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Background: Chronic cerebral hypoperfusion (CCH) is a major risk factor for vascular dementia (VaD).
There are currently no broadly effective prevention or treatment strategies for VaD, but recent studies
have reported promising results following vascular bypass surgery and pharmacomodulation of the brain
endocannabinoid system (ECS). In this study, early effects of encephalomyosynangiosis (EMS) bypass
surgery and augmented endocannabinoid signaling on CCH-induced cognitive dysfunction and neuronal
damage were investigated.

Methods: An animal model of VaD was established by bilateral common carotid artery occlusion (BCCAO).
Cannabinoid signaling was upregulated by treatment with the fatty acid amide hydrolase inhibitor URB597
(URB). Spatial learning and memory, cerebral blood flow (CBF), revascularization, brain-derived neurotrophic
factor (BDNF)-tropomyosin receptor kinase B (TrkB) signaling, and apoptosis were compared among Sham,
BCCAO, BCCAO + EMS, BCCAO + URB, and BCCAO + URB + EMS groups. Spatial learning and memory
were evaluated using the Morris water maze (MWM). The CBF in cortex and hippocampus was evaluated
by 3-dimensional arterial spin labeling. The neovascularization was visualized by CD34 immunofluorescence
staining, and BDNF-TrkB signaling protein expression levels were assessed by Western blotting.

Results: Treatment with URB597 but not EMS alone reversed the spatial learning and memory deficits
induced by BCCAO. Neovascularization was enhanced after EMS surgery but not by URB597. Alternatively,
there were no significant differences in CBF among treatment groups. Expression levels of BDNF and TrkB
were significantly reduced by CCH compared to Sham treatment, and downregulation of both proteins
was reversed by URB597 treatment but not EMS. BCCAO enhanced neuronal apoptosis, which was also
reversed by URB597.

Conclusions: Augmentation of endogenous cannabinoid signaling but not EMS protects against CCH-
induced neurodegeneration and preserves spatial learning and memory, possibly by activating BDNF-TrkB
signaling.
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Introduction

Chronic cerebral hypoperfusion (CCH) is a hemodynamic
abnormality common to multiple ischemic cerebrovascular
diseases, including atherosclerosis, carotid stenosis/
occlusion, moyamoya disease (MMD), diabetic
microangiopathy, and Alzheimer’s disease (AD), all of
which are characterized by cognitive and behavioral
deficits with associated neurovascular damage collectively
termed vascular dementia (VaD) (1,2). These cognitive
impairments result from neurodegeneration, apoptosis,
and neuroinflammation secondary to CCH (3,4). Mild
cognitive impairment, a relatively common age-related
deficit (approximately 21.5-71.3 per 1,000 person-years), is
more likely to progress to VaD if associated with CCH (5,6).
It was recently reported that 46.8 million people worldwide
have dementia, and this number is expected to increase
to 74.7 million by 2030 and 131.5 million by 2050 due to
longevity gains (7). Thus, CCH contributes to the growing
economic, social, and healthcare burdens associated with
population aging, and there are no broadly effective
treatments to ameliorate or slow down the progression of
cognitive impairments induced by CCH.

Extracranial-intracranial (EC-IC) vascular bypass
procedures, including direct and indirect bypass surgeries,
aim to restore partial perfusion in patients with cerebral
ischemia (8). Encephalomyosynangiosis (EMS), an indirect
bypass surgery, involves attaching the temporal muscle
onto the surface of the ischemic cerebral cortex to establish
collateral circulation (9,10). It is a preferred procedure for
children with MDD accompanied by episodes of ischemic
symptoms (11). Some reports have demonstrated that EMS
can improve neovascularization and decrease the incidence
of ischemic or hemorrhagic cerebral vascular events (12,13).
However, the general efficacy of EMS is poor due to the
delay in revascularization (14,15). Further, the early and late
effects of EMS surgery on cognitive impairments have not
been systematically evaluated.

The endocannabinoid system (ECS) includes two
cannabinoid ligands (anandamide and 2-arachidonoyl
glycerol) and two cannabinoid receptors (CB1 and CB2),
each regulated by various synthesizing and metabolizing
enzymes such as fatty acid amide hydrolase (FAAH) (16).
The ECS can modulate neural development, synaptic
plasticity, and learning and memory (17,18). Growing
evidence indicates that modulation of ECS components has
therapeutic potential against cognitive impairment related
to CCH (19). For instance, FAAH inhibitors decreased

infarct volume and enhanced synaptic transmission in a
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model of cerebral ischemia (20). Alternatively, however,
other studies have suggested that the FAAH inhibitor
3'-carbamoylbiphenyl-3-yl cyclohexylcarbamate (URB597)
actually causes cognitive decline and impairs long-term
potentiation (LTP) (21,22). Therefore, in this study, we
investigated the effects and underlying mechanisms of
EMS and URB597 treatment on CCH-induced cognitive
dysfunction in a rat VaD model established by bilateral
common carotid artery occlusion (BCCAO).

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4431).

Methods
Animals

A total of 42 male Sprague Dawley rats (300+10 g, 1 month)
were used in the present study. Animals were house in a
climate-controlled facility (241 °C, 60% humidity) under a
12-hour/12-hour light/dark cycle with free access to water
and food. Experiments were performed under a project
license (No. TJ20191012-A006) granted by institutional
ethics board of Tongji University School of Medicine, in
compliance with the National institutional guidelines for
the care and use of animals.

Surgical procedures and treatment groups

The procedures for BCCAO and EMS surgery were
conducted in accordance with previously published papers
(4,9). Rats were anesthetized with 0.15% pentobarbital
sodium (40 mg/kg, i.p.), and placed in the supine position.
An incision was made on the neck skin to expose bilateral
internal carotid arteries, which were then carefully
separated and ligated using 4-0 sutures, followed by EMS
in the indicated groups (Figure I). Briefly, the rats were
turned to the prone position, a preauricular incision was
made, and the right temporalis was separated from the
skull. A microdiamond-tip cranial drill was used to open
the temporal skull, and then a 1 cm’ craniectomy was
performed. The dura was carefully separated from the brain
surface to expose the cortex using microsurgical forceps
under a dissection microscope. Temporal muscles were
placed over the exposed cerebral region and sewn to the
contralateral aponeurosis. The Sham-operated group was
treated in the same manner without BCCAO and EMS.
Two dead rats were excluded for later experiments after

surgery.
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Figure 1 Encephalomyosynangiosis (EMS) surgery. (A) Schematic diagram of EMS. (B,C,D) Surgical procedure of EMS. C, cortex, T,

temporalis.

After 1 week of feeding, 50 rats were randomly divided
into 5 groups (n=8 in per group): [1] Sham, [2] BCCAO,
[3] BCCAO with URB597 (BCCAO+URB), [4] BCCAO
with EMS (BCCAO+EMS), and [5] BCCAO with co-
treatment (BCCAO+URB+EMS). URB597 (C,,H,,N,0;)
(Cayman Chemicals, Tallinn, Estonia) was administered via
intraperitoneal (i.p.) injection at 0.3 mg/kg/day for 8 weeks
after BCCAO surgery (23). Other groups were treated with
an equal volume of 0.1% dimethyl sulfoxide vehicle.

Morris water maze (MWM) task

A MWM test pool, 1.8 m in diameter and 60 cm in
height with a 20-cm diameter escape platform, was filled
with 24-26 °C opaque water. The escape platform was
submerged 1 cm beneath the surface for place training. The
pool was surrounded by a white curtain and divided into
four quadrants marked with extra-visual cues. Rats were
trained for 4 trials per day starting in one of the 4 quadrants
for 4 consecutive days (n=8 rats per group). In each trial,
rats were allowed to search for the hidden platform. If a
rat did not find the platform in 60 s, it was placed on the
platform for 15 s. The decrease in escape latency was taken
as a measure of spatial learning. On day 5, the platform
was removed and rats were allowed to swim freely for 60 s
in the probe trial. Time spent in the vicinity of the former
platform location (target quadrant) and platform position
crossings were used as measures of spatial memory. Data
from the water maze test were recorded using a video
camera and the Human Visual System Image Software (HVS
Image, Hampton, UK).

Three-dimensional arterial spin labeling

Three-dimensional arterial spin labeling (3D-ASL), a
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noninvasive MRI perfusion assessment technique, was
performed in accordance with previous reports (24). After
anesthesia with 0.15% pentobarbital sodium (40 mg/kg, i.p.),
rats (n=8 per group) were scanned on a 3.0 T Discovery
MR750 (GE, Milwaukee, WI, USA) using an eight-channel
wrist coil. The following 3D-ASL imaging parameters were
employed: field of view =40 mm x 20 mm; matrix =512
(points) x 12 (arms); slice thickness =2 mm; no gap between
slices; 30 slices acquired in ascending order; flip angle =90°%;
labeling duration=1,650 ms; post-labeling delay =1,025 ms;
repetition time =4,383 ms; echo time =11 ms; number of
excitations =5; bandwidth =62.5 kHz; total scan duration
=9 min 47 s. According to T2-weighted images, regions
of interest (ROIs) were selected from the ipsilateral cortex
and hippocampus. The same areas were selected to analyze
cerebral blood flow (CBF). The CBF was calculated using
the following equation (24,25):

7t:11t
Al-e"s) Pw T
— ¢ (1]
PD

20T, (1-¢™)

CBF=

In the equation, t,, is the time of saturation before
imaging (2,000 ms), T}, is the T, of blood (1,600 ms), 7, is
the T, of gray matter (1,200 ms), a is the labeling efficiency
(0.95), X is the cortex blood partition coefficient (0.9), t
is the labeling duration (1,500 ms), and PLD is the delay
time post-labeling (24). The CBF maps were automatically
calculated by the GE medical scanner software (Functool
3D ASL, 4.5, Milwaukee, WI, USA).

Immunofluorescent staining

Brains (n=8 per group) were fixed with 4%
paraformaldehyde, embedded in paraffin, cut into 4-pm
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thick slices, and deparaffinized. For antigen retrieval,
slices were immersed in EDTA-Tris solution (pH 9.0) for
30 min at 96 °C. Tissue sections were then blocked with
10% normal goat serum in 0.01 M phosphate-buffered
saline at room temperature for 1 h and incubated with anti-
CD34 (1:200, ab81289, Abcam, MA, USA) overnight at
4 °C, followed by incubation with a secondary antibody (Alexa
Fluor 488-conjugated Ig, 1:300, Jackson Immunoresearch,
USA) for 2 h at 37 °C. After counterstaining with
4,6-diamidino-2-phenylindole (DAPI) for 8 min at
37 °C, the immunostaining was visualized by fluorescence
microscopy at 200x magnification. For measurement of
cerebral vessel numbers, three CD34-stained coronal sections
from each rat were analyzed using Motic Image Advance
3.2 software (Motic, USA) (26). The numbers of CD34-
positive vessels were counted in five fields of view within the
hippocampal CAl area and the surgical area of cortex in each
section. The average vessel number was quantified by two
investigators blinded to treatment group.

Western blot analysis

Hippocampal and cortical tissues were extracted from
rat brains (n=8 in per group) and homogenized in RIPA
buffer (R0278, Sigma, St. Louis, MO, USA) at 4 °C. Total
protein was quantified using a bicinchoninic acid (BCA)-
based kit (BCA1, Sigma, St. Louis, MO, USA) and a
spectrophotometer at 595 nm absorbance. Then, 30 pg of
total protein per sample was separated by 6-12% gradient
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes.
The membranes were subsequently probed with primary
antibodies against the following proteins overnight at 4 °C:
brain derived neurotrophic factor (BDNE, 1:500, ab108319),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
1:5,000, ab8245) (both from Abcam, Cambridge, MA,
USA), tropomyosin receptor kinase B (TrkB, 1:500, 4603S),
poly-ADP ribose polymerase (PARP, 1:1,000, 9545S), and
cysteinyl aspartate specific proteinase 3 (caspase-3, 1:500,
9664S) (all from Cell Signaling Technology, Beverly, MA,
USA). Protein bands were visualized using an enhanced
chemiluminescence detection kit (Millipore, Watford, UK),
then normalized against the GAPDH level using Image]
software.

Statistical analysis

All values are presented as mean = standard deviation (SD).
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Multiple group means were compared by one-way or two-
way ANOVA, followed by post hoc Tukey’s tests for pair-
wise comparisons. Group and training day differences
in MWM escape latencies were compared by repeated-
measures ANOVA. All analyses were performed using SPSS
22.0 statistical software (IBM, USA). A P value <0.05 was
considered statistically significant for all tests.

Results

Upregulation of endogenous cannabinoid signaling but
not EMS treatment rescued CCH-induced spatial memory
deficits

To assess possible deficits in spatial memory induced by
CCH and amelioration by EMS and (or) upregulated
cannabinoid signaling, performance in the MWM was
compared among rats subjected to Sham treatment,
BCCAO (CCH alone), BCCAO+EMS, BCCAO+URB, or
BCCAO+EMS+URB. Typical swim tracks during the probe
trial are shown in Figure 2A. During the 4-day training
period, rats in each group showed progressively shorter
escape latencies, indicating spatial learning; however,
escape latencies remained elevated in the BCCAO group
compared to the Sham group (F, 4 =66.72, P<0.001,
Figure 2B), indicating that CCH impairs spatial learning
in rats. By contrast, rats in both the BCCAO+URB and
BCCAO+URB+EMS groups exhibited significantly
shorter escape latencies than the BCCAO group (both
P<0.05; Figure 2B). In the probe trial, BCCAO+URB and
BCCAO+URB+EMS rats demonstrated greater numbers
of platform crossings and spent more time in the target
quadrant compared with the BCCAO group (P<0.05,
respectively) (Figure 2C,D). The BCCAO+EMS group
exhibited no significant differences in these probe trial
measures compared to the BCCAO group, indicating no
substantial restoration of spatial memory by EMS alone
(Figure 2B,C,D). Indeed, both BCCAO and BCCAO+EMS
groups engaged in random aimless searches. Alternatively,
BCCAO+URB and BCCAO+URB+EMS groups showed
significant preference for the target quadrant. The
swimming speeds were similar among groups (F, ;5 =1.343,
P>0.05, Figure 2E), indicating that motor deficits (and
restoration of motor function) cannot explain these group
differences in MWM performance. Notably, there were no
statistical differences in number of platform crossings and
time spent in the target quadrant between BCCAO+URB
and BCCAO+URB+EMS groups (Figure 2C,D).
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Figure 2 Effects of EMS and URB597 on chronic cerebral hypoperfusion (CCH)-induced spatial learning and memory deficits. (A)
Representative swimming paths of rats in the probe trial. (B) Escape latencies during the training trials for the Sham, bilateral common
carotid artery occlusion (BCCAQO), BCCAO+EMS, BCAAO+URB, and BCAAO+URB+EMS groups. CCH markedly suppressed spatial
learning (indicated by decreased escape latency), an effect reversed by URB597 (with or without EMS surgery) but not by EMS alone. (C,D)
Numbers of platform location crossings and time spent in the target quadrant. These measures indicated significant impairment of spatial
memory by CCH and reversal by URB597 but not EMS. (E) Swimming speed during the test. *P<0.05 vs. Sham; "P<0.05 vs. BCCAO;
P<0.05 vs. BCCAO+EMS. (B: Fy 1 =66.72, P<0.001; C: Fy; =9.324, P<0.001; D: F, s =7.216, P<0.01; E: F,; =1.343, P>0.05). EMS,

encephalomyosynangiosis.
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Collectively, these results suggest that EMS had no effects
on spatial memory, while URB treatment can ameliorate
CCH-induced spatial learning and memory deficits.

Changes in microvessel numbers (MVN)

Fluorescence immunostaining for the endothelial
cell marker CD34 revealed significant differences in
neovascularization among groups (F,;; =4.287, P<0.05).
Greater MVNs were found at the brain-temporal muscle
interface of EMS group rats compared to the untreated
cortex of BCCAO group rats (Figure 34,B). Similarly, MVN
was higher in BCCAO+URB+EMS rats than URB rats
(P<0.05; Figure 3C). Alternatively, there were no obvious
differences in hippocampal MVNs among groups. These
results indicate that EMS increased MVN only in the
ipsilateral operative region of the cortex.

Effects of EMS and URB597 on CBF

CBF was measured in the cortex and hippocampus using
3D-ASL and mapped by pseudocolor. As shown in Figure
4A4,B, the sagittal images were 2 mm caudal to bregma
(red line). Quantitative analysis of CBF revealed the
same pattern as shown in 3D-ASL images. Predictably,
BCCAO decreased CBF compared to the Sham group
(P<0.01); surprisingly, however, there were no significant
differences among treatment groups in either the cortex
or hippocampus (F; 5 =1.229, P>0.05; F; 5, =1.308, P>0.05,
Figure 4C,D). Thus, neither EMS nor URB597 improved
CBF in cerebral areas with CCH.

Upregulated cannabinoid signaling but not EMS
treatment rescued CCH-associated BDNF-TrkB signaling
deficits

We also studied effects on BDNF-TrkB signaling by
measuring BDNF and TrkB expression by Western blotting
(Figure 5A,B). Consistent with previous reports, BCCAO
(CCH) significantly reduced expression of BDNF and
TrkB compared with the Sham group (both P<0.05), and
protein levels were not increased by EMS treatment.
However, URB597 and EMS+URB597 reversed CCH-
induced downregulation of BDNF and TrkB (BDNF,
F,.s =11.527, P<0.001, TrkB, F,,; =4.413, P<0.05, Figure
5C; BDNE, F, ; =9.126, P<0.001, TrkB, F, ,; =7.466, P<0.01,
Figure 5D). Most importantly, there were no
statistical differences between the BCCAO+URB and
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BCCAO+URB+EMS groups, indicating that URB597 but
not EMS upregulated BDNF-TrkB signaling in rats with
CCH.

Neuroprotection by upregulation of endogenous
cannabinoid signaling but not EMS treatment

Preservation of spatial learning and memory by URB597
under CCH suggests protection of neurons from ischemic
damage. To assess effects on neuronal viability, we
compared neuronal apoptosis among groups by measuring
PARP and the pro-apoptotic effector cleaved caspase-3
(Figure 64,B). There were significant differences among
groups (PARP, F, ;5 =7.516, P<0.01, Caspase-3, F,;; =7.375,
P<0.01, Figure 6C; PARP, F,;; =4.338, P<0.05, Caspase-3,
F,35 =8.015, P<0.01, Figure 6D). The expression levels of
both proteins were significantly increased in the BCCAO
and BCCAO+EMS groups compared with the Sham group.
Upregulation of both proteins was reversed by URB597
(BCCAO+URB and BCCAO+URB+EMS groups) (P<0.05
for both). Thus, URB597 but not EMS suppressed CCH-

induced neuronal apoptosis.

Discussion

Extracranial-intracranial bypass surgery is an effective
and safe revascularization procedure for chronic cerebral
ischemia, and early surgical intervention can significantly
reduce the incidence of ischemic events (27,28). However,
the effectiveness of EC-IC bypass surgery for long-term
protection of cognitive function remains unclear. It was
reported that cognitive impairments were significantly
improved after direct bypass surgery in patients with
occluded internal carotid arteries (29). However, the acute
hemodynamic change in ischemic cerebral regions may
contribute to new post-operative cognitive decline (30).
Indirect bypass surgery may avoid rapid blood flow reversal
by providing adaptable revascularization to reduce cerebral
ischemia-associated neuronal damage (31). As in the EMS
procedure, a temporal muscle graft is placed on the brain
surface to serve as a source of collateral vessels promoting
“on-demand” cranial vascular growth. In this study,
neovascularization was demonstrated at the cortex-temporal
muscle interface after EMS surgery, but not in URB597-
treated rats. However, angiogenesis occurs naturally during
wound healing to support tissue growth and repair (32),
which may account for the increased MVN after EMS

surgery.
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Figure 3 Effects of BCCAO, EMS, and URB597 on cortical and hippocampal neovascularization. (A) Immunopositivity to the endothelial
cell marker CD34, indicative of neovascularization (green), was found at the cortical-temporal muscle interface following EMS surgery
(red line) (magnification: 200x); (B) compared with the BCCAO group, the number of CD-34-positive microvessels (MVNSs) was increased
in the surgical area of cortex in EMS group rats (magnification: 200x). (C,D) Histogram showing MVN for each group. EMS but not
URB957 enhanced MVN. "P<0.05 vs. BCCAO; *P<0.05 vs. BCCAO+URB. (C: F, ;5 =4.287, P<0.05; D: F,,, =2.713, P>0.05). EMS,

encephalomyosynangiosis; BCCAO, bilateral common carotid artery occlusion.
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Figure 4 Effects of EMS and URB957 on the BCCAO-induced reduction in cerebral blood flow. (A) Sagittal images with anatomic
coordinates. The red line is 2 mm caudal to bregma; (B) the level of T2 and 3D-ASL is selected (2 mm from bregma). Green represents the
weakest and red the strongest CBF signal. (C,D) Quantitative analysis of CBF in the cortex and hippocampus. BCCAO significantly reduced
CBF compared with the Sham group. Neither EMS nor URB597 reversed the effect of BCCAO. *P<0.05 vs. Sham. (C: F; 5 =1.229, P>0.05;
D: F; 5 =1.308, P>0.05). EMS, encephalomyosynangiosis; BCCAO, bilateral common carotid artery occlusion; CBE, cerebral blood flow.

Surgical revascularization aims at improving CBF in the
ischemic area, but we found no significant differences across
groups as measured by 3D-ASL. Thus, neither EMS nor
URB597 increased CBF following CCH induction. Early
research suggested good revascularization and increased
CBF following EMS (8,33). Further, a more recent study
reported that EMS provided efficient revascularization in
children with MMD, suggesting therapeutic potential against
CCH (11). The lack of EMS efficacy in the current study
may be explained by the modest extent of revascularization

© Annals of Translational Medicine. All rights reserved.

prior to testing (e.g., MWM, CD34 staining), including
the development of new vascular networks incorporating
sinusoids, capillaries, venules, and arterioles, as these
processes usually take more than 3 months (15,34).
Furthermore, long-term brain ischemia has differential
effects on the length and pattern of microvessels. Compared
to non-ischemic brain tissue, average vasculature length
was significantly reduced in ischemia rat brain (0.329+0.131
vs. 0.922+0.176 m/mm’) (35). New microvessels (i.e.,
capillaries and venules) can be categorized based on
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Figure 5 Effects of CCH, EMS, and URB597 on BDNF and TrkB expression levels. Lane numbers indicate protein samples from [1]
Sham, [2] BCCAO, [3] BCCAO+EMS, [4] BCCAO+URB, and [5] BCCAO+EMS+URB groups. (A,B) Representative western blot of
BDNF and TrkB; (C,D) quantitative analysis of protein expression. CCH reduced BDNF and TrkB expression compared with Sham
surgery, effects reversed by URB597 (with or without EMS) but not by EMS alone. *P<0.05 vs. Sham; "P<0.05 vs. BCCAO; “ P<0.05 vs.
BCCAO+EMS. (C: BDNE F, ;; =11.527, P<0.001, TrkB, F,;; =4.413, P<0.05; D: BDNE, F, ;; =9.126, P<0.001, TrkB, F, ;5 =7.466, P<0.01).
EMS, encephalomyosynangiosis; BCCAO, bilateral common carotid artery occlusion; CCH, chronic cerebral hypoperfusion; BDNE, brain-

derived neurotrophic factor.

average diameter, such as capillaries <10 pm in diameter,
smaller vessels from 10 to 20 pm in diameter, and larger
vessels >20 pm in diameter (36). Lugo-Hernandez
et al. reported selective loss of capillaries, which accounted
for 46.5% of the total microvessels, in ischemic tissue but
no change was found in larger vessels (35). This finding may
explain the relatively slow and autonomous CBF recovery
regardless of treatment (37). In the current study, greater
MVNs were found in the cortex and hippocampus of rats
with CCH, which is probably associated with CCH-induced
upregulation of VEGF mRNA and protein expression (38).
Although this indirect bypass reduces the risk of recurrent
hemorrhage in MMD, the ultimate functional outcome is
less certain. Alternatively, treatment with URB597 (with
or without EMS) improved spatial learning and memory
compared to the BCCAO and BCCAO+EMS groups.
Thus, despite a lack of improvement in CBE, promotion
of cannabinoid signaling (but not EMS) reversed CCH-
induced cognitive impairment.

© Annals of Translational Medicine. All rights reserved.

The activity of the ECS is susceptible to modulation by
pharmacological manipulation, such as by FAAH inhibitors (19).
URB597 is a relatively selective inhibitor of FAAH that
promotes ECS signaling by enhancing ligand and receptor
levels (39). URB597 has demonstrated neuroprotective
and anti-inflammatory properties and reverses LTP
deficits in the hippocampus of aged rats without causing
the undesirable side effects associated with CB1 and
CB2 activation (40). Furthermore, URB597 enhanced
recognition memory acquisition in AD model animals
through CB2 activation and modulation of mammalian
target of rapamycin (mTOR) signaling (41,42). Recently,
Biernacki et al. reported that inhibition of FAAH activity
by URB597 increased anandamide and GPRS55 receptor
levels, thereby improving neuronal metabolism (43). In
our previously study, URB597 reduced CCH-induced
neural apoptosis by inhibiting CB1-mTOR-dependent
autophagy and accumulation of reactive oxidative species,
protective effects reversed by CB antagonist (4,23,44). One
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Figure 6 Effects of EMS and URB597 on neuronal apoptosis. Apoptosis was estimated by expression of PARP and caspase-3. Numbers
1, 2, 3, 4, and 5 indicate the Sham, BCCAO, BCCAO+EMS, BCCAO+URB, and BCCAO+URB+EMS groups, respectively. (A,B)
Representative western blot of PARP and caspase-3. (C,D) Quantitative analysis of protein expression. URB597 (with or without EMS) but
not EMS alone reversed the reduction in expression induced by CCH. *P<0.05 vs. Sham; *P<0.05 vs. BCCAO; “P<0.05 vs. BCCAO+EMS.
(C: PARP, F,; =7.516, P<0.01, Caspase-3, Fy,; =7.375, P<0.01; D: PARP, F, ; =4.338, P<0.05, caspase-3, Fy,; =8.015, P<0.01). EMS,
encephalomyosynangiosis; BCCAO, bilateral common carotid artery occlusion; PARP, poly-ADP ribose polymerase.

clinical trial has demonstrated the efficacy and safety of a
FAAH inhibitor in the treatment of cannabis withdrawal
as evidenced by improvements in cognitive decline
and withdrawal symptoms (45). A few studies have also
suggested neuroprotection against CCH (46). In the current
study, combination therapy with EMS and URB597 was
not superior to URB597 treatment alone for suppressing
apoptosis and improving spatial memory. In addition,
numerous studies suggest that the ECS is involved in the
control of arterial blood pressure and cardiac output, and
participates in the regulation of regional vasoconstriction
and vasodilation, as well as the blood supply to different
organs, including the brain (47,48). Vasodilation, a direct
effect of ECS on cerebral vessels, is mediated, at least in
part, by CB1 (47). URB597 can activate CB1, suggesting
possible regulation of cerebrovascular resistance. CBF in
ischemic cerebral region was enhanced only slightly by
URB597, however, compared to the BCCAO group. We
speculate that CBF regulation by URB597 is mild owing to
the diverse functions of anandamine-CB1 signaling and the

© Annals of Translational Medicine. All rights reserved.

complexity of task-dependent cerebrovascular regulation.
The effects of URB597 modulation may be highly
dependent on dose and current physiological conditions.
The neurotrophin BDNF is a promoter of synaptic
plasticity, neuronal development, and survival, and has
been shown to reverse synapse loss and restore learning
and memory in several disease models (49,50). A deficiency
of BDNF mRNA and protein has been observed in AD
and VaD, as well as in diabetes mellitus-induced dementia
(51,52). Hypoxia and ischemia also reduced BDNF
expression in the mouse cerebral cortex (53). Similarly, the
expression levels of BDNF and TrkB were significantly
reduced by CCH compared with the Sham group,
consistent with previous studies (54,55). This reduction
can result in neuronal apoptosis and inflammation (51).
In contrast, enhancement of BDNF signaling by the
cannabinoid receptor agonist WINSS5, 212-2 ameliorated
cognitive decline and synaptic plasticity (56). We previously
showed that cannabinoid receptor agonists and URB597
improve cognitive impairment in CCH model rats via
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phosphatidylinositol 3-kinase/AKT signaling (44). The
levels of BDNF and TrkB were dramatically increased after
chronic treatment with URB597 and accompanied by a
reversal in apoptosis and cognitive decline. The present
findings reveal that URB597 can activate BDNF signaling
and suppress apoptosis.

There are some limitations to this study, including the
lack of individual Sham groups treated with EMS, URB,
or URB+EMS. One clinical study reported that the FAAH
inhibitor BIA 10-2474 may cause acute neurologic disorders
(i.e., headache, cerebellar syndrome, and disturbance of
consciousness) (57). Nonetheless, this did not mitigate the
effect on learning and memory observed in the current
study. Second, URB597 may have effects on anxiety or
depression that benefit MWM performance (58). Therefore,
future studies should include open-field, forced-swim, and
learned helplessness tasks to assess such effects. In addition,
microvasculature changes caused by CCH, URB, and
EMS such as altered blood-brain barrier (BBB) function
have not yet been studied. For this purpose, vascular tracer
leakage assays and analyses of expression changes in BBB
components, such as tight junction protein 1 and matrix
metalloproteinases (59), should be conducted in further
CCH studies.

In summary, we demonstrate for the first time that EMS
has short-term protective effects against cognitive decline
in a BCCAO model of VaD, while URB597 acts a potential
neuroprotective agent against CCH-induced cognitive
impairment, possibly by activating BDNF-TrkB signaling
and attenuating ischemia-induced neuronal damage.
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