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Abstract  25 

The	 molecular	 composition	 of	 glutamatergic	 synapses	 can	 determine	 integrative	 and	 plastic	26 

properties	of	neurons.	Studies	in	cerebral	cortex	and	hippocampus	of	rodents	have	shown	that	27 

the	subunit	composition	of	synaptic	N-methyl-D-aspartate	receptors	(NMDARs)	undergoes	a	shift	28 

from	GluN2B	to	GluN2A	rich	synapses	during	development.	Moreover,	with	ageing	there	is	further	29 

reduction	of	synaptic	GluN2B	and	this	is	associated	with	cognitive	decline.	Whether	NMDARs	show	30 

similar	age-dependent	changes	associated	with	synaptic	GluN2B	loss	in	humans	is	unknown.	We	31 

investigated	the	contribution	of	GluN2A	and	GluN2B	containing	NMDARs	in	adult	human	neurons	32 

using	fresh	non-pathological	temporal	cortical	tissue	resected	during	neurosurgical	procedures	in	33 

subjects	aged	21-70	years	old.	The	tissue	we	obtained	fulfilled	quality	criteria	in	the	absence	of	34 

inflammation	markers	 and	proteomic	 degradation.	We	 show	an	 age-dependent	 decline	 in	 the	35 

NMDA/AMPA	receptor	ratio	in	human	temporal	cortical	synapses.	We	demonstrate	that	GluN2B	36 

containing	NMDA	 receptors	 contribute	 to	 synaptic	 responses	 in	 the	 adult	 human	brain	with	 a	37 

reduced	 contribution	 in	older	 individuals.	With	previous	evidence	 for	 a	 causal	 role	of	 synaptic	38 

GluN2B	in	regulating	synaptic	strength	and	memory	storage	in	mice,	our	results	suggest	important	39 

implications	for	synaptic	GluN2B	in	age-related	cognitive	decline.		40 

 41 

Introduction  42 

The	N-methyl-D-aspartate	receptor	(NMDAR)	channel	acts	as	the	gatekeeper	of	many	synaptic	43 

plasticity	and	memory	mechanisms		(Bannerman	et	al.,	2012;	Bliss	and	Collingridge,	1993;	44 

Takeuchi	et	al.,	2013)	owing	to	its	coincidence	detection	and	calcium	permeability	properties.	45 

The	molecular	composition	of	NMDA	receptors	(NMDARs)	determines	their	ion	channel	46 

properties	(Vicini	et	al.,	1998),	and	protein-protein	interactions	with	downstream	molecular	47 

cascades	that	are	linked	to	plasticity,	survival	and	excitotoxicity	(Hardingham	and	Bading,	2010;	48 
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Lussier	et	al.,	2015).	NMDARs	are	tetrameric	ion	channels	containing	2	GluN1	(obligatory)	49 

subunits	and	2	GluN2	subunits,	which	in	the	adult	forebrain	most	commonly	comprise	GluN2A	50 

and/	or	GluN2B.	The	synaptic	content	of	GluN2A	and	GluN2B	containing	NMDARs	is	highly	51 

regulated	in	and	undergoes	marked	postnatal	changes	in	rodent	neocortex	with	a	switch	from	52 

GluN2B	to	GluN2A	rich	synapses	(Dumas,	2005;	Mierau	et	al.,	2004;	Yashiro	and	Philpot,	2009).	A	53 

fraction	of	GluN2B-containing	NMDARs	is	maintained	in	adult	synapses	in	a	highly	regional-54 

specific	manner;	sensory	and	association	cortices	maintain	a	lower	proportion	of	GluN2B	55 

containing	NMDARs	than	hippocampal	and	prefrontal	cortex	areas	(Mierau	et	al.	2004;	Wang	et	56 

al.	2008;	Kohl	et	al.	2011).		57 

	58 

Previous	research	using	human	post-mortem	tissue	has	suggested	that	the	ratio	of	59 

GRIN2A/GRIN2B	mRNA	undergoes	a	reduction	during	early	development	similar	to	that	found	in	60 

many	other	species	(Bar-Shira	et	al.,	2015,	Bagasrawala	et	al.,	2016)	and	an	aged	dependent	61 

reduction	in	GluN2B	protein	levels	in	the	first	years	of	life	(Jantzie	et	al.,	2013).	Importantly,	62 

GluN2B	has	been	found	to	co-assemble	with	PSD-95	in	patients	<17	years	old	(Ying	et	al.,	2004),	63 

suggesting	that	GluN2B	might	contribute	to	synaptic	transmission	in	young	adult	cortical	64 

synapses.	However,	it	is	unknown	whether	there	is	further	reduction	of	GLUN2B	protein	in	65 

adulthood	or	old	age	and	whether	GluN2B-containing	NMDARs	contributes	to	synaptic	66 

transmission	in	the	adult	brain.		67 

	68 

Here,	we	tested	directly	whether	GluN2B-containing	NMDARs	are	associated	with	synapses	and	69 

whether	they	contribute	to	synaptic	function	in	adult	human	cortical	neurons.	We	used	non-70 

pathological	tissue	resected	during	neurosurgery	from	patients	21-70	to	test	for	NMDAR	subunit	71 

composition	in	tissue	homogenates	their	association	with	the	major	synaptic	scaffolding	protein	72 
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PSD-95.	Furthermore	we	analysed	synaptic	transmission	using	patch	clamp	electrophysiology	in	73 

brain	slices	of	live	temporal	cortex.	Our	results	show	that	the	association	of	GluN2B	protein	with	74 

synapses	and	its	contribution	to	basal	synaptic	function	decreases	with	age.			75 

	76 

Materials and Methods 77 

Tissue	Collection	78 

The	 use	 of	 human	 tissue	 complied	 with	 the	 Human	 Tissue	 Act	 (Southampton	 Research	79 

Biorepository	 study	 reference	 number:	 SRB002/14).	 Informed	 consent	 was	 obtained	 from	 all	80 

patients	to	use	surgically-resected	tissue	not	required	for	diagnostic	purposes.	Temporal	cortex	81 

was	chosen	as	its	availability	was	sufficient	to	allow	statistical	analysis	of	data.	Human	brain	slices	82 

were	 prepared	 as	 previously	 described	 by	 Verhoog	 et	 al.	 (2013).	 Briefly,	 resected	 tissue	 was	83 

obtained	 from	 temporal	 cortex	 of	 patients	 undergoing	 surgery	 for	 the	 removal	 of	 deeper	84 

structures.	We	obtained	temporal	cortical	tissue	from	17	individual	neurosurgery	cases	(Table	1).	85 

In	all	cases,	resected	neocortical	tissue	was	located	well	outside	the	epileptic	focus	or	tumour	and	86 

displayed	no	structural	abnormalities	in	preoperative	magnetic	resonance	imaging	investigations	87 

(Fig	1A).	The	tissue	collected	was	identified	as	macroscopically	normal	at	the	time	of	collection	by	88 

the	operating	 team.	The	 tissue	was	 immediately	placed	 in	 ice-cold	artificial	 cerebrospinal	 fluid	89 

(ACSF)	solution	while	still	in	theatre.	ACSF	contained	the	following	(in	mM):	110	choline	chloride;	90 

26	NaHCO3;	10	D-glucose;	11.6	sodium	ascorbate;	7	MgCl2;	3.1	sodium	pyruvate;	2.5	KCl;	1.25	91 

NaH2PO4.2H2O;	 0.5	 CaCl2.	 Tissue	 was	 then	 taken	 to	 the	 laboratory	 and	 fresh	 frozen	 for	92 

biochemistry,	fixed	for	immunohistochemistry	or	processed	for	slice	electrophysiology.	Transfer	93 

times	were	of	the	order	of	10-15	minutes.		94 

Animal	care	and	experimental	procedures	were	conducted	in	accordance	with	UK	Home	Office	95 

regulations	 under	 the	 Animals	 (Scientific	 Procedures)	 Act	 of	 1986.	 	 Mice	 were	 decapitated	96 
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following	isoflurane	anaesthesia.	Brains	were	extracted	in	ice-cold	ACSF	and	sliced	or	snap-frozen.	97 

All	brain	tissue	samples	were	stored	in	the	-80°C	freezer	until	lysed.		98 

	99 

Acute	Brain	Slice	Preparation	100 

Brain	slices	(350	µm	thick)	were	prepared	in	ice-cold	choline	ACSF	solution	(Verhoog	et	al.,	2013)	101 

using	a	Campden	Instruments	vibrating	microtome	and	kept	for	30	min	at	35-37°C,	then	at	room	102 

temperature	in	recording	ACSF	containing	the	following	(in	mM):	126	NaCl;	2	CaCl2;	10	glucose;	2	103 

MgSO4.7H2O;	3	KCl;	1.25	NaH2PO4.2H2O;	26.4	NaHCO3;	pH	7.2-7.4.		The	ACSF	was	bubbled	with	104 

carbogen	gas	(95%	O2/5%	CO2)	and	had	an	osmolarity	of	~300	mOsm.		105 

	106 

Electrophysiological	Recordings		107 

Following	 previously	 published	 methods	 (Verhoog	 et	 al.	 2013),	 slices	 were	 transferred	 to	 a	108 

submerged-style	recording	chamber	and	superfused	with	recording	ACSF	at	a	rate	of	~1.5ml/min.	109 

Whole-cell	voltage	clamp	recordings	were	performed	using	glass	pipettes	(4-6	MΩ)	pulled	from	110 

borosilicate	 glass,	 yielding	 a	 series	 resistance	 of	 10-20	 MΩ.	 Recordings	 were	 made	 at	 room	111 

temperature	 (21-25°C)	using	CsCl-based	 intracellular	 solution,	containing	 (in	mM):	70	Gluconic	112 

acid;	10	CsCl;	5	NaCl;	10	BAPTA	free	acid;	10	Hepes;	10	QX-314;	0.3	GTP;	4	Mg-ATP;	pH	was	titrated	113 

to	7.25	with	CsOH.	The	estimated	final	Cs	concentration	for	the	intracellular	solution	was	120	mM.	114 

The	 final	 osmolarity	 was	 280	 ±	 5	mOsmol-1.	 All	 voltage	 values	 were	 corrected	 for	 the	 liquid	115 

junction	potential	of	15	mV	which	was	measured	directly.	116 

	117 

Excitatory	 postsynaptic	 currents	 (EPSCs)	 were	 evoked	 using	 a	 stimulus	 isolator	 unit	 (ISO-Flex,	118 

A.M.P.I.)	connected	to	a	monopolar	extracellular	stainless-steel	electrode,	which	was	placed	near	119 

an	 apical	 dendrite	 and	 within	 100-150	 µm	 from	 a	 LII-III	 pyramidal	 neuron	 soma.	 Stimulation	120 
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strength	was	adjusted	 to	yield	a	~200	pA	EPSC	amplitude	at	a	holding	potential	of	−70	mV	 to	121 

minimise	space-clamp	error.	 	Synaptic	stimulation	was	evoked	at	0.07	Hz	with	100	µs	stimulus	122 

length.	Series	resistance	was	not	compensated	during	recordings	but	was	monitored	before	each	123 

stimulation	with	a	5	mV	50	ms	step	pulse.	Data	were	low-pass	filtered	at	2	kHz	and	acquired	at	20	124 

kHz	with	 an	 Axon	Multiclamp	 700B	 amplifier	 (Molecular	 Devices,	 Sunnyvale,	 U.S.A.)	 using	 the	125 

MATLAB	acquisition	software	R2014b	(Mathworks,	Natick,	U.S.A.)	and	custom	software	(MatDAQ,	126 

Hugh	P.C.	 Robinson	 1995-2013).	 EPSCs	were	 recorded	 10	minutes	 after	 initiating	 a	whole-cell	127 

patch	to	allow	the	dialysis	of	the	Cs-based	internal	solution.	EPSCs	were	recorded	in	the	presence	128 

of	gabazine	(SR-95531,	3μM)	(Tocris	Bioscience)	to	block	GABAA-mediated	currents.	To	measure	129 

the	 contribution	 of	 AMPAR	 and	 NMDAR-mediated	 currents	 to	 individual	 EPSCs,	 the	 holding	130 

membrane	potential	was	clamped	at	−70mV	and	+40mV,	respectively,	in	alternating	sweeps.	Cells	131 

were	maintained	 at	 −70	mV	 in	 between	 stimuli	 and	 the	membrane	 potential	was	 changed	 to	132 

holding	potential	2	sec	prior	to	synaptic	stimulation.	Evoked	EPSCs	were	analysed	using	custom-133 

written	MATLAB	 scripts.	 A	minimum	of	 5	 continuously	 recorded	 sweeps	 for	 each	AMPAR	 and	134 

NMDAR	were	measured.	 AMPAR	 current	was	measured	 at	 the	 peak	 and	NMDAR	 current	was	135 

measured	as	 the	average	 current	at	55-57ms	 following	 stimulation,	 at	which	 time	 the	AMPAR	136 

showed	decay	to	~5%	of	its	peak	amplitude.	The	NMDAR/AMPAR	ratio	was	calculated	by	dividing	137 

the	amplitude	of	NMDAR	current	measured	by	the	peak	AMPAR	current.	138 

	139 

Averaged	evoked	NMDAR	currents	were	 fitted	with	a	 least-squares	exponential	 fitting	 routine.	140 

Data	vectors	from	peak	to	baseline	were	fitted	with	double	exponential	equations	of	the	form:		141 

It	=	Ifast*e	(−t/tfast)+	Islow*e(−t/tslow)	142 
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where	Ifast	and	Islow	were	the	amplitudes	of	the	fast	and	slow	decay	components,	and	tfast	and	tslow	143 

are	the	decay	time	constants.	Following		Stocca	and	Vicini,	1998	we	used	a	weighted	mean	decay	144 

time	constant	to	compare	a	single	experimental	value	across	conditions:		145 

tw	=	[Ifast/(Ifast	+	Islow)]*	tfast	+	[Islow/(Ifast	+	Islow)]	*	tslow	146 

A	single	tw	value	was	obtained	per	patient	by	averaging	tw	from	different	cells.		147 

	148 

Co-immunoprecipitation	149 

Fresh	frozen	human	tissue	blocks	immediately	adjacent	to	sliced/fixed	tissue,	were	stored	at	-80°C	150 

after	resection	was	homogenized	on	ice	using	a	Pellet	Pestle	in	SDS-free	RIPA	buffer	(2x	Phosphate	151 

Buffered	 saline	 (PBS);	 1%	 sodium	 deoxycholate;	 1%	 NP40,	 5mM	 EDTA;	 Halt	 protease	 and	152 

phosphatase	 inhibitor	 cocktail	 (ThermoFisher	 Scientific).	 Homogenates	 were	 centrifuged	 at	153 

14,000	 rpm	 for	 10	min	 4°C	 and	 supernatants	 were	 collected	 for	 BCA	 assaying	 (ThermoFisher	154 

Scientific)	to	determine	protein	concentrations.	One	lysate	sample	for	each	human	case	was	set	155 

aside	for	Western	blotting	as	input	lane.	For	immunoprecipitation,	a	total	of	1mg	of	protein	was	156 

diluted	in	1ml	of	RIPA	buffer.	A	pre-clear	step	was	performed	by	adding	protein	A-agarose	beads	157 

(Merck	Millipore)	to	the	lysates,	while	rotating	for	30min	at	4°C.	Following	centrifugation	at	10,000	158 

rpm	for	2	min,	the	supernatants	were	collected	and	samples	were	incubated	overnight	at	4°C	with	159 

PSD-95	antibody	raised	in	rabbit	(CST	#2707;	1:50	dilution),	or	rabbit	IgG	as	control.	Samples	were	160 

precipitated	by	incubating	with	protein	A-agarose	beads	for	1	hr	at	4°C.	Precipitated	proteins	were	161 

released	from	the	beads	by	heating	at	95°C	for	5	min	in	4X	loading	sample	buffer	prior	to	SDS-162 

PAGE	along	with	18.75	µg	of	input.	163 

	164 

SDS-PAGE	and	Western	Blotting	165 
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Equal	 amounts	 of	 protein	 (28µg)	 were	 separated	 in	 7.5%	 acrylamide	 gels	 by	 SDS-PAGE	 and	166 

transferred	onto	nitrocellulose	membranes.	Membranes	were	blocked	in	5%	(w/v)	non-fat	milk	167 

for	1hr	at	room	temperature	and	incubated	overnight	at	4°C	in	5%	(w/v)	bovine	serum	albumin	168 

(BSA)	containing	0.1%	(v/v)	Tween-20	and	one	of	the	following	primary	antibodies:	anti-NMDAR2A	169 

(ab133265;	 1:1000;	 Abcam);	 anti-NMDAR2B	 (610416;	 1:1000;	 BD	Neurosciences),	 anti-PSD-95	170 

(D27E11;	1:1000;	CST),	and	GAPDH	(D16H11;	1:1000;	CST).	Membranes	were	washed	3	times	with	171 

Tris-buffered	 saline	 (TBS)	 containing	 0.1%	 Tween-20	 (TBS-T)	 and	 probed	 with	 fluorophore-172 

conjugated	 goat	 anti-mouse/-rabbit	 secondary	 antibody	 (1:10000;	 LI-COR).	 Proteins	 were	173 

visualised	using	the	Odyssey	infrared	scanner	(LI-COR)	and	bands	were	quantified	as	a	proportion	174 

of	housekeeping	protein	GAPDH	using	Image	Studio	Light	Software.		175 

	176 

Immunohistochemistry	177 

Tissue	was	immediately	fixed	in	4%	paraformaldehyde	for	24hrs	and	cut	into	35	µm	free-floating	178 

sections	for	immunohistochemistry.	All	washes	were	performed	with	PBS	containing	0.1%	Tween-179 

20	(PBS-T	0.1%),	unless	stated	otherwise.	Sections	were	incubated	in	0.3%	H2O2,	10%	methanol	180 

in	PBS-T	0.1%	for	30mins	and	then	in	blocking	solution	containing	5%	goat	serum	(Sigma	Aldrich),	181 

5%	BSA	(Fisher	Scientific,	BP1600)	in	PBS-T	0.2%	for	1hr.	Sections	were	then	incubated	overnight	182 

at	4°C	in	blocking	solution	containing	one	of	the	following	primary	antibodies:	anti-GFAP	(1:2000;	183 

Merck	 Millipore)	 and	 anti-Iba1	 (1:500;	 Wako).	 Sections	 were	 then	 washed	 (3	 x	 5min)	 and	184 

incubated	with	the	appropriate	biotinylated	secondary	antibody	(1:200,	Biotinylated	Goat	Anti-185 

Mouse	 Antibody	 (BA-9200),	 1:200,	 Biotinylated	 Goat	 Anti-Rabbit	 Antibody	 (BA-1000),	 Vector	186 

Labs).	Sections	were	 then	 incubated	 in	 the	avidin-biotinylated	horseradish	peroxidase	complex	187 

(ABC)	for	30	minutes.	Following	the	ABC	incubation	sections	were	mounted	onto	gelatinised	slides	188 

and	were	developed	using	3,3’-diaminobenzidine	(DAB)	precipitation.	Sections	were	washed	(3	x	189 
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5min)	in	0.1M	PB,	dehydrated	using	increasing	ethanol	percentages	(70%,	80%,	95%	and	2x100%,	190 

for	5	minutes	each).	Sections	were	incubated	in	xylene	(2x10minutes	each)	and	mounted	using	191 

Entellan®	 New,	 mounting	 medium.	 Images	 from	 stained	 sections	 were	 taken	 using	 a	 Leica	192 

Microscope	(Leica	DM5000B)	with	Q	software	for	image	capture.		193 

Sections	were	visualised	using	3,3’-diaminobenzidine	(DAB)	precipitation	under	a	light	microscope	194 

(Leica	DM5000B)	with	Q	software	for	image	capture.		GFAP-	and	Iba1-positive	cells	were	counted	195 

in	12	layer	II-III	sampling	fields	per	case	(chosen	at	random	from	2-3	different	slices)	of	temporal	196 

cortical	tissue	from	putative	non-pathological	and	pathological	(sclerotic	hippocampus	or	glioma)	197 

samples	with	available	tissue	using	ImageJ	(NIH)	software.		198 

	 	199 
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F, female; M, male; DNET, Dysembryoplastic neuroepithelial tumour. Pathological tissue from 200 
patients 0011 and 0021 were used as positive control in Fig 1D.  201 

Table 1. Human tissue case information.	
Patient	
Number	

Sex	 Age	 Diagnosis	 Medication	prescribed	 Past	medical	history	

0001	 M	 49	 Hippocampal	
sclerosis	

Carbamazepine	 	None	known	
	

0004	 M	 52	 Hippocampal	
sclerosis	

Lamotrygine,	Clobazam	 	None	known	
	

0005	 F	 60	 Hippocampal	
sclerosis	

Citalopram,	Keppra,	Omeprazole,	
Amitriptyline,	Phenytoin,	
Morphine,	Mebeverine	

	None	known	
	

0007	 F	 21	 DNET	 Dexamethasone,	Omeprazole,	
Lamotrygine,	Eslicarbazepine	

	None	known	
	

0008	 M	 71	 Glioblastoma	 Alfuzosin,	Allupurinol.	
Dexamethasone,	Phenytoin,	
Paracetamol,	Lansoprazole	

	None	known	
	

0010	 M	 28	 Hippocampal	
sclerosis	

Lamotrygine,	Clobazam,	
Carbamazepine	

	None	known	
	

0011	 F	 42	 Glioma	 N/A	 	None	known	

0014	 M	 32	 Hippocampal	
sclerosis	

Citalopram,	Lamotrigine,	
Levetiracetam,	Pregabalin,	
Paracetamol,	Salbutamol	

Asthma,	Depression	

0016	 F	 36	 Hippocampal	
sclerosis	

Gabapentin,	Senna,	Omeprazole,	
Lamotrigine,	Citalopram,	
Paracetamol	

None	known	
	

0017	 F	 62	 Hippocampal	
sclerosis	

Lamotrygine,	Carbamazepine,	
Citalopram,	Diazepam,	
Pregabalin,	Prochlorperazine	

Depression,	Hypertension,	
Gastroreflux	disease	

0018	 M	 30	 Cavernous	
malformation	

Lamotrygine,	Levetiracetam	 None	known	
	

0020	 F	 70	 Arteriovenous	
malformation	

Paracetamol,	Amlodipine,	
Omeprazole,	Estradiol,	Fentanyl	
Patch,	Avastatin,	Qvar	100,	
Colecalciferol,	Prednisolone,	
Nitrofurantoin	

Hysterectomy,	Urostomy,	
Acute	Myocardial	Infarction,	
Hypertension,	Polymyalgia	
Rheumatica,	
Hypercholesterolaemia,	
Recurrent	Urinary	Tract	
Infections	

0021	 M	 49	 Hippocampal	
sclerosis	

Carbamazepine,	Atenolol	 Glandular	Fever	

0022	 F	 58	 Subarachnoid	
haemorrhage	

Paracetamol,	Dihydrocodeine,	
Nimodipine	

Multiple	Aneurysms	

0024	 F	 50	 Cavernous	
malformation	

Lamotrygine,	Brufen,	Paracetamol	 Gall	stones,	Hysterectomy		

0026	 M	 27	 Mesial	temporal	
DNET	with	signal	
changes	in	the	
hippocampus	

Carbamazepine,	Clobazam,	
Levetiracetam,	Dexamethasone,	
Omeprazole,	Dihydrocodeine,	
Paracetamol,	Zonisamide,	
Morphine,	Colecalciferol	

	None	known	
	

0028	 F	 38	 	Epilepsy	 	Zolpicon	Zafirlukast,Senna,	
Citalopram,	Cinnarizine,	
Amitripyline,	Zonisamide,	Loestrin	

Asthma	
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Results  202 

We	obtained	non-pathological	cortical	tissue	samples	resected	during	neurosurgical	procedures	203 

to	obtain	access	to	deep	brain	lesions	(Figure	1A,	Table	1).	The	tissue	was	collected	in	theatre	and	204 

rapidly	 processed	 using	 the	 brain	 slice	 technique	 (Verhoog	 et	 al.,	 2013).	 The	 well-preserved	205 

cortical	 architecture	 of	 these	 slices	 (Figure	 1B)	 allowed	 for	 electrophysiological	 recordings	 in	206 

visually	identified	LII-III	pyramidal	neurons	(Figure	1C).	We	characterised	the	quality	and	health	of	207 

collected	tissues	using	fixed	or	snap-frozen	samples	of	brain	tissue	that	were	immediately	adjacent	208 

to	 that	used	 for	electrophysiology.	Reactive	astrocytes	 (GFAP)	and	microglia	 (Iba1)	are	 reliable	209 

inflammatory	indicators	of	disease	in	mammalian	brain	tissue	(Perry	et	al.,	2010)	(Figure	1D).	As	210 

positive	controls	for	inflammatory	pathology,	we	stained	sections	from	epileptic	foci	(n=2),	tumour	211 

tissue	(n=1)	or	cavernous	malformation	tissue	(n=1)	from	four	patients.	Quantification	of	putative	212 

non-pathological	 tissue	 (Supplementary	Figure	1A-E)	 revealed	 significantly	 lower	GFAP-positive	213 

cell	density	than	 in	positive	controls;	however,	we	found	 in	two	cases	(0008	glioblastoma,	and	214 

0020	arteriovenous	malformation)	the	density	of	Iba1-positive	cells	was	similar	to	that	of	positive	215 

controls	 (Figure	 1D	 and	 Supplementary	 Figure	 1C).	We	 therefore	 labelled	 these	 as	 cases	with	216 

observed	pathology	(OP)	and	excluded	them	from	synaptic	analyses.		217 

	 	218 
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	219 

Figure 1. Characterisation of human brain tissue resected from neurosurgical cases.	(A)	MRI	220 

images	from	two	patients.	Coronal	T2	image	of	a	cavernous	malformation	(A1)	and	coronal	FLAIR	221 

image	of	a	DNET	(A2)	taken	prior	to	surgery.	Red	box:	area	of	pathology	necessitating	222 

neurosurgical	removal,	white	box:	resected	tissue	used	for	analysis.	(B)	Nissl	stain	in	fixed	tissue	223 

showing	the	preservation	of	cortical	layer	architecture.	(C)	Visualisation	of	a	LII-III	pyramidal	224 

neuron	that	was	recorded	in	patch	clamp	mode	and	dialyzed	with	biocytin,	fixed,	and	DAB	225 
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stained.	(D)	Immunohistochemical	analysis	of	putative	non-pathological	resected	tissue	226 

compared	with	pathological	tissue	resected	from	the	region	of	underlying	pathology.	227 

Representative	images	of	immunostaining	for	inflammatory	markers,	GFAP	and	Iba1,	of	putative	228 

non-pathological	(PNP)	resected	temporal	cortex	showing	no	pathology	(NP),	of	putative	non-229 

pathological	resected	temporal	cortex	where	we	observed	pathology	(OP),	and	of	known	230 

pathological	tissue,	resected	from	the	regions	of	underlying	pathology	(P).	(E)	GluN2B	231 

immunoblot	using	resected	human	samples;	lysates	made	from	fresh-frozen	human	temporal	232 

cortices	tissue	and	from	fresh-frozen	mouse	temporal	cortices	(n=3).	(F)	Band1/Band2	and	(G)	233 

Band1/(Band2+Band3)	ratio	plotted	against	age.	No	correlation	observed	between	the	ratios	and	234 

subject	age	(Spearman’s	coefficient	of	correlation	(r)	and	p-value	(p)	are	indicated).	Scale	bars	in	235 

(B)	=	200	μm,	in	(C)	=	100	μm,	in	(D)	=	100	μm	(Inset	=	20	μm)	.	236 

	 	237 
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Next,	we	sought	to	further	control	for	resected	tissue	quality	by	measuring	the	ratio	of	full	length	238 

to	 cleaved	 GluN2B	 protein,	 which	 has	 previously	 been	 demonstrated	 as	 a	 robust	 control	 for	239 

synaptic	 proteome	 integrity	 in	 post-mortem	 human	 brain	 tissue	 (Bayés	 et	 al.,	 2014).	 Using	240 

Western	blot	analysis	of	GluN2B	 in	 fresh	 frozen	samples	with	an	antibody	that	 recognises	 full-241 

length	 protein	 (Band	 1,	 180kDa)	 and	 cleaved	 products	 (Bands	 2	 and	 3,	 150	 and	 115kDa),	 we	242 

measured	the	ratio	of	full-length	to	cleaved	GluN2B	(Figure	1E-G).	All	except	one	of	our	samples	243 

met	the	criteria	of	Band	1/Band	2	ratio	>1	(Bayés	et	al.,	2014)	demonstrating	lack	of	proteome	244 

degradation.	Given	the	observed	degradation	of	GluN2B,	the	sample	showing	a	ratio	of	<1	(case	245 

0011),	i.e.	decreased	full-length	GluN2B,	was	excluded	from	synaptic	analyses.		246 

All	fresh-frozen	tissue	samples	showed	the	presence	of	GluN2B	cleavage	products,	likely	indicating	247 

functional	and	turnover-related	regulation	of	the	channel	by	proteases	such	as	calpain	(Wu	et	al.,	248 

2005).	The	full-length-to-cleaved	band	ratio	was	not	altered	with	age	(Figure	1F-G).	We	observed	249 

a	similar	GluN2B	protein	profile	in	rapidly	processed	adult	mouse	brain	tissue	(Fig	1E-G),	which	250 

confirmed	 that	 basal	 cleavage	 of	 GluN2B	 in	 fresh	 frozen	 tissue	 was	 not	 an	 artefact	 of	 tissue	251 

collection.	This	shows	that	high	quality	tissue	can	be	obtained	from	human	patients	irrespective	252 

of	age.	253 

To	test	whether	total	protein	levels	decrease	with	age,	we	performed	further	Western	blots	for	254 

GluN2A	and	GluN2B	expression	with	fresh	frozen	brain	lysates	(Figure	2A-B)	from	cases	spanning	255 

from	21	 to	70	years	of	age.	We	 found	that	both	GluN2A	and	GluN2B	 full-length	protein	 levels	256 

decreased	with	age	(Figure	2C-D).	We	then	used	PSD-95	pull-down	from	brain	homogenates	to	257 

test	whether	GluN2A	or	GluN2B	could	be	immunoprecipitated	with	this	major	synaptic	anchoring	258 

protein.	 As	 predicted	 from	 rodent	 studies,	we	 detected	GluN2A	 associated	with	 PSD-95	 in	 all	259 

samples	 tested,	 without	 an	 age	 effect	 (Figure	 3A-B),	 but	 found	 detectable	 levels	 of	 GluN2B	260 

predominantly	associated	with	PSD-95	in	younger	adults	(Figure	3A,C).		261 
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 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

Figure 2. GluN2A and GluN2B full length protein levels in adult human temporal cortical tissue 276 

homogenate show an age-dependent decline.	Representative	Western	blots	of	GluN2A	(A)	277 

subunit	expression	using	temporal	cortical	tissue	lysates.	Quantification	for	GluN2A	(B)	and	278 

GluN2B	(C,	from	blots	shown	in	Fig.	1E)	relative	to	the	constitutive	protein	GAPDH	show	a	279 

significant	correlation	between	relative	NMDAR	subunit	expression	with	increasing	age.	280 

Spearman’s	coefficient	of	correlation	(r)	and	p-value	(p)	are	indicated	for	each	measure.		281 

	282 

	283 
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	284 

Figure 3. Co-immunoprecipitation of NMDAR subunits with PSD-95.	(A)	Representative	blots	285 

of	full	length	GluN2A	and	GluN2B	subunits	co-immunoprecipitated	with	PSD-95	using	human	286 

temporal	cortical	tissue	lysates.	(B)	Relative	intensity	of	GluN2A	immunoprecipitated	with	PSD-287 

95	does	not	correlate	with	age	(r	=	0.09,	P	=	0.41).	(C)	Relative	intensity	of	GluN2B	288 

immunoprecipitated	with	PSD-95	significantly	declines	with	age	(r	=	-0.64,	P	=	0.03).	Spearman’s	289 

coefficient	of	correlation	(r)	and	p-value	(p)	are	indicated	for	each	measure.		290 

	291 

	292 

	293 
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We	next	analysed	patch	clamp	recordings	to	determine	whether	these	receptors	participate	 in	294 

basal	 synaptic	 transmission.	NMDA	and	AMPA	currents	 exhibited	 current	 voltage	 relationships	295 

similar	 to	 those	 observed	 in	 rodents	 (Figure	 4A-B).	 We	 analysed	 the	 age-dependence	 of	296 

NMDA/AMPA	receptor	ratio	by	measuring	AMPAR	component	at	-70mV	and	NMDAR	component	297 

at	+50mV	to	relieve	the	Mg2+	block	(Mierau	et	al.,	2004;	Vargas-Caballero	and	Robinson,	2004),	298 

with	and	without	addition	of	the	selective	GluN2B	inhibitor,	Ro	25-6981	(500	nM),	which	shows	299 

similar	pharmacological	properties	in	both	rat	and	human	recombinant	receptors	(Hedegaard	et	300 

al.,	2013).		301 

	302 

The	 overall	 NMDA/AMPA	 ratio	 showed	 a	 decrease	 with	 age	 (Figure	 4C),	 suggesting	 an	 age-303 

dependent	 reduced	 contribution	 of	 NMDARs	 to	 synaptic	 transmission.	 In	 contrast,	 the	304 

NMDA/AMPA	ratio	remained	constant	across	ages	in	recordings	performed	in	the	presence	of	Ro	305 

25-6981	 (Figure	 4D),	 which	 at	 500	 nM	 inhibits	 recombinant	 NMDAR	 di-heteromers	306 

(GluN1/GluN2B).	This	suggests	that	GluN2B	loss	could	be	a	key	determinant	of	reduced	synaptic	307 

NMDAR	input	to	ageing	temporal	cortical	synapses.	308 

	309 

Given	 that	 recombinant	 NMDARs	 containing	 either	 GluN1/GluN2A	 and	 GluN1/GluN2B	 have	310 

distinct	 postsynaptic	 current	 decay	 kinetics	 (Stocca	 and	 Vicini,	 1998),	 we	 fitted	 	 a	 double	311 

exponential	decay	function	to	all	recorded	currents	and	obtained	a	weighted	time	constant	value	312 

(tw	 )	 for	 each	 case.	We	 found	 that	 tw	decreased	 significantly	with	 age,	 this	 is	 consistent	with	313 

synapses	 from	 younger	 individuals	 having	 a	 higher	 proportion	 of	 synaptic	 GluN2B	 containing	314 

receptors	that	is	progressively	reduced	with	age	(Fig	4E).	315 

	 	316 
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	317 

Figure 4. NMDA/AMPA responses from human cortical synapses with or without specific 318 

GluN2B inhibitor and their age dependence.	(A)	Representative	NMDA-	and	AMPA-mediated	319 

currents	from	adult	human	brain	slices	in	LII-III	temporal	cortex	voltage	clamped	at	-70	and	320 

+50mV	with	and	without	500	nM	Ro	25-6981	treatment.	NMDAR-mediated	currents	from	a	32-321 

year-old	are	slow-decaying	and	with	Ro	treatment	they	producing	a	smaller	and	faster	decaying	322 

outward	current.	NMDAR-mediated	currents	from	a	52-year-old	show	no	sensitivity	to	Ro	25-323 
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6981	treatment.	(B)	Average	I/V	relations	for	NMDA	and	AMPA	responses	(n=7	patients).	I/V	324 

relations	for	NMDA-mediated	responses	show	a	voltage	dependence	(characteristic	‘J-shaped’	325 

curve),	showing	the	block	of	the	receptor	at	hyperpolarized	membrane	potentials.	I/V	relations	326 

for	AMPA-mediated	responses	are	linear.	(C)	NMDA/AMPA	ratios	are	negatively	correlated	with	327 

age	under	control	conditions.	(D)	No	correlation	was	observed	between	NMDA/AMPA	ratios	and	328 

age	for	recordings	carried	in	500	nM	Ro	25-6981.	(E).	The	weighted	NMDAR	time	constant	tw	329 

shows	an	age	dependent	decline,	suggesting	a	reduced	contribution	of	the	slow	decaying	330 

GluN1/GluN2B	containing	NMDARs.	Each	data	point	represents	the	average	measure	±	SEM	per	331 

patient.	(F)	Sample	fits.	Scale	bars	in	(A)	=	50	ms,	50	pA	and	(F)	=	200ms	,	50	pA.	Scatter	dot	plots	332 

with	error	bars	in	graphs	represent	mean	±	SEM	per	patient.	12	patients	were	included	in	the	333 

analysis.	Spearman’s	coefficient	of	correlation	(r)	and	p-value	(p)	are	indicated	for	each	measure.	334 

	 	335 
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Discussion. 336 

A	sharp	developmental	 increase	 in	GluN2A	and	a	decrease	 in	GluN2B-containing	NMDARs	has	337 

been	observed	in	many	model	systems	including	rodents	(Dumas,	2005;	Yashiro	and	Philpot,	2009	338 

and	reviewed	 in	Paoletti	et	al.,	2013).	 In	humans,	an	8%	reduction	 in	grin2B	mRNA	expression	339 

during	 mid-gestation	 was	 accompanied	 by	 a	 21%	 increase	 in	 grin2A	 mRNA	 expression	340 

(Bagasrawala	 et	 al.,	 2016),	 these	observations	 are	 consistent	with	 larger	 scale	mRNA	analyses	341 

across	 the	 human	 lifespan	 (in	 dorstolateral	 prefrontal	 cortex	 and	 hippocampus)	 showing	 that		342 

while	 minor	 changes	 in	 GRIN2B	 occur	 during	 embrionic	 development	 and	 adult	 life,	 a	 major	343 

increase	 in	GRIN2A	 expression	 is	 observed	 during	 gestation	 (Bar-Shira	 et	 al.,	 2015).	 Together,	344 

these	 results	 suggest	 an	 evolutionarily	 conserved	 switch	 in	 NMDAR	 subunit	 expression	 in	 the	345 

developing	brain.	Although	GluN2A	containing	channels	are	broadly	considered	the	major	carriers	346 

of	 NMDAR-mediated	 synaptic	 current	 in	 the	 adult	 forebrain	 (Hildebrand	 et	 al.,	 2014),	 much	347 

evidence	 shows	 that	 adult	 GluN2B-containing	 NMDARs	 are	 required	 in	 adult	 brain	 circuits	 –348 

including	 hippocampal	 CA3-CA1	 synapses	 where	 the	 levels	 of	 GluN2B	 expression	 in	 CA3-CA1	349 

synapses	are	correlated	with	the	ability	of	synapses	to	undergo	long	term	potentiation	(Kohl	et	al.,	350 

2011).	The	high	affinity	association	between	GluN2B	subunits	with	CaMKIIa	(Barria	and	Malinow	351 

2005)	is	hypothesised	to	promote	localisation	of	this	molecular	Ca2+	dependent	switch	to	synaptic	352 

regions	 and	 influence	 nearby	 downstream	 effectors	 of	 synaptic	 maintenance	 and	 plasticity	353 

(Philpot	 et	 al.,	 1999).	 	 The	 long	 decay	 kinetics	 exhibited	 by	 GluN2B	 containing	 NMDAR	 can	354 

effectively	 integrate	 trains	 of	 stimuli	 by	 providing	 a	 long	window	 for	 coincidence	 detection	 of	355 

synaptic	 release	 and	 post-synaptic	 depolarisation	 (Vargas-Caballero	 and	 Robinson,	 2004)	 a	356 

function	which	may	contribute	to	working	memory	in	the	prefrontal	cortex	where	a	substantial	357 

fraction	of	GluN2B-containing	NMDARs	remains	in	adulthood	(Wang	et	al.,	2008).			358 

	359 
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NMDARs	are	essential	for	numerous	spatial	memory	tasks	(Morris,	1986,	Bannerman	et	al.	2013)	360 

as	well	as	for	many	forms	of	long-term	synaptic	plasticity,	a	molecular	correlate	of	learning	and	361 

memory	 (Collingridge,	 1983).	 Overexpression	 of	 the	 GluN2B	 subunit	 in	mice	 led	 to	 increased	362 

recruitment	of	synaptic	GluN2B,	improved	performance	in	memory	tests	and	enhanced	synaptic	363 

plasticity	 (Tang	 et	 al.,	 1999,	 Cui	 et	 al.,	 2011).	 These	 results	 suggest	 a	 causal	 role	 of	 GluN2B	364 

recruitment	at	the	synapse	in	regulating	synaptic	strength	and	memory	storage	in	mice.		365 

	366 

In	adult	and	ageing	rodents,	the	contribution	of	GluN2B	to	synaptic	function	is	reduced	compared	367 

to	 younger	 animals	 and	 the	 decline	 in	 GluN2B	 subunit	 is	 correlated	 with	 impaired	 memory	368 

functions	 (Clayton	 et	 al.,	 2002;	Magnusson,	 2012;	Magnusson	 et	 al.,	 2010;	 Zhao	 et	 al.,	 2009).	369 

However,	it	was	not	known	whether	age	dependent	changes	in	GluN2B	synaptic	composition	also	370 

occurred	over	 the	human	 lifespan.	 To	 analyse	 the	 age	dependence	of	NMDAR	 composition	 in	371 

human	synapses	we	studied	samples	from	adult	patients	within	a	broad	age	span	(21	to	70	years	372 

of	 age).	 Using	 GFAP	 and	 Iba1	 as	 inflammation	markers	 and	 GluN2B	 as	 a	 protein	 degradation	373 

marker,	we	were	able	to	assess	the	quality	of	this	tissue	as	non-pathological.		We	observed	that	374 

although	protein	expression	for	both	glutamate	receptor	subunits	GluN2A	and	GluN2B	is	reduced	375 

with	age,	both	proteins	are	still	produced	at	detectable	levels	in	older	adults	(Fig	2).	By	using	a	376 

pharmacological	approach,	whereby	Ro	25-6981	500	nM	selectively	inhibits	receptors	containing	377 

GluN2B/GluN1	 subunits,	 our	 data	 demonstrate	 that	 a	 significant	 fraction	 of	 these	 NMDAR	378 

channels	participate	in	basal	synaptic	function	in	cortical	slices	in	younger	adults.	This	result	is	in	379 

sharp	contrast	with	predictions	from	equivalent	mouse	studies,	and	our	own	analyses	where	Ro	380 

25-6981	had	no	 significant	 effect	 of	 the	NMDA/AMPA	 ratio	 in	 young	 adult	mice	 (3-5	months)	381 

(Supplementary	Figure	2	1A-C).	 	We	provide	 three	 lines	of	evidence	 that	 support	 the	 synaptic	382 

GluN2B	contribution	is	selectively	reduced	relative	to	that	of	GluN2A	in	human	cortical	synapses	383 
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with	ageing:	Co-immunoprecipitation	with	PSD-95,	pharmacological	blockade	of	synaptic	currents	384 

with	Ro	25-6981,	and	changes	in	tw	in	synaptic	NMDAR	currents.		385 

Mechanisms	of	synaptic	anchoring	via	post-translational	modifications	(Lussier	et	al.,	2015)	and/or	386 

association	 with	 other	 synaptic	 density	 proteins	 (Chen	 et	 al.,	 2015)	 may	 underlie	 this	 age-387 

dependent	GluN2A	or	GluN2B	content	 in	human	cortical	 synapses.	Further	analyses	of	human	388 

tissue	 derived	 from	 neurosurgery	 allowing	 for	 the	 analysis	 of	 well-preserved	 protein-protein	389 

interactions	and	post-translational	modifications	will	allow	a	deeper	understanding	of	the	factors	390 

that	cause	GluN2B	loss	from	older	human	synapses.	Our	measures	do	not	distinguish	between	di-391 

heteromeric	 receptors	 (GluN2B/GluN1)	 or	 tri-heteromeric	 receptors	 (GluN2B/GluN2A/GluN1),	392 

both	of	which	 show	a	widespread	expression	adult	 rodent	brain	 (Rauner	and	Köhr,	2011)	and	393 

further	biochemical	and/or	pharmacological	analysis	will	be	required	to	address	their	contribution	394 

to	human	cortical	synaptic	transmission.		395 

	396 

Mounting	evidence	in	model	systems	shows	that	a	reduction	in	synapse	number	and	turnover,	as	397 

well	 as	 alterations	of	 synaptic	 receptor	 composition,	 are	 correlated	with	 age-related	 cognitive	398 

decline	in	rodents	and	primates	(Morrison	and	Baxter,	2012;	Mostany	et	al.,	2013).		Previous	work	399 

suggests	a	causal	role	of	GluN2B	recruitment	at	the	synapse	in	regulating	synaptic	strength	and	400 

memory	storage.	Furthermore,	overexpression	of	 the	GluN2B	subunit	 in	mice	 led	 to	 increased	401 

recruitment	of	synaptic	GluN2B	resulting	in	improved	memory	and	enhanced	synaptic	plasticity	402 

(Cui	et	al.,	2011;	Tang	et	al.,	1999).	Since	synaptic	NMDAR	content	and	composition	can	determine	403 

integrative	 and	 plastic	 properties	 in	 neurons	 (Yashiro	 and	 Philpot,	 2009),	 our	 observations	404 

highlight	a	biologically	plausible	mechanism	for	the	reduction	in	cortical	plasticity	observed	across	405 

the	human	age	span	(Freitas	et	al.,	2011)	and	the	cognitive	ageing	in	the	human	brain	which	can	406 

be	observed	from	middle	age	(Singh-Manoux	et	al.,	2012).		407 
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Experiments	using	live	human	tissue	derived	from	neurosurgery	can	further	our	understanding	of	408 

molecular	mechanisms	behind	synaptic	ageing	synapse	alterations	in	disease.	This	can	be	studied	409 

either	directly	in	diseased	tissue	from	patients	(Finardi	et	al.,	2006;	Ying	et	al.,	2004)	or	by	acutely	410 

mimicking	disease	states	using	non-pathological	tissue	processed	with	the	brain	slice	technique	411 

(Vargas-Caballero	et	al.,	2016).		412 

	413 

Understanding	 synaptic	 composition	 throughout	 the	 human	 age	 span	 can	 also	 inform	 drug	414 

development	 for	 neurological	 conditions	 affecting	 young	or	 older	 individuals,	 as	well	 as	 aid	 in	415 

understanding	and	ameliorating	off-target	effects	of	widely	used	drugs.	As	an	example,	fluoxetine	416 

(Prozac),	 also	 inhibits	 GluN2B-containing	 receptors	 (Kiss	 et	 al.,	 2012)	 and	 thus,	 may	 have	417 

differential	 side-effects	 in	 young	 and	 older	 brains.	 Furthermore,	 data	 on	 human	 synapse	418 

composition	and	function,	such	as	our	work	presented	here,	can	serve	as	a	benchmark	to	further	419 

develop	pluripotent	stem	cell	models	(Zhang	et	al.,	2016)	to	mimic	the	appropriate	age	for	the	420 

disease	model	of	interest.		421 
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	549 

Supplementary Figure 1. Representative images of immunohistochemical analyses for cases 550 

stained for GFAP and Iba1	(A).	Cell	density	quantification	for	non-pathological	(PNP)	and	551 

pathological	(P)	tissue,	for	GFAP	(B),	and		Iba1	(C).	Data	were	analysed	using	one-way	ANOVA	552 

with	Dunnett’s	post-hoc	correction	comparing	against	the	mean	of	pathological	cases.	Cases	553 

0008	and	0020	did	not	meet	the	criteria	for	subsequent	analyses,	as	they	were	not	significantly	554 

different	to	the	mean	of	pathological	cases	(for	Iba1).	Paired	comparison	of	cell	densities	for	555 

GFAP	(D)	and	Iba1	(E)	for	putative	non-pathological	(PNP)	tissue	for	which	pathological	(P)	tissue	556 

was	available	(cases	0011,	0021,	0024	and	0026).	Significantly	lower	densities	for	both	GFAP	and	557 

Iba1	positive	cells	revealed	by	paired	t-tests	(P	=	0.0247	and	P	=	0.0018	respectively).		558 
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	564 

	565 

Supplementary Figure 2. 566 

Significant GluN2B contribution in NMDA-mediated currents in temporal brain slices recorded 567 

from P6-15 mice but not from adult mice.	(A)	Representative	NMDA-	and	AMPA-mediated	568 

currents	from	P6-15	and	3-	5	month-old	mice	with	and	without	Ro	25-6981	treatment.	(B)	569 

NMDA/AMPA	ratios	from	P6-15	mice	show	sensitivity	to	Ro	treatment	(1.255	±	0.18	without	and	570 

0.540	±	0.08	with	Ro	treatment),	while	recordings	from	3-5-month-old	mice	do	not	(0.760	±	0.08	571 

without	and	0.538	±	0.10	with	Ro	treatment).	(C)	Weighted	NMDA	time	constant	(tw)	shows	572 

sensitivity	to	Ro	treatment	in	P6-15	mice	(311ms	±	47.3	without	and	157ms	±	22.9	with	Ro	573 

treatment).	No	differences	were	observed	in	the	3-5-month-old	mice	(132ms	±	11.4	to	130ms	±	574 

10.6).	Numbers	in	brackets	correspond	to	number	of	cells	recorded	from	a	minimum	of	4	mice.	575 

Scale	bars	in	(A):	50ms,	100pA.		576 
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