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LIST OF ABBREVIATIONS

AEA Arachidonylethanolamide
2-AG 2-Arachidonylglycerol
CB1, CB2 Cannabinoid receptors type 1 and 2
IOP Intraocular pressure
PEA Palmitoylethanolamide
∆9-THC ∆9-Tetrahydrocannabinol
TM Trabecular meshwork

SUMMARY POINTS

•	 All three classes of cannabinoids, including 
phytocannabinoids, synthetic cannabinoids, and 
endocannabinoids, have been demonstrated to 
lower IOP in human subjects, as well as in animal 
models.

•	 The molecular targets mediating the IOP-
lowering effects cannabinoids include CB1 
and CB2 cannabinoid receptors, non-CB1/
CB2 cannabinoid receptors, endocannabinoid 
metabolizing enzymes, and transporters.

•	 These molecular targets are found in the regions 
of the eye that are important for IOP regulation, 
including ciliary epithelium, trabecular 
meshwork, and ciliary muscle.

•	 Cannabinoids exhibit their IOP-lowering 
effects either through reducing aqueous humor 
production, or by enhancing aqueous humor 
outflow through conventional or uveoscleral 
routes.

•	 Cannabinoids represent a class of promising 
therapeutic agents for the treatment of 
glaucoma.

KEY FACTS INTRAOCULAR 
PRESSURE
• Intraocular pressure is the pressure within the eye.
• Intraocular pressure is determined by the production 

and drainage of aqueous humor.
• Aqueous humor is produced by nonpigmented 

epithelial cells of the ciliary body in the eye, and is 
drained by either the trabecular meshwork pathway, or 
the uveoscleral pathway.

• Elevated intraocular pressure is a risk factor for the 
development of glaucoma.

• Drugs can lead to a change in intraocular pressure by 
altering aqueous humor production or outflow.
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GLAUCOMA AND INTRAOCULAR 
PRESSURE

Glaucoma is the second leading cause of human 
blindness affecting as many as two million people in 
the united states (rocha-sousa et al., 2013; Toris, 2010; 
Weinreb, Aung, & Medeiros, 2014). Increased intra-
ocular pressure (IOP) is the primary risk factor for 
developing glaucoma. Current medical intervention 
for  glaucoma slows the progression of the disease by 
lowering the IOP (rocha-sousa et al., 2013; Toris, 2010; 
Weinreb et al., 2014).

IOP is determined by the rate of secretion of aque-
ous humor into the posterior chamber of the eye, and 
the rate of aqueous humor outflow (rocha-sousa 
et al., 2013; Toris, 2010; Weinreb et al., 2014). Aqueous 
humor is produced and secreted by nonpigmented epi-
thelium of the ciliary body. Aqueous humor then flows 
from the posterior to the anterior chamber through the 
pupil, exiting the anterior chamber by the convention-
al or nonconventional pathways. In the conventional 
pathway, aqueous humor passes through the trabecular 
meshwork (TM) and exits into schlemm’s canal, where 
it eventually empties into veins under the conjunctiva. 
The nonconventional, uveoscleral pathway involves 
the diffusion of aqueous humor through intercellular 
spaces of the ciliary muscle fibers. All three aspects of 
aqueous humor dynamics, including secretion, con-
ventional, and nonconventional outflow processes 
provide potential pharmacological targets for control-
ling IOP (rocha-sousa et al., 2013; Toris, 2010; Weinreb 
et al., 2014).

CURRENT TREATMENT 
OF GLAUCOMA

Glaucoma is clinically treated by surgical means 
or noninvasive pharmacotherapy (rocha-sousa et al., 
2013; Toris, 2010; Weinreb et al., 2014). surgical treat-
ments reduce IOP by trabeculectomy which removes 
a section of the TM to facilitate draining of aque-
ous humor. Current pharmacotherapy of glaucoma is 
comprised of five categories of IOP-lowering drugs: 
β blockers, α agonists, cholinergic agonists, carbon-
ic anhydrase inhibitors, and prostaglandin analogs. 
These treatments reduce IOP by decreasing the rate 
of aqueous humor production, or increasing the rate 
of aqueous humor outflow through the nonconven-
tional, uveoscleral pathway (rocha-sousa et al., 2013;  
Toris, 2010; Weinreb et al., 2014).

The currently available IOP-lowering drugs are able 
to reduce IOP through varied mechanisms, but short-
comings still remain: suitable drugs that target the con-
ventional, TM pathway to enhance the rate of outflow 

remain unavailable. In addition, currently  available 
IOP-lowering drugs frequently result in undesirable 
side effects. This necessitates newer antiglaucoma 
drugs targeting the TM pathway, and with fewer side 
effects (rocha-sousa et al., 2013; Toris, 2010; Weinreb 
et al., 2014).

CANNABINOIDS AND INTRAOCULAR 
PRESSURE

Marijuana smoking was first reported to lower IOP by 
hepler and frank (1971). from then on, the IOP-lowering 
effects of many cannabinoids, including phytocannabi-
noids, synthetic cannabinoids, and endocannabinoids, 
have been explored.

Phytocannabinoids

∆9-Tetrahydrocannabinol
The most prominent phytocannabinoid is ∆9-tetra-

hydrocannabinol (∆9-ThC), well known for its psycho-
active properties (howlett et al., 2002; Pertwee, 1999; 
Pertwee et al., 2010). ∆9-ThC is a heterotricyclic com-
pound found in marijuana that interacts with both CB1 
and CB2 cannabinoid receptors. The following studies 
provide evidence of the abilities of ∆9-ThC to reduce IOP 
(Table 77.1).

HUMANS

Many human trials have been performed to examine 
the role of ∆9-ThC in reduction of IOP.

An early study of two humans receiving intravenous 
(i.v.) administration of ∆9-ThC showed a reduction in 
IOP (Purnell & Gregg, 1975).

furthermore, in a study of 8 normotensive indi-
viduals, 8 hypotensive patients, and 16 patients diag-
nosed with open angle glaucoma, IOP was measured 
after inhalation of ∆9-ThC, and significant reduc-
tion of IOP was noted, lasting for 4 h (Crawford & 
Merritt, 1979).

In another study, nine glaucoma patients receiving 
current glaucoma treatment added a regimen of inhaled 
or oral tablet of ∆9-ThC. These patients achieved their 
goal reduction in IOP (flach, 2002).

In a more recent study, utilizing six patients with open 
angle glaucoma, the effect of sublingual administration 
of ∆9-ThC was compared with that of a placebo. ∆9-ThC 
was shown to significantly reduce IOP in study partici-
pants, from an average of 27.3 to 23.5 mmhg (Tomida 
et al., 2006).

In another study, after an oral dose of ∆9-ThC, nor-
motensive patients showed significant reductions in IOP, 
from 13.2 to 11.8 mmhg (Plange et al., 2007).
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CATS

In cats, a comparison of acute delivery and chronic 
delivery of ∆9-ThC provided different outcomes. Acute 
delivery by ophthalmic drops to cat eyes provided little 
reduction in IOP, whereas chronic delivery resulted in 
significant reduction in IOP (Colasanti, 1990; Colasanti 
et al., 1984c). ∆9-ThC had no effect on the rate of forma-
tion of aqueous humor, but produced a two- to three-fold 
increase in aqueous outflow facility (Colasanti, 1990).

RABBITS

several studies have shown that i.v. administration 
of ∆9-ThC reduces IOP in rabbits (Elsohly et al., 1981; 
Green et al., 1982; liu & Dacus, 1987). however, direct 
perfusion of ∆9-ThC to albino rabbit cerebral ventricles 
did not change IOP, but intravenous injection did de-
crease IOP (liu & Dacus, 1987). These data indicate that 
the IOP-lowering effects of ∆9-ThC do not originate in 
the central nervous system (Cns).

TABLE 77.1  effect of Phytocannabinoids on Intraocular Pressure

Drug Study Species Route of administration Intraocular pressure change

∆9-ThC Purnell and Gregg (1975) human Intravenous Decrease

Crawford and Merritt (1979) human Inhalation Decrease

flach (2002) human Inhalation/oral Decrease/decrease

Tomida et al. (2006) human sublingual Decrease

Plange et al. (2007) human Oral Decrease

Colasanti, Powell, and Craig (1984c) Cat Topical Decrease

Colasanti (1990) Cat Topical Decrease

Elsohly, harland, Murphy, Wirth, and Waller 
(1981)

rabbit Intravenous Decrease

Green, symonds, Oliver, and Elijah (1982) rabbit Intravenous Decrease

liu and Dacus (1987) rabbit Cerebral bolus/intravenous no change/decrease

szczesniak, Kelly, Whynot, shek, and hung (2006) rat Intratracheal/intraperitoneal Decrease/no change

Crandall et al. (2007) rat Intravenous Decrease

fischer, Ward, and hendrix (2013) Dog Topical Decrease

Green et al. (1982) Monkey Intravenous no change

CBD Elsohly et al. (1981) rabbit Intravenous no change

Green et al. (1982) rabbit Intravenous no change

Tomida et al. (2006) human sublingual no change

Colasanti, Brown, and Craig (1984a) Cat Topical Decrease

∆8-ThC Elsohly et al. (1981) rabbit Intravenous Decrease

Green et al. (1982) rabbit Intravenous no change

liu and Dacus (1987) rabbit Intravenous no change

Muchtar, Almog, Torracca, saettone, and Benita 
(1992)

Cat Topical emulsion Decrease

CBG Green et al. (1982) rabbit Intravenous no change

Green et al. (1982) Monkey Intravenous no change

Colasanti et al. (1984a) Cat Topical Decrease

CBn Elsohly et al. (1981) rabbit Intravenous Decrease

Green et al. (1982) rabbit Intravenous Decrease

Colasanti et al. (1984a) Cat Topical Decrease

∆9-ThC, ∆9-Tetrahydrocannabinol; CBD, cannabidiol; ∆8-ThC, ∆8-tetrahydrocannabinol; CBG, cannabigerol; CBn, cannabinol.
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RATS

An intratracheal (i.t.) administration of a liposome-
entrapped ∆9-ThC has been shown to reduce IOP in rats 
(szczesniak et al., 2006). In another study, in a rat model 
of glaucoma, i.v. administration of ∆9-ThC led to a re-
duction of elevated IOP in operated eye, without affect-
ing the contralateral control eyes (Crandall et al., 2007).

DOGS

Topical application of 2% ∆9-ThC ophthalmic solu-
tion resulted in moderate reduction of mean IOP in clini-
cally normal dogs (fischer et al., 2013).

MONKEYS

Intravenous administration of ∆9-ThC did not change 
IOP or total outflow facility in the rhesus monkey (Green 
et al., 1982). This indicates that the IOP-lowering effect of 
∆9-ThC is species specific.

In summary, ∆9-ThC has been shown in several spe-
cies to reduce IOP. however, species differences may 
 account for the wide differences in drug efficacy. In ad-
dition, route of administration plays an important role in 
achieving IOP-lowering effects of ∆9-ThC.

Cannabidiol
Cannabidiol (CBD), a non-CB1/CB2 phytocannabi-

noid, has been studied for its ability to reduce IOP. In-
travenous administration of CBD in normotensive rab-
bits was unable to reduce IOP (Elsohly et al., 1981; Green 
et al., 1982). Additionally, a comparison of the effects 
of CBD and ∆9-ThC sublingual application in humans 
with open angle glaucoma showed that CBD is unable 
to reduce IOP (Tomida et al., 2006). however, in another 
study, CBD delivered topically to cat eye had a hypo-
tensive effect, without ocular toxicity or neurotoxicity 
 (Colasanti et al., 1984a). Thus, CBD is able to reduce IOP 
in cats, but not in rabbits or humans.

∆8-Tetrahydrocannabinol Analog
natural ∆8-tetrahydrocannabinol (∆8-ThC) also has 

affinities to cannabinoid receptors similar to those of ∆9-
ThC, and behaves as partial agonist for CB1 receptors 
(howlett et al., 2002; Pertwee, 1999; Pertwee et al., 2010). 
A study has demonstrated the ability of ∆8-ThC to re-
duce IOP by i.v. administration to rabbits (Elsohly 
et al., 1981). Additionally, another study has shown that 
administration of a submicron emulsion preparation of 
∆8-ThC to normotensive rabbit eyes led to a decrease in 
IOP (Muchtar et al., 1992).

In contrast, two studies have failed to show the IOP-
lowering effects of ∆8-ThC. Green et al. (1982) have 
shown that i.v. administration of ∆8-ThC to normoten-
sive rabbits does not produce a reduction of IOP (Green 
et al., 1982). In addition, intravenous administration of 
∆8-ThC did not reduce IOP (liu & Dacus, 1987).

Cannabigerol
Cannabigerol (CBG) binds CB1 and CB2, but  functions 

as a competitive antagonist for the CB1. This compound 
also functions as an agonist for the α2 adrenoceptor 
(Cascio, Gauson, stevenson, ross, & Pertwee, 2010). 
Green et al. (1982) showed that i.v. administration of 
CBG to normotensive rabbits or monkeys does not low-
er IOP. however, in a later study, topical administration 
of CBG to normotensive cats showed a reduction in IOP 
by 7 mmhg. This effect was sustained with chronic use, 
and with minor systemic side effects (Colasanti, Craig, & 
Allara, 1984b). The CBG-induced reduction of IOP was 
enhanced when given with ∆9-ThC, with little Cns side 
effects (Colasanti, 1990).

Cannabinol
Cannabinol (CBn) has greater affinity for CB2 than 

CB1 (howlett et al., 2002; Pertwee, 1999; Pertwee 
et al., 2010). In rabbits, i.v. administration of CBn re-
sulted in a reduction in IOP (Elsohly et al., 1981; Green 
et al., 1982). further examination of topical CBn ad-
ministration to cat eyes has been shown to reduce 
IOP, and the greatest reduction in pressure was noted 
with chronic daily administration (Colasanti, Craig, & 
Allara, 1984b).

Synthetic Cannabinoids

Classical
NABILONE

Oral administration of nabilone to glaucoma patients 
resulted in a reduction in IOP; in addition, topical admin-
istration of nabilone to normotensive rabbits resulted in 
a reduction in IOP (newell, stark, Jay, & schanzlin, 1979; 
Table 77.2).

HU-211

hu-211 is the enantiomer of hu-210. hu-211 dif-
fers from other cannbinoids since it works through 
the nMDA receptor, and has low affinity for CB1/CB2 
(howlett et al., 2002; Pertwee, 1999; Pertwee et al., 2010). 
Topical application of an ophthalmic emulsion of hu-
211 resulted in a reduction of IOP in normotensive rab-
bits, sustained for 6 h (naveh et al., 2000). In another 
study, intravenous administration of hu-211 to rabbits 
resulted in a decrease in IOP without significant changes 
in blood pressure or heart rate (Beilin et al., 2000).

BW146Y

A final example of classical synthetic cannabinoid ag-
onist is BW146y. In a pilot study of ocular hypertensive 
patients, an oral dose of BW146y was found to lower IOP 
without affecting the orthostatic blood pressure, or pro-
ducing neurological side effects (Tiedeman et al., 1981).
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Nonclassical
CP-55,940

nonclassical, bicyclic cannabinoids are represented 
by the prototype compound, CP-55,940. This compound 
behaves as a full agonist for both CB1 and CB2 (howlett 
et al., 2002; Pertwee, 1999; Pertwee et al., 2010). Topical 
application of aqueous solution of CP-55,940 to normo-
tensive rabbits resulted in reduced IOP, in at least two 
studies (laine et al., 2003; Pate et al., 1998).

ABNORMAL CANNABIDIOL

Abnormal cannabidiol (abn-CBD) is a synthetic re-
gioisomer of cannabidiol. When abn-CBD was given by 
intraperitoneal injection or topically in rat, IOP was re-
duced (szczesniak et al., 2011).

Aminoalkylindoles
WIN55212-2

RABBITS WIn55212-2 displays high affinity for 
both CB1 and CB2, with moderate selectivity for CB2, 
and exhibits high intrinsic activity at both CB1 and CB2 
(howlett et al., 2002; Pertwee, 1999; Pertwee et al., 2010). 
In an initial study, systemic intravenous administration 

of WIn55212-2 in normotensive rabbits resulted in no 
significant change in IOP (hodges et al., 1997). how-
ever, in a later study, topical application of WIn55212-2 
to rabbits significantly reduced IOP in treated eyes, in 
a dose-dependent manner (song & slowey, 2000). Thus, 
the route of administration in rabbit seems to be impor-
tant for the ability of WIn55212-2 to reduce IOP.

HUMANS Topical application of WIn55212-2 de-
creased IOP in human glaucoma cases resistant to con-
ventional therapies. This demonstrates the potential for 
WIn55212-2 for treating glaucoma patients who have ex-
hausted other methods of treatment (Porcella et al., 2001).

MONKEYS Topical administration of WIn55121-2 
reduced IOP in both normal and glaucomatous mon-
key eyes. The reduction in IOP was sustained for 5 days 
with daily administration of the WIn55212-2 compound 
(Chien et al., 2003).

RATS Topical application of WIn-55212-2 in rat 
also led to reduction in IOP. The reduction in IOP was 
noted without cardiovascular toxic effects (hosseini 
et al., 2006; Oltmanns et al., 2008).

TABLE 77.2  effect of Synthetic Cannabinoids on Intraocular Pressure

Drug Study Species Route of administration Intraocular pressure change

CLASSICAL

nabilone newell et al. (1979) human Oral Decrease

newell et al. (1979) rabbit Topical Decrease

hu-211 naveh, Weissman, Muchtar, Benita, and Mechoulam 
(2000)

rabbit Topical emulsion Decrease

Beilin, neumann, Belkin, Green, and Bar-Ilan (2000) rabbit Intravenous Decrease

BW146y Tiedeman et al. (1981) human Oral Decrease

JWh-133 laine, Jarvinen, and Jarvinen (2003) rabbit Topical no change

NONCLASSICAL BICYCLIC

CP-55,940 laine et al. (2003) rabbit Topical Decrease

Pate, Jarvinen, urtti, Mahadevan, and Jarvinen (1998) rabbit Topical Decrease

Abn-CBD szczesniak, Maor, robertson, hung, and Kelly (2011) rat Intraperitoneal/topical Decrease/decrease

AMINOALKYLINDOLE

WIn55212-2 hodges, reggio, and Green (1997) rabbit Intravenous no change

song and slowey (2000) rabbit Topical Decrease

Porcella, Maxia, Gessa, and Pani (2001) human Topical Decrease

Chien, Wang, Mittag, and Podos (2003) Monkey Topical Decrease

hosseini et al. (2006) rat Topical Decrease

Oltmanns et al. (2008) rat Topical Decrease

Abn-CBD, Abnormal cannabidiol.
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Endocannabinoids

Arachidonylethanolamide
Arachidonylethanolamide (AEA) was the first 

compound to be identified as an endocannbinoid li-
gand, and behaves as a partial agonist at both CB1 
and CB2 (howlett et al., 2002; Pertwee, 1999; Pertwee 
et al., 2010). In several studies, topical administration 
of AEA in normotensive rabbits caused an IOP reduc-
tion in the treated eyes (laine, Jarvinen, Pate, urtti, & 
Jarvinen, 2002b; Mikawa et al., 1997; Pate, Jarvinen, 
urtti, Jarho, & Jarvinen, 1995; Pate et al., 1996, 1998) 
(Table 77.3).

2-Arachidonylglycerol
2-Arachidonylglycerol (2-AG) is an endogenous 

cannabinoid agonist for both CB1 and CB2 (howlett 
et al., 2002; Pertwee, 1999; Pertwee et al., 2010). Topi-
cal application of 2-AG in rabbits reduced IOP (laine, 
Jarvinen, Mechoulam, Breuer, & Jarvinen, 2002a).

Palmitoylethanolamide
Palmitoylethanolamide (PEA) is an endogenous 

fatty acid amide related to AEA, and was found to 
reduce IOP, in recent clinical studies of glaucoma pa-
tients. utilizing 42 glaucoma patients, oral administra-
tion of PEA resulted in a 3.2 mmhg drop in IOP. This 
drop was not accompanied by a change in heart rate or 
systemic side effects (Gagliano et al., 2011; Pescosolido 
et al., 2011).

MOLECULAR TARGETS FOR THE IOP-
LOWERING EFFECTS OF CANNABINOIDS

To determine the involvements of molecular  targets 
in the IOP-lowering effects of cannabinoids, several 
approaches have been used. for example, receptor 
 involvement has been examined by using receptor 
 selective antagonists. In addition, partial knockdown 
(through rnA interference) and total knockout of gene 
expression have been used to confirm the role of par-
ticular molecular targets in mediating the IOP-lowering 
effects of cannabinoids.

CB1

The expression of CB1 in the eye has been established 
in several studies. Initially, CB1 mrnA was detected in 
rat eyes, with the greatest concentration of mrnA found 
in the ciliary body, retina, and choroid (Porcella, Casellas, 
Gessa, & Pani, 1998). In a second study, using human 
eye tissues, immunohistochemistry staining for CB1 
showed strong expression in the ciliary body and TM, 
with moderate signals within the ciliary muscle and vas-
culature (straiker, Maguire, Mackie, & lindsey, 1999). In 
addition, stamer et al. (2001) confirmed the expression of 
both CB1 mrnA and proteins in the ciliary body and TM 
of human eye tissues.

The involvement of CB1 in the IOP-lowering effects of 
cannabinoids has been demonstrated using selective CB1 
antagonist sr141716A, in combination with a  variety of 

TABLE 77.3  effect of endocannabinoids, enzyme Inhibitors, and Transport Inhibitors on Intraocular Pressure

Drug Study Species Route of administration Intraocular pressure change

ENDOCANNABINOID

AEA Pate et al. (1998) rabbit Topical Decrease

Mikawa et al. (1997) rabbit Topical Decrease

Pate et al. (1996) rabbit Topical Decrease

Pate et al. (1995) rabbit Topical Decrease

laine et al. (2002b) rabbit Topical Decrease

2-AG laine et al. (2002a) rabbit Topical Decrease

PEA Gagliano et al. (2011) human Topical Decrease

Pescosolido, librando, Puzzono, and 
nebbioso (2011)

human Oral Decrease

ENZYME INHIBITOR

PMsf laine et al. (2002b) rabbit Topical Prolongs decrease by AEA

TRANSPORT INHIBITOR

AM404 laine et al. (2001) rabbit Topical Decrease

Olvanil laine et al. (2001) rabbit Topical Decrease

AEA, Arachidonylethanolamide; 2-AG, 2-arachidonylglycerol; PEA, palmitoylethanolamide; PMsf, phenylmethylsulfonyl fluoride.
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nonselective CB1 agonists, including phytocannabinoid 
∆9-ThC, nonclassical, bicyclic cannabinoid CP-55,940, 
aminoalkylindole prototypic ligand WIn55212-2, and 
endocannabinoids AEA and 2-AG.

Intertracheal (i.t.) administration of a liposome-en-
trapped ∆9-ThC led to a significant decrease in IOP. This 
decrease in IOP was blocked by pretreatment with CB1 
antagonist sr 141716A (szczesniak et al., 2006).

Topical administration of the nonclassical cannabi-
noid CP-55,940 caused a dose-dependent reduction in 
IOP in normotensive rabbits. further experiments dem-
onstrated that the reduction in IOP caused by CP-55,940 
can be blocked by administration of CB1 antagonist sr 
141716A (laine et al., 2003; Pate et al., 1998).

In normotensive rabbits, topical application of 
WIn55212-2 significantly reduced IOP, and this re-
duction was partially blocked by sr141716A (song & 
 slowey, 2000). In rats, similar findings were observed 
(Oltmanns et al., 2008).

normotensive rabbits treated with AEA and 2-AG 
had reduced IOP, and AEA- or 2-AG-induced IOP re-
duction was blocked by CB1 antagonists sr141716A or 
AM251 (laine et al., 2002a; Pate et al., 1998).

These studies have emphasized the prominent role of 
CB1 receptors involved in the regulation of IOP.

CB2

Because of low expression levels of CB2 in eye tissues, 
doubt initially arose regarding the role of CB2 in main-
taining IOP (Porcella et al., 1998). however, more recent 
studies have established the presence of CB2 receptor in 
the eye. using porcine eye tissues, immunohistochemis-
try staining showed the presence of CB2 in the TM. fur-
thermore, Western blot confirmed the expression of CB2 
in cultured porcine TM cells (Zhong, Geng, njie, feng, 
& song, 2005).

An initial study conducted by the Jarvinen group 
showed that topical application of the CB2 agonist JWh-
133 to normotensive rabbits had no effect on IOP; they con-
cluded that CB2 is not involved in regulating IOP (laine 
et al., 2003). however, recent studies conducted in our lab 
have shown that CB2 plays an important role in regulating 
aqueous humor outflow. stimulation of CB2 receptor by 
JWh015, a selective CB2 agonist, resulted in an enhance-
ment of aqueous humor flow. The increase in aqueous hu-
mor flow was completely blocked by the pretreatment of 
CB2 antagonist, sr144528 (Zhong et al., 2005).

further studies are needed to establish a clearer role 
for the CB2 receptor in regulating IOP.

Non-CB1/CB2 Cannabinoid Receptors/Targets

The presence of non-CB1/CB2 receptors/targets 
that interact with a variety of cannabinoids has been 

 established recently (Pertwee et al., 2010). Additionally, 
several of these receptors/targets have been shown to be 
expressed in the eye. for example, using immunohisto-
chemistry, GPr18 protein was detected prominently in 
the ciliary epithelium, corneal epithelium, and in the TM 
(Caldwell et al., 2013). In addition, using Western blot 
analysis, the presence of GPr55 and PPArα has been 
demonstrated in the porcine TM model (Kumar, Qiao, 
Kumar, & song, 2012).

In an initial IOP study, systemic administration of a 
nonpsychotropic cannabinoid, abnormal cannabidiol 
(abn-CBD) decreased IOP in the normotensive Brown 
norway rat eye, independent of CB1 or CB2 activation 
(szczesniak et al., 2011). further studies showed that 
topical administration of GPr18 ligands, abn-CBD and 
n-arachidonyl glycine, caused a reduction of IOP in nor-
motensive mice. In addition, the IOP-lowering effects 
of abn-CBD and n-arachidonyl glycine are independent 
of CB1, CB2, and GPr55, because these two GPr18 li-
gands were able to lower IOP in mice whose CB1, CB2, 
or GPr55 were knocked out (Caldwell et al., 2013).

furthermore, non-CB1/CB2 receptors have been shown 
to influence aqueous humor outflow in animal models. 
Treatment with abn-CBD resulted in a dose-dependent in-
crease in aqueous humor outflow through the TM. This 
increase in outflow was lost with pretreatment of O-1918, a 
selective non-CB1/CB2 receptor antagonist. Pretreatment 
with CB1 antagonist sr141716A or the CB2 antagonist 
sr144528 had no effect on the increase in humoral outflow 
induced by abn-CBD (Qiao, Kumar, Kumar, & song, 2012).

Additionally, PEA caused an enhancement of aque-
ous humor outflow in perfused porcine eye anterior seg-
ments. This PEA-induced increase in aqueous humor 
outflow was partially blocked when PPArα or GPr55 
receptors were knocked down by introducing to the 
perfusion system small hairpin rnA (shrnA) against 
PPArα or GPr55 (Kumar et al., 2012).

Enzyme Inhibitors

Enzyme inhibition can be used to prolong the effects 
of endocannabinoids in the reduction of IOP. Enzyme in-
hibition works indirectly to regulate IOP: by inhibiting 
degradation enzymes, endocannabinoids are no longer 
degraded, and free to work on receptors.

Phenylmethylsulfonyl fluoride (PMsf) is a nonspe-
cific inhibitor of fatty acid amide hydrolase (fAAh), 
which degrades AEA. When rabbits were pretreated 
with PMsf, researchers noted an immediate reduction 
in IOP, if AEA was also administered. In contrast, rabbits 
not treated with the enzyme inhibitor showed a biphasic 
response of initial increase in IOP, followed by a decrease 
in IOP (laine et al., 2002b).

using porcine TM tissues, studies conducted in our lab 
have shown that fAAh inhibitor urB597 inhibited the 
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degradation of AEA. Administration of urB597 in the 
porcine organ model prolonged the outflow-enhancing 
effects of AEA (njie, Qiao, Xiao, Wang, & song, 2008b).

Additionally, monoacylgylcerol lipase (MGl) inhibi-
tor ly2183240 inhibited the breakdown of 2-AG. The 
outflow-enhancing effects of 2-AG was prolonged by 
the coadministration of ly2183240 (njie, he, Qiao, & 
song, 2008a).

Transporter Inhibitors

Transporters work to reuptake endocannabinoids 
 after their release (Pazos, nunez, Benito, Tolon, & 
 romero, 2005). By inhibiting the transporters, it is pos-
sible to potentiate the IOP-lowering effects of endocan-
nabinoids.

for example, AEA transport inhibitors AM404 and 
olvanil, administered unilaterally onto rabbit eyes, dra-
matically reduced IOP in the eyes that received these li-
gands. hence, this study demonstrated the role of trans-
porter inhibitors in regulation of IOP (laine et al., 2001).

Association of CB1 Receptor With β-Adrenergic 
Receptor

To determine which receptors are essential for IOP re-
duction, hudson, Beazley, szczesniak, straiker, and Kelly 
(2011) administered β-adrenergic agonists, β-adrenergic 
antagonists, and cannabinoid agonists to knockout mice 
for three receptors: CB1, CB2, and β-adrenergic recep-
tor (βAD). reduction in IOP was noted in CB2 knock-
out mice, suggesting that ligand binding to CB2 was not 
essential for IOP reduction. however, administration of 
these ligands in either βAD or CB1 deficient mice led to 
no reduction in IOP. further examination showed that 
desensitization of βAD or depletion of catecholamines 
prevented reduction in IOP. finally, immunohistochem-
istry staining revealed colocalization of CB1 with ad-
renergic neurons. Taken together, these data imply that 
CB1 receptors associate with β-adrenergic to reduce IOP 
(hudson et al., 2011).

CELLULAR MECHANISMS  
OF CANNABINOID-INDUCED 

REDUCTION OF IOP

There are three main mechanisms to decrease IOP: to 
decrease aqueous humor production in the ciliary epi-
thelium, to increase aqueous humor outflow through the 
conventional, TM pathway, and to increase aqueous hu-
mor outflow by the nonconventional, uveoscleral path-
way in the ciliary muscle. These three mechanisms are 
controlled by multiple signaling pathways which can be 
affected by cannabinoids.

Ciliary Epithelium

Aqueous humor is produced and secreted by the cili-
ary epithelium. Therefore, interactions between canna-
binoids and the ciliary epithelium is a mechanism by 
which IOP can be controlled. Ciliary epithelium express-
es high levels of CB1, as shown by immunohistochemis-
try (straiker et al., 1999).

Morphological changes in the ciliary epithelium have 
been observed after exposure to marijuana. specifically, 
monkey ciliary epithelium experienced swelling, fol-
lowed by a reduction in IOP after intravitreal injection of 
soluble marijuana extracts (McDonald, Cheeks, slagle, & 
Green, 1991).

further mechanistic studies demonstrated that 
 cannabinoid-induced IOP reduction may involve 
 prostaglandins and metalloproteinase produced by 
nonpigmented ciliary epithelium. Treatment of hu-
man nonpigmented ciliary epithelium with r(+)-
methanandamide, a CB1 agonist, resulted an increase 
in cyclooxygenase-2 (COX-2) mrnA expression. In-
creased COX-2 expression was followed by increased 
phosphorylation of p38 and p42/44 mitogen-activated 
protein kinase (MAPK), two key signaling molecules 
in metalloproteinase (MMP) regulation. Correspond-
ingly, mrnA and protein expression of MMP-1, MMP-
3, MMP-9, and tissue inhibitor of metalloproteinase 1 
(TIMP-1) was increased; therefore a potential mecha-
nism contributing to the IOP-lowering effects of can-
nabinoids may be the stimulation of COX-2 and MMP 
expression in nonpigmented ciliary epithelium (rosch, 
ramer, Brune, & hinz, 2006).

Trabecular Meshwork

The TM is located at the base of the cornea, near the 
ciliary body. This tissue regulates the aqueous humor 
outflow in the anterior chamber. Within this tissue, 
there are a variety of receptors/targets for cannabi-
noid ligands, including the CB1, CB2, as well as non-
CB1/CB2 cannabinoid receptors (Caldwell et al., 2013; 
 Kumar et al., 2012; Qiao et al., 2012; stamer et al., 2001; 
straiker et al., 1999; Zhong et al., 2005). This section re-
views the signaling pathways of these receptors in the 
TM, and their relevance to the regulation of aqueous hu-
mor  outflow.

cAMP
Previously, it has been shown that cAMP is an im-

portant regulator of aqueous humor outflow through 
the TM pathway. usually, CB1/CB2 receptors are Gi-
protein receptors, and there is a decrease in cAMP when 
these receptors are activated. however, in TM cells, CP-
55,940 has been shown to cause a two- to three-fold in-
crease in cAMP, as a result of CB1 activation (stamer 
et al., 2001).
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Ions and Ion Channels
relaxation of TM is thought to result in a reduction 

in IOP. stimulation of human TM strips with CP-55,940 
or WIn55212-2 caused a dose-dependent relaxation of 
TM that is blocked by AM251. In addition, cannabinoids 
opened high-conductance Ca(2+)-activated K(+) chan-
nels, and this effect may contribute to the relaxation of 
TM, thus modulating aqueous humor outflow (stumpff 
et al., 2005).

further studies showed the ability of cannabinoids 
to modulate intracellular calcium in TM. stimulation of 
human TM cells with WIn55212-2 or CP-55,940 yield-
ed an increase in intracellular Ca2+ release. however, 
the mechanism of Ca2+ release was ligand-dependent. 
WIn55212-2-induced increase in [Ca2+]i was insensitive 
to PTX, and is therefore independent of Gi/o coupling. 
In contrast, the [Ca2+]i increase mediated by CP-55,940 
was PTX-sensitive, indicative of CB1- Gi/o coupling 
(McIntosh, hudson, yegorova, Jollimore, & Kelly, 2007).

P42/44 MAP Kinase
P42/44 MAP kinase is an important regulator of aque-

ous humor outflow through the TM pathway.
Various cannabinoid ligands have been shown to 

activate P42/44 MAP kinase in the TM. furthermore, 
P42/44 MAP kinase has been shown to be important for 
the outflow-enhancing effects of a variety of cannabi-
noid agonists, including CB1 selective ligand noladin 
ether, CB2 selective agonist JWh015, endocannabi-
noids AEA and 2-AG, and non-CB1/CB2 cannabinoid 
ligand abn-CBD and PEA (Kumar et al., 2012; McIntosh 
et al., 2007; njie et al., 2008a,b; Qiao et al., 2012; Zhong 
et al., 2005).

Ciliary Muscle

nonconventional, uveoscleral outflow pathway rep-
resents another mechanism that might mediate the IOP-
lowering actions of cannabinoids. Immunohistochem-
stry experiments have demonstrated the presence of CB1 
in the human ciliary muscle (straiker et al., 1999). To our 
knowledge, there are no published studies on the effects 
of cannabinoids on the uveoscleral pathway. however, 
cannabinoids have been shown to cause ciliary muscle 
contraction, which may lead to an enhanced aqueous 
humor outflow through the conventional pathway.

Exposure of bovine ciliary muscle to CP-55,940 and 
AEA caused a dose-dependent contraction of ciliary 
muscle that is prevented by sr141716A. further inves-
tigation showed that the CP55,940- and AEA-induced 
contraction is dependent on the Gi/o-protein, and phos-
pholipase C (lograno & romano, 2004).

stimulation of ciliary muscle by AEA in presence 
of muscarinic agonist carbachol increased contractil-
ity in a greater manner than AEA alone. This showed a 

 possibility of using muscarinic agonists in concert with 
cannabinoids to reduce IOP (romano & lograno, 2013).

In conclusion, modulation of the ciliary muscle by 
cannabinoids maybe an important mechanism for the 
IOP-lowering effects.

PROBLEMS AND FUTURE DIRECTIONS

Problems

Cannabinoids represent a promising way of reducing 
IOP. however, as with all emerging therapeutics, can-
nabinoid treatment of ocular hypertension is associated 
with several problems that must be remedied.

first of all, administration of cannabinoids is associ-
ated with systemic side effects, such as psychoactivity 
and cardiovascular problems (Purnell & Gregg, 1975). 
These systemic side effects interfere with patient com-
pliance (flach, 2002). systemic side effects can be mini-
mized through effective ocular drug delivery.

A second problem is the short duration of action of 
cannabinoids. The duration of action for topical admin-
istration of ∆9-ThC in humans is 2–4 h before a return to 
hypertensive ocular pressure (Plange et al., 2007). This 
poses a treatment problem, as hypertensive conditions 
last for the full day.

finding new, innovative ways to solve these problems 
is of utmost importance for treating ocular hypertension 
with cannabinoids.

Solutions and Future Directions

Non-CB1 Cannabinoid Ligands
systemic side effects such as psychoactivity and car-

diovascular problems can be remedied by utilizing can-
nabinoids that do not target the CB1. for example, topical 
administration of hu-211 in rabbit caused a reduction in 
IOP without the cardiac side effect of increased heart rate 
(naveh et al., 2000). unlike ∆9-ThC and hu-210, which 
act on the CB1 and CB2, hu-211 blocks the nMDA re-
ceptor (Pertwee et al., 2010). Therefore, hu-211 should 
not have the psychoactive and cardiac side effects medi-
ated by the CB1.

Sustained Drug Delivery
nanotechnology poses a possible way to overcome 

the short duration of action problem of cannabinoids. 
nanomedicine utilizes particles that are between 1 and 
100 nm in size, and exhibit distinct physical properties. 
Because of these properties, nanoparticles are able to 
protect and transport complex molecules, and prevent 
degradation. nanoparticles can be composed of many 
types of materials and forms, including liposomes, hy-
drogels, and dendrimers. These higher order structures 
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tightly regulate drug delivery, and allow for target deliv-
ery of therapy to desired tissues.

nanotechnology has been illustrated to improve the 
delivery of glaucoma treatments. for example, a study 
has been conducted in rabbits using uniform Egg-phos-
phatidylcholine (EggPC) liposomes loaded with latano-
prost for ocular delivery. These liposomes loaded with 
latanoprost were found to be stable, and a single injec-
tion to rabbit eye lowered IOP for at least 90 days. There-
fore, nanoparticles can be potentially used to deliver 
cannabinoids directly to targets, and to not only reduce 
systemic side effects, but also increase efficacy and dura-
tions of actions (Kim et al., 2014).

In summary, future directions for lowering IOP with 
cannabinoids include non-CB1 ligands, and sustained 
drug delivery.

MINI-DICTIONARY

Aqueous humor A gelatinous fluid that provides nutrients for 
avascular tissues in the eye. secretion and outflow of aqueous 
humor regulate intraocular pressure.
Ciliary epithelium located in the posterior chamber of the eye. 
Generates and secretes aqueous humor.
Ciliary muscle Composed of smooth muscle, it is part of the 
uveoscleral pathway.
Conventional outflow pathway Aqueous humor flows through 
the trabecular meshwork, and then empties into schlemm’s canal.
Glaucoma An eye disease begins with peripheral vision loss, 
and eventually total vision loss. risk factors include genetic 
predisposition and elevated intraocular pressure.
Intraocular pressure The pressure within the eye. Many 
antiglaucoma medications work to lower intraocular pressure.
Nonconventional/uveoscleral outflow pathway Aqueous 
humor flows through the ciliary muscle and passes over the 
suprachoroidal space, then exiting through the sclera.
Ocular hypertension A condition in which the intraocular 
pressure is higher than normal. It is one of the most important risk 
factors for glaucoma.
Trabecular meshwork located in the anterior portion of the eye, 
it is a component of the conventional outflow pathway.
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