
Cell Physiol Biochem 2017;43:2088-2101
DOI: 10.1159/000484193
Published online: October 23, 2017 2088

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2017 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Zong et al.: Cannabinoids Affect Retinal Capillaries

Original Paper

Accepted: August 24, 2017

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution 
for commercial purposes as well as any distribution of modified material requires written permission.

DOI: 10.1159/000484193

Published online: October 23, 2017
© 2017 The Author(s) 
Published by S. Karger AG, Basel
www.karger.com/cpb

© 2017 The Author(s)
Published by S. Karger AG, Basel

Cannabinoids Regulate the Diameter of 
Pericyte-Containing Retinal Capillaries in 
Rats

Yuan Zonga,c   Xujiao Zhoub,c   Jingyi Chenga,c   Jian Yua,c   Jihong Wub,c   Chunhui Jianga,c,d

aDepartment of Ophthalmology and Vision Science, Eye and ENT Hospital, Fudan University, Shanghai, 
bEye and ENT Hospital, State Key laboratory of Medical Neurobiology, Institutes of Brain Science and 

Collaborative Innovation Center for Brain Science, Fudan University, Shanghai, cKey Laboratory of 

Myopia of State Health Ministry, and Key Laboratory of Visual Impairment and Restoration of Shanghai, 

Shanghai, d Department of Ophthalmology, People’s Hospital of Shanghai No. 5, Shanghai, People’s 

Republic of China

Key Words
Cannabinoid receptor type 1 • Cannabinoid • Pericyte • Retinal capillary • Vasoregulation

Abstract
Background/Aims: Cannabinoids are vasoactive substances that act as key regulators of 
arterial tone in the blood vessels supplying peripheral tissues and the central nervous system. 
We therefore investigated the effect of cannabinoids on retinal capillaries and pericytes. 
Methods: The effects of cannabinoids on capillary diameters were determined using an ex vivo 
whole-mount rat retinal model. Western blotting, quantitative PCR, and immunohistochemistry 
were performed to explore the underlying mechanism. Results: Endogenous cannabinoid 
2-arachidonoylglycerol and anandamide and exogenous cannabinoid (R-(+)-WIN55212-2) 
dilated the noradrenaline-precontracted capillaries in a concentration-dependent manner (1 
μM to 0.1 mM). The extent of vasorelaxation was positively correlated with changes in pericyte 
width. The effects of R-(+)-WIN55212-2 on vasorelaxation and pericyte width were inhibited 
by a cannabinoid receptor type-1 (CB1) antagonist, AM251 or rimonabant (SR141716A), the 
nitric oxide synthase inhibitor l-NAME, and the guanylate cyclase inhibitor ODQ. They were 
also abolished by the removal of the endothelium, but not by the cannabinoid receptor-2 
antagonist SR144528, the endothelial cannabinoid receptor antagonist O-1918, or the 
cyclooxygenase inhibitor indomethacin. Conclusion: The exogenous cannabinoid R-(+)-
WIN55212-2 promotes the vasorelaxation of pericyte-containing rat retinal capillaries. This 
effect of R-(+)-WIN55212-2 is dependent on CB

1
 and the nitric oxide–cyclic guanosine 

monophosphate pathway, and requires an intact endothelium.
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Introduction

The retinal vasculature is controlled by a highly responsive autoregulatory system 
with precise spatial and temporal modulation to meet the high nutrient demands. It is well 
established that pericyte-containing capillaries are important functional units involved in regulating tissue blood supply [1]. When the sensory input increases blood flow in vivo, 
capillaries dilate before the arterioles [2] and account for up to 84% of the increase in blood flow.

Previous studies have revealed that functional hyperemia is partly mediated by vasoactive substances [3, 4]. Several cannabinoids have been identified as vasoactive substances witch 
could dilated the mesenteric arteries in humans [5, 6], regulated the cerebrocortical blood flow [7] and dilate pulmonary artery in rats [8].

Endocannabinoids and their receptors are also extensively expressed in ocular 
tissues, which suggests that cannabinoids play important roles in the ocular system [9, 10]. 
Previous studies have addressed the increasing neuroprotective and therapeutic potential 
of cannabinoids in systematic [11] and retinal disease [12-14], and several recent studies 
have evaluated the effects of cannabinoids on the ocular vascular system. Yu et al. reported 
that abnormal cannabidiol relaxed the resistant arterioles in the retina [15, 16]. Romano 
et al. also reported the vasorelaxing effect of anandamide and WIN55212-2 on the bovine ophthalmic artery [17]. However, the effects of cannabinoids on the retinal capillaries have 
yet to be determined.

Therefore, the aim of the present study was to determine the biological effects of 
cannabinoids on retinal capillaries using a live whole-mount, buffer-perfused rat retina 
model. Understanding the pharmacological effects of cannabinoids on retinal capillaries 
should provide further insight into the regulation of retinal vessel tone.

Materials and Methods

Animals

The animal protocols in the study conformed to the European Convention for the Protection of 

Vertebrate Animals used for Experimental Research and the Guidelines of Fudan University on the Ethical 

Use of Animals. Adult male Wistar rats (200–250 g) were purchased from SLAC Laboratory Animal Co., 

Ltd, Shanghai, China. The rats were maintained in an automatic rhythmic day–night environment at a room 

temperature of 22 ± 2 °C and 50% humidity. The rats had free access to water and food.

Whole-mount preparation and imaging

The rats were killed with an intraperitoneal injection of 20% chloral hydrate and the eyes were 

enucleated. After hemisection of the eyes along the ora serratae, the cornea, lens, and vitreous body were 

removed. The entire retina was gently peeled away and the vitreous humor was removed from the retinal 

pieces by gentle peeling with forceps under a dissecting microscope. The retinas were transferred to a dissecting dish containing prewarmed (37 °C), oxygenated (95% O
2
 + 5% CO

2
) artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 125, KCl 3, NaHCO

3 
26, NaH

2
PO

4
 1.25, glucose 15, CaCl

2
 2, and MgCl

2
 1 (pH 7.4). The retinas were then divided into four quadrants and mounted whole, vitreous side up. The individual 

retinas were then transferred to a recording-chamber bath mounted on the stage of an upright microscope 

and covered with a nylon mesh and a tungsten wire ring. The retinas were continuously superfused with 2–3 

mL min−1 with oxygenated ACSF at 37 °C. Capillaries were defined as vessels of < 10 μm in diameter that lack 
a continuous layer of smooth muscle [2, 18]. Within the whole-mount retinal preparations, the capillaries 

were visualized with infrared differential interference contrast (IR-DIC) microscopy using a water-immersion objective lens at a magnification of 40×. IR-DIC images of pericytes in the retinal capillaries were identified by their ‘bump on a log’ morphology [18], seen in confocal images of anti- neural/glial antigen-2 
(NG 2)-labeled pericytes (Fig. 1). The capillary diameter was measured as previously reported [19]. For 

each retinal sample, the capillary diameter was measured at the same end of the same pericyte after each 

procedure to ensure the measurements were made in the same position. The soma width of the same 
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pericyte was also measured in each sample. To compare capillaries between pericyte sites and non-pericyte 

sites, the capillary diameters were also measured at the sites of the pericyte somas and at non-pericyte sites.

Experimental protocols

Because the whole retinal mounts lacked myogenic tone, the capillaries in which the intact endothelium 

or endothelium was denuded were precontracted with noradrenaline (NA) to assess the vasodilator response 

to the test drugs. After a stable level (the capillary diameter did not change for 5 min) of precontraction 

had been achieved, the test drugs were applied to the whole mounts in the continued presence of NA. All antagonists were perfused for 30 min before the subsequent experiment.Only one capillary was examined in each whole-mount retinal sample with a maximum of two capillaries 
from each animal (one from each eye). At least three animals (six capillaries from six samples) were used 

in each experimental protocol. When the capillaries showed a change of more than 25% of the initial vessel 

diameter in response to NA, we regarded the contractility of the vessels to be similar (because 23.9% was 

twice the standard deviation of the average baseline vessel diameter over all the vessels studied). When we 

examined the concentration dependence of the response, the concentration ranges were 10−8 M to 10−3 M 

for NA, and 10−6 M to 10−4 M for 2-arachidonoylglycerol (2-AG), anandamide (AEA) and R-(+)-WIN55212-2; 

these concentrations were also used in other studies [20-22].

Vessel isolationThe retinas were rapidly removed from the eyes as described above and incubated in 2.5 ml of Earle’s 
balanced salt solution supplemented with 6 U of papain (Sigma, Munich, Germany) for 25–30 min at 30 °C 

[23]. The retinal vessels were then carefully isolated using 0.1 mm microforceps under a surgical microscope (Type SOM2000D, 66 Vision Tech. Co., China).
Western blotting

The retina was homogenized in cell lysis buffer containing protease inhibitor cocktail. The homogenate was centrifuged at 12, 000 × g for 10 min at 4 °C. The supernatant was removed and the protein concentration 

was determined using a bicinchoninic acid protein assay. The samples were separated by electrophoresis on a 10% running. Tris-glycine acrylamide gel and then transferred to a polyvinylidene difluoride membrane 
and blocked with 5% milk. After blocking, the membranes were washed three times with phosphate-buffered 

saline (PBS) and incubated for 1 h at room temperature. They were then incubated overnight at 4 °C with 

the primary antibody, rabbit anti-cannabinoid receptor type 1 (CB
1
) (diluted 1:1000; ab172970, Abcam Inc., 

Cambridge, MA, USA). The membranes were then washed with PBS and incubated with the appropriate 

secondary antibody, horseradish-peroxidase-conjugated goat anti-rabbit IgG antibody (1:4000; sc-2004, 

Santa Cruz, Biotechnology, CA, USA). Immunoreactivity was visualized with an enhanced chemiluminescence kit. The relative intensities of the protein bands were quantified by scanning densitometry using Image J software (National Institutes of Health, USA). Tubulin was used as the internal standard. The density of the 
bands was normalized for the expression of tubulin and then to the expression in control eyes.

Quantitative PCR

RNA was extracted from the intact retina and the retinal vasculature using a previously described protocol [24]. Briefly, the vasculature was added to 1 ml of TRIzol Reagent (Invitrogen Canada Inc., Burlington, ON, Canada). After tissue homogenization, 200 μL of chloroform was added to each sample. The homogenate was then mixed vigorously for 15 s, incubated for 3 min on ice and centrifuged at 12, 000 × g for 10 min. The aqueous phase was transferred to a new microcentrifuge tube and 500 μL of isopropanol was added. The solution was mixed, placed on ice for 15 min, and then centrifuged at 12, 000 × g for 15 min at 4 °C. The supernatant was then removed and the RNA pellet was washed twice with 1.0 mL of 75% ethanol, vortexed, and centrifuged at 7500 × g for 5 min at 4 °C. The RNA pellet was then allowed to air dry for approximately 10 min and was suspended in ddH
2
O. The purity and concentration of the collected RNA 

were determined by measuring the A
260

/
280

 absorbance ratio of each sample. The RNA samples were stored at −80 °C until use. The primer sequences for CB
1
 were 5’-CACTCTGGCATCAGGGTTATC-3’ (forward) and 5’-CATCTGGTAGTTGGGCCTATTT-3’ (reverse). The PCR cycling parameters were: 95 °C for 7 min, followed by 40 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s. Real-time PCRs were performed with the ViiA 7 Real-Time PCR system (Applied Biosystems, Inc., Foster City, CA, USA). GAPDH was used as the control 
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housekeeping gene. The relative changes in the target gene expression were normalized using the 2−ΔΔCT 

method and the results are expressed as the fold difference relative to GAPDH.

ImmunohistochemistryThe whole-mount retina was fixed in 4% paraformaldehyde for 30 min and washed three times in PBS for 5 min each. After fixation, the retina was incubated in 0.5% Triton X-100 in PBS for 40 min and blocked 
with 3% bovine serum albumin (BSA) in PBS for 1 h at room temperature. CB

1
 and neural/glial antigen 2 

(NG2) proteoglycan were detected with a rabbit anti-CB
1
 monoclonal antibody (1:100; ab172970, Abcam, 

Cambridge, MA, USA) and mouse anti-NG2 monoclonal antibody (1:200; ab50009, Abcam, Cambridge, 

MA, USA) for 1 day at 4 °C. The following secondary antibodies were used: 555-conjugated donkey anti-rabbit IgG antibody (1:1000; A31572, Invitrogen Molecular Probes, Eugene, OR, USA), 555-conjugated goat 
anti-mouse IgG antibody (1:1000; A28180, Invitrogen Molecular Probes), 488-conjugated goat anti-rabbit IgG antibody (1:500; A11070, Invitrogen Molecular Probes). The secondary antibodies were applied for 
1 h at room temperature. The retinas were incubated with Alexa-Fluor-488-conjugated isolectin B4 (IB4; Invitrogen, Paisley, UK) to detect the retinal capillaries. IB4 (20 μg mL−1) was prepared in PBS. Some of the retina was counterstained with the nucleic acid stain Hoechst 33258 (1:2000, H3569, Invitrogen Molecular 
Probes) in PBS as needed. The retinas were then incubated with IB4 for 45 min and examined under a Leica TCS SP8 confocal microscope (Leica Microsystems, Heidelberg, Germany) with a 63× water immersion objective lens. The images were assembled in Adobe Photoshop version 7.0 (Adobe Systems, San Jose, CA, 
USA).

Drugs

(R)-(+)-[2, 3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo [1, 2,3-de]-1, 4-benzoxazin-6-yl]-1-naphthalenylmethanonemesylate ((R)-(+)-[WIN55, 212-2, 10 μM), (5Z,8Z,11Z,14Z)-N-(2-hydroxyethyl)icosa-5, 8,11, 14-tetraenamide (AEA, 10 μM), 1, 3-dihydroxy-2-propanyl (5Z,8Z,11Z,14Z)-5, 8,11, 14-eicosatetraenoate (2-AG, 10 μM), 1H-[1, 2,4]oxadiazolo [4, 3-a]quinoxalin-1-one (ODQ, 10 μM), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, 0.3%), NA (2 μM), papain, dimethyl sulfoxide (DMSO), and BSA were purchased from Sigma Aldrich (St. Louis, MO, USA). 5-(4-Chlorophenyl)-1-(2, 4-dichloro-phenyl)-4-methyl-N- (piperidin-1-yl)-1H-pyrazole-3-carboxamide (rimonabant, 10 μM), N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2, 4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251, 1 μM), 5-(4-chloro-3-methylphenyl)-1-[(4-methylphenyl)methyl]-N-[(1S,2S,4R)-1, 3,3-trimethylbicyclo [2.2.1]heptan-2-yl]-1H-pyrazole-3-carboxamide (SR144528, 10 μM), and 1, 3-dimethoxy-5-methyl-2-[(1R,6R)-3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-benzene (O-1918, 10 μM) were purchased from Cayman Chemicals Company (Ann Arbor, MI, USA). Antagonists were 
administered before WIN55, 212-2. l-NG-Nitroarginine methyl ester (l-NAME, 100 μM) and indomethacin (10 μM) were purchased from Selleck Chemicals (Houston, TX, USA). WIN55, 212-2, 2-AG, ODQ, O-1918, AM251, and rimonabant were dissolved in DMSO. AEA, SR144528, and indomethacin were dissolved in 
ethanol. NA, l-NAME, and CHAPS were dissolved in deionized water. All compounds were diluted to the desired final concentrations with deionized water.

Statistics

All data are normalized vessel diameter percentages, are given as the percentage change in the vessel 

diameter relative to the diameter before the administration of any drug and are presented as mean ± standard errors of the means (SEM). The significance of the concentration-dependent responses was compared using one-way ANOVA, and the maximal responses (Rmax) were compared with paired t tests. The median 

excitatory concentration (EC
50

) was calculated with the Origin 6.0 software (Originlab, Northampton, MA). One-way ANOVA was also used to compare the results of multiple treatments, followed by Bonferroni’s 
multiple-comparison test. A linear regression analysis was performed to determine the correlation between 

pericyte width and the change in vessel diameter. P values of < 0.05 were considered statistically significant.
Results

The mean diameter of the capillaries was 5.05 ± 0.61 μm. The capillary diameter was 
extremely stable over a 60-min period when perfused with ACSF without the addition of 
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any drug (Fig. 1A, B). NA was used to precontract the capillaries. The contractile effect of NA was concentration dependent, and was significant at concentrations of ≥ 10 nM (P < 0.05 vs 
baseline), reaching a maximum value of 60.18 ± 1.51% at a concentration of 1 mM (P < 0.001 

Fig. 1. General describing.(A, B) Images and summarized data of capillaries from a perfused whole-mount 

rat retinas over a 60-min period in the absence of any drug. (C) Concentration-dependent effects of NA on 

vasoconstriction of retinal capillaries (n = 6). (D) Confocal microphotographs of pericytes labeled with anti-

NG2 antibody (D1, arrowheads in D3) and capillaries labeled with IB4 (D2). (D3) Merged images. Scale bars, 20 μm. (d1, d2) Magnification of the inset in D3. *P<0.05, **P<0.01 and ***P<0.001. IB4, isolectin B4; NA, noradrenalin; NG2, neural/glial antigen 2.

 

Fig. 2. Effects of endocannabinoids on NA-precontracted retinal capillaries.(A, C) Images and summarized data of percent change in retinal capillary diameter on condition of NA, NA+2-AG perfusion (n = 7). (D, F) 
Images and summarized data of percentage change in the retinal capillary diameter after NA or NA+2-AG 

perfusion (n = 6). (B, E) 2-AG or AEA caused concentration-dependent dilation of NA-precontracted capil-laries (both n = 6). *P<0.05, **P<0.01 and ***P<0.001. 2-AG, 2-arachidonylglycerol; AEA, anandamide; Con, 
control; The yellow lines in A and D indicate the lumen diameter.
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vs baseline; Fig. 1C). The EC
50

 was 1.57 ± 0.23 μM, and 2 μM NA was selected for subsequent 
experiments. Three whole-mount retinal samples were excluded because the contraction of the capillaries induced by 2 μM NA was < 25%. This concentration of NA reduced the basal 
capillary diameter by 43.09 ± 3.31% (P < 0.001 vs baseline, n = 25; Fig. 3A, D) and increased 
the basal pericyte width by a mean of 64.9 ± 11.0% (P < 0.01 vs baseline, n = 12; Fig. 3A, E). 
The effect of NA on the capillary diameter was greater at pericyte soma sites than at non-pericyte sites (63.96 ± 5.71 vs 13.74 ± 5.82%, P < 0.01; Fig. 3G, H). Confocal images of anti-
NG2-labeled pericytes were used to determine the mean distance between pericyte somas along retinal capillaries (14.4 ± 1.23 μm, n =18) and the density of pericytes (7.25 ± 0.48 
pericytes per 100 µm2 (n = 18, Fig. 1D).

 
Fig. 3. Effects of R-(+)-WIN55212-2 on NA-precontracted retinal capillaries and pericytes. (A) Images of 

capillary showing R-(+)-WIN55212-2-induced vasodilation. (B) R-(+)-WIN55212-2 caused concentration-

dependent dilation of NA-precontracted capillaries (n = 6). (C) Images showing R-(+)-WIN55212-2 induced 

effect on non-precontracted capillaries. (D, E) Summarized data of percentage changes in retinal capillary 

diameter and pericyte width induced by NA or NA + R-(+)-WIN55212-2 (n = 12). (F) Linear regression analysis for correlation between capillary diameter and change in pericyte width. (G, H) Images and quanti-
tative analysis showing pericyte width and retinal capillary diameter variations measured at pericyte sites and non-pericyte sites. (n = 10).*P<0.05, **P<0.01, and ***P<0.001. Con, control; NA, noradrenalin; WIN, 
R-(+)-WIN55212-2. The yellow lines in A, C and G indicate the lumen diameter. The red circles in A and G 

indicate the outlines of pericytes.
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Effects of endocannabinoids on NA-precontracted retinal capillaries
The effects of the endocannabinoids 2-AG and AEA and the exogenous cannabinoid 

R-(+)-WIN55212-2 on NA-precontracted capillaries with intact endothelia were tested. 2-AG 
and AEA caused a concentration-dependent relaxation of the NA-precontracted capillaries 
(Fig. 2B, E); The EC

50
 was each 8.50 ± 0.36 μM for 2-AG and 12.47 ± 5.1 μM for AEA, so they were used at concentrations of 10 μM in our study. 2-AG (10 μM) and AEA (10 μM) caused the relaxation of the precontracted retinal capillaries (2-AG: 17.53 ± 1.96%; AEA: 

16.11 ± 2.36%; all P < 0.05; Fig. 2A, C, D, F) relative to the NA-precontracted capillaries. However, 2-AG and AEA were significantly less potent (all P < 0.05 vs R-(+)-WIN55212-2) 
than R-(+)-WIN55212-2 (10 µM) (39.38 ± 4.62%, P < 0.001 vs NA-precontracted vessels; Fig. 3A, D). Therefore, R-(+)-WIN55212-2 was used in subsequent experiments. In the control experiments, vehicle alone (0.1% DMSO or ethanol, the concentrations used in this study) did not significantly affect vessel tone.

Effects of R-(+)-WIN55212-2 on NA-precontracted retinal capillaries and pericytes
R-(+)-WIN55212-2 caused the relaxation of NA-precontracted capillaries with 

intact endothelia in a concentration-dependent manner (Fig. 3B), but did not affect non-

Fig. 4. Signaling 

system of R-(+)-

WIN55212-2-induced 

vasodilation. (A–D) Ef-

fects of the rimonabant (SR141716A, n = 6) or 
AM 251 (n = 6), the SR144528 (n = 7), or O-1918 (n = 6) on R-
(+)-WIN55212-2-in-

duced vasodilation. (E) 

Effects of endothelial 

denudation (n = 6) on 

R - ( + ) - W I N 5 5 2 1 2 -

2-induced vasodilation (n = 6). (F–H) Effects 
of l-NAME (n = 6), ODQ (n = 8), or indo-

methacin (n = 8) on 

R-(+)-WIN55212-2-in-

duced vasodilation. (I) 

Comparison of R-(+)-

WIN55212-2-induced 

dilation (control) in 

the absence or pres-

ence of antagonists, in-

hibitors, or endothelial denudation.**P<0.01 and ***P<0.001. NA, 
noradrenalin; WIN, 

R-(+)-WIN55212-2; CHAPS, 3-[(3-chol-
a m i d o p r o p y l )

dimethylammonio]-1-propanesulfonate; l-NAME, l-NG-nitroarginine methyl ester; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; INDO, indomethacin; Con, control.
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precontracted capillaries (Fig. 3C). This relaxation was significant at concentrations ≥ 1 μM 
(all P < 0.05 vs NA-precontracted vessels), reaching a maximum vasorelaxation of 50.08 ± 6.8% at a concentration of 100 μM (P < 0.001). The EC

50
 was 9.57 ± 0.72 μM, so 10 μM R-(+)-WIN55212-2 was used in subsequent experiments. R-(+)-WIN55212-2 (10 μM) increased 

the diameter of the NA-precontracted capillaries by 39.38 ± 4.69% (P < 0.001; Fig. 3A, D) and reduced the pericyte width by 46.97 ± 10.13% (P < 0.05; Fig. 3A, E). Linear regression revealed a significant correlation between the percentage change in capillary diameter and 
pericyte width (P < 0.01, R2 = 0.485; Fig. 3F). Capillary dilation was significantly greater at pericyte soma sites than at non-pericyte sites (58.86 ± 7.99% vs 8.54 ± 4.63%, respectively; 
P < 0.05; Fig. 3G, H).

Signaling pathway of R-(+)-WIN55212-2-induced relaxation of retinal capillaries
In capillaries with intact endothelia, pretreatment with the CB

1
 antagonist rimonabant (10 μM) [25] or AM251 (1 μM) [26] inhibited their vasorelaxation (rimonabant: P < 0.01 vs 

Control, Fig. 4A, I; AM251: P < 0.001 vs Control, Fig. 4B, I) and the change in pericyte width 
(both P < 0.05 vs Control; Fig. 5A, B, H). By contrast, pretreatment with the CB

2
 antagonist SR144528 (10 μM) [27] did not inhibit the effects of R-(+)-WIN55212-2 (capillary diameter 

and pericyte width: P＞0.05 vs Control; Fig. 4C, I, Fig. 5C, H). The same result was seen when 

Fig. 5. Sig-

naling sys-

tem of R-(+)-

W I N 5 5 2 1 2 -

2 - i n d u c e d 

pericyte varia-

tion. (A–D) 

Effects of the 

r i m o n a b a n t (SR141716A, 
n = 6), AM 

251 (n = 6), 

the SR144528 (n = 7), or O-1918 (n = 
6) on R-(+)-

W I N 5 5 2 1 2 -

2 - i n d u c e d 

pericyte varia-

tion. (E–G) 

Effects of l-

NAME (n = 6), ODQ (n = 
8), or indo-

methacin (n 

= 8) on R-(+)-

W I N 5 5 2 1 2 -

2 - i n d u c e d 

p e r i c y t e 

v a r i a t i o n . (H) Compari-
son of R-(+)-

WIN55212-2 (control)-induced pericyte variation in the absence or presence of antagonists or inhibitors. *P<0.05, **P<0.01 and ***P<0.001. NA, noradrenalin; WIN, R-(+)-WIN55212-2; l-NAME, l-NG-nitroarginine methyl ester; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; INDO, indomethacin; Con, control.
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the endothelial cannabinoid receptor antagonist O-1918 (10 μM) [26] was used (capillary 
diameter and pericyte width: P＞0.05 vs Control; Fig. 4D, I, Fig. 5D, H).

To test whether the R-(+)-WIN55212-2-induced vasodilatory response was dependent on the endothelium, the endothelium was chemically denuded with CHAPS (0.3%) [16]. Preincubation with CHAPS did not significantly affect the diameter of the non-precontracted 
capillaries (P > 0.05 vs endothelium intact vessels) or NA-precontracted capillaries (P > 0.05 
vs endothelium-intact vessels; Fig. 4E). Pretreatment with CHAPS significantly reduced the 
vasodilatory effects of R-(+)-WIN55212-2 (P > 0.05 vs NA-precontracted vessels; P < 0.001 
vs control; Fig. 4E, I).

In capillaries with intact endothelia, pretreatment with l-NAME (100 μM) [28], a nitric oxide synthase (NOS) inhibitor, or ODQ (10 μM) [29], a selective guanylyl cyclase (GC) blocker, significantly blocked the action of R-(+)-WIN55212-2 on NA-precontracted capillaries 
(l-NAME: P < 0.01 vs Control, Fig. 4F, I; ODQ: P < 0.001 vs Control, Fig. 4G, I) and pericytes 
(both P < 0.05 vs Control;, Fig. 5E, F, H). By contrast, pretreatment with indomethacin (10 μM) [26], an inhibitor of cyclooxygenase (COX) activity, did not affect R-(+)-WIN55212-2-
induced vasorelaxation (P > 0.05 vs Control; Fig. 4H, I) or the changes in pericyte width (P > 
0.05 vs Control; Fig. 5G, H).

None of the antagonists had any effect on the basal tone of the retinal capillaries in the 
30 min after its application.

Fig. 6. Cannabinoid receptor type 1 (CB
1
) expression in the retina. (A) Western blots of CB

1
 protein expres-

sion in the retina and retinal vessels. (B) Densitometric analysis of CB
1
 protein expression in the retina and retinal vessels. Different protein levels were normalized to the level of β-tubulin. (C) Real-time PCR analysis 

of CB
1
 mRNA relative to GAPDH mRNA. Results are shown as means ± standard errors. (D) Immunofluores-

cent labeling of CB
1
 protein (D1, green) in the rat whole-mount retina. (D2) NG2-labeled images (red). (D3) Merged images. (d4) Magnification of the inset in D3. (E) Confocal images of rat whole-mount retina stained 

for IB4 (E1, green), CB
1
 (E2, red), and Hoechst (E3, blue). (E4) Merged image. Scale bars, 20 μm. *Retinal ganglion cells. Arrow: ganglion cell axons. IB4, isolectin B4; NG2, neural/glial antigen 2.
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Retinal CB
1
 expression

Western blotting of the whole retina or retinal vessels is shown in Fig. 6A, B. The band 
corresponding to CB

1 
in the whole retina was significantly more intense than the band corresponding to the retinal vessels (whole retina/vessel ratio = 1/0.26 ± 0.07, P < 0.01). Quantitative PCR was also performed to determine the relative abundance of CB

1
 mRNA in 

the whole retina and retinal vessels. As shown in Fig. 6C, CB
1
 mRNA expression was relatively low in the retinal vessels, but was much greater in the whole retina (whole retina/vessel ratio = 1/0.21 ± 0.03, P < 0.01). Immunohistochemical labeling also showed that CB

1
 was 

predominantly expressed on the retinal ganglion cells and on the ganglion cell axons rather 
than on the microvasculature (Fig. 6D, E).

DiscussionThis is the first study to use a whole-mount perfused retinal capillary model to explore 
the effects of cannabinoids on retinal capillaries and the possible mechanisms in the rat. 
This effect of cannabinoids was mediated by CB

1
, which is involved the NO–guanylate cyclase signaling system, and required an intact endothelium.

Both endocannabinoids 2-AG and AEA and the exogenous cannabinoid R-(+)-
WIN55212-2 exerted a vasorelaxation effect on NA-precontracted capillaries. The EC

50
 values for 2-AG, AEA, and R-(+)-WIN55212-2 were almost equal, whereas R-(+)-WIN55212-2 

induced more obvious vasorelaxation in the retinal capillaries than 2-AG or AEA at the 
same concentration. The vasorelaxant signaling system used by anandamide and 2-AG has 
been extensively investigated in different vascular beds [5, 26, 30, 31], but few previous 
studies have undertaken to clarify the vasomechanism of R-(+)-WIN55212-2. For these two 
reasons, the vasorelaxant signal system of R-(+)-WIN55212-2 was mainly investigated in our subsequent experiments.

Previous studies have examined the regulatory effects of cannabinoids on vessel tone [8, 16, 32], although these studies focused on arteries, arterioles or isolated vessels. However, 
there has been no direct evidence that cannabinoids affect capillaries or pericytes. In part, this may be attributable to the difficulty of visualizing living capillaries and pericytes. In our 
study, we used a whole-mount perfused model and IR-DIC microscopy, which showed the 
diastolic activity of pericytes and capillaries mediated by R-(+)-WIN55212-2 in real time. 
Contraction or relaxation of the capillaries was associated with corresponding changes in 
the pericyte morphology. The changes in the capillary diameter induced by NA or R-(+)-
WIN55212-2 at pericyte soma sites was greater than the changes at the non-pericyte sites. The change in the capillary diameter was significantly positively correlated with the change 
in pericyte width. These results suggest that cannabinoids alter vessel activity via pericytes, 
contractile cells that regulate the retinal capillaries.

R-(+)-WIN55212-2 did not promote vasorelaxation in the absence of NA (basal tone) in non-pretreated capillaries. However, it exerted a stable vasodilatory effect on NA-
precontracted capillaries. It was proposed that this effect was partly due to the weaker 
spontaneous tone of ex vivo retinal vessels [33] which were also found in other studies [26, 
34].

The pharmacological effects of cannabinoids are predominantly mediated by CB
1
, 

CB
2
, or CB

e
 [15, 16, 35-39]. In our study, we have shown that R-(+)-WIN55212-2-induced 

vasorelaxation was suppressed by two CB
1
 antagonists, but not by a CB

2
 antagonist. These findings are consistent with the results of studies using bovine ophthalmic arteries and 

mesenteric arterioles, in which cannabinoids mediated vasorelaxation via CB
1
, whereas CB

2 

was
 
not involved [17, 40]. Although several studies have demonstrated that CB

e 
is involved 

in cannabinoid-induced vasodilation via an endothelium-dependent signaling mechanism 
[16, 41], this may be attributable to the different cannabinoids or species used in those studies. However, using an isolated retinal vessel model, MacIntyre et al. reported that 
neither R-(+)-WIN55212-2 nor the CB

1
-selective agonist arachidonyl-2-chloroethylamide 

caused the dilation of precontracted retinal microvessels [16]. These different results might 
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be explained as follows. Isolated retinal arterioles were used in their study, whereas we 
used a whole-mount retinal model. Previous studies have shown that CB

1
 is expressed in 

several retinal layers [10], but it is unknown whether CB
1
 is expressed on retinal arterioles. Using quantitative PCR and western blotting, we detected relatively low CB

1
 mRNA and CB

1 

protein expression in the retinal vessels, and immunohistochemical labeling showed that the 
CB

1
 receptor was primarily located on retinal ganglion cells and ganglion cell axons, rather 

than on the microvasculature. This suggests that R-(+)-WIN55212-2 did not evoke a vessel response in MacIntyre’s studies because of the expression of CB
1
 on retinal vessels is low.

The relatively high expression of CB
1
 observed on neurons suggests that cannabinoids 

may affect the retinal capillary indirectly, through the retinal neurovascular unit, which was first mentioned by Hawkins et al. [42]. They first considered that the cerebral microvascular 
endothelium, together with astrocytes, pericytes, neurons, and the extracellular matrix, formed a complex functional unit. Zygmunt et al. [22] reported that AEA activated the 
vanilloid receptors on the primary sensory neurons, and dilated the rat hepatic arteries and guinea-pig basilar arteries. Consistent with former reports, our findings also suggest 
the existence of an immediate link between neurons and vascular regulation. Because the 
whole-mount retina includes vessels and neurons, it may be a better ex vivo model in which 
to investigate the regulation of retinal vessels.

We also found that the R-(+)-WIN55212-2-induced vasorelaxation of rat retinal 
capillaries was inhibited by endothelial denudation. Similar to our results, a prior study 
using rat aorta [32] showed that R-(+)-WIN55212-2-induced vasorelaxation was dependent 
on the presence of an intact endothelium. Er-Ning Su et al. also highlighted the critical role of 
the endothelium in cannabinoid-induced vasoactivity in isolated perfused retinal arterioles [15]. However, other studies have suggested that R-(+)-WIN55212-2-induced relaxation is 
endothelium independent in other vessels, including the rat small mesenteric artery [43] 
and gracilis arterioles [21]. Interestingly, using the bovine ophthalmic artery, Romano et al. 
demonstrated that both endothelium-dependent and -independent pathways are involved in cannabinoid-agonist-induced relaxation [17]. The use of different vessels might explain the 
inconsistent results of these studies.

In our study, R-(+)-WIN55212-2-induced vasorelaxation was endothelium dependent. 
For this reason, a more detailed endothelial vasorelaxant pathway was investigated, using NO-cGMP or vaosactive prostanoid inhibitors. Pretreatment with the NOS inhibitor l-NAME almost completely inhibited R-(+)-WIN55212-2-induced vasorelaxation of the 
rat retinal capillaries. This is consistent with previous reports that endothelium-derived factors, such as NO, are involved in the cannabinoid-receptor-mediated vasorelaxation of bovine ophthalmic arteries [17] and rabbit aortic rings [31]. The guanylyl cyclase inhibitor ODQ had a similar effect, and a previous study has reported that cannabinoids induced the phosphorylation of endothelial NOS and consequently activated guanylyl cyclase to generate cGMP [44, 45], which supports our findings. In contrast, indomethacin, a COX inhibitor, did 
not alter the effects of R-(+)-WIN55212-2. Although previous studies have demonstrated that R-(+)-WIN55212-2 activates the COX pathway [46], to the best of our knowledge, no 
study has shown that R-(+)-WIN55212-2 induces vasodilation via the COX pathway, which is 
consistent with our result.

In this study, we studied the effects of cannabinoids on retinal capillaries in rats, but 
because the vascular pharmacological responses differ between species [33], the effects of 
cannabinoids in the human retina must still be explored. It would be interesting to examine 
the effects of cannabinoids using a primate retina. It is also unclear how the activation of CB

1
 is linked to the release of NO in the endothelium. Additional experiments should provide 

more insight into the underlying signaling pathway.
In summary, we have shown that cannabinoids are capable of dilating the pericyte-

containing retinal capillaries in rats via an NO–cGMP signaling system, and that this effect 
appears to be mediated by CB

1
, which is mainly located on neurons. However, as the response 

to cannabinoids varies greatly between species, further studies with a primate model could 
clarify the role of cannabinoids in vascular regulation in the human eye.
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Regardless of which mechanism is involved, the ability of cannabinoids to dilate the 
retinal capillaries may have therapeutic implications for retinal vascular diseases, and the 
CB

1
 receptor may provide a new target for the regulation of the retinal blood flow.
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