as was obviously noticed by boosting the crossings by 2.1-fold and settling extra time in
the target quadrant inspecting for the platform by 2.6-fold, compared with the OVC/D-gal
group (42.48+0.32 and 45.84+0.36) (Fig 2d and 2e).

CB2R activation by AM1241 rectified the inflammatory disruption in
ovariectomized and D-galactose administrated rats

Estrogen deprivation as a result of bilateral ovariectomy accompanied with D-galactose
administration brought about a significant upsurge in the levels of the pro-inflammatory
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https://doi.org/10.1371/journal.pone.0265961.9002
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Fig 3. Effect of AM1241 on pro-inflammatory; NFkB p65, TNF-a, IL-6 and IL-12, immune-modulatory; IL-4 and IL-10 levels as well as the
neurotrophic factor; BDNF in hippocampal tissue homogenate of OVC/D-gal rats. Data were analyzed by using one way ANOVA followed by
Tukey’s post hoc test. Values expressed as mean + SE (n = 15 rats/group). *, #, and * statistically significant different at P < 0.05, where; * statistically
significant different comparing with control group, # statistically significant different comparing with OVC/D-gal group, * statistically significant

different comparing with AM1241 (3mg/Kg).
https://doi.org/10.1371/journal.pone.0265961.9003

cytokines encompassing; TNF-a, NFxB p65, IL-6, and IL-12 (46.01+0.19, 0.22+0.01, 36.38
+0.51 and 33.18+0.28 versus 16+0.141, 0.13£0.006, 17.16+0.347 and 15.48+0.356, respectively)
with a significant (P<0.05) decrease in the levels of the anti-inflammatory IL-10 and IL-4 cyto-
kines, as well as the neurotrophic protein (BDNF), compared to the sham-operated group.
Whilst the levels of the previous pro-inflammatory cytokines were significantly (P<0.05)
brought down in a dose-related manner with the administration of AM124; TNF-o. (26.04
+0.07 and 19.26+0.195), NFxB p65 (0.11+0.01 and 0.11+00), IL-6 (20.72+0.38 and 16.67
+0.21), and IL-12 (21.13£0.41 and 15.1+0.22) accompanied with significant (P<0.05) elevation
in IL-10 (48.13£0.36 and 68.17+0.42), IL-4 (23.06£0.17 and 32.83+0.41), and BDNF (5.27
+0.09 and 5.15+0.07) levels compared to the OVC/D-gal group, respectively (Fig 3).

AM1241, CB2R agonist restored TLR-4 and Myd88 genes expression in
brain tissue of OVC/D-gal group

As presented in Table 2, estrogen deprivation in ovariectomized rats with the administration
of D-galactose resulted in a significant (P<0.05) increase in the expression of the TLR-4 gene
and its adaptor protein, Myd88, compared to the normal sham-operated rats (13.525 + 0.436
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Table 2. The relative TLR4 and Myd88 genes expression in control sham-operated and the other treated groups.

Groups Sham-operated OVC/D-gal OVC/D-gal+AM1241 (3mg/Kg) OVC/D-gal +AM1241 (6mg/Kg)
TLR4 4.280 + 0.057 13.525 + 0.436* 8.642 + 0.533" 4.835 + 0.457°"
Myd88 0.956 + 0.143 1.976 + 0.436* 1.023+0. 371" 0.843 + 0.252*"

Values expressed as mean + SE. *, #, and * statistically significantly different at P < 0.05, where; * statistically significant difference comparing with the control group, #

statistically significant difference comparing with OVC/D-gal group, * statistically significant difference comparing with AM1241 (3mg/Kg).

https://doi.org/10.1371/journal.pone.0265961.t1002

and 1.976 + 0.436 versus 4.280 + 0.057 and 0.956 + 0.143), respectively. Whereas activation of
CB2R by i.p injection of AM1241 significantly (P<0.05) restored the expression of both TLR-4
(8.642 £ 0.533 and 4.835 * 0.457) and Myd88 (1.023+ 0. 371 and 0.843 + 0.252) genes com-
pared to their levels in the OVC/D-gal group, particularly with the high dose treatment.

AM1241 administration improved histological alterations induced by D-
gal administration in ovariectomized rats

The frontal cortical and hippocampal areas of sham-operated rats showed normal histological
structure (Fig 4a—4c). While, brain sections of the OVC/D-gal rats’ group, revealed marked tis-
sue alteration in both frontal cortex and hippocampus. The frontal cortex (layers II-V) showed
various neuronal degenerative changes particularly, vacuolar degeneration, dark neurons with
accentuated dusky cytoplasm, shrunken, and ghost-like neurons (Fig 4d). Neuronophagia was a
prominent finding with scattered apoptotic neurons (Fig 4e). Corkscrew appearance (Fig 4f) of
the neuronal apical dendrites was a common finding in the cortical neurons with conspicuously
observed amyloid plaques of variable sizes (Fig 4g), which stained positively with Congo red
stain (Fig 4h) either intraneuronal or as a cerebral amyloid angiopathy in the cerebral blood ves-
sels’ walls. Neurofibrillary tangles of the neuronal cell bodies, astrocytes’ hyperactivity, and an
obvious glial nodules (Fig 4i) were common findings. The dorsal hippocampus showed variable
degrees of neuronal degeneration. The dentate gyrus (DG) showed vacuolation and loss of the
small pyramidal cells and scattered degenerated cells in the granular layer (Fig 4j). The cornu
Ammonis (CA) 1 and 3 subdivisions showed degeneration of their neurons and necrosis of
some scattered ones with an obvious presence of different sizes amyloid plaques, which stained
positively with Congo red stain (Fig 4k and 41). On the contrary, the co-administration of
AM1241 (3 and 6mg/kg) at the 6™ week from D-gal administration in OVC/D-gal rats showed
a dose-related reversion of the ongoing appearance of the hallmarks lesions of Alzheimer’s dis-
ease-like. The cerebral cortex showed scarce neuronal cells degeneration (Fig 5a, 5b, 5e and 5f)
with or without rare appearance of amyloid plaques. The hippocampi of those rats showed an
absence of the amyloid plaques, degenerative changes of mild degree of the pyramidal cells of
the DG area, sparse pyknotic neurons, and neuronophagia in the molecular layer (Fig 5¢, 5d, 5g
and 5h). The observed histopathological lesions were summarized and scored in (Fig 5i).

Effect of AM1241 administration on the immune-expression of; GFAP,
CD68, caspase-3, NFkB p65 and the neuroplastic marker, CREB in OVC/
D-gal rats

Brain sections of control sham-operated rats revealed normal few scattered CD68 positive
microglia cells (Fig 6a and 6b) as well as few GFAP positive astrocytes of small-size and few
short processes (Fig 6¢ and 6d), negative expression of both caspase-3 (Fig 7a and 7b) and
NFkB p65 (Fig 7c and 7d) as well as marked expression of CREB (Fig 8a and 8b) in both
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Fig 4. H&E stained photomicrographs of frontal cortex and hippocampus, (a-c) Sham-operated group, showing normal histological structure. (d-1)
OVC/D-gal group, showing; (d) neuronal cells degenerative changes as shrunken neurons with accentuated dusky cytoplasm, vacuolar degeneration (e)
marked neuronophagia (upper corner) with scattered apoptosis, (f) corkscrew appearance of the neuronal apical dendrites (g) variable sizes amyloid
plaques (dotted-arrow) which (h) stained positively with Congo red stain, (i) glial nodules with satellatosis around degenerated neuron. (j-1) dorsal
hippocampus showing vacuolation and loss of the small pyramidal cells of the dentate gyrus (DG) with degenerated cells in the granular layer as well as
in Cornu Ammonis (CA) 1 and 3 subdivisions with (k) different sizes amyloid plaques (dotted-arrow) which (1) stained positively with Congo red stain.
Fig 4C is excluded from this article’s CC BY license. See the accompanying retraction notice for more information.

https://doi.org/10.1371/journal:pone.0265961.9004

frontal cortex and hippocampal areas. While brain sections of the OVC/D-gal rats’ group
showed more activation of microglial and astrocytes betokened by increased immune-reactive
CD68 cells (1.8+0.05, versus 0.44+0.051) (Fig 6e and 6f), and widespread positive GFAP astro-
cytes (3.75+0.11 versus 1.28+0.066) with multiple elongated processes (Fig 6g and 6h),
increased expression of both caspase-3 (1.78+0.13 versus 0.07+0.028) (Fig 7e and 7f), and
NFxB p65 (4.39+0.10 versus 0.05+0.022) (Fig 7g and 7h) as well as decreased expression of
CREB (1.44+0.09 versus 4.96+0.068) (Fig 8c and 8d). The co-administration of AM1241 with
D-galactose for 3weeks to ovariectomized rats markedly decreased the immune-reactivity of
CD68 (0.98+0.09 and 0.67+0.06) (Fig 6i, 6j, 6m and 6n), GFAP (2.26+0.1 and 1.66+0.09) (Fig
6k, 61, 60 and 6p), caspase-3 (0.7+0.04 and 0.54+0.02) (Fig 7i, 7j, 7m and 7n), and NF«xB p65
(2.56+0.05 and 1.59+0.07) (Fig 7k, 71, 70 and 7p) with the boosted expression of CREB (2.92
+0.07 and 4.11+0.06) (Fig 8e-8h) in a dose-related response as confirmed by quantification of
all markers’ positive expression by the image analysis software.

Discussion

Away from the traditional strategies in treating AD, the current study investigated the role of
activating CB2R using the synthetic agonist; AM1241 in mitigating cognitive dysfunction and
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AD-like pathological changes. Our findings support the restoration of the cognitive function
and attenuation of the progression of AD-like pathological alterations induced by D-galactose
injections in ovariectomized female rats through activation of CB2R, presenting it as a novel
therapeutic target for neurodegenerative diseases, particularly AD.

To achieve our aim, our model for AD-like depended on induction of ovariectomy of female
rats followed by intraperitoneal injection of D-gal at a dose of 150 mg/kg/day for eight weeks to
stimulate AD-like associated pathologies as well as cognition impairment. Ovariectomy (OVC),
a widely used model of menopause, has been reported to impair the learning and memory
capacity of female rats, induce neuroinflammation, and reduce neurotrophic factor levels.
Estrogen depletion (induced by bilateral ovariectomy of female rats) substantially contributes to
memory loss and cognitive decline, ensuring AD-like pathology. Additionally, estrogen defi-
ciency was mentioned to play the main role in initiating and progressing neurodegenerative
disorders [33]. Moreover, estrogen deprivation has been shown to cause AP deposition, neuro-
fibrillary tangle formation, and spatial memory impairment in ovariectomized rats [34]. D-gal
is an aging agent that disrupts memory and synaptic function through inflammatory progres-
sion. It was confirmed that D-gal at high doses bounded with the free amino groups of proteins
to produce advanced glycation endproducts (AGEs) inducing oxidative stress. Its administra-
tion in rodents causes neurobehavioral changes containing cognition and motor impairment,
diminished neurogenesis, neurodegeneration, caspase-dependent apoptosis, and mitochondrial
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dysfunction [35]. Some studies allocated D-gal-sham group in their experimental design along
with OVC/D-gal group to explore the ideal AD-like rodent model such as Hua X et al [36].
They found that the typical histopathological alterations associated with AD were observed in
the hippocampi of OVC rats injected with D-gal but not in other control groups and these two
components act synergistically to accelerate the pathophysiological course of AD. Thus, long-
term OVX combined with D-gal injection serves as an ideal AD rodent model capable of mim-
icking pathological, neurochemical and behavioral alterations in AD.

Moreover, other previous studies as Kamel et al [27] have indicated that estrogen depriva-
tion and D-gal administration act synergistically to accelerate the pathophysiological course of
AD. Therefore, OVC along with D-gal injection represents a perfect AD-like experimental
model to mimic the behavioral, neurochemical, and pathological alterations in AD.

In the current work, the findings of the Morris water maze (MWM) test and the novel
object recognition test (NOR) exhibited that; OVC/D-gal rats revealed impaired both spatial
and recognition memories, these observations are in accordance with those of other studies
[36, 37]. At the same time, treatment with CB2R agonist (AM1241) after D-galactose injection
to ovariectomized rats could alleviate spatial and recognition memory impairments. The latter
alleviation could be eventuated via mitigating mechanisms implicated in the release of pro-
inflammatory cytokines via TLR4 signaling, which was confirmed by the observed alleviation
in the neuroinflammatory cytokines, including IL-6, IL-12, and TNF-o. These data are match-
ing with those of Martin-Moreno et al. [38], who confirmed that activation of CB2R via syn-
thetic or endogenous CB2R agonists has shown a neuroprotective effect via reducing
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Fig 7. Photomicrographs of caspase-3 and NFkB p65 immune-stained sections of frontal cortex and hippocampus. (a-d) Sham-operated group
showing negative expression of caspase-3 and NF«kB p65. (e-h) OVC/D-gal group showing intense expression of caspase-3 and NF«B p65 among the
neuronal cells. AD-model rats’ which treated with AM1241, (i-1) 3mg/kg and (m-p) 6mg/kg showing marked decreased expression of caspase-3 and
NF«B p65 in a dose related response. (q and r) image analysis software for quantification of the positive expression of both caspase-3 and NFkB p65
(data were analyzed by using one way ANOVA followed by Tukey’s post hoc test. Values expressed as mean + SE (n = 5 rats/group). *, #, and *
statistically significant different at P < 0.05, where; * statistically significant different comparing with control group, # statistically significant different
comparing with OVC/D-gal group, * statistically significant different comparing with AM1241 (3mg/Kg).
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inflammation in Tg APP transgenic mice (a transgenic amyloid precursor protein (APP)
mice).

Microglia activation has two phenotypes, M1 and M2. The classically activated M1 (neuro-
toxic cells) phenotype produces pro-inflammatory mediators involving IL-1p, TNF-a, IL-6,
and CD68. Conversely, the M2 phenotype is characterized by anti-inflammatory properties,

Sham-operated grou 0OVC/D-gal group OVC/D-gal group+AM1241 (3mg)  OVC/D-gal group+AM1241 (6mg)
e B T TP e § e “soofumy e i

Fig 8. Photomicrographs of CREB immune-stained sections of frontal cortex and hippocampus. (a-b) Sham-operated group showing marked
expression of CREB. (c-d) OVC/D-gal group showing diminished CREB expression among the neuronal cells. AD-model rats’ which treated with AM1241,
(e-f) 3mg/kg and (g-h) 6mg/kg showing restored boosted expression of CREB. (i) Image analysis software for quantification of the positive expression of
CREB (data were analyzed by using one way ANOVA followed by Tukey’s post hoc test. Values expressed as mean + SE (n = 5 rats/group). *, #, and *
statistically significant different at P < 0.05, where; * statistically significant different comparing with control group, # statistically significant different
comparing with OVC/D-gal group, * statistically significant different comparing with AM1241 (3mg/Kg).

https://doi.org/10.1371/journal.pone.0265961.9g008

PLOS ONE | https://doi.org/10.1371/journal.pone.0265961 March 29, 2022 14/21


https://doi.org/10.1371/journal.pone.0265961.g007
https://doi.org/10.1371/journal.pone.0265961.g008
https://doi.org/10.1371/journal.pone.0265961

PLOS ONE Cannabinoid receptor type 2 activation improves cognition impairment in rat model of Alzheimer’s- like disease

which have a role in tissue remodeling and repair via the production of IL-4, IL-10, and trans-
forming growth factor (TGF-B1) anti-inflammatory cytokines, as well as neurotrophic factors
involving brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic factor
(GDNF) [39, 40].

Activated microglia and astrocytes express TLR4, which in turn activates the NF-kB signal-
ing pathway with the release of pro-inflammatory mediators [41]. Additionally, microglial
activation and aggregation are stimulated as a consequence to A deposition via TLR4 signal-
ing, enhancing phagocytosis and cytokine production [42]. Upon TLR4 activation, it stimu-
lates the activation of transcriptional factor NF-kB that is required for the expression of many
pro-inflammatory mediators, including TNF-q, interleukin-1f (IL-1p), and interleukin-6 (IL-
6). The overexpression of these pro-inflammatory cytokines further induces microglial activa-
tion, producing a cycle of neuroinflammation [43].

Our results showed a significant upregulation of TLR4 expression and its downstream tar-
get NF-kB-P65 in the OVC/D-gal group. Moreover, the pro-inflammatory cytokines TNF-a,
IL-6, and IL-12 were markedly upregulated in the OVC/D-gal group, which the activation of
the TLR-4/p65-NF-kB pathway can partially explain. Concomitantly, the anti-inflammatory
cytokines, IL-4, and IL-10 expression were significantly declined in the OVC/D-gal group.
Parallel with our findings, Xia et al. [44] clarified that D-gal byproduct, AGE (advanced glyca-
tion end-products), binds with the AGE receptor (RAGE) and/or TLR4 to induce inflamma-
tory responses (cytokines production). These results further support the role of TLR4 in
neuroinflammation in OVC/D-gal rats. Our data are compatible with prior findings of Bier-
haus et al. [45] and Srikanth et al. [46] who observed that D-gal could activate NF-kB and ele-
vated the production of pro-inflammatory mediators such as TNF-o, RAGE over-expression.
Additionally, D-gal could booste both ROS and TLR4 expression levels, which further acti-
vated NF-«B and its downstream inflammatory cascades as well as activated both astrocytes
and microglia cells. Over and above, our current results revealed that the activation of CB2R
via AM 1241 mitigated the elevations in TLR4 expression and its downstream effector NF-
kB-P65.

Moreover, the CB2R agonist markedly inhibited the expression of the pro-inflammatory
cytokines TNF-a, IL-6, and IL-12, whereas those of the anti-inflammatory properties (IL-4
and IL-10) were significantly elevated. The later findings agree with those of Adhikary et al.
[47], who showed that pharmacological activation of CB2R inhibited TLR4 expression after
spinal cord injury. In agreement, CB2R activation was reported to attenuate acute liver failure
induced by D-galactose/lipopolysaccharide (LPS) via shifting the M1 to M2 state of macro-
phages and by stimulating the TLR4 expression as well. Therefore, our results displayed that
CB2R activation could suppress both cognitive and motor impairments after suppressing neu-
roinflammation via a significant decrease in the M1 phenotype and the pro-inflammatory
cytokines (TNF-o, IL-6, and IL-12). As well as an increase in M2 and anti-inflammatory cyto-
kines (IL-4 and IL-10) expression through inhibiting the TLR-4/p65-NF-«B signaling path-
way. All of the later observations were supported by our histopathological findings, including
stoppage of the progress of Alzheimer’s disease-like hallmark lesions, such as; mild degenera-
tive changes and the rare appearance of amyloid plaques and neurofibrillary tangles. The latter
coincided with the observation of Aso et al., [48] who stated that AD treatment with CB2R
agonists was proved to promote the amyloid senile plaques clearance and the recovery of the
neuronal synaptic plasticity in animal models. Moreover, the activation of the CB2R led to sup-
pression of neuroinflammatory pathways and restoration of activated microglia from pro-
inflammatory to anti-inflammatory state [49].

Further, chronic administration of D-galactose can cause ROS generation and excessive
free radicals’ production, contributing to apoptosis through the release of several apoptogenic
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factors. Caspase-3 is involved in regulating microglia activation, and the impairment of its acti-
vation was proved to protect against neuronal loss in numerous brain diseases experimental
models [49]. In our study, significant increased expression of caspase-3 was observed in the
OVC/D-gal group, which agrees with the finding of Du et al. [50]. According to a previous
study, D-gal stimulates ROS generation that results in the activation of c-Jun NH2-terminal
kinase (JNK) and the release of cytochrome ¢ from mitochondria into the cytosol further stim-
ulates the activation of caspase-3 and the initiation of apoptosis [51]. Meantime, activation of
CB2R by the agonist administration significantly increased cellular viability by inactivating
caspase-3, a result which is in accordance with Jeong et al., [52], who stated that CB2R agonist
could protect against apoptosis via blocking the activation of a series of caspases, including cas-
pase-3. Additionally, Viscomi et al. [53] revealed that CB2R activation could counteract apo-
ptotic cell death by regulating JNK phosphorylation through PI3K/Akt signaling pathway.

The current work investigated whether CB2R activation via AM1241 treatment exerts a pro-
tective effect on OVC/D-gal rats’ via modulation of the CREB/BDNE signaling pathway. The
CAMP-responsive element-binding protein (CREB) has been known as a key element for learn-
ing, memory, and neuronal plasticity. CREB phosphorylation was found to be reduced in AD
patients and experimental AD-like models. Activation of CREB in neurons has been associated
with several intracellular processes, including neurogenesis and neuronal plasticity [54]. Phos-
phorylation of CREB enhances the expression of various pro-survival genes as Bcl-2 and BDNF
and promotes the expression of both antioxidant enzymes and the antiapoptotic proteins, as well
as reduces the delayed neuronal death [55]. CREB was mentioned to regulate the transcription
of its target gene, brain-derived neurotrophic factor (BDNF). However, the synaptic function
and activation of CREB were linked to the elevation in BDNF secretion [56]. The most abundant
neurotrophic factor in the hippocampus, BDNF, plays a vital role in neuronal survival and syn-
aptic plasticity by preventing neuronal injury and increasing neurogenesis as well as cell survival.

Over and above, BDNF binds to its receptor, tyrosine receptor kinase B (Trk-B), which
stimulates the phosphorylation and activation of transcription factors such as CREB, which
stimulates gene expression [57]. In brain, BDNF is expressed by glial cells, such as astrocytes
and microglia [58], and the downregulation of BDNF is implicated in the pathogenesis of
neurodegenerative diseases. The present data revealed the ability of the CB2R agonist to
restore the expression of CREB and BDNF levels in OVC/D-gal rats, proposing that the antiox-
idant efficacy of CB2R agonist plays a role in its neuroprotective effect. Consistent with our
results, cannabinoids have been proved to stimulate CREB phosphorylation and enhance
changes in BDNF and CREB genes expression [59]. In addition, it has been demonstrated that
endocannabinoids stimulate phosphorylation of the BDNF receptor (Trk-B) via activating
MAP kinase/ERK kinase pathways [60]. Our findings align with that of Choi et al. [61] who
revealed that the cortical CB2R activation ameliorated cerebral ischemic injury potentially
through modulation of CREB/ BDNF signaling pathway. These findings together exposed that
the elevation in the CREB/ BDNF pathway expression via CB2R agonist treatment could miti-
gate AD-like pathologies in OVC/D-gal rats.

On the other side, astrocyte is the most abundant brain glial cell type that plays several vital
functions, including modification of synapse signaling, metabolic support of neurons, and
recycling of neurotransmitters. Upon activation, astrocytes transformed to an inflammatory
state, and this process is termed reactive astrogliosis. Reactive astrocytes are stimulated by
some pathological disorders in the microenvironment surrounding the astrocytes, as the
aggregation of A plaques [62]. Reactive astrocytes are phagocytic cells capable of engulfing
AP aggregates, especially in the early stages of Alzheimer’s disease [63]. Reactive astrogliosis is
characterized by increased expression of GFAP, and the degree of astrogliosis is associated
with the degree of cognitive decline [64]. In the current study, OVC/D-gal induced a
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significant degree of astrogliosis marked by increased GFAP expression. The oxidative stress-
induced in our AD-like model via ovariectomy and D-gal injections is proposed to stimulate
astrocytes to switch from a resting to a reactive phenotype. This suggestion is consistent with a
previous study, which showed the elevation of ROS induced astrocyte injury and consequently
increased the glial fibrillary acidic protein (GFAP) expression in the brain [65]. Our results
revealed that CB2R activation could suppress astrogliosis, as evidenced by downregulation of
GFAP expression. Consistent with our results, Avraham et al. [25] observed a significant
decrease in astrogliosis and gliogenesis in GFAP/Gp120 transgenic mice following the admin-
istration of CB2R agonist, AM1241, which diminished the immunofluorescence of GFAP
expression that supports the anti-inflammatory action of the CB2 receptors. In our OVC/D-
gal group, elevated expression of CD68+ was observed. In the same line, activated microglia
cells express numerous surface markers in response to damage, such as CD68, a microglial
activation marker that is readily expressed in its endolysosome and the plasma membrane.
There is a strong association between CD68 and poor cognitive function, dementia, and tau
pathology (i.e., neuritic plaques and tangles). Elevated expression of CD68+ microglia is asso-
ciated with neurodegenerative diseases [66]. In our current work, we observed that the activa-
tion of CB2R by AM1241 reversed the elevation of CD68 expression. Consistently, a previous
study by Gomez-Galvez et al. [67] demonstrated that CB2R activation normalized the elevated
expression of CD68 in Parkinson’s disease.

In conclusion, our current study revealed that the TLR4/NF-«B signaling pathway partici-
pates in the pathogenesis of AD-like features promoting the inflammatory cascade. CB2R acti-
vation using their agonist, AM 1241 could exert a neuroprotective effect via suppressing the
activation of TLR4/NF-xB p65 inflammatory signaling through curbing its adaptor protein
(Myd88) and augmenting the associated CREB/BDNF expression in brain tissues. Addition-
ally, CB2R activation could lessen astrocytes and microglial activation as well as apoptosis. Our
results reinforced the assumption that the activation of CB2R could be regarded as a potential
target for the novel therapeutic approaches against AD.
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