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Introduction	

Alzheimer’s	disease	is	a	neurodegenerative	disorder	characterized	by	the	progressive	loss	of	neurons,	

deposition	of	 insoluble	aggregates	of	 two	proteins	 in	 the	brain,	 amyloid-β	 (Aβ)	and	 the	microtubule	

associated	protein	tau.	Synaptic	deterioration	occurs	early	in	the	disease,	well	before	the	formation	of	

amyloid	 plaques	 and	 neuron	 loss.	 This	 degeneration	 is	 evident	 in	 different	 brain	 areas	 including	

hippocampus	and	entorhinal	cortex	involved	in	cognitive	process	and	memory	that	are	impaired	in	AD	

patients	(Thompson	et	al.	2003;	Arendt	2009).	However,	cognitive	signs	and	brain	changes	are	subtly	

present	 prior	 to	 clinical	 diagnosis,	 thus	 denoting	 a	 “pre-clinical”	 stage	 of	 AD,	 in	 which	 affected	

individuals	 exhibit	 only	 very	mild	 changes	 in	 cognition	despite	 the	process	of	 the	disease	being	on-

going.	 Considering	 the	 variety	 of	 proteins	which	 are	 SUMOylated	 in	 neurons,	 different	 studies	 have	

indicated	that	SUMOylation	is	likely	altered	in	AD,	possibly	contributing	to	increased	Aβ	levels	and	tau	

aggregation	(Wilkinson	et	al.	2010;	Sarge	and	Park-Sarge	2011).	Recent	data	suggest	that	in	AD	both	

the	aggregation	of	Aβ	and	tau	proteins	have	been	linked	to	SUMO	(Lee	at	al.	2013).	Moreover,	SUMO	

immunoreactivity	co-localizes	with	phospho-tau	in	the	Tg2576	model	(Takahashi	et	al.	2008).	Though,	

whether	 unbalance	 in	 protein	 SUMOylation/deSUMOylation	 contributes	 to	 synaptic	 plasticity	

impairment	 associated	 with	 AD	 onset	 and	 progression	 still	 remains	 to	 be	 elucidated.	 The	 fact	 that	
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alterations	 in	 SUMO/deSUMOylation	 equilibrium	 occur	 from	 the	 early	 phases	 of	 AD	 suggests	 that	

global	 post-translational	 modification	 (PTMs)	 may	 play	 an	 important	 role	 in	 the	 mechanisms	

underlying	 disease	 pathogenesis,	 thus	 providing	 potential	 targets	 for	 pharmacological	 intervention.	

We	 conducted	 our	 research	 project	 using	 ginkgolic	 acid,	 a	 compound	 known	 to	 inhibit	 in	 a	 dose-

dependent	manner	 SUMOylation	 through	 the	 blockade	 of	 the	 E1-SUMO	 intermediate	 (Fukuda	 et	 al.	

2009).	 Ginkgolic	 acid	 is	 a	major	 component	 of	 the	 Ginkgo	 biloba	 leaf	 extract	 EGb	 761,	 an	memory	

enhancer	 widely	 used	 as	 a	 dietary	 supplement	 with	 proven	 benefit	 in	 several	 neurological	 and	

psychiatric	conditions.	Accordingly,	clinical	studies	show	some	effect	of	EGb	761	on	memory	decline	in	

Alzheimer’s	 disease	 patients	 or	 in	 aged	 individuals	 (Gessner	 et	 al.	 1985,	 Le	 Bars	 et	 al.	 1997).	

Nonetheless,	because	EGb	761	is	a	complex	combination	of	several	potentially	active	components	that	

may	 be	 acting	 synergistically,	 the	 exact	 mechanism	 of	 action	 remains	 difficult	 to	 elucidate.	 Indeed,	

ginkgolic	 acid	 is	 able	 to	 induce	 neuronal	 death	 at	 high	 concentrations	 (Ahlemeyer	 et	 al.	 2001).	

However,	no	evidence	of	 its	efficacy	on	synaptic	plasticity	 is	known	at	concentrations	able	 to	 inhibit	

SUMOylation.		

The	aim	of	this	project	is	to	investigate	the	effect	ginkgolic	acid,	known	to	decrease	SUMOylation	at	the	

concentration	tested,	in	modulating	long-term	potentiation	(LTP)	on	in	vitro	hippocampal	slices.	In	the	

last	 six	 months	 of	 the	 project	 we	 have	 evaluated	 the	 effect	 of	 ginkgolic	 acid	 to	 rescue	 LTP	 and	

neurotransmission	impairment	following	application	of	Aβ.	

Material	and	methods	

Slices	preparation	

C57BL6	mice	(30-40	days	old)	were	deeply	anesthetized	with	halothane	and	killed	by	decapitation.	All	

experiments	 followed	 international	 guidelines	 on	 the	 ethical	 use	 of	 animals	 from	 the	 European	

Communities	 Council	 Directive	 64/2010.	 The	 brain	 was	 rapidly	 removed	 from	 the	 skull	 and	

parasagittal	hippocampal	slices	(250	μm	thick)	were	cut	with	a	vibratome	(VT	1200S,	Leica)	in	cold	(0	

°C)	 artificial	 cerebrospinal	 fluid	 (aCSF)	 containing	 (in	 mM):	 NaCl	 124;	 KCl	 3;	 MgSO4	 1;	 CaCl2	 2;	

NaH2PO4	1.25;	NaHCO3	26;	glucose	10;	saturated	with	95%	O2,	5%	CO2	(pH	7.4),	and	left	to	recover	

for	1	h	in	ACSF	at	33.5	°C.	

Whole-cell	patch	clamp	recordings	

Individual	slices	were	placed	 in	a	recording	chamber,	on	 the	stage	of	an	upright	microscope	(Nikon,	

Japan)	 and	 submerged	 in	 a	 continuously	 flowing	 (3	ml/min)	 solution	 at	 30	 °C	 (±	 2	 °	 C).	 Individual	

neurons	 were	 visualized	 through	 a	 40×	 water-immersion	 objective	 (Nikon,	 Japan)	 connected	 to	

infrared	video	microscopy	(Hamamatsu,	Japan).	Borosilicate	glass	electrodes	(5-7	MΩ),	pulled	with	a	

PP	83	Narishige	puller,	were	 filled	with	a	solution	containing	 the	 following	(in	mM):	CsCl	 (135),	KCl	

(10),	CaCl2	(0.05),	EGTA	(0.1),	Hepes	(10),	Na3-GTP	(0.3),	Mg-GTP	(4.0),	pH	adjusted	to	7.3	with	CsOH.	
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Whole-cell	 voltage	 clamp	 (at	−70	mV	holding	potential)	 or	 current	 clamp	experiments	were	 carried	

out	 with	 a	 MultiClamp	 700B	 amplifier	 (Axon	 Instruments,	 Foster	 City,	 CA),	 filtered	 at	 1kHz	 and	

digitized	(5kHz).	

Excitatory	post-synaptic	currents	(EPSCs)	were	elicited	by	monopolar	stimulating	electrode	placed	in	

stratum	radiatum	in	order	to	stimulate	Schaffer	collateral	fibers.	Long-term	potentiation	was	induced	

as	previously	described	by	Peineau	et	al.	2007.		

Some	slices	were	incubated	for	30	min	with	ginkgolic	acid	(1-30	μM)	or	Aβ1-42	before	recordings;	other	

recordings	 (control	 condition)	 were	 performed	 by	 non-incubated	 slices.	 All	 experiments	 were	

performed	in	the	presence	of	the	GABA	antagonist	picrotoxin	in	order	to	pharmacologically	isolate	the	

excitatory	current.		

For	 paired-pulse	 ratio	 (PPR)	 experiments,	 paired-pulse	 stimuli	 (50	 ms	 inter-pulse	 interval)	 were	

elicited.		

Spontaneous	excitatory	currents	(sEPSCs)	were	recordings	in	presence	of	picrotoxin.	

Statistical	Analysis	

EPSC	 peak	 amplitude	 was	 normalized	 to	 baseline;	 statistical significance was evaluated by paired or 

unpaired student’s t-test, according to the groups compared, between 50–60 min following delivery of 

conditioning trains. The	 PPR	 was	 calculated	 as	 the	 ratio	 of	 the	 second	 EPSC	 amplitude	 to	 the	 first.	

Amplitude	and	frequency	of	sEPSC	was	evaluated	on	3	min	recordings.	All	the	value	were	described	as	

mean±SEM. Statistical significance was set at p<0.05. For all statistical comparisons, the n used reflected the 

number of neurons. 

Results 

Ginkgolic	acid	inhibits	SUMOylation	and	increases	hippocampal	LTP	

As	 previously	 demonstrated	 by	 Fukuda	 et	 al.	 2009,	 ginkgolic	 acid	 inhibits	 SUMOylation	 in	 a	 dose	

dependent	manner.	Using	the	same	concentrations	at	which	gingkolic	is	able	to	block	SUMOylation	we	

performed	whole	cell	patch	clamp	recordings	in	CA1	pyramidal	neurons.	

We	 observed	 a	 significant	 increase	 in	 the	magnitude	 of	 LTP	 compared	 to	 control	 condition.	 In	 fact,	

treatment	with	ginkgolic	acid	induced	a	significant	enhancement	of	LTP	in	a	dose	dependent	manner	

(1-30	μM)	(Fig.	1).		
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Figure	1:	A)	Gingkolic	acid	inhibits	SUMOylation	in	vitro	(Fukuda	et	al.	2009).	B)	Superimposed	pooled	

data	 showing	 the	 effect	 of	 ginkgolic	 acid	 (1-30	 μM)	 on	 LTP	 compared	 to	 control.	 C)	 Concentration-

response	curve	showing	the	effects	of	ginkgolic	acid	on	the	EPSC	(measured	as	%	of	control)	one	hour	

after	induction	of	LTP.	Each	plot	represents	the	recording	of	least	six	separate	neurons.	

	

	

Ginkgolic	acid	restores	LTP	impairment	following	Aβ	application.	

Aβ	oligomers	are	able	to	perturb	hippocampal	LTP	and	were	also	reported	to	alter	synaptic	glutamate	

(Glu)-recycling	and	transmission	(Varga	et	al.,	2015;	Yao	et	al.,	2013).	 In	our	experimental	condition	

pretreatment	of	slice	 for	30	min	with	200	nM	of	Aβ	was	able	to	 fully	block	LTP	in	hippocampal	CA1	

pyramidal	neurons.	This	effect	did	not	occur	when	slices	were	pretreated	with	scrambled	form	of	Aβ	

(Fig.	2A-B).	Co-application	of	ginkgolic	acid	(1	μM)	was	able	to	reverse	LTP	impairment	(Fig.	2C-D).	
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Figure	2:	A)	Superimposed	pool	data	showing	LTP	in	slices	treated	with	Aβ	or	scrambled	Aβ.	On	top	

representative	traces	for	both	conditions	are	shown.	B)	Histograms	show	LTP	(%	of	baseline)	 in	the	

two	conditions.	C)	Superimposed	pool	data	showing	LTP	in	slices	treated	with	Aβ	or	ginkgolic	acid	+	

Aβ.	On	the	top	the	representative	traces	for	both	conditions.	D)	Histograms	show	LTP	(%	of	baseline)	

in	the	two	conditions		

	

Depression	of	excitatory	synaptic	transmission	following	Aβ	exposure.	

To	test	whether	Aβ	could	influence	basal	synaptic	transmission	in	our	conditions,	we	recorded	evoked	

EPSCs	of	hippocampal	CA1	pyramidal	neurons.	After	a	stable	baseline	was	obtained,	we	perfused	Aβ	

(200	 nM,	 30	 min)	 and	 found	 it	 had	 no	 influence	 on	 basal	 synaptic	 transmission.	 However,	 when	

applied	 at	 500	 nM,	 Aβ	 caused	 a	marked	 depression	 in	 EPSC	 amplitude	when	 compared	 to	 baseline	

(Fig.	 3A).	We	 then	 studied	paired	pulse	 facilitation	 (PPF)	paradigm,	which	 represents	 a	presynaptic	

form	of	synaptic	plasticity.	Perfusion	of	500	nM	Aβ	induced	a	significant	increase	of	paired	pulse	ratio	
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(PPR),	which	is	associated	with	a	reduced	release	of	neurotransmitter	(Fig.	3B).	Then	we	studied	the	

spontaneous	 synaptic	 transmission	 by	 recording	 spontaneous	 excitatory	 post-synaptic	 currents	

(sEPSC).	We	 found	 that	 500	 nM	 Aβ	 significantly	 suppressed	 both	 sEPSCs	 amplitude	 and	 frequency	

compared	to	baseline	(Fig.	3C),	indicating	that	Aβ-induced	inhibition	of	synaptic	transmission	relies	on	

both	presynaptic	and	postsynaptic	mechanisms.	

	

Figure	3:	A)	Aβ	induces	acute	depression	of	EPSC	when	perfused	at	500	nM	(n=6)	but	not	at	200	nM	

(n=7).	 Histograms	 show	 EPSC	 reduction	 as	 %	 of	 baseline.	 B)	 Aβ	 (500	 nM)	 reduces	 synaptic	

neurotransmitter	 probability	 and	 increase	 PPR.	 On	 the	 left	 representative	 traces	 are	 shown,	 on	 the	

right	 histograms	 show	 change	 in	 PPR	 (n=8).	 C)	 Reduction	 in	 amplitude	 and	 frequency	 of	 sEPSC	

following	Aβ	perfusion.	On	the	left	representative	traces,	on	the	right	histograms	show	the	effect	of	Aβ	

on	amplitude	and	frequency	(n=8).	
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Ginkgolic	acid	rescues	Aβ-mediated	effects	on	synaptic	transmission.	

We	then	investigated	whether	ginkgolic	acid	was	able	to	reverse	the	Aβ-mediated	effect	on	excitatory	

synaptic	 transmission.	 Pretreatment	with	 ginkgolic	 acid	 (500	nM)	 before	Aβ	 application	 completely	

prevented	 the	Aβ-induced	 reduction	 in	 EPSC	 and	 increase	 in	 PPF	 (Fig.	 4A).	 In	 the	 same	 conditions,	

ginkgolic	 acid	was	able	 to	 reverse	 the	 changes	 induced	by	Aβ	on	amplitude	and	 frequency	of	 sEPSC	

(Fig.	4B).	Notably,	ginkgolic	acid	alone	neither	affected	the	amplitude	and	frequency	of	sEPSC	(Fig.	3C),	

nor	influenced	PPR	(Fig.	4D).		

	

Figure	4:	A)	Ginkgolic	 acid	 reverses	Aβ–induced	change	 in	PPR.	On	 the	 left,	 representative	 traces	of	

PPF	in	baseline	and	Aβ	+	ginkgolic	acid	conditions	are	shown	(n=7).	On	the	right,	histograms	show	PPR	

in	 both	 conditions.	 B)	On	 the	 left,	 traces	 of	 sEPSC	 are	 shown.	On	 the	 right,	 histograms	 show	 sEPSC	

amplitude	(n=6)	and	 frequency	(n=6)	(as	%	of	baseline).	C)	Ginkgolic	acid	alone	did	not	alter	sEPSC	
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amplitude	 and	 frequency.	 On	 the	 left,	 representative	 traces	 in	 baseline	 conditions	 and	 following	

perfusion	of	ginkgolic	acid	are	shown.	On	the	right,	histograms	show	amplitude	(n=6)	and	frequency	

(n=6)	(as	%	of	baseline).	D)	On	the	left	representative	traces	of	PPF	in	baseline	and	after	ginkgolic	acid	

perfusion.	On	the	right,	histograms	show	EPSC	amplitude	(n=5)	and	PPR	(n=5)	in	both	conditions.	

	

Discussion	

Although	 experimental	 evidence	 suggests	 that	 SUMO	 affects	 Aβ	 levels	 (Lee	 et	 al.,	 2014),	 in	 what	

direction,	 by	 which	 mechanisms,	 and	 whether	 APP	 SUMOylation	 is	 a	 factor	 leading	 to	 amyloid	

misprocessing	remains	a	controversial	issue	(Lee	et	al.,	2013).	Indeed,	besides	the	upstream	effects	of	

SUMO	on	APP	processing	and	Aβ	 levels,	Aβ	peptides	could	also	directly	affect	SUMOylation	and	 this	

effect	might	impact	synaptic	physiology	and/or	synaptic	disease.		

As	 a	possible	 explanation	 for	 the	 increased	pools	of	 free	SUMO	with	aging	and	APP	overexpression,	

there	 may	 be	 corresponding	 decreases	 in	 SUMO	 conjugation	 and	 therefore	 reduced	 levels	 of	 high	

molecular	weight	 conjugates.	 This	 could	 potentially	 occur	 via	 enhanced	 deSUMOylation	 or	 reduced	

SUMOylation	 (Mc	 Millan	 et	 al.,	 1999).	 Since	 AD	 is	 a	 disease	 primarily	 of	 synaptic	 and	 cognitive	

dysfunction,	 proteins	 involved	 in	 synaptic	 morphology,	 transmission	 and	 plasticity	 that	 are	 also	

SUMOylated	would	be	particularly	interesting	targets	to	investigate.		

The	data	 obtained	 so	 far	 suggest	 that	 there	 is	 potentially	widespread	dysregulation	of	 SUMOylation	

under	Aβ-induced	pathology,	and	such	dysregulation	may	involve	changes	in	the	SUMO	components	or	

downstream	SUMO	conjugates	(Lee	et	al.,	2013).	

Ginkgolic	 acid	 is	 one	 of	 components	 of	 Ginkgo	 leaf	 extract,	 which	 is	 considered	 to	 be	 toxic	 at	 high	

concentrations.	Today	all	commercial	preparations	of	Ginkgo	leaf	contain	low	dose	of	ginkgolic	acid	in	

order	 to	 minimize	 adverse	 effects	 (McKenna	 et	 al.,	 2011).	 	 However	 there	 is	 some	 evidence	 that	

ginkgolic	acid	has	different	protective	effects,	as	well	as	antitumoral	and	anti-HIV	effects	(Zhou	et	al.,	

2010;.Wang	et	al	2010;	Lu	et	al.,	2012).	

Our	 project	 investigated	 the	 relationship	 between	 ginkgolic	 acid-mediated	 SUMO	 inhibition	 and	 its	

effect	on	synaptic	plasticity.	In	addition,	our	data	showed	neuroprotective	effect	afforded	by	ginkgolic	

acid	against	Aβ–mediated	synaptic	impairment.	In	fact,	hippocampal	LTP	and	basal	excitatory	synaptic	

transmission	were	rescued	by	ginkgolic	acid	through	an	effect	involving	presynaptic	and	postsynaptic	

mechanisms.	

The	 involvement	 of	 SUMOylation	 in	 Alzheimer’s	 disease	 is	 a	 relatively	 new	 topic,	 one	 with	 many	

interesting	possibilities	and	unanswered	questions	that	could	have	significant	clinical	implications.		
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