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There is evidence of altered vascular function, including cerebrovascular, in Alzheimer’s
disease (AD) and transgenic models of the disease. Indeed vasoconstrictor responses
are increased, while vasodilation is reduced in both conditions. p-Amyloid (AB) appears
to be responsible, at least in part, of alterations in vascular function. Cannabinoids,
neuroprotective and anti-inflammatory agents, induce vasodilation both in vivo and in
vitro. We have demonstrated a beneficial effect of cannabinoids in models of AD by
preventing glial activation. In this work we have studied the effects of these compounds
on vessel density in amyloid precursor protein (APP) transgenic mice, line 2576, and on
altered vascular responses in aortae isolated ring. First we showed increased collagen
IV positive vessels in AD brain compared to control subjects, with a similar increase
in TQAPP mice, which was normalized by prolonged oral treatment with the CB1/CB2
mixed agonist WIN 55,212-2 (WIN) and the CB2 selective agonist JWH-133 (JWH). In Tg
APP mice the vasoconstriction induced by phenylephrine and the thromboxane agonist
U46619 was significantly increased, and no change in the vasodilation to acetylcholine
(ACh) was observed. Tg APP displayed decreased vasodilation to both cannabinoid
agonists, which were able to prevent decreased ACh relaxation in the presence of AB. In
summary, we have confirmed and extended the existence of altered vascular responses
in Tg APP mice. Moreover, our results suggest that treatment with cannabinoids may
ameliorate the vascular responses in AD-type pathology.
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INTRODUCTION

Alzheimer’s disease (AD) is the major cause of dementia. This neurologic condition
is characterized pathologically by p-amyloid (AP) deposition, neurofibrillary tangles,
composed of hypophosphorylated tau, the degeneration of particular subsets of neurons and
neuroinflammation, as a consequence of glial activation. Although the existence of hereditary AD,
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FIGURE 1 | Vessel density is altered in AD compared to controls. (A) Representative collagen IV immunostaining of cortical vessels in human controls (n = 5)
and AD patients (n = 6). Scale bar, 100 um. GM, gray matter; WM, white matter. (B) Collagen IV positive vessels are significantly increased in gray matter. Results are
mean + SD (n = 5-6) and they are expressed as percentage of area occupied by vessels. “o < 0.05 versus controls, #p < 0.05 versus gray matter vessel density
(Student’s t-test). (C) Tg APP vehicle treated mice showed increased collagen IV vessel density in cortex vs. wild type (Wt) vehicle treated mice. Cannabinoid agonists
normalized vessel density of Tg APP mice. Results are mean + SD (n = 7-8) *p < 0.05 vs. controls (Wt-veh), #p < 0.05 vs. Tg APP-veh (Kruskal-Wallis, followed by
Dunn’s test). (D) No changes in vessel density were found in hippocampus due to genotype and/or drug treatment.

FIGURE 2 | CB4, CBy, and collagen IV expression in mouse aorta. (A) CBy immunostaining shown at endothelial cells (short arrow) and basal lamina (arrow),
(B) while collagen IV is restricted to the basal lamina (arrow). Scale bar, 50 um; representative images of n = 3 aortae for each immunostaining. (C) CB4 and CB»
mMRNA expression in extracts from mouse aorta. RPL4 was used as control. Representative image of n = 3 independent experiments done with 3-4 pooled aortae.

Kim, 2015), therefore we used PCR to demonstrate CB, and CB;
receptor expression in aorta extracts (Figure 2C).

Constriction of aorta rings with high potassium (123.5mM
K™) was decreased by 50% in Tg APP mice aortae compared
to those from wt mice (1.07 & 0.13 and 2.25 & 0.30 mN/mm
respectively; p < 0.01, Student’s t-test). Next, we tested two

pharmacologically distinct vasoconstrictors: phenylephrine and
the thromboxane analog U46619 (Figure 3). The vasoconstrictor
response to 0.1 WM phenylephrine was enhanced by 2 fold
in Tg APP compared to wt mice (Figure3A), and that of
0.1pM U46619 around a 50% (Figure3B). We did not
find any differences in the vasodilation induced by ACh
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FIGURE 3 | Alterations in aorta contractility of Tg APP mice. Tg APP
aortae showed increased phenylephrine (A) and U46619-induced (B)
contraction compared to aortae from wt mice. Vessels were precontracted by
123.5mM K™ and washed before other treatment addition. Ag (1 wM)
incubation increased U46619 (0.03 uM) contraction (C) and decreased ACh
(10 M) relaxation (D) in wt aortae, but not in Tg APP aortae. Preconstriction
levels were similar for all the vessels (approximately 5.44 mN). Results are
mean £+ SEM of n = 7 mice and are expressed as percentage of 123.5mM
KT -induced contraction, considered 100%. *p < 0.05 (Kruskal-Wallis,
followed by Dunn’s test).

(100 M) between groups (data not shown). Furthermore,
the cannabinoid agonists (15min preincubation) under
study did not change ACh vasodilation either (data not
shown).

Given that Tg APP mice are continuously exposed to
circulating AR we wondered whether the peptide would
mediate those responses. AR (1 wM) preincubation increased
vasoconstriction to 0.03 wM U46619 (Figure 3C) and decreased
vasodilation to 10puM ACh (Figure3D), in aortae from
wt mice, although the peptide alone did not show any
vasoactivity. However, incubation with AB did not alter
arterial vasoconstriction or vasodilation in Tg APP mice aortae
(Figures 3C,D). Interestingly, both cannabinoid agonists rescued
ACh-induced vasodilation in the presence of AP (Figure 4) in wt
mice.

WIN concentration-dependently induced vasodilation in
control mice, with a maximal effect of 80% at 1 pM (Figure 5A).
The vasodilatory effect of JWH was smaller than the one induced
by WIN, with a maximal effect of 56% at 1 WM (Figure 5B). In
Tg APP aortae the vasodilation induced by WIN was significantly
decreased at all the concentrations tested (Figure 5A), but in the
case of JWH the effect at lower concentrations (1 and 10 nM) was
decreased and at higher concentrations was similar between wt
and Tg APP mice (Figure 5B).

Taken together these results show that vascular function is
markedly altered in Tg APP mice and that AB may play a role
in those altered responses. Furthermore, cannabinoid agonists
induce vasodilation in aortic rings, which is partially preserved
in Tg APP mice.
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FIGURE 4 | Cannabinoid agonists prevent A reduction of ACh
relaxation. Vessels from wt mice were precontracted with U46619 (0.03 uM)
and ACh (10 wM) vasodilation assessed in the absence and presence of WIN
and JWH. Preconstriction levels were similar for all the vessels (approximately
5.44mN). Results are mean + SEM of n = 6 mice and are expressed as
percentage of U46619 contraction. *p < 0.05 vs. untreated-aortae;

#p < 0.05; ##p < 0.01 vs. AB treated alone (Kruskal-Wallis, followed by
Dunn’s test).
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FIGURE 5 | Cannabinoid agonists induce dose-dependent vasodilation.
Cannabinoid vasodilation was reduced in Tg APP aortae compared to wt
(A,B). Concentration-response curves (1 nM-10 uM) for WIN and JWH were
performed in segments preconstricted with U46619 (0.03 wM). Preconstriction
levels were similar for all the vessels (approximately 8.9 mN). Results are mean
+ SEM of n = 6 mice and are expressed as percentage of U46619-induced
contraction. *p < 0.05, *p < 0.01 (two way ANOVA).

Ultrastructural Changes in Tg APP Aortae
Some reports have described changes in the structure of
Tg APP vessels (Christie et al., 2001; Tong et al, 2005).
Therefore, we sought to determine if changes at the
ultrastructural level may explain the vessel dysfunction
observed in Tg APP mice. Toluidine labeled vessels showed
similar vessel structure (Figures 6A,B). Endothelial cells
appeared unaltered in both strains (Figures 6C,D). Moreover,
smooth muscle cells also appeared normal, with normal
numbers of mitochondria (not shown). However, there
was a great difference in basal lamina collagen that was
markedly increased in Tg APP when compared with wt aortae
(Figures 6E,F).
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Wild type

Tg APP

FIGURE 6 | Electron micrographs of wild type and Tg APP mice.
Representative images are shown for wt (A,C,E) and Tg APP mice aortae
(B,D,F). (A,B) toluidine blue micrographs showing similar structure (n = 20
animals/per group). BL: basal lamina, (C,D) endothelial cells show similar
appearance (wt n = 4, Tg APP n = 6). (E) smooth muscle cells surrounded by
collagen in wt mice aorta, (F) muscle cells are embedded in collagen in Tg APP
aorta (wt n = 4, Tg APP n = 6). Scale bars, 50 um in (A,B); 100 nm in (C-F).

DISCUSSION

In the present work we report that WIN, a mixed CB; and CB,
agonist (Howlett et al., 2002), and JWH, a CB; selective agonist
(Huffman et al., 1999), induce vasodilation of isolated aortae. Tg
APP vessels show altered vascular responses, in which A may
play a role, that were restored by the cannabinoids under study.
We found an enhancement of collagen in basal lamina, that may
partly explain the vascular dysfunction in Tg APP mice. This
collagen increase was found in AD cerebrocortical vessels, and
in Tg APP mice as well, and was fully reverted by prolonged oral
treatment with both cannabinoid agonists. Taken together these
results suggest that cannabinoid have effects on vascular function
that may be beneficial in the treatment of AD.

Vessel function is compromised in Tg APP mice. Indeed we
have confirmed and extended previous reports on the increase
in the vasoconstriction to phenylephrine in isolated aorta rings
(Thomas et al., 1996), and we have found similar increases with
U46619, that decreased cerebral blood flow in vivo (Iadecola et al.,
1999). However, endothelium-independent vasoconstriction was
markedly reduced in Tg APP aortae, as judged by the decreased
vasoconstriction to high potassium. This change parallels the

attenuation in the vasodilator response to sodium nitroprusside
(an endothelial-independent vasodilator) observed in vivo by
multiphoton microscopy in Tg APP mice (Christie et al., 2001).
Although ACh vasodilation was decreased in cerebral arteries
from Tg APP mice (Tong et al.,, 2005), and following topical
application onto the brain (Christie et al., 2001), in our hands its
vasodilatory response was similar in wt and in Tg APP aortae.
These results may be explained by the different origin of the
vessels, cerebral compared to peripheral vessels, or the age of
the animals. In AD, vessels are continuously exposed to high
circulating levels of soluble AP, in contrast to the insoluble
form of the peptide present in senile plaques occurring in brain.
In our hands incubation with AP up to 15 min did not alter
mice vessel tone. This is in contrast with the results of Thomas
et al. (1996) and Crawford et al. (1998) obtained in rat aorta.
Given that the methods used were very similar, we speculate
that the rodent species accounts for this difference. However,
in wt mice AP significantly enhanced the vasoconstriction to
the thromboxane analog, paralleling the results obtained with
noradrenaline, phenylephrine or ET-1 reported by other authors
(Thomas et al., 1996; Crawford et al., 1998; Smith et al., 2007).
Similarly, in the present study the vasodilation to ACh was
decreased by AB (Smith et al., 2007) in wt mice. In contrast,
the vessel responses in Tg APP were not modified by Af. These
results suggest that in Tg APP mice, that express high levels of
APP in the brain and in peripheral organs, including cerebral
microvessels and the aorta (Paris et al., 2004), there is tolerance
to AP effects due to the continuous exposure to the peptide. More
importantly, both cannabinoids were able to normalize the Tg
APP dysfunctional responses.

Cannabinoids induce vasodilatory effects in different isolated
vessels, but so far these responses have not been studied in
Tg APP mice. The CB;/CB; mixed agonist WIN induced
a concentration-dependent vasodilation of wt mice aortae,
reaching 80% decrease of the maximal constriction to U46619,
and higher than the vasodilation to ACh at 10 WM. The maximal
vasodilatory effect to JWH in wt aortae was smaller compared to
WIN. Cannabinoid-induced vasodilation, in spite of the presence
of both CB; (Ashton et al., 2004) and CB, receptors in aortae,
was completely insensitive to either CB; or CB; antagonism (data
not shown). This is not without precedent, since the vascular
effects of cannabinoids in many instances have been shown to
be resistant to antagonism by cannabinoid antagonists, and they
may involve activation of other targets (Randall et al, 2004;
Lopez-Miranda et al., 2008). We did not intend to characterize
the mechanism underlying the vasodilatory effects of WIN and
JWH in this work, since the pharmacology of the effects of
cannabinoids is increasingly complicated (Randall et al., 2004;
Stanley and O’Sullivan, 2014). Several possible targets could
be proposed such as the putative “endothelial” cannabinoid
receptor, potassium channel activation and calcium channel
blockade. On the other hand, several cannabinoid agonists,
including WIN, interact with peroxisome proliferator-activated
receptors (PPAR) (O’Sullivan, 2016), members of the family
of nuclear receptors, exerting vasodilation (O’Sullivan, 2007).
Importantly, the vasodilation to both WIN and JWH was
partially preserved in Tg APP mice, suggesting its possible
therapeutic endorsement in AD.
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We observed increased Col IV vessel density in AD specimens
compared to control subjects, with a similar increase in Tg
APP brain. Previous works have reported increased thickening
of basement membranes in AD (Mancardi et al., 1980; Kalaria,
2002; Miao et al, 2005), in particular Col IV (Miao et al,
2005; Tong et al,, 2005), associated or not with differences
in density. In Tg APP mice similar changes were observed
(Tong et al,, 2005). Although the exact cause of increased
basement membrane is unknown, several factors could be
involved such as soluble AB and its progressive deposition in
vessels, inflammatory mediators derived from activated glial
cells around vessels and chronic changes in levels of vasoactive
mediators (Grammas, 2011). Cannabinoid agonists, in particular
CB; selective agonists, impinge on several of these factors by
decreasing glial activation, inflammation and A levels (Ramirez
et al., 2005; Martin-Moreno et al,, 2012; Wu et al, 2013;
Chiurchiu et al., 2015), explaining the normalization in vessel
density following prolonged oral treatment with the drugs.
At the ultrastructural level, aortic endothelial cells appeared
normal in Tg APP aortae, in agreement with their preservation
found in other works (Iadecola et al., 1999; Miao et al,
2005), which contrasts with the endothelial disruption in Af
treated vessels (Thomas et al., 1996). Therefore, altered vessel
function is not a consequence of endothelial disruption or
death. Interestingly the major change observed in Tg APP
aortae compared to wt mice was the increase in Col IV in
the basement membrane, paralleling the changes in AD brain
microvasculature, which may be involved in altered vessel
contractility.
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