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Figure	4.9	‐	Effects	of	the	combination	of	i.p.	Δ9‐THC	with	topical	0.2%	GAT229	on	IOP	in	

normotensive	C57Bl/6	mice.	(A)	Intraperitoneal	administration	of	5	mg/kg	Δ9‐THC	

produced	an	IOP‐lowering	effect	at	1	hour	compared	with	vehicle‐treated	mice.	However,	

i.p.	administration	of	1	mg/kg	Δ9‐THC	did	not	produce	an	IOP‐lowering	effect	and	was	

considered	sub‐threshold	(Dunnett’s	one‐way	ANOVA	compared	with	vehicle	treatment,	N	

=	5‐10	eyes	per	group).	(B)	In	mice	receiving	i.p.	1	mg/kg	Δ9‐THC,	there	was	a	significant	

decrease	in	IOP	in	eyes	receiving	topical	0.2%	GAT229	compared	with	contralateral	eyes	

receiving	vehicle	at	6	hours,	but	not	1	or	12	hours	post‐administration,	indicating	

potentiation	of	the	subthreshold	dose	(paired	t‐test,	N	=	9	mice).	*	=	P	<	0.05,	**	=	P	<	0.01.	
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administration	compared	with	mice	receiving	vehicle	(Fig.	4.9A),	and	was	therefore	

considered	a	subthreshold	dose.	

Combination	of	subthreshold	Δ9‐THC	with	GAT229	was	then	investigated	for	

potential	PAM‐induced	potentiation.	For	these	experiments,	mice	were	topically	

administered	vehicle	and	0.2%	GAT229	in	opposing	eyes,	alongside	i.p.	administration	of	1	

mg/kg	Δ9‐THC.	Like	the	topical	co‐administration	of	GAT229	with	WIN	(Fig.	4.8C),	the	

combination	of	subthreshold	i.p.	Δ9‐THC	and	topical	0.2%	GAT229	significantly	reduced	IOP	

at	6	hours	compared	with	contralateral	eyes	receiving	vehicle	(P	<	0.05,	‐0.6	±	0.7	and	1.2	±	

0.4	mmHg	from	baseline,	respectively,	N	=	9;	Fig.	4.9B),	but	not	at	1	or	12	hours.	Thus,	

again,	the	potentiation	of	the	orthosteric	ligand	with	GAT229	produced	an	IOP‐lowering	

effect,	but	with	a	different	time	course	to	the	suprathreshold	agonist	alone.	

Possible	IOP‐lowering	effects	through	potentiation	of	endocannabinoids	(e.g.,	AEA	

and	2‐AG)	by	CB1	allosteric	modulation	was	also	investigated	in	normotensive	mice.	As	

endocannabinoids	are	very	unstable,	they	are	difficult	to	administer	in	in	vivo	systems.	

Therefore,	endocannabinoids	were	artificially	increased	by	inhibiting	endocannabinoid	

degrading	enzymes.	The	FAAH	inhibitor	URB597	was	used	to	increase	AEA;	URB597	

injected	i.p.	increases	brain	AEA	within	15	mins	(and	lasting	at	least	16	hours);	therefore,	

likely	increasing	ocular	AEA	within	a	similar	timeframe	(Fegley	et	al.,	2005;	Piomelli	et	al.,	

2006).	To	facilitate	time	to	reach	ocular	tissues	and	exert	its	effects,	URB597	was	injected	

i.p.	30	mins	prior	to	topical	administration	of	GAT229.	IOP	recordings	were	measured	

immediately	prior	to	URB597	administration	(‐30	minutes),	immediately	prior	to	topical	

administration	of	GAT229	(0	minutes),	and	then	1,	6,	and	12	hours	thereafter.	Mice	

receiving	0.3	mg/kg	URB597	and	0.2%	GAT229	exhibited	a	significant	IOP‐lowering	effect	

compared	with	mice	receiving	i.p.	and	topical	vehicle	at	12	hours	following	topical	

administration	(P	<	0.05,	mean	difference	4.2	±	1.3	mmHg,	N	=	6	in	each	group;	Fig.	4.10).		
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Figure	4.10	‐	Effects	of	the	combination	of	the	i.p.	FAAH	inhibitor	URB597	with	topical	0.2%	

GAT229	in	normotensive	C57Bl/6	mice.	Intraperitoneal	administration	of	either	0.3	mg/kg	

URB597	(hatched	bars)	or	i.p.	vehicle	(solid	bars)	occurred	30	minutes	prior	to	topical	

application	(time	0)	of	either	vehicle	or	0.2%	GAT229.	Combination	of	either	i.p.	URB597	

with	topical	vehicle	(hatched	black),	or	i.p.	vehicle	with	topical	0.2%	GAT229	(solid	grey)	

did	not	produce	an	IOP‐lowering	effect	compared	with	combined	i.p.	and	topical	vehicle	

treatments	(solid	black).	However,	combination	of	URB597	with	0.2%	GAT229	(hatched	

grey)	produced	a	significant	IOP‐lowering	effect	at	12	hours	post	topical	administration	

compared	with	combined	i.p.	and	topical	vehicle	treatments.	N	=	5‐6	eyes	per	group.	

Dunnett’s	one‐way	ANOVA	compared	with	combined	vehicle	treatments.	*	=	P	<	0.05.		
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Neither	URB597	with	topical	vehicle,	nor	GAT229	with	i.p.	vehicle,	reduced	IOP	significantly	

at	any	of	the	time	points	measured	(N	=	5	and	6,	respectively).	

Next,	MAGL	inhibition	was	explored	to	investigate	potential	CB1	PAM	potentiation	of	

the	endocannabinoid	2‐AG.	Topical	administration	of	the	MAGL	inhibitor	KML29	has	

previously	been	shown	to	lower	IOP	at	1	hour	(Miller	et	al.,	2016a).	It	was	unknown	if	this	

effect	could	be	potentiated	by	a	CB1	PAM.	Similar	to	the	previous	report,	topical	

administration	of	1	mM	KML29	significantly	reduced	IOP	compared	to	eyes	receiving	

vehicle	1	hour	following	administration	(mean	difference	1.6	±	0.2	mmHg,	P	<	0.01,	N	=	5;	

Fig.	4.11C),	but	not	at	4	hours.	Neither	0.1	mM	nor	0.2	mM	produced	significant	IOP	

lowering	at	either	1	or	4	hours	(N	=	5	in	each	group;	Fig.	4.11A‐B),	and	were	considered	

subthreshold	doses.	Unlike	the	combination	of	GAT229	with	other	orthosteric	agonists,	

combination	of	0.1	or	0.2	mM	KML29	with	0.2%	GAT229	did	not	produce	an	IOP‐lowering	

effect	at	either	1	or	4	hours	compared	with	contralateral	eyes	receiving	vehicle	(N	=	6	and	9,	

respectively;	Fig.	4.11D‐E).	Peculiarly,	combination	of	0.2%	GAT229	and	1	mM	KML29	

resulted	in	no	significant	IOP‐lowering	effect	when	compared	with	eyes	receiving	vehicle	at	

1	or	4	hours	(N	=	5;	Fig.	4.11F),	unlike	administration	of	1	mM	KML29	alone	(Fig.	4.11C).	

4.3.1.2 Acute	Effects	of	CB1	Modulators	in	Ocular	Hypertensive	Mice	

The	effects	of	ocular	hypotensive	drugs	can	vary	in	normotensive	versus	

hypertensive	settings;	structural	alterations	in	tissues	associated	with	aqueous	humor	

outflow	have	been	reported	in	ocular	hypertensive	eyes,	and	may	affect	the	functioning	of	

certain	drugs	(Tamm	et	al.,	2015).	Additionally,	endocannabinoid	levels	are	altered	in	

various	disease	states,	which	may	alter	how	PAMs	function	(Di	Marzo,	2008;	Janero	&	

Thakur,	2016;	Pacher	&	Kunos,	2013).	Ocular	hypertensive	adult	nee	mice	(2‐6	months)	

were	used	to	investigate	the	effects	of	CB1	modulators.	
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Figure	4.11	‐	Effects	of	the	MAGL	inhibitor	KML29,	alone	or	in	combination	with	0.2%	

GAT229,	on	IOP	in	normotensive	C57Bl/6	mice.	The	effects	of	drugs	were	investigated	at	1	

and	4	hours	following	administration.	Administration	of	(A)	0.1	mM	and	(B)	0.2	mM	of	

KML229	had	no	effect	on	IOP.	(C)	Administration	of	1	mM	KML29	produced	a	significant	

IOP‐lowering	effect	at	1	hour	compared	with	vehicle	treatment.	Combined	treatment	of	

0.2%	GAT229	with	topical	(D)	0.1	mM,	(E)	0.2	mM,	or	(F)	1	mM	KML29	had	no	effect	on	IOP	

at	either	1	or	4	hours	compared	to	vehicle	treated	eyes.	N	=	5‐9	mice	per	group.	Paired	t‐

tests.	**	=	P	<	0.01.	
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Topical	administration	of	1%	WIN	in	nee	mice	did	not	significantly	reduce	IOP	

compared	with	contralateral	vehicle‐treated	eyes	at	1,	6,	or	12	hours	(N	=	6;	Fig.	4.12B),	

unlike	the	IOP‐lowering	effect	observed	after	administration	in	normotensive	wildtype	mice	

(Fig	4.5C).	Similarly,	0.25%	WIN	did	not	produce	an	IOP‐lowering	effect	(N	=	4;	Fig.	4.12A).	

As	observed	in	normotensive	mice	(Fig.	4.6),	administration	of	0.2%	or	2%	GAT211	did	not	

produce	an	IOP‐lowering	effect	1,	6,	or	12	hours	(N	=	6	and	5,	respectively;	Fig.	4.13A‐B),	

nor	did	combination	of	0.2%	or	2%	GAT211	with	0.25%	WIN	(N	=	6	and	4,	respectively;	Fig.	

4.13C‐D).	

Unlike	in	normotensive	mice	(Fig.	4.8A),	administration	of	0.2%	GAT229	alone	

produced	a	significant	IOP‐lowering	effect	compared	with	contralateral	eyes	receiving	

vehicle	at	6	and	12	hours	(P	<	0.05,	mean	difference	4.10	±	2.2	and	7.7	±	3.0	mmHg,	

respectively,	N	=	6;	Fig.	4.14A),	but	not	at	1	hour.	This	effect	was	similar	to	that	observed	in	

normotensive	mice	receiving	0.2%	GAT229	with	0.25%	WIN	(Fig.	4.8C).	Interestingly,	the	

combination	of	0.2%	GAT229	and	0.25%	WIN	did	not	produce	a	significant	IOP‐lowering	

effect	in	adult	nee	mice	(N	=	6;	Fig.	4.14C),	though	the	change	in	IOP	from	baseline	tended	

to	be	greater	in	those	eyes	than	in	vehicle.	In	contrast	to	the	IOP‐lowering	seen	with	0.2%	

GAT229	alone	at	6	and	12	hrs,	administration	of	2%	GAT229	alone	did	not	significantly	

produce	an	IOP‐	lowering	effect	at	1,	6,	or	12	hours	after	administration	(N	=	5;	Fig.	4.14B).	

However,	the	combination	of	2%	GAT229	with	0.25%	WIN	produced	a	significant	IOP‐

lowering	effect	at	1	hour	(P	<	0.05,	mean	difference	11.7	±	3.7	mmHg,	N	=	4;	Fig	4.14D),	but	

not	6	or	12,	similar	to	the	time	course	of	the	IOP‐lowering	effect	of	1%	WIN	in	normotensive	

mice	(Fig.	4.5C).		

To	investigate	if	GAT229	could	also	produce	an	IOP‐lowering	effect	using	a	different	

route	of	delivery,	i.p.	administration	was	also	investigated.	Twelve	hours	following	i.p.	

administration	of	10	mg/kg	GAT229,	changes	in	IOP	from	baseline	were	greater	compared		
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Figure	4.12	‐	Effects	of	topical	WIN	on	IOP	in	ocular	hypertensive	adult	nee	mice.	

Administration	of	either	(A)	0.25%,	or	(B)	1%	topical	WIN	did	not	have	significant	effect	on	

IOP	compared	with	vehicle‐treated	eyes.	N	=	4‐6	mice	per	group.	Paired	t‐tests.	
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Figure	4.13	‐	Effects	of	the	CB1	ago‐PAM	GAT211,	alone	or	in	combination	with	WIN,	on	IOP	

in	ocular	hypertensive	adult	nee	mice.	Topical	administration	of	GAT211	at	(A)	0.2%,	or	(B)	

2%,	did	not	reduce	IOP	compared	with	vehicle‐treated	group.	Combinations	of	(C)	0.2%	

GAT211,	or	(D)	2%	GAT211,	with	0.25%	WIN	also	did	not	lower	IOP	compared	with	

vehicle‐treated	eyes.	N	=	4‐6	mice	per	group.	Paired	t‐tests.	
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Figure	4.14	‐	Effects	of	topical	administration	of	the	CB1	PAM	GAT229,	alone	or	in	

combination	with	WIN,	on	IOP	in	ocular	hypertensive	adult	nee	mice.	(A)	Topical	

administration	of	0.2%	GAT229	alone	significantly	reduced	IOP	at	6	and	12	hours	following	

administration,	as	compared	to	contralateral	vehicle‐treated	eye.	(B)	However,	the	

administration	of	2%	GAT229	had	no	effect	on	IOP.	(C)	Co‐administration	of	0.2%	

GAT229with	0.25%	WIN	did	not	affect	IOP,	compared	to	vehicle,	at	1,	6,	or	12	hours	

following	treatment.	(D)	Co‐administration	of	2%	GAT229	with	0.25%	WIN	produced	a	

significant	IOP‐lowering	effect	at	1	hour	following	administration,	but	not	6	or	12	hours.	N	=	

4‐6	mice	per	group.	Paired	t‐tests.	*	=	P	<	0.05.	
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with	adult	nee	mice	receiving	vehicle	(P	<	0.01,	mean	difference	8.7	±	2.5	mmHg,	N	=	4	mice	

per	group,	t‐test;	Fig.	4.15),	an	effect	which	was	similar	to	the	effect	of	topical	0.2%	GAT229	

in	nee	mice	(Fig	4.14).	

4.3.2 THE	EFFECT	OF	CB1	MODULATORS	ON	TNFα‐INDUCED	AMPA	
RESPONSES	AND	NEUROPROTECTION	

4.3.2.1 Cannabinoid‐Mediated	Modulation	of	TNFα‐Induced	cpAMPAR	Expression	

In	the	previous	chapter	(Chapter	3),	I	reported	that	one	mechanism	possibly	

contributing	to	glaucomatous	RGC	loss	is	via	a	TNFα‐induced	increase	in	cpAMPAR	

expression.	In	hippocampal	neurons,	WIN	administration	prevented	TNFα‐induced	

increases	in	surface	GluA1	expression	by	a	CB1‐dependent	mechanism.	This	reduction	was	

also	associated	with	a	reduction	in	excitotoxic	death	(Zhao	et	al.,	2010).	Therefore,	it	is	

possible	that	CB1	activation	in	the	retina	could	act	similarly,	and	may	be	a	mechanism	by	

which	CB1	activation	could	provide	IOP‐independent	neuroprotection.	

To	investigate	this	hypothesis,	Ca2+	imaging	was	performed	on	ex	vivo	wildtype	

retinas	as	per	Chapter	4,	with	the	following	additions.	Following	initial	AMPA	

administration	(10	µM)	and	recovery,	retinas	were	subjected	to	either	WIN	(10	µM;	Lalonde	

et	al.,	2006;	Opere	et	al.,	2006;	Zhao	et	al.,	2010)	or	vehicle	for	30	minutes	prior	to	the	

addition	of	10‐3	μg/μL	TNFα	or	vehicle	for	45	minutes.	AMPA‐induced	calcium	responses	

were	then	observed	immediately	following	TNFα	or	vehicle,	and	then	15	and	30	minutes	

thereafter.	

Compared	with	retinas	receiving	vehicle,	AMPA‐induced	calcium	responses	

immediately	following	incubation	of	TNFα	alone	were	significantly	larger	(P	<	0.05,	mean	

difference	148.4	±	38.9%,	N	=	4‐5;	Fig.	4.16).	However,	this	response	was	not	significant	15	

or	30	minutes	later.	Exposure	to	WIN	prior	to	TNFα	significantly	reduced	the	TNFα		
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Figure	4.15	‐	Effects	of	i.p.	administered	GAT229	on	IOP	in	ocular	hypertensive	adult	nee	

mice.	Intraperitoneal	administration	of	10	mg/kg	GAT229	resulted	in	a	significant	decrease	

in	IOP	from	baseline	at	12	hours,	but	not	1	or	6	hours,	following	administration	when	

compared	with	vehicle	treated	mice.	N	=	7‐8	eyes	per	group.	Unpaired	t‐test.	**	=	P	<	0.01.	
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Figure	4.16	‐	Effects	of	WIN	on	TNFα‐induced	increase	in	AMPA	response	in	naïve	C57Bl/6	

ganglion	cell	layer	neurons.	AMPA	was	administered	alone	(10	µM,	baseline)	prior	to	30	

minute	incubation	of	either	WIN	(10	µM,	hatched)	or	vehicle	(solid	bars),	followed	by	a	45	

minute	incubation	with	either	TNFα	(10‐3	μg/μL,	grey)	or	vehicle	(black).	Responses	in	each	

cell	were	normalized	to	the	initial	AMPA	response	(100%)	prior	to	analysis.	Immediately	

following	incubation,	AMPA	was	administered	again	(30+45	min),	and	then	15	(+15	mins)	

and	30	minutes	(+30	mins)	thereafter.	Immediately	following	incubation,	bath	application	

of	TNFα	alone	resulted	in	significantly	greater	AMPA‐induced	calcium	responses	compared	

with	vehicle	treatment.	While	WIN	administration	in	the	absence	of	TNFα	did	not	produce	a	

significant	effect	compared	with	vehicle	treatment,	WIN	administration	in	the	presence	of	

TNFα	resulted	in	significantly	lower	AMPA‐induced	calcium	responses	immediately	

following	incubation	compared	to	TNFα	treatment	alone,	but	was	not	significantly	different	

from	vehicle	treatment	alone	or	WIN	treatment	in	the	absence	of	TNFα.	N	=	3‐5	

experiments	per	group.	Tukey’s	one‐way	ANOVA.	*	=	P	<	0.05	(compared	with	vehicle	+	

TNFα	treatment).	
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response	(P	<	0.05,	mean	difference	127.7	±	41.0%,	N	=	4),	and	was	not	significantly	

different	from	vehicle	(P	>	0.05).	Administration	of	WIN	in	the	absence	of	TNFα	did	not	

appear	to	have	any	effect	on	AMPA‐induced	Ca2+	responses	at	any	time	point	(P	>	0.05;	N	=	

3).	These	results	are	consistent	with	the	findings	in	hippocampal	neurons	(Zhao	et	al.,	

2010),	and	suggest	that	CB1	modulation	can	inhibit	TNFα‐induced	increases	in	cpAMPARs	

on	RGCs,	and	may	therefore	be	a	possible	mechanism	of	IOP‐independent	neuroprotection	

in	glaucoma.		

4.3.2.2 The	Effect	of	Chronic	CB1	PAM	Administration	in	Nee	Mice		

The	effect	of	chronic	CB1	PAM	administration	on	glaucomatous	RGC	death	was	then	

investigated	in	two	models	of	glaucoma:	in	an	ocular	hypertensive	model	(nee),	and	an	IOP‐

independent	model	(ONT).	Nee	mice	were	administered	either	topical	or	i.p.	CB1	

modulators	once	per	day	for	either	12	or	21	days	beginning	at	p16	(Fig.	4.17‐19).	Daily	

topical	administration	of	either	0.2%	or	2%	GAT211	or	GAT229	alone	for	12	days	did	not	

produce	any	effect	on	RGC	density	compared	with	the	vehicle‐treated	group	(N	=	8‐12	in	

each	group;	Fig.	4.17B).	While	RGC	density	tended	to	be	greater	in	eyes	receiving	0.25%	

WIN	than	in	vehicle,	there	was	no	statistically	significant	effect,	nor	was	there	any	

difference	in	RGC	density	in	eyes	receiving	1%	WIN	(N	=	8	in	each	WIN	group;	Fig.	4.17B).	

Administration	of	0.25%	WIN	did	increase	the	regional	RGC	density	in	the	middle	retina	(P	

<	0.05,	mean	difference	with	vehicle	treatment	170	±	422	RGCs/mm2;	Fig.	4.17C),	but	not	in	

the	central	or	peripheral	retina.	This	increase	in	RGC	density	was	surprising,	especially	

given	that	IOPs	of	nee	mice	before	sacrifice	(12	hours	after	administration	of	the	drug;	9:30	

pm)	were	significantly	higher	than	nee	mice	receiving	vehicle	(P	<	0.05,	32.2	±	1.8	and	24.1	

±	1.5	mmHg,	respectively;	Fig.	4.17A).	Topical	co‐administration	of	0.2%	GAT229	and	

0.25%	WIN	for	12	days	also	did	not	produce	an	effect	on	RGC	density	(N	=	10;	Fig.	4.17B).	

Except	for	the	previously	mentioned	0.25%	WIN	treatment,	IOPs	taken	from	nee	mice	on		
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Figure	4.17	‐	IOP	and	RGC	density	after	12	days	of	daily	topical	administration	of	drugs	in	

nee	mice.	Beginning	at	p16,	nee	mice	received	12	days	of	consecutive	topical	treatment	of	

either	vehicle	(grey),	GAT211	(0.2	or	2%,	blue),	GAT229	(0.2	or	2%,	red),	WIN	(0.25	or	1%,	

green),	or	the	combination	of	0.2%	GAT229	and	0.25%	WIN	(purple).	(A)	Twelve	hours	

following	topical	administration	on	the	final	day,	absolute	IOPs	were	significantly	higher	in	

nee	mice	receiving	0.25%	WIN	alone	compared	with	vehicle‐treated	eyes.	(B)	Mean	RGC	

densities	did	not	significantly	differ	from	vehicle	treatment.	(C)	However,	administration	of	

0.25%	WIN	alone	resulted	in	significantly	greater	regional	RGC	density	in	the	middle	retina,	

but	not	central	or	peripheral	retina,	compared	with	vehicle	treatment.	No	other	drug	

treatment	produced	a	significant	effect	on	either	mean	RGC	density,	or	regional	RGC	density	

per	retina.	N	=	8‐12	eyes	per	group.	Dunnett’s	one	way	ANOVA	compared	with	vehicle	

treatment.	*	=	P	<	0.05.	
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Figure	4.18	‐	IOP	and	RGC	density	after	21	days	of	daily	topical	administration	of	drugs	in	

nee	mice.	Beginning	at	p16,	nee	mice	received	21	days	of	consecutive	topical	treatment	of	

either	vehicle	(grey),	GAT211	(0.2	or	2%,	blue),	GAT229	(0.2	or	2%,	red),	WIN	(0.25	or	1%,	

green),	or	the	combination	of	GAT229	(0.2%	or	2%)	and	0.25%	WIN	(purple).	(A)	Twelve	

hours	following	topical	administration	on	the	21st	day,	absolute	IOPs	were	not	significantly	

different	compared	with	vehicle‐treated	eyes.	(B)	Mean	RGC	densities	or	(C)	regional	RGC	

densities	per	retina	were	not	significantly	different	following	21	day	drug	treatments	from	

vehicle‐treated	retinas.	N	=	8‐12	eyes	per	group.	Dunnett’s	one	way	ANOVA	compared	with	

vehicle	treatment.	
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Figure	4.19	‐	IOP	and	RGC	density	after	21	days	of	daily	i.p.	administration	in	nee	mice.	

Beginning	at	p16	nee	mice	were	administered	with	either	vehicle	(grey),	10	mg/kg	GAT211	

(blue),	or	10	mg/kg	GAT229	(red).	(A)	Twelve	hours	following	i.p.	administration	on	the	

last	day,	IOP	in	nee	mice	receiving	either	GAT211	or	GAT229	were	not	significantly	different	

than	vehicle‐treated	mice.	(B)	Additionally,	GAT211	or	GAT229	treatment	did	not	result	in	

significantly	different	mean,	or	(C)	regional	RGC	densities	compared	to	vehicle‐treated	eyes.	

N	=	10‐11	eyes	per	group.	Dunnett’s	one	way	ANOVA	compared	with	vehicle	treatment.	
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the	last	day	of	administration,	12	hours	following	the	final	administration,	were	not	

significantly	different	from	nee	mice	eyes	receiving	vehicle	treatment	(Fig.	4.17A).	

Following	21	days	administration,	compared	with	vehicle‐treated	eyes,	RGC	

densities	in	nee	mice	receiving	daily	0.2%	or	2%	GAT211	or	GAT299	were	not	significantly	

different	(N	=	9‐12;	Fig.	4.18B).	Unlike	12	day	administration	(Fig.	4.17C),	RGC	density	in	

eyes	receiving	0.25%	WIN	were	not	significantly	different	in	any	retinal	sector	(N	=	10;	Fig.	

4.18C),	as	was	the	case	following	1%	WIN	administration	(N	=	12).	Combination	of	0.25%	

WIN	with	0.2%	or	2%	GAT229	also	had	no	effect	on	RGC	density	(N	=	10	and	8,	

respectively).	None	of	the	IOPs	taken	from	each	drug	group	were	significantly	different	

from	eyes	receiving	vehicle	on	the	final	day,	12	hours	after	administration	(Fig.	4.18A).		

Efficacy	using	an	alternate	route	of	administration	was	also	investigated.	Daily	i.p,	

injections	of	either	GAT211	or	GAT229	(10	mg/kg)	for	21	days	beginning	at	p16	had	no	

effect	on	RGC	density	when	compared	with	vehicle,	or	on	IOP	measured	12	hours	after	

administration	on	the	final	day	(N	=	10‐11	in	each	group;	Fig.	4.19).		

4.3.2.3 The	Effect	of	Chronic	CB1	PAM	Administration	in	Optic	Nerve	Transection	

As	RGC	damage	following	ONT	does	not	rely	on	IOP,	ONT	was	also	used	to	test	for	

potential	IOP‐independent	neuroprotection	via	CB1	modulation.	Axotomized	eyes	were	

treated	topically	for	7	days.	Similar	to	12	day	administration	in	nee	mice	(Fig.	4.17),	topical	

administration	of	either	0.2%	or	2%	GAT211	or	GAT229	alone	had	no	effect	on	average	RGC	

density	(N	=	4‐5	in	each	group;	Fig.	4.20A);	however,	administration	of	2%	GAT229	did	

result	in	an	increased	regional	RGC	density	in	central	retina	(P	<	0.05,	mean	difference	322	

±	105	RGCs/mm2;	Fig.	4.20B).	Overall,	axotomized	eyes	receiving	daily	topical	

administration	of	0.25%	WIN	(N	=	5)	or	1%	WIN	(N	=	5),	did	not	have	significantly	greater		
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Figure	4.20	‐	RGC	density	after	7	days	of	daily	topical	administration	in	axotomized	adult	

C57Bl/6	mice.	Starting	on	the	day	of	surgery,	axotomized	mice	received	7	days	of	

consecutive	topical	treatments	of	either	vehicle	(grey),	GAT211	(0.2	or	2%,	blue),	GAT229	

(0.2	or	2%,	red),	WIN	(0.25	or	1%,	green),	or	the	combination	of	0.2%	GAT229	and	0.25%	

WIN	(purple).	(A)	Mean	RGC	densities	in	drug‐treated	groups	were	not	significantly	

different	from	the	vehicle‐treated	group.	(B)	Administration	of	0.25%	WIN	resulted	in	a	

significantly	higher	regional	RGC	density	in	middle	retina	compared	with	vehicle,	while	

administration	of	2%	GAT229	resulted	in	a	significantly	higher	RGC	density	in	central	retina	

No	other	drug	treatment	produced	a	significant	effect	on	RGC	density	in	central,	middle,	or	

peripheral	retina	compared	with	vehicle	treatment.	N	=	4‐7	eyes	per	group.	Dunnett’s	one‐

way	ANOVA	compared	with	vehicle	treatment.	*	=	P	<	0.05.	
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RGC	density	than	vehicle‐treated	axotomized	eyes	(N	=	7),	yet	RGC	density	in	the	middle	

retina	was	significantly	greater	in	retinas	receiving	0.25%	WIN	(mean	difference	311	±	111	

RGCs/mm2;	Fig.	4.20B).	The	combination	of	0.2%	GAT229	with	0.25%	WIN	had	no	effect	on	

RGC	density	(N	=	5).		

To	investigate	if	GAT229	could	also	potentiate	endocannabinoid‐mediated	IOP‐

lowering,	the	FAAH	inhibitor	URB597	was	administered	i.p.	daily,	while	GAT229	was	

administered	topically.	URB597	administration	post‐axotomy	in	rats	was	previously	

reported	to	increase	retinal	AEA	and	provide	neuroprotection	of	RGCs	(Slusar	et	al.,	2013).	

In	axotomized	eyes,	daily	injection	of	0.3	mg/kg	URB597	either	alone	or	in	combination	

with	topical	0.2%	GAT229	did	not	result	in	overall	changes	in	RGC	density	compared	with	

vehicle	(N	=	4‐7	in	each	group;	Fig	4.21A).	However,	administration	of	URB597	alone	

significantly	reduced	regional	RGC	density	in	peripheral	retina	compared	with	vehicle	(P	<	

0.05,	mean	difference	182	±	52	cells/mm2;	Fig.	4.21B).	Compared	to	URB597	treatment	

alone,	co‐administration	with	0.2%	GAT229	resulted	in	an	increase	in	RGC	density	in	both	

middle	and	peripheral	retina	(P	<	0.05,	mean	difference	230	±	85	and	190	±	56	RGCs/mm2,	

respectively;	Fig.	4.21B).	

4.4 DISCUSSION	

The	work	in	this	chapter	investigated	the	hypothesis	that	CB1	PAMs	may	be	a	

potential	novel	therapeutic	for	the	treatment	of	glaucoma,	through	both	IOP‐modification	as	

well	as	direct	RGC	neuroprotection.	Administration	of	GAT229,	but	not	GAT211	modified	

IOP,	either	alone	in	nee,	or	when	combined	with	subthreshold	CB1	orthosteric	agonists	

(0.25%	WIN	or	1	mg/kg	Δ9‐THC)	or	an	indirect	CB1	agonist	(0.3	mg/kg	URB597)	in	

normotensive	mice.	However,	while	ex	vivo	CB1	modulation	via	WIN	was	able	to	directly	

manipulate	a	mechanism	which	may	contribute	to	glaucomatous	RGC	loss	(TNFα‐induced		
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Figure	4.21	‐	RGC	density	after	7	days	of	daily	i.p.	administration	of	URB597	(0.3	mg/kg),	

alone	or	in	combination	with	topical	administration	of	GAT229	(0.2%),	in	axotomized	adult	

C57Bl/6	mice.	(A)	Mean	RGC	density	did	not	significantly	differ	in	either	group	compared	

with	vehicle.	(B)	Regional	RGC	density	in	peripheral	retina	of	URB597‐treated	mice	was	

significantly	lower	than	vehicle	treated	retinas.	On	the	other	hand,	RGC	densities	in	middle	

and	peripheral	retina	in	mice	treated	with	URB597	and	GAT229	were	significantly	higher	

than	in	URB597	treatment	alone,	but	were	not	significantly	different	from	vehicle‐treated	

group.	N	=	4‐7	eyes	per	group.	Tukey’s	one‐way	ANOVA.	*	=	P	<	0.05.	
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changes	in	cpAMPAR	expression),	chronic	administration	of	GAT211	or	GAT229	did	not	

provide	significant	neuroprotection	in	two	models	of	experimental	glaucoma.	

4.4.1 CB1	PAMS	CAN	MODULATE	IOP	

While	CB1	PAMs	did	not	appear	to	deliver	neuroprotection	in	the	two	models	used,	

the	finding	that	GAT229	could	modify	IOP	was	exciting,	and	is	the	first	reported	instance	of	

CB1	PAM‐mediated	IOP	lowering.	Typically,	direct	orthosteric	activation	of	CB1	results	in	an	

IOP‐lowering	effect	in	mice	occurring	within	one	hour	of	administration,	as	observed	in	

normotensive	mice	receiving	either	topical	1%	WIN	(Fig.	4.5)	or	i.p.	5	mg/kg	Δ9‐THC	(Fig.	

4.9),	and	typically	lasts	for	1‐3	hours	(Chien	et	al.,	2003;	Hudson	et	al.,	2011;	Laine	et	al.,	

2002b;	Oltmanns	et	al.,	2008;	Porcella	et	al.,	2001;	Song	&	Slowey,	2000).	In	contrast,	in	

both	nee	and	normotensive	mice,	most	GAT229‐potentiated	IOP	effects	were	delayed,	

occurring	most	frequently	approximately	6	hours	after	administration,	and	sometimes	

lasting	for	at	least	6	hours,	as	measured	12	hours	post‐administration.	This	extended	

duration	of	action	is	important	if	CB1	PAMs	are	to	be	considered	for	use	as	an	IOP‐modifying	

therapeutic,	as	this	translates	to	less	frequent	administration.	Medication	requiring	

frequent	administration	has	been	associated	with	lack	of	compliance	in	glaucoma	patients,	

and	may	lead	to	poor	IOP	control,	and	thus	ineffective	treatment	(J.	C.	Buchan	et	al.,	2007;	

Hermann	et	al.,	2011a;	Hermann	et	al.,	2011b;	Reardon	et	al.,	2011).		

The	mechanism	by	which	GAT229	would	delay	and/or	extend	the	IOP‐lowering	

actions	of	CB1	is	not	yet	known.	Though,	it	does	not	appear	to	be	probe	specific,	as	

combination	of	GAT229	with	either	1	mg/kg	Δ9‐THC	or	0.25%	WIN	in	normotensive	mice,	

and	presumed	endocannabinoids	in	nee	mice,	produced	the	same	delay	in	effect.	Like	other	

allosteric	modulators,	this	delay	could	be	due	to	stabilization	of	the	receptor	in	an	alternate	

conformational	state	(K.	H.	Ahn,	Mahmoud,	&	Kendall,	2012;	Fay	&	Farrens,	2015;	Janero	&	
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Thakur,	2016;	Kenakin,	2016;	T.	Nguyen	et	al.,	2016;	Shore	et	al.,	2014;	Wootten	et	al.,	

2013).	Consistently,	three	spatiotemporally	distinct	“waves”	of	CB1	signalling	following	

orthosteric	agonism	have	been	also	previously	reported,	resulting	from	association	with	

different	effector	proteins	as	the	receptor	moves	from	activation	at	the	cell	surface,	to	

phosphorylation	and	recruitment	of	β‐arrestins,	to	intracellular	signalling	following	

receptor	internalization	(Nogueras‐Ortiz	&	Yudowski,	2016).	Therefore,	it	may	be	possible	

that	allosteric	modulation	of	CB1	may	promote	a	receptor	confirmation	which	may	bias	

signalling	towards	a	particular	wave	(Fay	&	Farrens,	2015;	Janero	&	Thakur,	2016;	

Nogueras‐Ortiz	&	Yudowski,	2016).	Consistent	with	this,	GAT211	decreased	the	rate	of	

CP55,940	dissociation	at	CB1	in	mouse	whole	brain	membranes	(Laprairie	et	al.,	2017).	

While	the	disassociation	kinetics	of	GAT229	were	not	investigated,	it	is	likely	that	they	have	

similar	effects	to	GAT211.	GAT229	is	also	reported	to	have	bias	towards	cAMP	inhibition	

over	β‐arrestin2	recruitment	(Laprairie	et	al.,	2017);	however,	at	this	time,	it	is	unclear	

what	type	of	temporal	outcome	this	may	have	on	signalling	(Nogueras‐Ortiz	&	Yudowski,	

2016).		

Two	CB1	negative	allosteric	modulators,	PSNCBAM‐1	and	ORG27569,	also	had	

delayed	effects	in	vitro	in	human	embryonic	kidney	3HA‐hCB1	cells	and	Neuro‐2A	cells	

(Cawston	et	al.,	2013).	As	CB1	is	Gi‐coupled,	administration	of	CP55,940	reduces	forskolin‐

induced	cAMP	production	(Pertwee,	2015).	At	doses	corresponding	to	their	respective	EC50,	

both	PSNCBAM‐1	and	ORG27569	abolished	CP55,940‐mediated	inhibition	on	cAMP	

production,	but	this	effect	was	delayed	by	approximately	3	and	9	minutes,	respectively.	

Furthermore,	this	effect	appeared	to	be	concentration‐dependent,	as	higher	doses	did	not	

experience	a	lag	in	effect,	and	produced	actions	that	were	consistent	with	stabilization	of	

CB1	in	an	inactive	state	(Cawston	et	al.,	2013).	Even	though	this	lag	in	effect	was	within	a	

matter	of	minutes,	rather	than	the	approximate	5	hour	delay	seen	with	GAT229	on	IOP,	it	is	
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possible	that	these	small	in	vitro	delays	may	be	additive,	resulting	in	significantly	amplified	

effects	in	vivo.	These	results	suggest	that	allosteric	modulation	of	CB1,	provides	the	

capability	of	stabilization	of	receptors	in	different	confirmations,	which	could	promote	

altered	signalling	similar	to	other	allosteric	modulators	at	different	GPCRs	(Cawston	et	al.,	

2013;	Janero	&	Thakur,	2016;	T.	Nguyen	et	al.,	2016;	Wootten	et	al.,	2013).	In	fact,	specific	

analysis	of	the	effects	of	ORG27569	on	CB1	has	revealed	promotion	of	a	receptor	state	which	

is	different	from	both	the	inactive	and	active	forms	(Fay	&	Farrens,	2012;	Fay	&	Farrens,	

2015).	Further	analysis	of	the	specific	effects	of	GAT229	on	CB1,	including	changes	over	

time,	may	reveal	the	specific	mechanisms	which	lead	to	this	in	vivo	delay.	

As	PAMs	cannot	activate	the	receptor	in	the	absence	of	an	orthosteric	ligand,	any	

PAM‐mediated	activity	is	dependent	on	the	presence	of	an	orthosteric	ligand	(Janero	&	

Thakur,	2016;	Kenakin,	2016).	Therefore,	the	activity	GAT229	on	CB1	is	dependent	either	on	

the	presence	of	an	administered	exogenous	orthosteric	ligand	(e.g.,	WIN),	or	local	

production	of	endocannabinoids.	In	normotensive	mice,	the	absence	of	any	IOP‐lowering	

effect	of	GAT229	when	administered	without	addition	of	exogenous	orthosteric	ligands	is	

suggestive	of	basal	endocannabinoid	levels	which	are	insufficient	to	evoke	CB1‐mediated	

IOP	responses	(Janero	&	Thakur,	2016;	Laprairie	et	al.,	2017).	On	the	other	hand,	in	nee	

mice,	the	IOP	lowering	observed	with	administration	of	either	topical	0.2%	GAT229	or	10	

mg/kg	GAT229	without	addition	of	exogenous	orthosteric	ligands	is	suggestive	of	an	

increase	in	endocannabinoids	compared	to	normotensive	mice.		

This	finding	is	somewhat	in	contrast	with	previous	reports	investigating	

endocannabinoid	levels	in	glaucoma.	Nucci	et	al.	(2007)	reported	decreased	retinal	AEA	

following	ischemia	reperfusion	injury	in	rats	(alongside	increased	FAAH	activity,	and	

decreased	CB1	expression).	However,	in	ocular	tissues	from	human	cadavers	with	glaucoma,	

decreased	2‐AG	and	palmitoylethanolamide	(PEA)	was	reported	in	the	ciliary	body,	and	
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decreased	PEA	was	found	in	the	choroid,	with	no	reported	change	in	AEA	in	any	of	the	

tissues	measured.	Studies	investigating	endocannabinoid	profiles	can	be	difficult	to	

interpret	given	their	labile	nature	(Angelini,	Argueta,	Piomelli,	&	DiPatrizio,	2017;	Di	Marzo,	

2008).	Endocannabinoids	are	degraded	rapidly,	thus	technical	differences	in	tissue	

acquisition	or	preparation	can	significantly	affect	the	outcome	of	the	study	(Angelini	et	al.,	

2017;	Piscitelli	&	Bradshaw,	2017).	Nevertheless,	the	results	demonstrated	here	indicate	

that	further	investigation	is	required	specifically	with	respect	to	measurement	of	

endocannabinoid	levels.	Lipid	profiling	in	nee	mice	has	yet	to	be	performed	but	would	

provide	valuable	future	insight	into	disease	specific	changes	in	these	animals	and	the	

actions	of	CB1	PAMs.		

The	hypothesis	that	IOP	effects	of	GAT229	are	due	to	potentiation	of	elevated	

endocannabinoids	in	nee	mice	are	consistent	with	the	IOP‐lowering	effect	of	GAT229	when	

combined	with	the	FAAH	inhibitor	URB597	in	normotensive	mice	(Fig	4.10).	With	this	

combination,	although	a	slight	reduction	of	IOP	was	present	throughout	each	of	the	time	

points	observed,	this	effect	was	only	significant	at	12	hours	after	GAT229	administration,	

similarly	delayed	as	reported	above.		

The	interpretation	of	these	results	is	complicated	by	the	multiplicity	of	actions	of	

FAAH;	FAAH	metabolises	not	only	AEA,	but	also	contributes	to	the	production	of	other	

cannabinoid‐related	lipids,	including	NAGly	via	arachidonic	acid	(Bradshaw	et	al.,	2009;	

Fowler	et	al.,	2017;	Miller	et	al.,	2016b).	FAAH	and	NAGly,	through	actions	at	GPR18,	have	

recently	been	demonstrated	to	play	a	role	in	diurnal	changes	of	IOP	in	mice	(Aihara	et	al.,	

2003;	Hudson	et	al.,	2011;	Miller	et	al.,	2016b).	In	both	humans	and	mice,	IOP	changes	

throughout	the	day;	depending	on	the	light	cycle,	in	mice,	IOP	is	the	lowest	around	12‐1	pm,	

while	the	highest	around	9‐10	pm	(Aihara	et	al.,	2003;	Hudson	et	al.,	2011).	Miller	et	al.	

(2016b)	reported	increases	in	NAGly	at	noon	(when	IOP	is	the	lowest),	compared	to	
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midnight.	Blocking	noontime	increases	in	NAGly	through	FAAH	inhibition,	or	directly	

blocking	GPR18,	was	associated	with	an	increase	in	IOP.	Conversely,	blocking	GPR18	at	

night,	when	IOP	is	the	highest,	had	no	effect	on	IOP.	These	results	suggest	that	NAGly	is	

involved	in	daytime	IOP	lowering	in	mice	(Miller	et	al.,	2016b).	As	I	began	my	experiments	

at	9:30	am,	this	noontime‐effect	would	correspond	to	approximately	3	hours	following	

topical	application	of	GAT229.	Therefore,	blocking	NAGly	production	via	FAAH	should	

prevent	IOP	lowering	as	a	result	of	diurnal	variation	at	3	hours,	which	was	a	time	point	not	

measured	in	my	study.	Regardless,	in	my	experiments,	administration	of	0.3	mg/kg	URB597	

alone	at	any	time	point	did	not	produce	an	effect	on	IOP	compared	with	vehicle,	suggesting	

a	lack	of	effect	on	diurnal	variation	of	IOP	at	the	time	points	measured.	On	the	contrary,	the	

potentiation	of	the	URB597	response	with	GAT229	implies	CB1‐mediated	IOP	lowering	

through	AEA.	Again,	the	observed	IOP	effect	is	consistent	with	endocannabinoid‐mediated	

actions	of	GAT229	in	nee	mice.		

On	the	other	hand,	the	lack	of	effect	of	MAGL	inhibition	when	combined	with	

GAT229	in	normotensive	mice	was	surprising	(Fig.	4.9F),	especially	given	that	on	its	own	

KML29	was	able	to	produce	an	IOP‐lowering	effect	(Fig.	4.9C),	consistent	with	a	previous	

report	(Miller	et	al.,	2016a).	The	cause	of	this	apparent	loss	of	effect	is	unknown,	but	could	

be	a	result	of	alterations	in	the	response	time	of	the	IOP‐lowering,	which	was	not	captured	

given	the	time	points	measured.	As	1mM	KML29	was	already	above	threshold,	it’s	possible	

that	the	enhancement	of	GAT229	at	this	dose	may	have	resulted	in	rapid	receptor	

activation,	and	desensitization,	resulting	in	an	early	effect,	that	was	also	quickly	lost,	similar	

to	the	loss	of	time	lag	with	higher	doses	of	either	ORG27569	and	PSNCBAM‐1	in	vitro	

(Cawston	et	al.,	2013;	Cawston,	Connor,	Di	Marzo,	Silvestri,	&	Glass,	2015).	Therefore,	

further	investigation	of	the	time	course	in	IOP	changes	with	the	combination	of	these	two	

drugs	may	be	warranted.	
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Nevertheless,	the	ability	of	CB1	PAMs	to	modulate	CB1	without	administration	of	

exogenous	CB1	direct	orthosteric	agonists	during	nee	pathology	is	advantageous;	especially	

if	these	findings	extend	to	human	glaucoma	pathologies.	One	of	the	disadvantages	of	

administration	of	CB1	direct	agonists	is	that	global	on‐target,	but	off‐site,	receptor	activation	

can	result	in	side	effects	(Ligresti	et	al.,	2016;	Pertwee,	2012).	In	theory,	a	CB1	PAM	would	

only	exert	effects	where	endocannabinoids	are	being	produced	and	released	(Janero	&	

Thakur,	2016),	which	is	typically	spatially	and	temporally	restricted	(Fowler	et	al.,	2017),	

and	in	this	case,	is	hypothesized	to	be	increased	in	areas	associated	with	aqueous	humor	

dynamics.	Because	of	this,	administration	of	GAT229	on	its	own	would	not	be	expected	to	

produce	the	same	profile	of	side	effects	as	a	direct	orthosteric	agonist,	including	

psychoactivity	(Laprairie	et	al.,	2017).	This	was	true	of	the	ago‐PAM	GAT211,	as	well	as	the	

chemically	similar	CB1	PAM	ZCZ011.	Neither	of	these	compounds	when	administered	alone	

in	WT	mice	resulted	in	tetrad	activity	(catalepsy,	hypothermia,	and	antinocicpetion),	typical	

hallmarks	of	global	CB1	activation	(Ignatowska‐Jankowska	et	al.,	2015;	Slivicki	et	al.,	2017).	

However,	when	administered	in	models	of	pain,	the	same	doses	were	sufficient	to	provide	

therapeutic	efficacy	(Ignatowska‐Jankowska	et	al.,	2015;	Slivicki	et	al.,	2017).		

In	both	normotensive	and	nee	mice,	the	absence	of	IOP‐lowering	effects	by	the	

racemic	mixture	GAT211	(Figs.	4.5	and	4.13),	compared	with	the	“pure”	PAM	GAT229	

(Figs.	4.6,	4.14,	4.15),	was	surprising,	but	not	completely	unexpected.	Laprairie	et	al.	

(2017),	demonstrated	significant	differences	between	the	actions	of	the	“pure”	PAM	S	

enantiomer	(GAT229)	versus	the	allosteric	agonist	actions	of	the	R	enantiomer	(GAT228).	

One	explanation,	though	not	directly	tested,	is	that	the	allosteric	agonist	GAT228	does	not	

produce	any	IOP‐lowering	effects.	Therefore,	as	GAT229	and	GAT228	most	likely	bind	to	the	

same,	or	overlapping,	receptor	binding	sites,	it	is	possible	the	two	enantiomers	antagonize,	

rather	than	potentiate,	the	effects	of	each	other.	However,	that	being	said,	one	would	expect	
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that	with	increasing	concentrations	of	the	racemic	mixture,	a	larger	population	of	CB1	

would	be	activated	by	GAT229,	and	an	IOP	effect	would	be	apparent.	However,	if	CB1	

expression	is	decreased	during	glaucoma,	as	suggested	by	Nucci	et	al.	(2007),	in	nee	mice	it	

could	be	that	there	is	insufficient	CB1	population	in	order	to	overcome	this	competition,	

explaining	the	complete	lack	of	effect	with	and	without	the	presence	of	WIN	(Fig.	4.13).	

Therefore,	in	normotensive	mice	(with	the	combination	of	an	subthreshold	orthosteric	

ligand),	and	possibly	in	nee	mice,	a	greater	concentration	of	GAT211	may	produce	an	IOP‐

lowering	effect.		

With	respect	to	direct	cannabinoid	activation	of	CB1,	the	lack	of	effect	of	1%	WIN	

alone	in	nee	mice	compared	to	wildtype	mice	was	somewhat	surprising,	especially	given	

that	GAT229	alone	was	effective	in	nee	mice.	Additionally,	the	loss	of	effect	of	0.2%	GAT229	

when	combined	with	0.25%WIN	was	also	surprising.	Since	nee	mice	are	a	model	of	angle‐

closure	glaucoma,	the	lack	of	effect	with	WIN	may	be	due	to	an	IOP	modifying	mechanisms	

which	act	predominantly	by	increasing	aqueous	humor	outflow,	the	latter	of	which	is	

restricted	in	nee.	To	the	best	of	my	knowledge,	there	does	not	appear	to	be	any	literature	

investigating	the	effects	of	WIN	in	an	animal	model	of	angle‐closure	glaucoma,	and	WIN,	

cannabis,	or	THC	actions	have	been	limited	to	investigation	in	either	normotensive	settings,	

or	in	models	(or	humans)	with	“heterogenous”	glaucoma	or	open	angle	glaucoma	(as	

reviewed	in	section	4.1.2).	It	is	also	possible	that	IOP	lowering	with	1%	WIN	in	nee	with	

did	occur,	but	on	a	different	time	scale	than	in	normotensive	mice,	but	again,	was	not	

captured	during	the	measurement	periods	in	this	protocol.	Further	investigation	of	

additional	time	points,	such	as	2,	4,	and	8	hours	following	administration,	may	clarify	this	

hypothesis.		

Co‐administration	of	2%	GAT229	with	0.25%	WIN	in	nee	mice	(Fig	4.14D),	on	the	

other	hand,	produced	an	IOP‐lowering	effect	similar	to	suprathreshold	administration	of	
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WIN	or	Δ9‐THC	alone	in	normotensive	mice,	with	lowering	present	at	1	hour,	but	not	6	or	12	

hours	later.	The	reason	for	the	difference	in	effect	is	unknown,	but	perhaps	may	reflect	a	

dose‐dependent	stabilization	of	the	receptor	in	a	non‐intermediate	state,	similar	to	

orthosteric	activation.	Why	this	would	occur	only	in	nee	mice	where	WIN	was	co‐

administered,	but	not	with	GAT229	administration	alone	is	unknown.		

Taken	together,	the	results	from	these	studies	suggest	that	CB1	PAMs	can	lower	IOP,	

causing	a	delayed,	yet	sustained,	reduction	in	IOP	compared	with	traditional	direct	

orthosteric	CB1	activation.	This	type	of	effect	is	advantageous	in	that	it	would	require	less	

frequent	administration	to	achieve	the	desired	effect,	reducing	potential	for	patient	non‐

compliance	(J.	C.	Buchan	et	al.,	2007;	Hermann	et	al.,	2011a;	Hermann	et	al.,	2011b;	Reardon	

et	al.,	2011).	CB1	PAMs	may	be	administered	without	the	addition	of	CB1	agonists,	which	

may	result	in	fewer	side	effects	associated	with	systemic	CB1	activation	(Janero	&	Thakur,	

2016;	Ross,	2007).	Furthermore,	these	data	are	also	suggestive	that	endocannabinoids	may	

be	elevated	in	nee	mice,	at	least	in	ocular	tissues	associated	with	IOP	control.	Future	studies	

of	cannabinoid	receptor	PAMs	will	require	concurrent	measurements	of	endocannabinoids	

in	the	experimental	models	tested,	as	well	as	extended	IOP	monitoring	time	with	additional	

dose	testing.	

4.4.2 CB1‐MEDIATED	INHIBITION	OF	CHANGES	IN	TNFα‐INDUCED	CPAMPAR	
EXPRESSION	AS	AN	ADDITIONAL	MECHANISM	OF	RGC	NEUROPROTECTION	

Following	establishment	of	CB1	PAMs	as	modulators	of	IOP,	I	wanted	to	investigate	

if	these	compounds	could	also	additionally	provide	direct	neuroprotective	effects	on	RGCs.	

While	CB1	has	previously	been	reported	to	provide	RGC	neuroprotection	in	models	of	

glaucoma	(Crandall	et	al.,	2007;	El‐Remessy	et	al.,	2003;	Nucci	et	al.,	2007;	Pinar‐Sueiro	et	

al.,	2013;	Slusar	et	al.,	2013),	the	mechanisms	underlying	this	neuroprotection	in	these	
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models	are	not	yet	fully	understood.	However,	there	is	significant	in	vitro	data	to	support	

direct	RGC	survival	through	several	mechanisms,	which	may	include	modulation	of	RGC	

intracellular	Ca2+	and	excitability,	activation	of	pro‐survival	pathways,	and/or	decreasing	

inflammation	(Fig	4.22),	as	reviewed	below.		

Cannabinoid	modulation	of	pro‐survival	pathways,	for	example	through	protein	

kinase	B	(Akt)	and/or	extracellular	signal‐related	kinases	(ERK)	1/2	modulation,	has	been	

demonstrated	in	several	neuron	types	(Batista	et	al.,	2016;	Blazquez	et	al.,	2015;	Kendall	&	

Yudowski,	2017).	In	rat	retina,	CB1	activation	through	intravitreal	injection	of	either	AEA	or	

the	non‐selective	CB1/CB2/GPR55	agonist	HU210	was	protective	against	AMPA‐induced	

excitotoxicity,	in	a	CB1‐dependent	manner.	This	was	associated	with	activation	of	the	pro‐

survival	phosphoinositide	3‐kinase	(PI3K)/Akt	pathway,	as	AEA	and	HU210	increased	

retinal	phospho‐Akt,	but	was	blocked	by	an	inhibitor	of	PI3K	(wortmannin).	Further,	AEA,	

but	not	HU210,	also	significantly	increased	phosphor‐ERK1/2	in	these	retinas,	which	was	

suggested	to	be	involved	in	pro‐survival	pathway	activation	(Kokona	&	Thermos,	2015)	

However,	applicability	of	these	findings	to	RGCs	is	unknown,	as	the	authors	of	the	study	

state	that	this	model	induces	amacrine,	but	not	RGC,	death	(Kokona	&	Thermos,	2015).	

Cannabinoid	modulation	of	the	immune	response	has	been	well	documented	in	a	

variety	of	tissues,	and	may	occur	by	decreasing	immune	cell	activation	and	migration,	and	

modulation	of	cytokine	release	(S.	H.	Kim,	Won,	Mao,	Jin,	&	Greenberg,	2006;	Krishnan	&	

Chatterjee,	2012;	Ligresti	et	al.,	2016).	As	inflammation	may	play	a	significant	role	in	the	

development	of	glaucomatous	pathology	(Chapter	3),	reducing	inflammation	may	aid	in	

reducing	glaucomatous	RGC	death.	Consistent	with	this,	in	an	ocular	excitotoxic	model,	

THC‐induced	promotion	of	RGC	survival	was	associated	with	decreased	with	markers	of	

inflammation,	including	nitrate	and	nitrotyrosine	(El‐Remessy	et	al.,	2003).		
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Figure	4.22	‐	Potential	mechanisms	of	CB1‐mediated	RGC	neuroprotection.	
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Cannabinoid	induced	alterations	in	retinal	Müller,	astrocyte,	and/or	microglial	

reactivity	during	glaucomatous	injury,	may	contribute	to	increased	RGC	survival.	Increases	

observed	in	activated	microglia	one	week	following	ONT	were	reduced	with	administration	

of	URB597,	in	a	CB1‐depentent	manner	(Slusar	et	al.,	2013).	Further,	exposure	of	isolated	

Müller	cells	to	lipopolysaccharide	(LPS),	a	component	of	gram	negative	bacterial	cell	walls,	

induces	gliosis,	but	is	prevented	with	administration	of	either	AEA	or	2‐AG	(Krishnan	&	

Chatterjee,	2012)	

This	cannabinoid	modulation	of	reactivity	and	potential	for	associated	neuronal	

survival	may	be	a	result	of	modulation	of	cytokine	release.	LPS‐induced	reactive	Müller	cells	

exposed	AEA	or	2‐AG	significantly	decreased	release	of	the	pro‐inflammatory	cytokines	

interleukin	(IL)	‐1β	and	TNFα,	in	a	CB1‐	and	CB2‐dependent	manner	(Krishnan	&	Chatterjee,	

2012).	Additionally,	the	anti‐inflammatory	cytokines	IL‐10	and	transforming	growth	factor	

β	were	also	increased	with	cannabinoid	exposure	to	LPS‐exposed	Müller	cells	in	a	CB1‐	and	

CB2‐dependent	manner	(Krishnan	&	Chatterjee,	2012).		

Finally,	cannabinoid‐mediated	neuroprotection	against	excitotoxic	injury	in	retina	

(El‐Remessy	et	al.,	2003;	Kokona	&	Thermos,	2015),	cerebral	cortex	(S.	H.	Kim	et	al.,	2006),	

and	hippocampal	neurons	(Karanian	et	al.,	2007;	Koch	et	al.,	2011;	Zhang	&	Chen,	2008)	is	

consistent	with	evidence	demonstrating	that	cannabinoids	can	alter	neuronal	excitability.	

Specifically,	these	mechanisms	may	include	modulating	pre‐synaptic	glutamate	release,	as	

well	as	postsynaptic	alterations	in	receptor	expression	and/or	activity	(Jo	et	al.,	2017;	

Lalonde	et	al.,	2006;	Middleton	&	Protti,	2011;	Opere	et	al.,	2006;	Qian	et	al.,	2017;	Straiker	

et	al.,	1999b;	X.	H.	Wang	et	al.,	2016).		

RGC	excitability	can	be	altered	through	cannabinoid	modulation	of	presynaptic	ion	

channels	(Middleton	&	Protti,	2011;	Opere	et	al.,	2006;	Straiker	et	al.,	1999b;	X.	H.	Wang	et	
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al.,	2016).	WIN	administration	to	isolated	rat	retina	decreased	the	frequency	of	both	

excitatory	and	inhibitory	postsynaptic	currents,	but	not	the	amplitude	or	decay	time	of	

these	currents,	in	RGCs,	suggesting	presynaptic,	rather	than	postsynaptic,	modulation	

(Middleton	&	Protti,	2011;	X.	H.	Wang	et	al.,	2016).	Consistent	with	this,	in	bipolar	cell	

terminals	of	tiger	salamander,	WIN	reduced	L‐type	Ca2+	channel	currents	(Straiker	et	al.,	

1999b).	This	modulation	of	presynaptic	membrane	potentials	may	affect	glutamate	release,	

and	therefore,	RGC	excitability.	In	support	of	this,	administration	of	metAEA,	ACEA,	and	

WIN	in	bovine	retina	decreased	K+‐	or	ischemia‐induced	release	of	3[H]D‐aspartate,	a	

marker	of	glutamate	release,	which	was	blocked	by	AM251,	consistent	with	a	CB1‐

dependent	mechanism	(Opere	et	al.,	2006).		

There	is	also	evidence	that	cannabinoids	may	alter	RGC	excitability	directly.	In	

purified	rat	RGC	cultures,	WIN	administration	also	reduced	both	L‐type	and	T‐type	Ca2+	

channel	currents	in	a	CB1‐dependent	manner	(Lalonde	et	al.,	2006;	Qian	et	al.,	2017).	

Although	not	a	synaptic	receptor,	TRPV1	may	be	involved	in	altering	RGC	excitability	

through	sensing	and	responding	to	mechanical	stress,	such	as	during	high	IOP.	Recently,	CB1	

was	reported	to	modulate	capsaicin‐induced	TRPV1‐mediated	increases	in	intracellular	Ca2+	

in	rat	RGCs,	through	a	Gi‐mediated	mediated	mechanism	(Jo	et	al.,	2017).	I	have	also	

demonstrated	that	CB1	may	be	directly	contributing	to	RGC	neuroprotection	via	inhibition	

of	TNFα‐induced	changes	in	cpAMPAR	expression,	consistent	with	previous	reports	of	CB1‐

mediated	neuroprotection	in	a	model	of	hippocampal	excitotoxicity.	This	provides	evidence	

of	yet	another	potential	mechanism	of	cannabinoid‐mediated	neuroprotection	previously	

demonstrated	in	models	of	glaucoma,	and	is	particularly	relevant	given	the	potential	

contribution	of	this	pathway	to	glaucomatous	RGC	death	(Chapter	3).		
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4.4.3 CHRONIC	TREATMENT	OF	CB1	PAMS	DID	NOT	PROVIDE	
NEUROPROTECTION	IN	TWO	MODELS	OF	EXPERIMENTAL	GLAUCOMA	

My	investigation	of	the	effects	of	chronic	CB1	PAM	modulation	in	two	models	of	

glaucoma,	however,	did	not	provide	any	significant	evidence	of	mean	RGC	neuroprotection,	

apart	from	some	protection	in	specific	retinal	regions.	With	respect	to	CB1	orthosteric	

activation	alone,	with	12	days	of	administration,	nee	mice	receiving	0.25%	WIN	had	

significantly	higher	RGC	density	in	the	middle	retina;	however,	this	effect	was	not	present	

following	21	days	of	administration.	The	same	effect	was	present	in	ONT,	where	following	7	

days	of	administration,	eyes	receiving	0.25%	WIN	had	greater	RGC	density	in	middle	retina	

than	vehicle.	This	was	in	contrast	to	previous	reports,	where	topical	administration	of	WIN	

provided	significant	neuroprotection	in	a	model	of	ischemia	reperfusion	injury	(Pinar‐

Sueiro	et	al.,	2013).	However,	this	paper	used	a	transient	injury	model	in	rat,	and	RGCs	were	

measured	only	3	days	later.	This	suggests	that	while	WIN	may	have	been	efficacious	in	less	

severe	models,	this	may	not	be	the	same	given	the	severity	of	injury	in	nee	and	ONT.		

Administration	of	topical	GAT211	or	GAT229	in	nee,	alone	or	in	combination	with	

WIN,	did	not	produce	any	effect	on	mean	RGC	density,	or	in	any	specific	area.	This	lack	of	

effect	did	not	appear	to	be	due	to	route	of	administration,	as	i.p.	administration	of	either	

GAT211	or	GAT229	also	did	not	produce	a	significant	change	in	RGC	density.	In	contrast,	

administration	of	2%	GAT229	for	7	days	following	ONT,	resulted	in	significantly	increased	

RGC	density	in	the	central	retina	compared	with	vehicle‐treated	eyes.	Additionally,	while	

not	significantly	different	from	vehicle,	RGC	densities	in	eyes	administered	topical	0.2%	

GAT229	with	i.p.	URB597	were	significantly	greater	in	the	middle	and	peripheral	retina	

compared	with	eyes	receiving	URB597	treatment	alone.	In	contrast	to	a	previous	study	in	

rats	(Slusar	et	al.,	2013),	URB597	administration	alone	in	ONT	did	not	increase	RGC	density	

compared	to	vehicle,	and	in	fact,	RGC	density	was	lower	in	peripheral	retina	than	control.	
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This	may	be	a	result	of	the	difference	in	animal	used	(mice	vs.	rat),	or	perhaps	also	the	

vehicle.	In	the	experiments	conducted	by	Slusar	and	colleagues	(2013),	URB597	was	

dissolved	in	a	vehicle	containing	33%	DMSO.	As	DMSO	can	be	cytotoxic	in	retinal	cells,	

especially	at	such	high	quantities	(Galvao	et	al.,	2014),	the	vehicle	in	this	study	contained	

1%	DMSO	and	1%	Tween‐80.	However,	DMSO	itself	is	anti‐inflammatory	(Santos,	Figueira‐

Coelho,	Martins‐Silva,	&	Saldanha,	2003),	and	therefore,	the	lack	of	neuroprotective	effect	of	

URB597	in	this	effect	in	this	study	may	partially	be	due	to	a	decrease	“dose”	of	DMSO.		

Although	administration	of	at	least	GAT229	did	produce	effects	on	IOP	at	the	

chronically	administered	doses,	it	is	possible	that	the	dose	of	GAT211	and	GAT229	was	

insufficient	to	produce	neuroprotective	effects.	Thus,	investigation	of	either	higher	doses,	or	

repeated	dosing	throughout	the	day,	may	be	warranted.	Additionally,	investigation	of	the	

ocular	penetrance	of	these	compounds	may	aid	in	optimizing	dose	quantity,	but	also	vehicle	

delivery.		

Additionally,	unlike	the	IOP‐lowering	at	12	hours	compared	with	vehicle	in	acute	

experiments,	investigation	of	IOP	at	this	time	point	following	chronic	administration	did	not	

show	any	significant	differences	between	groups.	The	only	exception	was	with	nee	mice	

administered	0.25%	WIN	for	12	days,	where	IOP	was	significantly	higher	than	the	rest,	

surprising	given	that	these	mice	also	had	significantly	greater	RGC	densities	in	middle	

retina.	However,	it	is	possible	that	while	acute	administration	produced	the	largest	effect	on	

IOP	at	12	hours,	that	with	repeated	dosing,	this	time	course	may	have	changed.	Thus,	

without	further	exploring	additional	time	points	related	with	chronic	administration,	

conclusions	regarding	effects	on	IOP,	or	lack	there	of,	with	chronic	administration	can	not	

be	made.		
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4.4.4 SUMMARY	

In	this	chapter,	I	have	demonstrated	that	while	the	CB1	PAM	GAT229	can	modulate	

IOP	acutely,	GAT211	and	GAT229,	at	least	at	the	concentrations	investigated,	were	not	

effective	at	promoting	neuroprotection	in	either	nee	or	ONT	mice.	However,	I	have	also	

demonstrated	that	CB1	orthosteric	activation	can	reduce	TNFα‐induced	increases	in	

cpAMPAR	expression,	a	possible	mechanism	contributing	to	glaucomatous	RGC	death.	

Taken	together	these	finding	support	the	hypothesis	that	CB1	modulation	does	provide	the	

capacity	for	both	IOP	modulation	and	IOP‐independent	neuroprotection,	which	may	or	may	

not	be	possible	through	the	use	of	CB1	positive	allosteric	modulators.		 	
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5.1 SUMMARY	OF	FINDINGS	

In	this	thesis,	I	have	provided	evidence	to	further	support	the	hypothesis	that	CB1	

modulation	may	both	decrease	IOP,	the	primary	modifiable	risk	factor	in	glaucoma,	as	well	

as	provide	direct	IOP‐independent	protection	of	RGCs.	However,	while	I	proposed	one	

possible	mechanism	of	CB1‐mediated	RGC	neuroprotection	(CB1‐mediated	inhibition	of	

TNFα‐induced	changes	in	cpAMPAR	expression),	and	validated	that	CB1	PAMs	can	reduce	

IOP,	I	found	that	chronic	administration	of	the	CB1	PAMs	GAT229	and	GAT211	did	not	

produce	significant	RGC	neuroprotection	when	administered	in	two	experimental	models	of	

glaucoma.	

My	thesis	work	expanded	the	characterization	of	a	new	mouse	model	of	glaucoma.	I	

confirmed	that	that	the	nee	mouse	is	a	good	model	for	glaucoma;	producing	rapid	and	

consistent	IOP	increases	and	RGC	loss.	Additionally,	I	investigated	mechanisms	of	RGC	death	

in	these	mice,	and	found	a	greater	IEM1460‐sensitive	contribution	to	AMPA‐induced	

calcium	responses	in	nee	mice	compared	with	wildtype	mice.	I	also	found	that	

administration	of	the	proinflammatory	cytokine	TNFα	to	naïve	retinas	could	alter	AMPA‐

induced	calcium	responses,	consistent	with	previous	reports	of	increases	in	cpAMPAR	

expression	in	other	neuronal	types	(Leonoudakis	et	al.,	2008;	Ogoshi	et	al.,	2005).	Given	

that	TNFα	is	reported	to	be	increased	in	both	humans	and	animal	models	of	glaucoma	(Roh	

et	al.,	2012;	Yang	et	al.,	2011),	my	work	suggests	that	increased	TNFα	in	nee	can	contribute	

to	these	observed	changes	in	calcium	dynamics	through	increased	expression	of	cpAMPARs.	

Further,	building	on	evidence	that	activation	of	CB1	can	inhibit	TNFα‐mediated	signalling	in	

other	neurons	(Y.	Liu	et	al.,	2013;	Zhao	et	al.,	2010),	I	demonstrated	that	in	naïve	retinas,	

CB1	activation	can	also	block	TNFα‐induced	increases	in	AMPA	responses,	suggestive	of	

preventing	TNFα‐mediated	increases	in	cpAMPAR	expression.	Taken	together,	these	results	
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provide	evidence	of	an	additional	mechanism	of	CB1‐mediated	neuroprotection.	Finally,	I	

investigated	the	potential	neuroprotective	effects	of	chronic	CB1	allosteric	modulation	on	

glaucomatous	RGC	loss.	CB1	PAMs	were	proposed	to	provide	several	advantages	over	CB1	

orthosteric	activation	alone,	including	reduced	potential	for	desensitization	and	

psychoactivity	(Ignatowska‐Jankowska	et	al.,	2015;	Janero	&	Thakur,	2016;	Slivicki	et	al.,	

2017).	While	CB1	positive	allosteric	modulation	could	decrease	IOP	in	nee	mice	in	the	

absence	of	exogenous	cannabinoids,	or	when	combined	with	a	subthreshold	CB1	orthosteric	

agonist	in	normotensive	mice,	I	did	not	find	any	significant	difference	in	RGC	density	over	

time	in	nee	or	ONT	mice	compared	with	vehicle‐treated	mice.	Overall,	my	results	show	that	

while	CB1	PAMs	show	promise	as	modulators	of	IOP,	the	ability	of	CB1	PAMs	to	modify	

mechanisms	leading	to	RGC	loss	in	glaucoma	is	not	clear,	but	could	involve	decreasing	

proinflammatory	cytokines,	including	TNFα,	as	well	as	decreasing	TNFα‐mediated	changes	

in	cpAMPAR	expression.		

5.2 THE	NEE	MOUSE	AS	A	MODEL	OF	GLAUCOMA	

The	nee	mouse	had	been	previously	proposed	as	a	potential	model	of	glaucoma	(Iqbal	

et	al.,	2010;	Mao	et	al.,	2009;	Mao	et	al.,	2011);	however,	little	information	was	reported	

about	the	development	of	ocular	pathology	in	these	mice.	In	my	thesis,	I	have	provided	

novel	information	validating	this	experimental	model	of	glaucoma,	including	data	

describing	the	time	course	of	development	of	ocular	hypertension	and	RGC	loss	(Fig.	2.5).	

This	data	is	relevant	for	future	use	of	this	mouse	model	to	study	glaucoma,	as	it	highlights	a	

major	advantage	over	existing	models:	rapid	and	significant	cell	loss,	with	no	surgical	

manipulation	required.		

In	order	to	investigate	pathological	mechanisms	and	pharmacological	therapies	for	

glaucoma,	consistency	in	pathology	is	key,	both	in	terms	of	onset	and	severity	(Fernandes	et	
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al.,	2015;	T.	V.	Johnson	&	Tomarev,	2010;	Morgan	&	Tribble,	2015;	Morrison	et	al.,	2011).	

Genetic	models	are	typically	advantageous	over	surgical‐induced	models	in	that	have	

reproducible	pathologies	(T.	V.	Johnson	&	Tomarev,	2010;	Morgan	&	Tribble,	2015).	Overall,	

this	appears	to	be	the	case	in	nee	mice,	IOPs	are	consistently	elevated	at	p16	and	beyond,	

and	RGC	loss	at	p28	and	later	was	also	significant	and	progressive.	However,	in	this	model	

there	was	a	larger	variability	in	RGC	loss	at	p28,	although	this	was	reduced	at	p37,	

suggesting	that	the	pathology	is	consistent	across	animals,	though	may	vary	slightly	in	

onset.	In	contrast,	the	popular	DBA/2J	mouse	model	has	reported	to	be	variable,	both	in	

onset,	and	severity	(Libby	et	al.,	2005a).	While	IOP	begins	to	increase	in	some	DBA/2J	mice	

around	8	months	of	age,	only	about	75%	develop	glaucomatous	RGC	loss	by	12	months	

(Libby	et	al.,	2005a).	As	such,	experiments	require	a	large	number	of	eyes	in	order	to	

account	for	variability	(the	authors	of	Libby	et	al.	[2005a]	recommend	40‐60	eyes	per	

experimental	group),	which	is	both	expensive	and	very	time‐intensive	to	produce.	

Ocular	hypertension	through	surgical	induction	can	be	quite	challenging	to	produce	

consistently,	especially	in	mice,	requiring	significant	technical	skill	which	can	vary	between	

experimenters.	Even	still,	variability	in	the	development	of	ocular	hypertension	and/or	RGC	

damage	between	animals	of	the	same	cohort	has	been	noted	(T.	V.	Johnson	&	Tomarev,	

2010;	Morrison	et	al.,	2011).	Surgical	models	typically	involve	obstructing	the	pathway	of	

aqueous	humor	outflow	in	some	way:	by	laser	coagulation	and	subsequent	scaring	of	the	

trabecular	meshwork;	by	injection	of	saline	into	the	episcleral	veins,	scarring	the	trabecular	

meshwork	and	the	anterior	chamber	angle;	by	coagulation	of	the	episcleral	veins,	reducing	

outflow	from	the	trabecular	meshwork;	or	through	injection	of	particles,	such	as	

microbeads,	obstructing	aqueous	flow	through	the	trabecular	meshwork	(Fernandes	et	al.,	

2015;	T.	V.	Johnson	&	Tomarev,	2010;	Morgan	&	Tribble,	2015;	Morrison	et	al.,	2011).	Other	

surgical	models	exist,	including	injection	of	excitotoxic	substances	into	the	eye,	optic	nerve	
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crush	or	ONT,	or	transient	high	IOP	ischemia/reperfusion	injury.	However,	apart	from	the	

brief	period	in	ischemia‐reperfusion	injury,	these	models	of	injury	are	independent	of	IOP,	

and	serve	to	investigate	certain	mechanisms	of	glaucomatous	RGC	death,	rather	than	a	

holistic	investigation	(T.	V.	Johnson	&	Tomarev,	2010).		

IOP	increases	in	surgically‐induced	models	are	often	transient,	requiring	multiple	

manipulations	to	sustain	an	ocular	hypertensive	state.	As	such,	surgical	models	pose	the	

increased	risk	for	additional	ocular	inflammation	and	damage	that	can	occur	with	surgical	

manipulation,	which	only	further	contributes	to	potential	variability	(T.	V.	Johnson	&	

Tomarev,	2010;	Morgan	&	Tribble,	2015).	

Additionally,	surgically‐induced	models	typically	produce	an	abrupt	injury,	leading	to	

an	almost	immediate	onset	of	pathology.	While	this	is	different	from	typical	glaucomatous	

progression	in	humans	and	genetic	models	of	glaucoma	(e.g.,	DBA/2J	and	nee),	it	is	

advantageous	in	that	it	enables	teasing	out	the	time	course	of	RGC	injury	with	greater	

accuracy	(Fernandes	et	al.,	2015;	T.	V.	Johnson	&	Tomarev,	2010;	Morrison	et	al.,	2011).	

However,	the	reproducibility	of	pathology	in	the	nee	mouse	was	clearly	advantageous	

in	the	investigation	of	mechanisms	leading	to	RGC	loss,	as	highlighted	in	studies	comparing	

cpAMPAR	expression	in	nee	and	bead	rats.	Consistently	elevated	IOP	occurs	in	nee	mice	at	

p16,	and	as	nee	is	a	genetic	model,	significant	numbers	of	animals	can	be	generated	by	

breeding.	This	is	in	contrast	to	surgical	induction	of	ocular	hypertension	which	requires	

time‐consuming	surgical	manipulation,	with	sometimes	inconsistent	IOP	elevation	between	

animals	(Fernandes	et	al.,	2015;	T.	V.	Johnson	&	Tomarev,	2010;	Morgan	&	Tribble,	2015;	

Morrison	et	al.,	2011).	For	example,	while	18	rats	underwent	surgery	to	induce	ocular	

hypertension	with	bead	injection,	only	10	of	these	had	a	successful	sustained	increase	in	
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IOP.	On	the	other	hand,	every	nee	mouse	had	a	significant	and	sustained	increase	in	IOP,	

with	no	manipulation	required,	other	than	colony	management.		

Additionally,	aside	from	consistency	and	the	non‐invasive	generation	of	ocular	

hypertension,	there	was	less	variability	seen	in	IEM1460‐sensitive	calcium	responses	in	nee	

mice	compared	to	the	rat	ocular	hypertensive	model.	Even	though	the	increase	in	

contributions	to	AMPA‐induced	calcium	responses	were	similar	in	effect	size	in	nee	and	

bead	rat	compared	with	their	respective	controls	(Figs.	3.5,	3.7),	this	effect	was	not	

significant	in	bead	rats.	While	some	of	this	variation	can	be	attributed	to	the	generalized	

reduced	calcium	responses	in	rat	compared	with	mouse	(Fig.	3.2),	this	might	not	be	entirely	

the	case.	It	is	possible	that	this	increased	variability	is	due	to	inconsistencies	in	the	induced	

pathology	of	the	bead	rat,	as	compared	with	nee	mice.	However,	repeating	these	studies	

using	a	bead	model	in	mouse	may	be	useful,	and	may	help	to	distinguish	between	species	or	

model	differences.		

The	severity	of	RGC	loss	in	the	nee	is	great,	with	an	approximate	51.7	±	9.6%	loss	at	

p28,	which	progresses	to	71.2	±	8.2%	at	p37,	in	comparison	to	wildtype	littermates	(Fig.	

2.5).	However,	similar	loss	has	been	reported	in	other	models	of	RGC	injury	(Nuschke	et	al.,	

2015;	Smedowski,	Pietrucha‐Dutczak,	Kaarniranta,	&	Lewin‐Kowalik,	2014).	In	general,	

direct	axon	injury	leads	to	greater	RGC	loss	in	a	shorter	amount	of	time.	Kwong	and	

colleagues	(2011)	reported	87%	loss	within	14	days	of	optic	nerve	crush	in	rats	(Nuschke	et	

al.,	2015).	In	mice,	Galindo‐Romero	(2011)	reported	69	and	86%	loss	within	7	and	14	days,	

respectively,	following	ONT.	However,	in	genetic	models,	the	loss	can	also	be	severe.	In	

DBA/2J	mice,	while	delayed	in	onset,	almost	complete	loss	of	RGCs	has	also	been	reported	

in	some	cases	(McKinnon,	Schlamp,	&	Nickells,	2009;	Schlamp,	Li,	Dietz,	Janssen,	&	Nickells,	

2006),	though	at	12	months	the	average	loss	is	approximately	38.6%	(Libby	et	al.,	2005a).	

On	the	other	hand,	severity	of	loss	in	bead	models	is	typically	more	subdued,	typically	
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approximately	35%	in	rats	following	4‐6	weeks	of	ocular	hypertension	(with	IOP	ranges	

from	29‐31),	and	in	mice	2‐15%	loss	after	6‐12	weeks	of	ocular	hypertension	(with	IOP	

ranges	from	11.8‐16.4;	Smedowski	et	al.,	2014).	The	severity	of	this	cell	loss	in	nee	mice,	

compared	with	the	bead	model	in	particular,	is	likely	a	result	of	the	significant	increase	in	

IOP,	which	is	consistently	maintained	at	a	greater	level	than	in	bead	(Libby	et	al.,	2005a;	

Smedowski	et	al.,	2014).		

Although	nee	mice	are	a	model	of	angle‐closure	glaucoma,	a	far	less	common	

glaucoma	in	Canada	and	the	rest	of	North	America	(Harasymowycz	et	al.,	2016;	Weinreb	et	

al.,	2016),	the	DBA2/J	mouse	is	also	a	model	of	angle‐closure	glaucoma	(John	et	al.,	1998).	

While	this	may	be	a	disadvantage	in	limiting	the	generalizability	of	findings	to	open‐angle	

glaucoma	(Weinreb	et	al.,	2016),	studies	using	the	DBA/2J	mouse	have	provided	valuable	

information	about	the	pathology	of	glaucoma	in	humans,	both	in	terms	of	IOP	modification,	

and	in	mechanisms	leading	to	RGC	loss	(T.	V.	Johnson	&	Tomarev,	2010).		

The	measurable	deficits	in	vision	in	nee	mice	are	also	advantageous,	and	may	be	used	

to	investigate	if	novel	therapeutics	which	can	improve	RGC	survival	can	also	improve	visual	

outcomes.	To	ensure	that	this	deficit	is	due	to	a	loss	in	RGCs,	and	not	because	of	issues	

relating	to	development,	preferably,	vision	should	also	be	tested	in	young	nee,	prior	to	

significant	RGC	loss.	However,	because	training	and	testing	of	mice	takes	8	days	for	the	

visual	water	box,	I	did	not	measure	vision	in	young	mice.	Although,	retinas	appeared	normal	

at	p16;	therefore,	it	is	likely	that	vision	is	still	intact	in	these	mice	at	this	point,	and	that	drug	

administration	may	be	able	to	further	preserve	this.	Had	I	identified	a	drug	which	had	

significantly	improved	RGC	density,	changes	in	visual	outcomes	could	have	also	been	

investigated	in	this	model.		
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	 Taken	together,	these	data	reinforce	the	usefulness	of	the	nee	mouse	as	a	model	of	

experimental	glaucoma.	Nee	pathology,	while	severe,	is	consistent	and	rapid,	and	does	not	

require	manipulation	to	generate.	As	such,	the	nee	mouse	provides	another	opportunity	to	

investigate	potential	of	novel	pharmacotherapeutics	for	the	treatment	of	glaucoma;	

enabling	measurements	of	effects	on	ocular	hypertension,	RGC	survival,	and	protection	

against	vision	loss.		

5.3 DYNAMIC	MEASUREMENT	OF	CPAMPAR	CONTRIBUTIONS	
TO	CALCIUM	DYNAMICS	

In	Chapter	3,	I	reported	a	greater	cpAMPAR	contribution	to	AMPA‐induced	calcium	

responses	in	nee	mice	compared	with	wildtype.	This	was	consistent	with	previous	

suggestions	of	increased	cpAMPAR	expression	in	a	model	of	chronic	ocular	hypertension,	as	

measured	with	Co2+	stain	(Cueva	Vargas	et	al.,	2015).	As	TNFα	is	reported	to	be	increased	

with	ocular	hypertension	and	glaucoma,	the	changes	in	calcium	dynamics	observed	

following	incubation	with	TNFα	reported	in	this	thesis	are	consistent	with	a	TNFα‐mediated	

increase	in	cpAMPAR	expression.	I	also	reported	for	the	first	time	in	retina	that	CB1	

activation	could	manipulate	this	pathway,	which	was	consistent	with	a	previous	report	in	

hippocampal	neurons	(Chapter	4).		

These	results	highlight	advantages	to	using	calcium	imaging	on	ex	vivo	retinas	‐	

enabling	dynamic	manipulation	within	the	same	experiment.	Calcium‐permeable	AMPA	

receptors	have	greater	single	channel	conductance	than	their	calcium‐impermeable	

counterparts	(Soto,	Coombs,	Gratacos‐Batlle,	Farrant,	&	Cull‐Candy,	2014).	Therefore,	small	

changes	in	cpAMPAR	expression	can	have	dramatic	effects	on	excitability	(as	evident	in	

synaptic	scaling;	Henley	&	Wilkinson,	2016),	and	thus	potentially	on	calcium	dynamics	

leading	to	RGC	death.	Ca2+	imaging	may	present	a	sensitive	method	to	demonstrate	these	
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changes	in	calcium	dynamics,	which	may	be	advantageous	over	other	methods	of	

quantifying	cpAMPAR	expression	(i.e.,	AMPA	receptor	mRNA	or	protein),	in	that	it	provides	

a	functional	demonstration	of	the	effect	changes	in	plasma	membrane	cpAMPAR	expression.	

Additionally,	Ca2+	imaging	enables	investigation	of	multiple	cells	at	once	in	contrast	to	single	

cell	patching.	In	future,	this	technique	may	be	used	to	elucidate	the	specific	mechanisms	of	

TNFα‐induced	changes	in	cpAMPAR	in	the	retina,	including	investigation	of	whether	these	

changes	are	due	to	increases	in	protein	expression	or	receptor	trafficking,	and	how	

potential	therapies	can	modify	such	pathways.	

IEM1460‐sensitivity	in	the	TNFα‐induced	change	in	calcium	dynamics	was	not	

investigated	in	this	thesis.	However,	the	limitation	of	IEM1460	is	that	it	is	selective	for	

GluA2‐lacking	cpAMPARs	over	unedited	GluA2‐containing	cpAMPARs,	and	therefore	may	

not	be	able	to	completely	account	for	observed	changes.	As	a	selective	agonist	or	antagonist	

for	unedited	GluA2‐containing	cpAMPARs	does	not	exist,	genetically‐modified	mice	may	be	

useful	for	further	exploration	of	retinal	TNFα‐mediated	changes.	GluA2	knockouts,	which	

results	in	complete	expression	of	cpAMPARs,	rather	than	calcium‐impermeable	AMPA	

receptors,	are	viable.	Genetically	modified	mice	where	GluA2	is	“forced”	edited,	where	DNA	

coding	for	the	GluA2	subunit	is	modified	to	produce	GluA2(R)	by	default	(Wright	&	Vissel,	

2012),	are	also	viable,	and	still	contain	GluA2‐lacking	cpAMPARs.	If	TNFα‐mediated	

increases	in	AMPA‐induced	calcium	dynamics	are	absent	in	GluA2	knockout	mice,	this	

would	suggest	that	increased	expression	of	unedited	GluA2	is	responsible,	at	least	partially,	

for	this	response.	Likewise,	if	TNFα‐mediated	changes	were	absent	in	forced	edited	GluA2	

mice,	this	would	suggest	that	this	mechanism	involves	changes	in	GluA2‐editing.	

Additionally,	if	changes	in	forced	edited	GluA2	mice	persist,	IEM1460	could	be	administered	

in	these	mice	to	verify	that	this	change	is	due	to	GluA2‐lacking	cpAMPARs.	
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5.4 CB1	MODULATION	AS	A	STRATEGY	FOR	REDUCING	RGC	
DEATH	IN	GLAUCOMA	

The	results	reported	in	my	thesis	support	the	hypothesis	that	increases	in	TNFα	

following	glaucomatous	injury	result	in	an	increase	in	cpAMPAR	expression,	which	may	

alter	neuronal	excitability,	ultimately	leading	to	RGC	death.	Therefore,	targeting	this	

mechanism	should	reduce	RGC	death.	However,	there	are	several	disadvantages	to	directly	

targeting	either	cpAMPARs,	TNFα,	or	the	TNFα‐mediated	mechanisms	altering	cpAMPAR	

expression,	including	potential	for	significant	CNS	and	ocular	side	effects,	and	

immunosuppression	(Gittis	et	al.,	2011;	Henley	&	Wilkinson,	2016;	Jones	et	al.,	2012;	

Michels,	Becker,	Wachtlin,	&	Binder,	2012;	Shea	et	al.,	2008;	Sivaprasad	&	Oyetunde,	2016).	

Instead,	targeting	this	mechanism	through	CB1	modulation	may	be	useful	in	that	it	may	

provide	an	opportunity	to	simultaneously	modulate	multiple	pathways	leading	to	RGC	

death	in	glaucoma	(Fig.	5.1).	

Direct	block	of	cpAMPARs	was	neuroprotective	in	ocular	models	of	excitotoxicity	

(Lebrun‐Julien	et	al.,	2009),	an	induced	retinal	damage	model	(Dong	et	al.,	2015),	and	in	a	

model	of	ocular	hypertension	(Cueva	Vargas	et	al.,	2015).	However,	chronic	antagonism	of	

cpAMPARs	may	result	in	unwanted	side	effects	because	of	the	important	roles	that	

cpAMPARs	may	play	elsewhere	in	the	retina	and	brain.	In	vivo	blockade	of	cpAMPARs	

caused	dyskinesias	when	injected	into	the	sensorimotor	striatum	of	mice	(Gittis	et	al.,	

2011).	Though	in	another	study,	intrathecal	injection	of	IEM1460	in	rats	did	not	produce	

any	changes	in	thermal	or	mechanical	sensitivities,	locomotion,	or	anxiety‐like	behaviour,	

but	did	alleviate	behavioural	responses	produced	by	complete	Freund’s	adjuvant‐induced	

inflammatory	pain	(Gittis	et	al.,	2011;	Kopach,	Krotov,	Goncharenko,	&	Voitenko,	2016).		
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Figure	5.1	‐	Potential	strategies	to	reduce	RGC	death	in	glaucoma.	
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Unfortunately,	neither	of	these	studies	investigated	possible	effects	of	cpAMPAR	

antagonism	on	vision.		

Calcium‐permeable	AMPA	receptors	contribute	to	retinal	function	under	normal	

conditions.	Rapid	changes	in	cpAMPAR	expression	on	RGCs	in	response	to	light	in	dark	

adapted	retinas	suggests	a	possible	role	in	light	adaptation	(Jones	et	al.,	2012;	Xia	et	al.,	

2006;	Xia	et	al.,	2007).	Additionally,	cpAMPARs	are	also	involved	in	the	generation	of	long	

term	potentiation	in	amacrine	cells	(M.	H.	Kim	&	von	Gersdorff,	2016),	and	in	the	positive	

feedback	from	horizontal	cells	onto	cones	(Jackman,	Babai,	Chambers,	Thoreson,	&	Kramer,	

2011).	Therefore,	it’s	possible	that	cpAMPAR	block	could	have	significant	effects	on	visual	

function,	including	loss	of	night	vision.	If	this	is	the	case,	potential	changes	in	visual	function	

could	deter	patients	from	using	direct	cpAMPAR	antagonists.	

Upstream	targeting	of	this	pathway	may	be	more	appropriate.	TNFα	was	previously	

reported	to	be	upregulated	in	humans	and	animal	models	of	glaucoma	(Roh	et	al.,	2012;	

Yang	et	al.,	2011).	Further,	blocking	TNFα,	at	least	in	some	cases,	was	associated	with	

increased	RGC	survival	(Roh	et	al.,	2012),	potentially	through	blocking	increases	in	

cpAMPAR	expression	(Cueva	Vargas	et	al.,	2015).	Chronic	inhibition	of	TNFα	is	relatively	

safe,	and	TNFα	inhibitors	are	currently	used	in	the	treatment	of	rheumatoid	arthritis	

(Murdaca	et	al.,	2015).	However,	current	TNFα	inhibitors	pose	several	problems,	which	may	

limit	usefulness	as	a	glaucoma	therapeutic.	Inhibition	of	TNFα	is	immunosuppressive,	and	

poses	an	increased	risk	of	infection	(Murdaca	et	al.,	2015;	Probert,	2015).	Additionally,	

current	TNFα	inhibitors	are	biologics,	and	must	be	administered	subcutaneously	or	

intravenously.	TNFα	inhibitors	could	theoretically	also	be	administered	intravitreally,	likely	

reducing	systemic	immunosuppression.	However,	this	would	require	injection	by	medical	

professionals,	which	could	add	stress	on	the	health	care	system,	aside	from	potential	issues	
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with	patient	compliance	and	cost	(Michels	et	al.,	2012;	Shea	et	al.,	2008;	Sivaprasad	&	

Oyetunde,	2016).		

Direct	targeting	of	TNFα‐mediated	changes	in	cpAMPAR	expression	may	also	be	

problematic.	There	is	evidence	that	AMPA	and	cpAMPAR	expression	in	certain	neuronal	

populations	is	constitutively	regulated	by	TNFα.	This	mechanism	may	be	important	in	

activity‐dependent	scaling	at	neuronal	synapses,	enabling	synaptic	feedback	following	

prolonged	changes	in	activity	(Henley	&	Wilkinson,	2016;	Pribiag	&	Stellwagen,	2014;	

Steinmetz	&	Turrigiano,	2010;	Stellwagen	&	Malenka,	2006).	Consistent	with	this,	

administration	of	a	TNFα	inhibitor	alone	reduced	basal	GluA1	surface	expression	in	

hippocampal	neurons	(Beattie	et	al.,	2002;	Stellwagen	et	al.,	2005).	Therefore,	if	

mechanisms	contributing	to	TNFα‐induced	increases	in	cpAMPARs	in	glaucomatous	RGC	

death	overlap	with	mechanisms	which	may	provide	homeostatic	feedback	in	synapses,	

direct	targeting	at	this	level	of	the	pathway	may	also	not	be	appropriate.		

On	the	other	hand,	upstream	targeting	via	activation	of	CB1	may	be	promising;	CB1	has	

previously	shown	to	modulate	various	mechanisms	which	can	contribute	to	RGC	death	in	

glaucoma	(Cairns	et	al.,	2016a;	Cairns	et	al.,	2016b),	including	the	ability	to	reduce	release	

of	inflammatory	cytokines,	including	TNFα	(Krishnan	&	Chatterjee,	2012).	Further,	as	

demonstrated	previously	in	hippocampal	neurons	(Zhao	et	al.,	2010),	and	supported	by	

findings	presented	here,	CB1	activation	can	also	reduce	TNFα‐mediated	increases	in	

cpAMPAR	expression.	Additional	CB1‐mediated	actions	which	may	directly	contribute	to	a	

reduction	in	glaucomatous	RGC	death	include	reducing	neuronal	excitability	(Howlett	&	

Abood,	2017;	Ligresti	et	al.,	2016),	and	promoting	activation	of	pro‐survival	pathways	

(Batista	et	al.,	2016;	Kendall	&	Yudowski,	2017).	Finally,	cannabinoids	can	also	reduce	IOP,	

the	primary	modifiable	risk	factor	for	glaucoma	(Cairns	et	al.,	2016a;	Cairns	et	al.,	2016b).	

Therefore,	cannabinoid	modulation	may	provide	a	multi‐pronged	approach	to	reduce	
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glaucomatous	damage,	targeting	multiple	point	on	the	pathways	leading	to	RGC	death.	

Multi‐target	approaches	often	have	improved	outcomes	over	single‐target	approaches	in	

complex	pathologies,	including	inflammation	(Csermely,	Agoston,	&	Pongor,	2005;	Koeberle	

&	Werz,	2014;	Medina‐Franco,	Giulianotti,	Welmaker,	&	Houghten,	2013;	Zimmermann,	

Lehar,	&	Keith,	2007).	

CB1	modulation	provides	the	additional	advantage	over	TNFα	therapeutics	in	that	

some	cannabinoid	ligands	can	be	administered	topically,	but	are	still	able	to	reach	the	

retina.	Oltmanns	and	colleagues	(2008)	investigated	the	ocular	penetrance	of	the	non‐

selective	CB1/CB2	agonist	WIN	following	topical	delivery	in	rat.	They	reported	that	while	

15%	of	the	drug	was	retained	in	the	eyelids,	by	60	minutes	1.5%	had	reached	the	retina	and	

sclera,	and	was	calculated	to	have	an	approximate	half‐life	of	100	minutes	(Oltmanns	et	al.,	

2008).	Additionally,	this	group	found	that	unlike	systemic	administration	of	cannabinoids,	

topical	application	of	WIN	did	not	produce	a	significant	effect	on	heart	rate	or	blood	

pressure,	suggesting	limited	systemic	activity	when	delivered	in	this	manner	(Oltmanns	et	

al.,	2008).	However,	repeated	exposure	was	not	investigated	by	this	group.		

While	I	showed	that	CB1	activation	by	the	cannabinoid	WIN	can	decrease	TNFα‐

induced	mediated	increases	in	AMPA‐induced	calcium	responses,	this	inhibition	did	not	

translate	to	significant	RGC	neuroprotection	when	given	chronically	in	either	nee	or	ONT	

mice.	Following	12	day	administration	in	nee	mice	(p28),	RGC	density	in	middle	retina	was	

significantly	increased	with	0.25%	WIN	administration,	but	the	overall	mean	RGC	density	

was	not	significantly	different.	The	increase	in	RGC	density	in	middle	retina	following	

administration	of	0.25%	WIN	at	p28	(12	days	administration)	was	surprising	given	that	the	

IOPs	measured	in	these	mice	were	actually	significantly	higher	than	the	other	groups.	

Further,	this	dose	of	WIN	was	subthreshold	for	IOP	reduction	in	wildtype	mice.	This	

suggests	that	perhaps	the	WIN‐mediated	effect	on	RGC	density	in	middle	retina	is	through	
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an	IOP‐independent	mechanism,	perhaps	by	modulation	of	inflammation	in	the	retina.	

Following	ONT,	7	day	administration	of	0.25%	WIN	also	resulted	in	increased	RGC	survival	

in	middle	retina,	but	not	overall.	These	data	support	the	hypothesis	that	WIN‐mediated	

increases	in	middle	retina	RGC	density	in	nee	were	due	to	non‐IOP‐mediated	mechanisms.		

The	reason	for	the	lack	of	effect	of	WIN	on	overall	mean	RGC	density	reported	here	is	

unknown.	These	data	vary	from	a	previous	report	of	increased	RGC	survival	48	hours	

following	ischemia‐reperfusion	injury	in	rat	when	treated	with	topical	1%	WIN	(Pinar‐

Sueiro	et	al.,	2013).	However,	there	are	significant	differences	in	these	models,	including	the	

shortened	time	course,	and	the	severity	of	loss.	RGC	loss	at	48	hours	in	injured	control	rats	

was	only	12.33%	(Pinar‐Sueiro	et	al.,	2013);	whereas	RGC	loss	was	approximately	43.7	±	

8.7	and	73.9	±	7.6%	in	vehicle	treated	p28	and	p37	nee	(12	and	21	day	treatments),	and	

75.3	±	7.6%	7	days	post‐ONT.	WIN	treatment	in	the	ischemia‐reperfusion	injury	model	

improved	RGC	survival	by	approximately	10%	(Pinar‐Sueiro	et	al.,	2013).	Given	that	

secondary	inflammation‐induced	RGC	injury	may	be	delayed	in	onset	(Nakazawa	et	al.,	

2006),	studies	investigating	effects	at	such	an	early	time	point	(e.g.,	48	hours),	may	not	

accurately	portray	possible	neuroprotective	effects.	On	the	other	hand,	other	models	of	RGC	

injury	have	also	reported	neuroprotection	with	cannabinoid	modulation	albeit	through	

non‐topical	routes	of	administration	(Crandall	et	al.,	2007;	El‐Remessy	et	al.,	2003;	Nucci	et	

al.,	2007;	Slusar	et	al.,	2013).	Taken	together,	these	results	suggest	that	while	WIN	may	be	

able	to	reach	the	retina	with	acute	exposure	(Oltmanns	et	al.,	2008),	in	order	to	effectively	

reduce	RGC	loss,	either	alternative	routes	of	delivery	must	be	used,	or	topical	routes	must	

be	optimized	to	increase	ocular	penetrance.		

Another	possible	reason	for	the	lack	of	CB1‐mediated	neuroprotection	in	nee	and	ONT	

presented	in	this	thesis	may	be	due	to	species	differences.	Studies	of	CB1‐mediated	

neuroprotection	in	experimental	glaucoma	so	far	have	all	occurred	in	rats,	and	not	mice	
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(Crandall	et	al.,	2007;	El‐Remessy	et	al.,	2003;	Nucci	et	al.,	2007;	Pinar‐Sueiro	et	al.,	2013;	

Slusar	et	al.,	2013).	Significant	differences	in	endocannabinoid	response	to	stress	between	

rats	and	mice	was	previously	reported.	Acute	restraint	in	rats	and	mice	produces	a	decrease	

in	AEA	signalling,	but	in	rats	also	produces	an	increase	in	2‐AG,	which	is	absent	in	mice	(Hill	

&	McEwen,	2010).	In	a	separate	study	investigating	the	effect	of	CB1	modulation	on	anxiety,	

administration	of	WIN	produced	opposing	effects	on	rats	and	mice	(Haller	et	al.,	2007).	In	

both	instances,	these	differences	were	speculated	to	be	due	to	variable	ECS	expression	

between	species,	and	therefore,	similar	differences	could	be	possible	in	the	eye,	and	may	be	

contributing	to	the	difference	in	observed	effect	(Haller	et	al.,	2007;	Hill	&	McEwen,	2010).	

As	outlined	in	Chapter	4,	there	are	disadvantages	associated	with	direct	CB1	

orthosteric	activation	which	may	limit	the	usefulness	of	cannabinoids	as	long‐term	

clinically‐relevant	therapeutics.	Therefore,	in	this	thesis	I	have	explored	an	alternate	

strategy	for	CB1	modulation	–	positive	allosteric	modulation,	using	the	CB1	PAM	GAT229	

and	the	CB1	ago‐PAM	GAT211	(Laprairie	et	al.,	2017).	While	the	CB1	PAM	GAT229	could	

manipulate	IOP	in	nee,	at	least	acutely,	neither	GAT229	or	GAT211,	alone	or	in	combination	

with	an	orthosteric	agonist,	provided	significant	neuroprotection.	On	the	other	hand,	daily	

topical	treatment	of	2%	GAT229	resulted	in	greater	RGC	density	in	central	retina	compared	

with	vehicle‐treatment	in	axotomized	eyes.	Daily	administration	0.2%	GAT229	combined	

with	the	FAAH	inhibitor	URB597	resulted	in	increased	RGC	densities	in	middle	and	

peripheral	retina	compared	with	URB597	alone,	but	was	not	significantly	different	from	

vehicle	treatment	in	ONT.	Similar	to	WIN,	the	GAT229‐mediated	effects	on	RGC	density	in	

ONT	would	suggest	an	IOP‐independent	mechanism.	

While	topically	or	i.p.	administered	CB1	PAMs	did	produce	IOP‐lowering	effects,	the	

ability	of	these	compounds	to	reach	the	retina	is	unknown.	Original	dosing	for	the	GAT	

compounds	was	based	on	other	in	vivo	studies	using	experimental	pain	models	(Slivicki	et	
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al.,	2017),	through	preliminary	IOP	studies	(A.	Straiker,	personal	communication),	and	

through	the	IOP	studies	reported	here.	The	increased	RGC	density	observed	in	the	central	

retina	with	topical	administration	of	GAT229	in	axotomized	eyes	would	suggest	that	this	

compound	is	reaching	the	retina,	though	similarly	to	WIN,	GAT229	concentration	via	the	

topical	route	may	be	insufficient	to	produce	generalized	effects	on	RGC	survival	(rather	than	

limited	to	retinal	area).	Alternate	routes	of	administration,	such	as	intravitreal,	or	vehicles	

may	therefore	need	to	be	considered.	Further	studies	using	autoradiography	to	investigate	

ocular	absorption	and	distribution	and	pharmacokinetics	of	the	GAT	compounds	would	

therefore	be	useful.	Since	ocular	penetrance	of	the	GAT	compounds	is	unknown,	it	is	

difficult	to	conclude	whether	or	not	the	lack	of	neuroprotective	effects	on	mean	RGC	

densities	was	due	to	insufficient	dosing.	

On	the	other	hand,	it	is	also	possible	that	the	dose	and	dosing	regime	used	in	my	

chronic	experiments	was	too	high/frequent,	and	resulted	in	receptor	desensitization	over	

time.	This	could	explain	why	topical	administration	of	0.25%	WIN	resulted	in	increased	RGC	

densities	in	middle	retina	at	earlier	time	points	(e.g.,	7	day	administration	in	ONT,	and	12	

day	administration	in	nee),	but	not	after	longer	periods	(e.g.,	21	day	administration	in	nee).	

Cannabinoid	receptor	desensitization	has	been	previously	reported,	particularly	with	

chronic	2‐AG	administration	(see	Chapter	4,	section	4.1.4;	Ghosh	et	al.,	2013;	Kinsey	et	al.,	

2013;	Schlosburg	et	al.,	2010).	Instead,	the	dose	of	the	drugs	may	need	to	be	lowered.	Ghosh	

et	al.	(2013),	reported	that	administration	of	the	MAGL	blocker	JZL184	at	16	or	40	mg/kg,	

while	effective	acutely,	resulted	in	loss	of	antinociceptive	effects	in	a	model	of	inflammatory	

pain	when	administered	chronically.	Yet,	on	the	other	hand,	administration	of	a	lower	daily	

dose	of	4	mg/kg	of	JZL184	retained	therapeutic	efficacy	over	the	6	days	measured.	

Interestingly,	in	a	rat	model	of	chronic	ocular	hypertension	induced	through	episcleral	vein	

cauterization,	Δ9‐THC	that	was	delivered	once	weekly	for	twenty	weeks	resulted	in	a	40%	
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increase	in	RGC	survival	(Crandall	et	al.,	2007),	suggesting	that	reductions	in	frequency	of	

administration	may	also	help	in	preventing	receptor	desensitization.		

When	I	initiated	these	studies,	I	had	hoped	that	I	would	be	able	to	use	acute	IOP	

modulation	in	nee	and	wildtype	mice	as	an	indicator	of	the	effective	drug	dose	required	for	

chronic	retinal	neuroprotection.	However,	this	was	clearly	not	the	case,	as	the	only	

compound	which	provided	some	neuroprotection	in	two	instances	was	at	a	dose	which	was	

subthreshold	to	IOP	modification	in	wildtype	(0.25%	WIN).	

Taking	this	into	consideration,	future	screening	of	the	CB1	allosteric	GAT	

compounds	with	Ca2+	imaging	may	serve	two	important	purposes:	confirmation	that	like	

WIN,	GAT	compounds	can	also	directly	modulate	pathways	which	may	contribute	to	

glaucomatous	RGC	death;	and	as	a	way	to	estimate	an	effective	dose	that	can	reach	the	

retina	in	order	for	these	compounds	to	have	an	effect.	For	example,	one	could	investigate	if	

incubation	of	isolated	retinas	with	GAT229	blocks	TNFα‐mediated	increases	in	AMPA‐

induced	calcium	dynamics.	Or,	if	GAT229	administration	in	nee	mice	could	reduce	

IEM1460‐sensitive	changes	in	AMPA‐induced	calcium	dynamics.	From	there,	effectiveness	

of	in	vivo	chronic	dosing,	in	combination	with	drug	pharmacokinetics,	could	be	investigated	

by	expanding	investigation	of	RGC	densities	to	include	earlier	time	points.	If	optimized	

doses	provide	protection	at	earlier	time	points	(for	example,	day	7	and	14)	but	not	at	later	

(for	example,	day	21),	this	might	suggest	that	there	is	desensitization	over	time.	

Until	these	additional	experiments	are	done,	it	is	difficult	to	conclude	that	CB1	

positive	allosteric	modulation	is	ineffective	at	reducing	RGC	death	in	experimental	

glaucoma.	Instead,	what	can	be	concluded	from	these	experiments	is	that	given	the	doses,	

dosing	frequency,	and	routes	of	delivery	used,	administration	of	GAT211	and	GAT229	in	

these	studies	did	not	increase	general	RGC	survival	in	nee	or	after	ONT	in	wildtype	mice.	
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5.5 CONCLUSIONS	

There	is	a	significant	need	for	neuroprotective	therapies	in	glaucoma.	Modifying	

ocular	hypertension	alone	is	not	always	sufficient	to	prevent	progressive	blindness	in	this	

debilitating	disease	(Tamm	et	al.,	2013).	In	order	to	develop	new	therapies,	we	must	

acquire	a	better	understanding	of	the	mechanisms	leading	to	RGC	death,	as	well	as	develop	

good	tools	for	their	study.	In	this	thesis,	I	have	provided	additional	evidence	in	support	of	

the	nee	mouse	as	a	new	experimental	mouse	model	of	glaucoma.	As	I	have	found,	this	model	

may	be	useful	in	further	describing	mechanisms	leading	to	RGC	death,	and	in	presenting	

opportunities	to	manipulate	these	pathways.	Specifically,	I	have	provided	novel	evidence	in	

isolated	retina	to	support	the	hypothesis	that	cpAMPARs	may	be	upregulated	in	glaucoma,	

and	that	this	can	occur	through	TNFα‐mediated	signalling,	which	can	be	inhibited	by	CB1	

activation.	Additionally,	I	have	demonstrated	for	the	first	time	the	IOP‐modulating	abilities	

of	a	CB1	positive	allosteric	modulator.	This	new	class	of	compound	has	the	potential	to	

provide	benefits	over	traditional	CB1	orthosteric	agonists,	while	minimizing	the	associated	

disadvantages	of	CB1	orthosteric	ligands.	As	a	whole,	this	work	contributes	to	our	

understanding	of	cellular	mechanisms	underlying	retinal	neurodegenerative	pathologies,	

and	provides	justification	for	further	exploring	CB1	modulation	as	a	potential	therapeutic	

avenue	for	the	treatment	of	glaucoma.	
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