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ABSTRACT	

FACULTY	OF	MEDICINE	

Clinical	and	Experimental	Sciences	

Thesis	for	the	degree	of	Doctor	of	Philosophy	

PATHWAYS	OF	COMMUNICATION	BETWEEN	THE	SUBARACHNOID	SPACE	AND	THE	BRAIN	

PARENCHYMA.	ARE	THEY	RELEVANT	TO	NEURODEGENERATIVE	DISEASES?		

Nazira	Jamal	Albargothy	

Introduction	Accumulation	of	the	β-amyloid	(Aβ)	protein	in	cerebral	blood	vessels	is	a	hallmark	of	

Alzheimer’s	disease.	 Identifying	 the	 factors	 that	 contribute	 to	 this	accumulation	 is	 critical	 for	both	

prevention	and	treatment	of	the	disease.	Previous	studies	have	shown	that	Aβ	from	the	parenchyma	

is	 removed	 along	 the	basement	membranes	of	 capillaries	 and	 arteries	 towards	 the	 surface	of	 the	

brain.	Aβ	 is	 present	 in	 the	 cerebrospinal	 fluid	 (CSF)	of	 the	brain	 and	 there	have	been	 suggestions	

that	Aβ	is	entering	the	parenchyma	and	eliminated	back	into	the	CSF.	The	precise	anatomical	routes	

by	which	CSF	moves	into	and	out	of	the	brain	parenchyma	have	not	been	identified.	The	aim	of	this	

study	was	to	determine	the	entry	route	and	the	distribution	of	solutes	and	particulate	matter	in	the	

brain	at	 two	time	points	 following	 its	 injection	 into	the	CSF	and	 investigate	age-related	changes	 in	

CSF	influx	and	distribution.		

Materials	and	method	Evans	blue	dye	(EBD),	anti-sense	oligonucleotides	(ASO),	fluorescently-tagged	

Aβ40	and	nanoparticles	were	 injected	 into	 cisterna	magna	of	 adult	male	C57BL/6J	mice	 and	mice	

were	sacrificed	at	5	or	30	minutes	after	injection	(n	=	3	/group).	Representative	sections	across	the	

brain	were	immunostained	for	the	detection	of	basement	membranes	and	smooth	muscle	actin	to	

differentiate	 arteries	 from	 veins	 by	 confocal	 microscopy.	 Nanoparticles	 were	 detected	 using	

transmission	electron	microscopy.	

Results	and	discussion	Within	5	minutes	after	injection,	EBD,	ASO,	nanoparticles	and	Aβ	entered	the	

brain	 along	 the	 pial	 –	 glial	 vascular	 basement	 membranes.	 In	 6	 –	 10	 week	 old	 mice,	 soluble	 Aβ	

colocalised	 with	 the	 astrocytic	 basement	 membrane	 marker	 (α-2	 laminin)	 and	 collagen	 IV	 of	

leptomeningeal	 and	 cortical	 arteries.	 After	 30	 minutes,	 Aβ	 was	 present	 in	 the	 tunica	 media	 of	

leptomeningeal	and	cortical	arteries.	The	depth	of	Aβ	along	the	artery	wall	 in	the	parenchyma	was	

significantly	higher	at	30	min	compared	 to	5	min	post-injection.	Regional	differences	between	 the	



	

cortical,	subcortical	and	posterior	brain	regions	were	also	detected.	In	24	–	30	month	old	mice,	Aβ	

also	entered	along	 the	pial	–	glial	basement	membrane	of	arteries	after	5	min.	However,	after	30	

min,	Aβ	was	also	present	in	1)	the	basement	membrane	of	capillaries,	veins,	2)	the	tunica	media	of	

arteries,	 3)	 diffusely	 in	 the	 parenchyma	 where	 it	 was	 taken	 up	 by	 astrocytes,	 neurons	 and	

macrophages.	

Conclusions	 These	 results	 indicate	 that	 the	 entry	 route	 of	 CSF	 is	 along	 the	 pial	 –	 glial	 basement	

membrane	 of	 arteries	 at	 5	min	 post-injection.	 Solutes	 in	 the	 CSF	 appear	 to	 enter	 the	 intramural	

periarterial	drainage	pathway	after	30	min	for	clearance	back	into	the	CSF.	The	normal	flow	of	CSF	

along	the	basement	membrane	of	arteries	in	old	mice	is	impaired.	These	data	may	contribute	to	the	

understanding	of	Aβ	deposition	 in	walls	of	arteries	as	cerebral	amyloid	angiopathy	and	provide	an	

insight	 into	 the	 intrathecal	 delivery	 route	 for	 treatment	 of	 neurodegenerative	 diseases	 including	

Alzheimer’s	disease.			
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 Introduction	Chapter	1

1.1 General	introduction		

The	brain	is	unlike	all	other	organs	as	it	is	devoid	of	a	traditional	lymphatic	vasculature,	a	system	that	

is	 critical	 for	 tissue	 homeostasis	 by	 facilitating	 the	 clearance	 of	 excess	 fluids	 and	 extracellular	

proteins.	The	 three	extracellular	 fluids	of	 the	central	nervous	system	(CNS)	 (brain	and	spinal	 cord)	

are	 the	 blood,	 cerebrospinal	 fluid	 (CSF)	 and	 interstitial	 fluid	 (ISF).	 The	 composition	 of	 these	

extracellular	 fluids	 is	 very	 tightly	 controlled	 to	 ensure	 efficient	 neuronal	 function.	 Therefore,	

homeostasis	mechanisms	have	evolved	to	regulate	the	molecular	exchange	between	the	changeable	

environments	 of	 the	 blood	 and	 the	 CSF/ISF	 to	 maintain	 a	 highly	 controlled	 and	 stable	

microenvironment	[1,	2].	Due	to	the	absence	of	traditional	lymphatic	vessels	in	the	brain,	the	ISF	and	

CSF	 play	 a	 critical	 role	 in	 the	 clearance	 of	 excess	 fluid,	 solutes	 and	 metabolic	 waste	 products.	

Therefore,	the	movement	of	these	fluids	has	been	heavily	studied	as	an	understanding	of	the	normal	

flow	of	ISF/CSF	could	potentially	aid	in	developing	therapeutic	targets	for	diseases	where	a	failure	in	

clearance	 of	 these	 fluids	 is	 thought	 to	 contribute	 to	 the	 accumulation	 of	 toxic	 proteins	 (e.g.	 β-

amyloid	in	Alzheimer’s	disease)	[3].					

The	 important	 roles	 of	 ISF/CSF	 have	 raised	 long-standing	 questions	 about	 how	 these	 fluids	 clear	

waste	products.	Despite	the	large	number	of	studies	discussing	the	interaction	between	these	fluids	

and	 their	 function,	 significant	 controversies	 exist	 in	 the	 literature.	 These	may	 have	 arisen	 due	 to	

differences	 in:	 data	 interpretation	 amongst	 scientific	 researchers,	 experimental	 design,	 types	 of	

tracers	used	in	the	study,	time	scales	of	the	experiments	and	the	type	of	microscopy	used.	This	study	

will	 help	 build	 our	 knowledge	 of	 role	 of	 CSF	 in	 the	 movement	 of	 solutes	 and	 potentially	 the	

clearance	of	waste	products.	

1.2 Cerebral	circulation,	anatomy	and	function	

1.2.1 Cerebral	circulation	

The	brain	comprises	approximately	2	%	of	the	human	body	weight	but	receives	15-20	%	of	the	total	

cardiac	output	due	to	its	high	metabolic	need	which	relies	on	oxidative	metabolism,	a	high	fraction	

of	cardiac	output	and	relatively	constant	blood	flow.	The	brain	has	a	limited	capacity	for	expansion	

within	the	skull	and	therefore	tight	water	regulation	is	crucial	to	prevent	deleterious	effects	of	tissue	
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or	extracellular	fluid	expansion.	Increases	in	intracranial	pressure	(ICP)	due	to	vasogenic	oedema	can	

result	 in	 severe	 neurologic	 complications	 and	 death.	 It	 is	 therefore	 necessary	 for	 the	 brain	 to	

maintain	ICP	within	a	normal	range.	Brain	homeostasis	is	also	highly	regulated	to	provide	a	suitable	

ionic	milieu	for	water	and	solute	transport	from	the	blood	into	the	brain	parenchyma	and	for	normal	

neuronal	function	[4].		

1.2.2 Cerebral	anatomy	and	ultrastructure	

The	skull	supports	the	soft	tissues	of	the	head	and	provides	a	protective	cavity	for	the	brain	(Figure	

1.1).	

	

Figure	1.1	|	Cerebral	anatomy.	Diagram	showing	the	brain	parenchyma	enclosed	by	the	skull	and	dura	mater.	
Key	structures	in	the	brain	including	the	subarachnoid	space,	lateral,	third	and	fourth	ventricles	are	outlined.				

1.2.2.1 Structure	and	function	of	cerebral	meninges	

The	meninges	are	comprised	of	three	connective	tissue	membranes	including	dura	mater,	arachnoid	

and	pia	mater	(Figure	1.2).	The	dura	mater,	which	is	a	thick	double-layered	membrane,	lines	the	skull	

as	a	periosteum	(poriosteal	layer)	and	envelops	the	brain	and	spinal	cord.	The	dura	is	the	outermost	

layer	 of	 the	 three	meninges	 and	 forms	 a	 sac	 that	 envelops	 the	other	meningeal	 layers.	 The	dural	

layer	reflects	in	three	infoldings,	one	separates	the	two	cortical	hemispheres	(falx	cerebri),	another	

is	located	between	the	cerebellum	and	the	occipital	lobe	(tentorium	cerebelli	and	falx	cerebelli)	and	

the	final	covers	the	pituitary	gland	and	the	sella	turcica	(a	depression	in	the	base	of	the	skull	where	

the	pituitary	gland	is	situated)	[5].	Lymphatic	vessels	exist	in	the	dura	mater,	adjacent	to	the	venous	
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sinuses	 draining	 across	 the	 cribriform	 plate	 [6].	 The	 leptomeninges	 (lepto,	 thin)	 are	 the	 inner	

membranes	formed	by	the	arachnoid	and	the	inner	pia	mater.	The	arachnoid	mater	is	a	transparent	

membrane	composed	of	fibrous	tissue	and	sits	loosely	on	the	surface	of	the	brain;	it	is	linked	to	the	

pia	 by	 arachnoid	 trabeculae	 that	 span	 the	 subarachnoid	 space	 filled	 with	 CSF	 and	 protect	 the	

cerebral	blood	vessels	 from	rupture.	The	pia	mater	 is	an	even	more	delicate	membrane,	only	one	

cell	 thick	 that	 adheres	 tightly	 to	 the	 surface	 of	 the	 brain	 following	 its	 contours	 (gyri	 and	 sulci),	

follows	 the	 folia	of	 the	cerebellum	and	closely	 invests	 the	 surface	of	 the	 spinal	 cord	 [4,	7,	8].	 The	

individual	 pia	mater	 cells	 are	 joined	by	 desmosomes	 and	 gap	 junctions	 [9]	 that	 form	a	 regulatory	

interface	between	the	surface	of	the	brain	and	subarachnoid	CSF.	The	pia	mater	appears	to	function	

as	 an	 active	 barrier	 and	 its	 cells	 actively	 pinocytose	 particulate	matter	 and	 contain	 enzymes	 that	

degrade	neurotransmitters	[10].	

Overall,	 the	primary	 function	of	 the	meninges	are	 thought	 to	be	protective	 for	 the	CNS	since	they	

tightly	anchor	the	CNS	to	surrounding	bones,	providing	stability	[11].	The	cerebral	meninges	are	also	

though	to	contribute	to	the	preservation	of	CNS	homeostasis	[12].	
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Figure	1.2	|	Cranial	meninges	and	cerebral	blood	vessels.	Schematic	illustrating	the	three	meningeal	layers	in	
the	 brain	 (dura,	 arachnoid	 and	 pia).	 Diagram	 also	 depicts	 a	 longitudinal	 cross	 section	 of	 a	 leptomeningeal	
artery	penetrating	the	brain	forming	an	arteriole	and	eventually	branching	into	capillaries.	

1.2.2.2 Structure	of	the	subarachnoid,	subpial	and	Virchow-Robin	spaces	

The	subarachnoid	space	is	positioned	between	the	arachnoid	and	the	pia	mater.	When	pia	separates	

from	the	arachnoid	and	follows	the	curvatures	of	the	brain,	the	subarachnoid	space	forms	cisterns.	

The	largest	of	the	cisterns	are	the	cisterna	ponti	and	cisterna	magna	[13,	14].	Pia	mater	is	reflected	

on	to	the	surface	of	arteries	and	veins	in	the	subarachnoid	space	and	coats	collagenous	trabeculae	

that	extend	from	the	arachnoid	layer.	A	sheath	of	pia	mater	cells	extends	from	the	deep	aspect	of	

the	pia	mater	to	accompany	penetrating	arteries	into	the	brain	forming	a	subpial	space	(Figure	1.2);	

this	sheath	is	incomplete	or	absent	around	veins	[15].	The	subpial	space	contains		branches	of	major	

arteries	 in	 the	 subarachnoid	 space	 with	 smooth	 muscle	 coats	 of	 varying	 thickness	 and	 an	 outer	

leptomeningeal	 coating,	 small	 veins,	 bundles	 of	 collagen	 [16],	 dissociated	 pia	 mater	 cells	 and	

occasional	inflammatory	cells	[17].	

Anatomically,	the	Virchow-Robin	(VR)	space	 is	defined	as	the	space	surrounding	blood	vessels	that	

penetrate	 into	 the	 brain	 tissue	 from	 the	 subarachnoid	 space.	 Arteries	 entering	 the	 brain	 pass	
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through	the	subpial	space	and	carry	with	them	a	sheath	of	pia	mater.	The	penetration	of	pia	mater	

around	arteries	into	the	brain	is	thought	to	divide	the	periarterial	space	into	two	compartments.	The	

outer	space	is	bound	by	pia	mater	and	is	freely	open	to	the	subarachnoid	space.	The	inner	space	is	

enclosed	by	the	pia	and	the	vessel	wall	(tunica	adventitia)	and	is	not	freely	open	to	the	subarachnoid	

space	[16].	It	is	unclear	which	of	the	two	is	the	peri/paravascular	or	VR	space	(Figure	3.1).	The	inner	

space	is	thought	to	be	the	conduit	for	fluid	drainage	[21]	and	is	referred	to	as	the	VR	space	[18,	19].	

It	 is	probably	 the	 inner	space	between	the	pia	mater	sheath	and	the	vessel	 that	 is	 the	conduit	 for	

fluid	drainage,	but	which	of	these	spaces	is	indeed	the	VR	space	is	unclear	(Figure	1.3	B).	The	point	at	

which	the	VR	spaces	is	occluded	occurs	at	the	capillary	bed	level	when	the	basement	of	the	glia	fuses	

with	 the	 endothelium	 basement	 membrane	 [20,	 21].	 The	 pial	 cell	 layer	 ensheaths	 arterial	 and	

venous	 vessels	 in	 the	 subarachnoid	 space	 creating	 a	 perivascular	 space	 [15].	 The	 pial	 sheath	 of	

cortical	 vessels	 invaginating	 the	 VR	 spaces	 joins	 with	 the	 cortical	 pial	 sheath	 covering	 forming	 a	

funnel	 like	structure	(Figure	1.3	A)	 [22,	23].	The	pial	sheath	around	arterial	vessels	but	not	venous	

extends	 into	 the	VR	space	and	becomes	more	 leaky	 fenestrated	nearer	 the	capillary	bed	 [15].	The	

pial	sheath	disappears	at	the	precapillary	level.	

	

Figure	 1.3	 |	Morphology	 of	 Virchow-Robin	 (VR)	 and	 perivascular	 spaces.	 The	 VR	 space	 depicts	 the	 space	
surrounding	vessels	penetrating	into	the	brain	parenchyma.	The	perivascular	space	may	be	described	as:	(A)	a	
space	continuous	with	the	subarachnoid	space	that	 is	outlined	by	a	pia-funnel	or	(B)	a	space	not	continuous	
with	the	subarachnoid	space	that	is	outlined	by	a	layer	of	pia	mater	and	the	tunica	media	of	arterioles.		

In	human	brain	specimens,	the	VR	spaces	appear	collapsed	and	it	is	still	unclear	if	these	histologically	

characterised	 compartments	 are	 open	 spaces.	 In	 the	 human	 cerebral	 cortex,	 the	 glia	 limitans,	 pia	

mater	and	the	artery	walls	are	also	compact	such	that	there	is	no	perivascular	or	paravascular	space	

[15,	24].	In	rodents,	studies	have	shown	the	VR	space	is	filled	with	fluid,	electron	microscopic	dense	

material,	macrophages	 and	blood	born	 inflammatory	 cells	 [25].	 It	 is	 thought	 that	 this	 discrepancy	

may	 arise	 from	 the	 distinct	 fixation	 procedures	 in	mice	 and	 humans;	 human	 specimens	 are	 fixed	
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extra-corporally	 whereas	 rodent	 brains	 are	 fixed	 via	 an	 intracardial	 perfusion	 fixation	 procedure	

[26].		Some	studies	suggest	that	the	discrepancies	in	the	literature	regarding	the	VR	space	may	be	a	

misinterpretation	of	artifactual	space	caused	by	the	swelling	of	astrocyte	processes	 in	the	cerebral	

cortex	 [27].	 This	 is	because	electron	microscopy	 studies	of	well-fixed	human	 reveal	no	 such	 space	

[15].	Perivascular	spaces	 in	the	basal	ganglia	and	white	matter	are	thought	to	be	present	 [28,	29].	

Compared	 to	 arteries,	 veins	 are	 not	 coated	 by	 a	 complete	 pial	 sheath.	 However,	 veins	 in	 the	

subarachnoid	space	are	covered	by	a	layer	of	leptomeningeal	cells	[15].	

The	parenchyma	 into	which	the	blood	vessels	penetrate	 is	 the	functional	 tissue	 in	the	brain	and	 is	

comprised	of	 cells	 surrounded	by	extracellular	 tortuous	 spaces	 containing	extracellular	matrix	and	

interstitial	fluid.	

1.2.2.3 Neurons,	cells	and	barriers	of	the	CNS	

In	 the	 CNS,	 three	 types	 of	 neurons	 exist	 including	 the	 afferent	 neurons,	 efferent	 neurons	 and	

interneurons;	 they	 all	 serve	 distinct	 purpose.	 The	 afferent	 neurons	 transmit	 information	 from	

sensory	organs	to	the	brain	and	CNS,	the	efferent	neurons	transmit	signals	from	the	CNS	to	effector	

organs	(muscles	and	glands),	and	the	interneurons	are	multi-polar	neurons	that	connect	the	afferent	

and	efferent	neurons	creating	a	neural	circuit.	The	neurons	with	their	extended	axons	and	dendrites	

use	a	significant	amount	of	glucose	and	adenosine	triphosphate	 (ATP)	 for	synaptic	communication	

and	this	demand	as	well	as	other	 features	of	 the	brain	render	 it	 the	most	energy-expensive	organ	

[30,	31].	

	The	 CNS	 is	 home	 to	 a	 number	 of	 non-neuronal	 glial	 cells,	 also	 known	 as	 neuroglia	 or	 glia.	 The	

different	types	of	glia	include:	oligodendrocytes,	ependymal	cells	and	microglia.	The	astrocytes	(also	

known	 as	 astroglia)	 are	 the	 most	 abundant	 type	 of	 macroglia	 in	 the	 CNS	 and	 serve	 multiple	

functions;	 they	 also	 have	 numerous	 projections	 (astrocytic	 endfeet)	 that	 form	 the	 blood-brain	

barrier	 (BBB)	 [32].	 The	 oligodendrocytes	 form	 myelin,	 which	 insulates	 the	 axons	 for	 efficient	

electrical	signal	propagation.	The	ependymal	cells	(also	known	as	ependymocytes)	form	the	lining	of	

the	ventricular	system	and	the	spinal	cord	and	also	make	up	the	blood-CSF	barrier	(BCSFB).	All	the	

glia	mentioned	so	far	are	derived	from	ectodermal	tissue	and	are	a	type	of	macroglia.	Microglia	on	

the	other	hand	are	specialised	macrophages,	derived	 from	the	yolk	sac,	 responsible	 for	 the	 innate	

immune	responses	in	the	CNS	[33-35].		

The	 blood	 and	 neural	 tissue/fluid	 space	 of	 the	 brain	 are	 separated	 by	 three	 major	 interfaces	

including	 the	 BBB,	 BCSFB	 and	 the	 barrier	 formed	 by	 the	 epithelial	 cells	 of	 the	 arachnoid.	 The	

junctions	between	adjacent	endothelial	cells	of	brain	microvessels	form	zonulae	occludentes	that	are	
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the	morphological	 basis	 for	 the	 BBB,	which	 separates	 the	 ISF	 in	 the	 parenchyma	 from	 circulating	

blood	and	restricts	 the	 influx	of	molecules	and	 ions	 to	 the	brain	 tissue.	The	BBB	 is	50	–	100	times	

tighter	 than	 those	 between	 the	 endothelial	 cells	 in	 the	 peripheral	 nervous	 system.	 The	 BCSFB	 is	

formed	by	the	epithelial	cells	of	the	choroid	plexus	(vascular	structures	that	produce	CSF)	between	

the	blood	and	ventricular	CSF.	The	final	barrier	is	formed	by	the	epithelial	cells	of	the	arachnoid	at	

the	 surface	 of	 the	 brain	 between	 the	 blood	 and	 the	 subarachnoid	 CSF	 [1,	 36].	 As	 well	 as	 being	

anatomical	 barriers,	 the	 BBB	 and	BCSFB	 are	 dynamic	 interfaces	 that	 express	 various	 transporters,	

receptors	and	enzymes;	they	impede	free	diffusion	between	the	extracellular	fluids	of	the	CNS	and	

provide	transport	processes	for	essential	nutrients	and	ions.	The	CNS	barriers	are	believed	to	have	

evolved	 to	 ensure	 reliable	 neural	 signaling	 in	 which	 electrical	 signals	 at	 synapses	 and	 axonal	

conduction	rely	on	very	precise	ionic	movements	across	the	cell	membranes	[37].		

1.2.2.4 The	neurovascular	unit		

The	complex	cross	talk	between	all	entities	and	cell	types	in	the	brain	including	astrocytes,	neurones	

and	cerebrovascular	basement	membranes	is	collectively	known	as	the	‘neurovascular	unit’.		

1.2.2.5 Structure	and	function	of	cerebrovascular	basement	membranes	

Cerebrovascular	 basement	membranes	 (basal	 lamina)	 are	 thin	 sheets	 of	 extracellular	matrix,	 50	 –	

100	nm	thick,	produced	by	endothelial,	astroglial	and	smooth	muscle	cells	[38].	They	are	composed	

of	laminins,	collagen	IV,	nidogens	and	heparin	sulphate	proteoglycans,	such	as	perlecan,	fibronectin,	

and	 agrin,	 which	 form	 a	 dynamic	 complex,	 capable	 of	 remodelling	 and	 other	 extracellular	matrix	

proteins	[39-42].	The	vascular	basement	membranes	confer	mechanical	strength	to	the	vessel	wall	

and	control	 the	migration	and	differentiation	of	vascular	 cells.	 In	 the	brain,	basement	membranes	

have	 been	 reported	 to	 be	 secreted	 by	meningeal	 cells	 and	 contribute	 to	 the	migration	 and	 final	

positioning	of	neurons	and	to	the	differentiation	of	the	laminar	cortical	pattern	during	development	

[43].	

1.2.2.6 Structure	and	function	of	capillaries	

Capillaries	 in	 the	brain	are	unique	 in	 structure	compared	 to	capillaries	 in	other	organs.	Endfeet	of	

fibrous	 astrocytes	 completely	 surround	 the	 surface	 of	 the	 capillary,	with	 a	 space	 of	 40	 –	 100	 nm	

separating	 the	 astrocyte	 endfeet	 from	 the	 endothelium;	 this	 space	 is	 occupied	 by	 the	 fused	

basement	membrane	of	the	endothelium	and	astrocyte	endfeet	(endothelial	–	astroglial	basement	

membrane)	 [44].	 Astrocytes	 have	 a	 significant	 influence	 on	 capillary	 function,	 including	 regulating	

cerebral	blood	flow,	upregulating	tight	junction	proteins,	contributing	to	ion	and	water	homeostasis,	
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and	 interfacing	 directly	 with	 neurons	 [39,	 45-48].	 The	 capillary	 basement	 membrane	 engulfs	

pericytes	 and	 is	 in	 direct	 communication	 with	 the	 extracellular	 spaces	 (ECS)	 [49].	 Pericytes	 are	

responsible	 for	 the	 regulation	of	 capillary	diameter	 and	 cerebral	 blood	 flow	 in	 response	 to	neural	

activity	[50,	51].	

The	capillary	bed	of	the	brain	 is	comprised	of	a	dense	network	of	 intercommunicating	vessels	that	

consist	 of	 specialised	 cells	 and	 no	 smooth	muscle	 cells	 [45].	 The	 total	 length	 of	 capillaries	 in	 the	

human	brain	is	approximately	400	miles	[52].	The	brain	uses	capillaries	as	the	primary	site	of	oxygen	

and	metabolic	nutrient	exchange	with	its	cells	[53].	This	is	dependent	on	the	path	length	and	transit	

time	of	red	blood	cells.	All	the	capillaries	are	perfused	with	blood	at	all	times	[39],	and	nearly	every	

neuron	in	the	brain	has	its	own	capillary	according	to	estimations	[54];	this	demonstrates	the	critical	

relationship	between	vascular	compartments	and	the	neurons.		

Capillary	 flow	 is	 primarily	 regulated	 by	 the	 intravascular	 pressure	 gradient	 between	 precapillary	

arterioles	 and	 postcapillary	 venules.	 The	 flow	 is	 increased	 by	 an	 increase	 in	 the	 microvascular	

pressure	gradient	caused	by	the	dilatation	of	resistance	arteries	and	arterioles.	Red	cell	velocity	 in	

the	 cerebral	 capillary	microcirculation	 is	 remarkably	high	 (~	1	mm/sec)	 and	heterogeneous	 (range	

0.3	 to	 3.2	 mm/sec)	 [4,	 55].	 The	 heterogeneous	 flow	 velocity	 is	 important	 for	 effective	 oxygen	

transport	to	neuronal	tissue	that	has	considerable	metabolic	needs	that	fluctuate	regularly	[4].		

The	 numerical	 density	 of	 cerebral	 capillaries	 is	 strongly	 correlated	with	 brain	 hemodynamics	 and	

metabolism	 [56,	 57].	 Compared	 to	 non-cerebral	 networks,	 the	 cerebral	 capillaries	 exhibit	 a	 larger	

degree	of	physical	plasticity,	which	allow	easy	adaption	to	abnormal	physiological	conditions.	Under	

normal	conditions,	the	density	of	the	capillaries	varies	significantly	depending	on	the	brain	location	

and	the	energy	requirements.	Capillary	density	 is	higher	 in	the	grey	matter	compared	to	the	white	

matter	 [56].	 The	 capillary	 can	 be	 influenced	 or	 changed	 by	 pathological,	 physiology	 and	

environmental	conditions.	For	example,	in	chronic	hypoxia	(inadequate	oxygen	supply	to	tissue)	the	

density	of	capillaries	 increases	via	the	activation	of	angiogenic	pathways	driven	by	a	decrease	in	in	

the	partial	pressure	of	oxygen	[58,	59].	The	capillary	density	in	the	brain	almost	doubles	between	1	

and	 3	weeks	 of	 chronic	 hypoxic	 exposure	 [58].	 In	 ischemia	 (insufficient	 blood	 flow	 to	 tissue),	 the	

capillaries	can	substantially	modify	their	diameter	to	increase	blood	flow	and	hence	influx	of	oxygen	

[59-61].	The	adaptive	increases	in	capillary	density	or	diameter	increase	the	cerebral	blood	volume	

[62]	 and	 restore	 tissue	oxygen	 tension	 [63].	On	 the	 contrary,	 capillary	 density	may	 also	decrease;	

hypertension	 results	 in	 rarefaction	 of	 capillaries	 and	 impairments	 in	 the	 microvessel	 formation,	

which	can	increase	vascular	resistance	[40].		



Chapter	1	

35	

There	are	significant	differences	between	the	cerebral	microvascular	network	and	cerebral	structure	

in	 humans	 compared	 to	 mice.	 However,	 individually,	 the	 blood	 vessels	 in	 mice	 have	 a	 similar	

structure	[64].				

1.2.2.7 Structure	and	function	of	arteries		

Arterial	 blood	 supply	 to	 the	 human	 brain	 consists	 of	 the	 paired	 (right	 and	 left)	 internal	 carotid	

arteries	 and	 vertebral	 arteries.	 The	 internal	 carotid	 arteries	 principally	 supply	 the	 cerebral	 cortex.	

However,	the	paired	vertebral	arteries	join	distally	forming	the	basilar	artery.	Branches	of	the	basilar	

arteries	 provide	 a	 blood	 supply	 to	 the	 cerebellum	and	brainstem.	 The	 anastamotic	 basilary	 artery	

joins	the	two	internal	carotid	arteries	and	other	communicating	arteries	forming	an	anatomic	ring	at	

the	base	of	the	brain	known	as	the	circle	of	Willis.	The	circle	of	Willis	gives	rise	to	three	pairs	of	main	

arteries	that	lie	within	the	subarachnoid	space	including	the	anterior,	middle	and	posterior	cerebral	

arteries,	which	divide	 into	branches	of	progressively	 smaller	 arteries	 and	arterioles	 that	 run	along	

the	surface	of	the	brain	supplying	deep	grey	matter	structures	like	the	basal	ganglia	and	thalamus	or	

penetrate	the	surface	of	the	brain	if	they	are	branches	of	leptomeningeal	arteries.	The	latter	arteries	

bifurcate	 into	 cortical	 arteries,	 which	 further	 branch	 into	 arterioles	 and	 capillaries	 supplying	 the	

cerebral	cortex	[65].	

The	internal	elastic	lamina	of	leptomeningeal	arteries	is	lost	as	the	arteries	penetrate	the	cortex	and	

most	 cerebral	 arteries	 are	 in	 fact	 arterioles.	 The	 wall	 of	 a	 cerebral	 arteriole	 has	 an	 endothelium	

separated	from	layers	of	smooth	muscle	cells	by	basement	membranes	(Figure	0.1).	The	basement	

membrane	 is	 also	 interposed	 between	 individual	 smooth	 muscle	 cells,	 as	 well	 as	 between	 the	

smooth	 muscle	 layers	 and	 the	 leptomeningeal	 sheath,	 comparable	 to	 the	 adventitia	 in	 systemic	

arteries.	 The	 basement	 membrane	 of	 the	 glia	 limitans	 separates	 the	 astrocyte	 endfeet	 from	 the	

leptomeningeal	 sheath.	 The	 smooth	 muscle	 cells	 within	 the	 arterial	 wall	 contract	 in	 response	 to	

mechanical	(pressure),	electrical,	chemical	and	hormonal	stimuli	 [66].	The	adhesion	of	the	vascular	

cells	to	their	basement	membranes	is	essential	for	maintaining	the	integrity	of	the	arterial	wall	and	

for	recognising	and	integrating	the	high	variety	of	signals	that	modulate	the	cell	function	[67].	

1.2.2.8 Structure	and	function	of	veins	

The	 cerebrovenous	 system	 (CVS)	 is	 a	 complex	 three-dimensional	 (3-D)	 freely	 communicating	 and	

interconnected	structure	that	represents	a	more	variable	pattern	compared	to	the	arterial	anatomy.	

The	CVS	 is	mainly	comprised	of	dural	sinuses	and	cerebral	veins	[68-71].	The	venous	outflow	from	

cerebral	hemispheres	consist	mainly	of	two	different	valveless	veins	that	enable	drainage	[72].	These	

include	the	superficial	cortical	veins,	which	pierce	 the	pia	mater	 from	the	subarachnoid	space	and	
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drain	blood	mainly	from	the	cerebral	cortex	and	subcortical	white	matter	where	they	branch	off	[15,	

71,	73].	They	also	include	the	deep	or	central	vein	(medullary	and	subependymal)	system,	which	is	

composed	of	 subependymal	veins,	 internal	cerebral	veins,	basal	vein,	and	 the	great	vein	of	Galen.	

These	veins	drain	the	brains	deep	white	and	grey	matter	surrounding	the	lateral	and	third	ventricles	

or	the	basal	cistern	and	anastomose	with	the	cortical	veins,	emptying	into	the	superior	sagittal	sinus	

(SSS).	Blood	from	cortical	regions	is	also	contained	in	a	few	superficial	medullary	veins.	However,	the	

superficial	 cortical	 veins	 course	 centrifugally	 (moving	 away	 from	 centre)	 and	 deep	 veins	 drain	

centripetally	(towards	centre)	[4,	68,	71].		Veins	leaving	the	parenchyma	or	venous	outflow	from	the	

SSS	and	the	deep	veins	is	directed	through	a	confluence	of	sinuses	towards	sigmoid	sinuses	and	then	

to	 internal	 jugular	veins	[2].	On	the	other	hand,	the	cerebellum	is	drained	primarily	by	two	sets	of	

veins,	 the	 inferior	 cerebellar	 veins	 and	 the	 occipital	 sinuses.	 The	 brainstem	 is	 drained	 by	 veins	

terminating	in	the	inferior	and	transverse	petrosal	sinuses	[4].	

1.2.2.9 Structure	and	function	of	the	brain	extracellular	matrix	

The	 extracellular	 matrix	 (ECM)	 of	 the	 brain	 constitutes	 a	 3-D	 network	 that	 surrounds	 cells	 and	

conform	the	structure	and	characteristics	of	the	brain	tissue.	The	ECM	is	 important	for	three	main	

reasons:	acting	as	a	biological	scaffold	for	the	structure	of	the	CNS,	controlling	the	diffusion	and	the	

availability	 of	 molecules	 for	 biochemical	 signalling	 and	 communication,	 and	 controlling	 the	

biochemical	properties	of	the	CNS	through	the	interactions	of	its	polymers	and	molecules	[74].	The	

ECM	has	trophic	effects	on	neuronal	cells	and	neurite	growth	due	to	its	unique	composition,	which	is	

rich	 in	 lecticans,	 proteoglycans	 that	 contain	 a	 lectin	 domain	 and	 hyaluronic	 acid-binding	 domain,	

chondroitin	 sulphate	proteoglycans	 (CSPGs)	 [75],	hyaluronic	acid,	 tenascin	 family	of	adhesive/anti-

adhesive	 proteins	 and	 glycosaminoglycans	 (GAGs)	 [76,	 77].	 GAGs	 are	 highly	 polymerised,	 long,	

unbranched	 polysaccharide	 chains	 composed	 of	 repeating	 disaccharide	 units	 [78].	 One	 of	 the	

disaccharide	units	within	 the	 repeats	 is	 always	an	N-acetyl	 glucosamine	or	N-acetyl	 galactosamine	

amino	 sugar.	 All	 GAGs	 are	 bound	 to	 a	 core	 protein,	 with	 the	 exception	 of	 hyaluronan	 [79],	 thus	

forming	proteoglycans.	The	GAG	chains	are	highly	charged	and	hydrophilic	due	to	 the	presence	of	

carboxyl,	hydroxyl,	and	sulphate	groups	[75].	They	are	also	hydrophilic	due	to	their	highly	negative	

charged	groups,	which	attract	water	and	positive	 ions	 such	as	 sodium.	These	 features	of	 the	ECM	

contribute	to	the	composition	of	the	ISF	[80].	
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1.3 Interstitial	fluid	(ISF)	

The	 ISF	 is	 located	 in	 the	 ECS	 of	 the	 brain	 parenchyma.	 These	 are	 narrow	 interconnected	 gaps	

separating	cells	of	the	CNS	and	are	in	direct	continuity	with	the	basement	membranes	of	capillaries	

[43,	81].		

1.3.1 ISF	production	

In	 humans,	 there	 is	 approximately	 280	ml	 of	 ISF.	 The	 first	model	 that	 describes	 the	 source	 of	 ISF	

states	that	it	is	a	proportion	of	CSF	taking	a	longer	circulation	route	between	its	site	of	production	in	

the	choroid	plexus	and	sites	where	it	is	reabsorbed	like	the	systemic	venous	system.	Ventricular	CSF	

may	be	able	to	flow	into	the	ventral	surface	of	the	brain	along	perivascular	channels	and	contribute	

to	the	production	of	ISF.	However,	if	this	is	the	only	source	of	ISF,	the	disadvantage	would	be	that	it	

contains	 any	 excretory	 products	 from	 the	 brain	 tissue	 that	 it	 has	 been	 in	 contact	 with	 [82].	

Alternatively,	ISF	may	be	water	generated	by	brain	metabolism	as	the	oxidation	of	glucose	to	carbon	

dioxide	generates	water	[83].	However,	water	generated	as	a	result	of	glucose	oxidation	to	carbon	

dioxide	may	contribute	10%	to	the	total	volume	of	ISF	required;	 ions	would	also	need	to	be	added	

from	the	blood	plasma	across	the	endothelium	to	maintain	isotonicity	[82].		

Finally,	 ISF	 may	 be	 formed	 by	 water	 and	 ions	 coming	 from	 the	 blood	 plasma	 through	 the	

endothelium	of	capillaries	driven	by	sodium/potassium	ATPase,	with	water	following	passively.	The	

formation	of	ISF	is	therefore	highly	dependent	on	active	transport	of	solutes	across	the	BBB	enabling	

a	 more	 controlled	 bidirectional	 exchange	 of	 molecules	 (nutrients,	 ions	 and	 oxygen)	 for	 CNS	

metabolism	and	by	the	BBB	acting	as	a	diffusion	barrier	and	limiting	the	exchange	of	compounds	in	

circulating	 blood	 and	 the	 brain	 [84].	 The	 most	 significant	 exchange	 between	 blood	 and	 the	 CNS	

occurs	 at	 capillary	 level	 [2,	 36].	 Molecules	 that	 cross	 into	 the	 endothelium	 diffuse	 over	 short	

distances	 of	 8	 –	 25	 μm	 to	 the	 surrounding	 cells	 of	 the	 CNS.	 The	 advantage	 of	 this	 model	 of	 ISF	

production	(as	a	capillary	secretion)	is	that	it	will	be	composed	of	new	fluid	that	is	uncontaminated	

by	any	excretory	products	from	neural	tissue	in	the	parenchyma	[82].	

Overall,	 in	 the	mammalian	brain,	 it	 is	 thought	 that	 ISF	 is	 from	a	combination	of	capillary	secretion	

and	 recycled	 CSF.	 ISF	 is	 composed	 of	 water,	 tissue	 metabolites	 and	 secreted	 proteins.	 However,	

since	the	barriers	of	the	CNS	are	tightly	packed	and	have	low	hydraulic	conductivity	(Lp),	the	entry	of	

plasma	proteins	is	very	limited	and	ISF	is	low	in	protein	compared	to	peripheral	tissues.	In	peripheral	

tissues	the	capillaries	are	more	permeable	and	passage	of	solutes	and	water	is	considerably	higher	

than	the	brain	[85].	
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1.3.2 ISF	circulation	

ISF	is	not	a	static	fluid	and	its	flow	is	thought	to	be	driven	by	the	movement	of	water	that	mixes	with	

the	movement	of	solutes	driven	by	specific	membrane	transporters	in	the	BBB	[80,	82,	86].	The	rate	

of	ISF	bulk	flow	in	the	rat	brain	is	0.1	–	0.3	l/min/g	and	occurs	along	preferential	pathways	including	

perivascular	 spaces	 and	 axon	 tracts	 [82].	 Nonetheless,	 the	 movement	 of	 ISF	 through	 the	 ECS	

surrounding	 the	CNS	cells	depends	on	diffusion	 [87,	88].	Functionally,	 the	ECS	provides	a	pathway	

for	the	diffusion	and	exchange	of	ions	and	molecules	between	cells	[80].	

1.3.3 ISF	circulation	informed	by	tracer	studies	

Injections	of	small	and	large	molecular	weight	(MW)	tracers	into	the	parenchyma	helped	confirm	the	

presence	of	endogenous	ISF	flow	and	provided	evidence	for	the	bulk	flow	of	ISF	in	the	brain	[36].	

1.3.3.1 Perivascular	spaces	

Evidence	for	ISF	flow	dates	back	to	1865	when	His	[89]	reported	that	colloidal	matter	injected	into	

the	 cerebral	 hemisphere	 travelled	 away	 from	 the	 injection	 site	mainly	 along	 perivascular	 spaces,	

which	he	believed	were	equivalent	to	the	lymphatic	vasculature	in	the	body.	Tracer	experiments	and	

mathematical	models	showed	that	 ISF	 is	eliminated	from	the	brain	by	bulk	flow	along	perivascular	

pathways	and	white	matter	axon	tracts	[90-92].	

Tracers	 such	 as	 horseradish	 peroxidase,	 Indian	 ink	 and	 I131-albumin	 injected	 into	 the	 brain	

parenchyma	 reportedly	 enter	 perivascular	 pathways.	 Earlier	 studies	 showed	 that	 ISF	 movement	

within	 the	 perivascular	 pathways	 was	 slow	 and	 may	 have	 a	 variable	 direction	 compared	 to	 the	

direction	of	blood	flow	in	the	lumen	of	blood	vessels	[93].	Physiological	studies	in	which	a	variety	of	

tracers	were	injected	into	mammalian	brains	suggest	that	size	(i.e.	diameter),	shape	or	charge	of	the	

tracer	is	more	likely	to	influence	the	rate	of	drainage	than	MW,	confirming	that	ISF	elimination	from	

the	 brain	 is	 by	 bulk	 flow	 [80].	 Intracerebral	 injections	 of	 India	 ink	 in	 rats	 showed	 that	 the	 tracer	

particles	were	largely	concentrated	in	the	VR	spaces	and	ingested	rapidly	by	perivascular	cells;	two	

years	 later,	 there	 was	 very	 little	 movement	 of	 perivascular	 macrophages	 and	 carbon-labelled	

perivascular	 cells.	 However,	 ink/carbon	 particles	 also	 drained	 along	 perivascular	 spaces	 in	 the	

subarachnoid	space	and	followed	the	route	taken	by	tracers	towards	the	circle	of	Willis,	cribriform	

plate	 of	 the	 ethmoid	 bone	 and	 ended	 in	 the	 submucosal	 lymphatics	 and	 deep/superficial	 cervical	

lymph	nodes	[94].	
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The	 flow	 of	 ISF	was	 quantified	 further	 by	 injecting	 radiolabelled	 tracers	 of	 different	MW	 into	 the	

parenchyma.	The	different	tracers	had	a	diffusion	coefficient	range	of	five-fold.	The	clearance	of	the	

tracer	was	followed	over	a	48	hr	period	[92].	It	was	found	that	the	smaller	MW	tracers	were	cleared	

at	a	similar	rate	as	the	larger	MW	tracers,	indicating	that	the	tracers	were	not	cleared	by	diffusion,	in	

which	case	the	smallest	tracers	would	have	been	cleared	out	the	fastest.	This	finding	indicated	that	

the	 tracers	 were	 cleared	 from	 the	 brain	 parenchyma	 by	 bulk/convective	 flow.	 A	 study	 in	 which	

tracers	 (3	 kDa	 and	 500	 kDa	 dextran)	were	 infused	 into	 the	 striatum	 continuously	 for	 30	min	 at	 a	

controlled	rate	of	0.17	μl/min	also	concluded	that	tracers	from	the	ISF	move	by	bulk	flow	from	the	

striatum	 to	 the	 ventricular	 system	 with	 the	 driving	 force	 coming	 from	 the	 capillaries	 in	 the	

parenchyma	[95].	The	ISF	flow	rates	were	calculated	in	the	rat	and	rabbit	as	0.15	–	0.29	and	0.10	–	

0.15	l/min/g	of	brain	respectively	[26,	82].	

Geer	 and	 Gossman	 in	 1997	 [96]	 assessed	 the	 pathway	 of	 edema	 fluid	 flow	 by	 injecting	 a	 large	

volume	 (20	μl)	 of	 tracer-containing	 artificial	 CSF	 (aCSF)	 into	 the	parenchyma	of	 the	 rat	 brain.	 The	

tracers,	Evans	blue	albumin	and	[3H]inulin	moved	heterogeneously	over	significant	distances	(mean	

rate	of	inulin	0.6	–	0.9	mm/hr).	Also,	despite	the	differences	in	MW,	the	tracers	had	a	similar	spread	

and	moved	preferentially	along	the	white	matter	tracts.		

ISF	dynamics	were	also	 investigated	by	the	 infusion	of	 tracers	 in	20	μl	of	aCSF	 into	the	grey/white	

matter	boundary	of	the	frontal	cortex	in	rats	over	1	hr.	The	tracers	were	allowed	to	distribute	for	5	

hr	 post-injection.	 The	 injection	 protocol	 was	 similar	 to	 that	 of	 Geer	 and	 Grossman	 [96]	 but	

anatomical	 mapping	 of	 the	 tracer	 (using	 rapidly	 frozen	 and	 sectioned	 brains	 and	 analysing	 the	

distribution	of	tracer	in	each	section)	was	combined	with	mathematical	analysis	of	a	3-D	computer	

reconstruction.	The	results	confirmed	the	finding	of	preferential	spread	of	Evans	Blue	Albumin	(EBA)	

and	 [3H]inulin	along	white	matter	 tracts,	but	also	 showed	 significant	 spread	 into	grey	matter.	 The	

distribution	of	EBA	in	the	brain	was	assessed	mathematically	and	compared	with	tracer	distribution	

predicted	by	 ‘high	 infusion	rate	plus	diffusion’	 [97].	 It	was	 found	that	 the	 tracer	had	asymmetrical	

distribution	 away	 from	 site	 of	 infusion.	 The	 concentration	 of	 tracer	was	more	 than	 the	 predicted	

concentration	in	medial	and	posterior	regions	and	there	was	evidence	of	a	‘diluting’	effect	as	a	result	

of	 the	 ISF	 flow	near	 the	 injection	site	 [98].	To	determine	an	 instantaneous	point	 source,	a	 smaller	

volume	of	tracer	was	injected	over	a	short	period	of	time	(1	μl	over	approximately	1	min);	the	tracer	

was	 left	 for	3	hr	 to	distribute.	When	a	diffusion	equation	suitable	 for	 the	condition	was	applied	 it	

was	 found	 that	 the	 diffusion	 distance	 from	 the	 injection	 site	 for	 Evans	 blue	 albumin	 was	

approximately	1	mm	and	3	mm	for	[3H]inulin.	The	tracers	also	distributed	out	more	than	5	mm.		
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1.3.3.2 Diffusion	of	ISF	

In	addition	to	bulk	 flow,	diffusion	of	 ISF	 in	the	brain	was	studied	using	the	real-time	 iontophoresis	

(RTI)	method	employing	the	tetramethylammonium	(TMA)	cation,	this	the	most	widely	used	method	

for	 studying	 diffusion	 [87,	 99].	 Molecules	 execute	 “random	 walks”	 through	 the	 ECS	 and	 their	

diffusion	may	be	obstructed	by	the	presence	of	cells	and	their	processes.	Diffusion	in	the	brain	obeys	

Fick’s	laws	but	is	modified	by	the	effects	of	volume	fraction	and	tortuosity.	Tortuosity	in	the	ECS	is	a	

dimensionless	value	defined	as	λ	=	(D/D*)1/2;	D*	is	the	diffusion	coefficient	in	water	(D).	Tortuosity	

is	 sensitive	 to	 factors	 like	 viscosity	 of	 the	 interstitial	 fluid	 and	molecular	 size	 [87,	 100,	 101].	 The	

tortuosity	in	the	grey	matter	is	higher	in	comparison	to	the	white	matter	as	the	cells,	their	processes	

and	junctions	are	in	close	opposition	to	each	other.	Therefore,	diffusing	molecules	in	the	ECS	will	be	

hindered	more.	Another	factor	that	affects	the	passage	of	molecules	through	the	ECS	is	the	size	of	

molecules.	Smaller	molecules	with	a	MW	greater	or	equal	to	6600	Da	are	less	hindered	than	proteins	

with	a	MW	greater	than	10,000	Da.	There	are	also	regional	differences	in	the	tortuosity	of	the	grey	

matter	 itself;	 the	hippocampus	 for	example	 is	 significantly	 less	 tortuous	 than	 the	neocortex	 [102].	

The	white	matter	 is	made	 up	 of	 fibres	 lined	 up	 in	 parallel	 to	 one	 another	 (fibre	 tracts)	 with	 few	

interconnections	that	facilitate	the	diffusion	of	molecules.	The	white	matter	is	distinct	from	the	grey	

matter	in	that	it	is	composed	of	loosely	packed	myelinated	nerve	fibres	as	opposed	to	tightly	packed	

nerve	 cells	 and	 non-myelinated	 fibres	 [103].	 Work	 by	 a	 group	 of	 scientists	 suggests	 that	 the	

dimension	of	the	ECS	during	sleep	increase	by	60%	in	mice	impacting	the	flow	of	ISF	[104].	However,	

the	amount	of	brain	swelling	due	to	the	suggested	expansion	of	ECS	during	sleep	is	yet	to	be	clarified	

[80].	 The	 ECS	 dimensions	 reportedly	 remain	 unaffected	 by	 increasing	 age,	 despite	 the	 fact	 that	

ageing	 results	 in	 profound	morphological	 changes	 of	 cells	 of	 the	 grey	matter	 [105].	However,	 the	

diffusional	properties	of	the	brain	may	be	altered	by	disease.	Confocal	microscopy	revealed	that	the	

flow	 of	 fluorescently	 labelled	 dextran	 injected	 into	 the	 cortex	 diffused	 slower	 in	 ischaemia	 [106,	

107].		

1.3.3.3 Intramural	periarterial	drainage	pathway	(IPAD)	

Tracer	 experiments	 helped	 highlight	 the	 physiological	 role	 of	 perivascular	 drainage	 but	 did	 not	

provide	 information	on	 the	 exact	 location	of	 ISF	 tracer	 in	 the	wall	 of	 the	 blood	 vessel	 due	 to	 the	

absence	of	high-resolution	confocal	and	multiphoton	microscopy.	Intracerebral	injections	of	solutes	

at	 appropriate	 concentrations	provided	 information	on	 the	 kinetics	 of	 tracer	 elimination	 from	 the	

parenchyma	but	not	the	anatomical	route	of	the	clearance	pathway	[91,	92].	Carare	et	al	in	2008	[3]	

injected	 solutes	 including	 dextran	 into	 the	 basal	 ganglia	 and	 hippocampus	 and	 showed	 the	

elimination	 of	 solutes	 from	 the	 parenchyma	 along	 the	 endothelial	 basement	 membrane	 of	
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capillaries	 and	 smooth	muscle	 basement	membrane	 in	 the	 tunica	media	 of	 arteries	 by	 bulk	 flow	

after	 5	 min	 of	 injection.	 This	 pathway	 was	 termed	 the	 intramural	 periarterial	 drainage	 (IPAD)	

pathway.	Solutes	along	this	pathway	travelled	into	the	lymphatics	at	the	base	of	the	skull	and	flowed	

into	the	cervical	lymph	nodes.	The	structure	of	cerebral	arteries	may	influence	the	pathway	followed	

by	ISF,	waste	products	and	tracers	injected	experimentally	into	the	brain	parenchyma	[80].					

1.3.3.4 Motive	forces	for	ISF	circulation	

The	motive	 force	 for	 the	 transport	 of	 ISF	 and	 solutes	 out	 of	 the	 brain	was	 initially	 thought	 to	 be	

provided	 by	 pulsations	 in	 the	 artery	 walls	 following	 the	 observation	 that	 perivascular	 transport	

ceased	 after	 cardiac	 arrest	 and	 only	 occurred	 in	 living	 rodents	 [3].	 Another	 study	 suggested	 that	

arterial	 pulsations	 provide	 directionality	 to	 paravascular	 flow	 as	 an	 increase	 in	 pulsatility	 with	

dobutamine	increase	paravascular	flow,	and	the	reverse	occurred	when	the	pulsatility	was	reduced	

[108].	However,	mathematical	models	suggest	that	perivascular	transport	of	ISF	and	solutes	may	be	

driven	by	the	contrary	wave	that	follows	each	pulse	wave	in	the	reverse	direction	to	the	direction	of	

the	major	 pulse	wave	 and	 the	 direction	 of	 blood	 flow.	 It	was	 postulated	 that	 successful	 drainage	

might	require	the	attachment	of	solutes	to	the	lining	of	the	perivascular	space	(pia	or	glia	limitans)	

to	produce	a	valve-like	effect	to	prevent	reflux	during	the	passage	of	the	major	pulse	wave	along	the	

vessel	wall	 [90,	 109].	On	 the	 contrary,	 a	more	 recent	mathematical	model	 shows	 that	 retrograde	

periarterial	drainage	of	solutes	might	be	explained	by	proteins	(laminin	which	can	be	orientated	in	

different	directions)	or	other	filaments	(flexible	branches	of	agrin	and	perlecan)	within	the	complex	

and	 highly	 organised	 basement	 membrane	 that	 shift	 in	 orientation	 to	 present	 less	 resistance	 to	

retrograde	 than	 for	 forward	 flow.	Molecules	 in	 this	 study	 were	 modelled	 as	 cylinders	 and	 other	

shapes	were	suggested	to	produce	the	same	effect.	It	was	suggested	that	any	transcranial	pressure	

difference	strong	enough	to	drive	 the	reverse	drainage	of	β-amyloid	 (Aβ)	 in	 the	periarterial	 space,	

would	 be	 too	 large	 to	 be	 sustainable	 by	 the	 brain	 [110].	 In	 vivo	 experiments	 have	 not	 yet	 been	

completed	 to	 confirm	 these	 findings.	Our	 laboratory	 is	 currently	 performing	 studies	 regarding	 the	

driving	 force	 for	 perivascular	 drainage.	 It	 is	 proposed	 that	 spontaneous	 rhythmic	 contractions	 of	

vascular	 smooth	 muscle	 cells	 appear	 to	 generate	 enough	 force	 and	 optimal	 direction	 of	 fluid	

movement	 from	 the	 extracellular	 spaces	 of	 the	 cerebral	 parenchyma	 towards	 the	 arteries	 at	 the	

surface	 of	 the	 brain	 in	 the	 subarachnoid	 space.	 The	 contractions	 of	 smooth	 muscle	 cells	 (SMCs)	

become	less	efficient	with	age	and	experimental	studies	where	the	innervation	of	SMCs	was	ablated	

resulted	in	accumulation	of	Aβ	in	the	walls	of	arteries	as	cerebral	amyloid	angiopathy.	
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1.4 Cerebrospinal	Fluid	(CSF)	

The	 CSF	 functions	 as	 a	 buoyancy	 fluid	 to	 provide	 physical	 protection	 to	 the	 brain	 and	 reduce	 the	

weight	of	the	brain	in	the	skull	as	the	brain	and	CSF	have	similar	gravities	[111].	The	CSF	also	plays	a	

role	 in	 facilitating	 the	 clearance	 of	 metabolites	 and	 may	 be	 involved	 in	 the	 development,	

homeostasis	and	repair	of	the	CNS	[112].	The	CSF	system	is	made	up	of	the	choroid	plexi,	spinal	and	

subarachnoid	spaces,	cisterns	and	the	sulci	[26].	

1.4.1 CSF	production	

CSF	 is	 produced	by	 active	 secretion	 from	 the	 choroid	plexus,	 a	 structure	 recognised	by	 the	Greek	

physician	Claudius	Galenus	but	recorded	more	than	1,000	years	later	by	Andreas	Vesalius	[113].	The	

choroid	plexi	are	 located	 in	all	 cerebral	 ventricles	 (lateral,	 third	and	 fourth)	and	are	expansions	of	

the	 ependymal	 cells	 lining	 the	 cerebral	 ventricles;	 they	 have	 apical	 microvilli	 that	 increase	 their	

surface	area	and	are	vascularised	from	vessels	in	the	pia	mater	at	the	surface	of	the	brain	[114].	The	

capillaries	 of	 the	 choroid	 plexus	 are	 leaky	 allowing	 large	 volumes	 of	 fluid	 to	 flow.	 The	 BCSFB	 is	

formed	 by	 tight	 junctions	 between	 the	 epithelial	 cells,	 which	 the	 newly	 formed	 CSF	 is	 secreted	

across	(this	is	driven	by	ion	transporter:	Na,	K,	ATPase)	[85].	The	choroid	plexi	are	thought	to	secrete	

80	%	of	 the	 total	 CSF	 into	 the	 ventricular	 cavities.	 It	 is	 thought	 that	 the	 remaining	20	%	of	CSF	 is	

produced	by	other	structures	in	the	brain	including	the	parenchyma	(e.g.	it	is	derived	from	the	ISF).	

However,	the	amount	of	CSF	derived	from	the	ISF	is	uncertain	[2,	115].	CSF	is	contained	within	all	of	

the	 ventricles	 lined	by	 ciliated	 cuboidal	 epithelium	and	 is	 also	 located	 in	 the	 subarachnoid	 spaces	

and	 the	 spinal	 canal.	 There	 is	 a	 total	of	90	–	150	ml	of	CSF	 in	 a	human	adult,	 80	ml	of	which	are	

located	in	the	ventricles	and	30	ml	in	the	cerebral	and	subarachnoid	spaces	[116-119].		

The	composition	of	CSF	is	determined	by	local	metabolism,	restriction	of	intercellular	diffusion	and	

specialised	 transport	 mechanisms	 at	 the	 BCSFB	 and	 BBB	 and	 the	 rates	 of	 CSF	 production	 and	

excretion	by	bulk	flow.	Compared	to	plasma,	the	concentrations	of	sodium,	chloride	and	magnesium	

in	 the	 CSF	 are	 higher,	 but	 the	 concentrations	 of	 potassium,	 calcium,	 phosphate,	 bicarbonate	 and	

glucose	are	lower.	The	total	protein	concentration	of	CSF	is	<	0.5	%	of	that	of	plasma	[82].	Sodium	

and	chloride	are	actively	transported	across	the	epithelial	cells	of	the	choroid	plexus;	water	follows	

the	concentration	gradient	passively.	Large	molecules	are	transported	by	pinocytosis	from	the	basal	

to	 the	 apical	 surface	 of	 choroidal	 epithelial	 cells	 and	 then	 exocytosed	 into	 the	 ventricular	 CSF.	

Compared	 to	 the	 endothelium	 of	 the	 BBB,	 the	 endothelium	 in	 the	 choroid	 plexus	 is	 fenestrated,	

resulting	in	highly	permeable	capillaries.	A	tight	barrier	is	formed	by	the	epithelial	cells	at	the	surface	

of	the	choroid	plexus	[115].	
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The	formation	of	CSF	at	sites	other	than	the	choroid	plexus	has	also	been	reported	in	the	literature	

as	early	as	1924	and	1937	[120,	121].	Hassin	plexectomized	the	ventricular	system	in	dog	and	did	not	

detect	the	collapse	of	the	ventricles;	he	concluded	that	the	brain	parenchyma	and	not	the	choroid	

plexus	 was	 the	 main	 source	 of	 CSF	 [121].	 Other	 direct	 evidence	 for	 the	 production	 of	 CSF	 from	

extrachoroidal	sources	have	been	provided	by	experiments	where	regions	of	the	ependymal	or	pia	

were	 isolated	 from	 choroid	 plexus	 tissue	 and	 subsequently	 perfused	 according	 to	 the	 ventriculo-

cisterna	 perfusion	 technique	 (also	 known	 as	 the	 Pappenheimer	 technique)	 [122].	 When	 the	

aqueduct	of	Sylvius	in	rabbits	was	isolated	and	perfused	using	this	technique,	it	was	calculated	that	

approximately	30	%	of	the	CSF	is	secreted	by	the	ventricular	ependymal	cells	and	that	this	value	can	

be	 reduced	 to	 half	 by	 systemic	 administration	 of	 Diamox	 [123].	 Diamox	 is	 known	 to	 transiently	

reduce	the	rate	of	CSF	formation	by	a	maximum	of	50	%	[124,	125].	When	the	central	canal	of	the	

cat	 spinal	 cord	was	perfused,	 the	ependymal	 contribution	 to	CSF	production	was	 calculated	 to	be	

higher	 [126].	 Another	 study	 reported	 that	 at	 least	 40	 %	 of	 the	 CSF	 in	 dogs	 is	 produced	

extraventricularly	within	the	subarachnoid	space	[127].	However,	the	validity	of	these	experiments	

have	 also	 been	 criticised	 [128]	 as	 they	 required	 drastic	 procedures	 including	 the	 removal	 of	 the	

cerebral	hemispheres	[123]	and	transection	of	the	spinal	cord	[129].	

Indirect	evidence	supporting	CSF	production	by	extrachoroidal	sites	include	the	formation	of	a	type	

of	 fluid	within	 the	neural	 tube	of	 fetal	 animals	 [130]	and	humans	 [131]	before	 the	choroid	plexus	

anlage	 appears	 and	 the	 observation	 that	 CSF	 is	 produced	 within	 ventricular	 cavities	 in	 lower	

vertebrates	that	lack	choroid	plexuses.	

1.4.1.1 Rate	of	CSF	production	

In	humans,	the	rate	of	CSF	production	is	estimated	at	0.3	–	0.4	ml/min.	The	rate	of	CSF	formation	in	

humans	was	determined	in	1934	by	Masserman	who	performed	a	lumbar	puncture	on	patients	and	

measured	 the	 time	 needed	 for	 intracranial	 CSF	 pressure	 to	 return	 to	 its	 initial	 value.	 The	 CSF	

pressure	was	restored	at	a	rate	of	approximately	0.32	ml/min	when	20	to	35	ml	of	CSF	was	drained	

[132].	However,	because	Masserman	did	not	account	 for	variations	 in	 intracranial	pressure,	which	

have	 since	 been	 shown	 to	 affect	 the	 formation	 and	 absorption	 rates	 of	 CSF,	 these	 results	 were	

criticised	[133-135].		

On	the	other	hand,	 the	 ‘Pappenheimer’	 technique	that	provided	 information	on	the	source	of	CSF	

also	provided	a	quantitative	approach	for	assessing	the	rate	of	CSF	formation	involved	the	infusion	

of	insulin	and	macromolecules	at	a	constant	rate	into	the	cerebral	ventricles.	Following	the	infusion	

of	 insulin,	CSF	formation	was	calculated	by	measuring	the	 insulin	concentration	of	extraventricular	



Chapter	1	

44	

(cisternal	or	spinal)	CSF	[133].	The	results	showed	that	the	average	flow	rate	in	patients	between	9	

and	 61	 years	 old	was	 0.37	ml/min.	 These	 findings	were	 supported	 by	 tests	 in	 children	with	 brain	

tumours	[136,	137]	and	in	patients	with	hydrocephalus	[134,	138-140].	The	accepted	mean	rate	for	

CSF	 production	 in	 humans	 is	 0.3	 –	 0.4	 ml/min	 (approximately	 500	 –	 600	 ml/day)	 and	 the	 total	

volume	of	CSF	is	replaced	every	5	–	7	hr	[141].	

1.4.2 CSF	circulation	

In	 the	classical	model,	CSF	 that	 is	actively	 secreted	by	 the	choroid	plexi	 in	 the	cerebral	ventricular	

system	and	travels	by	bulk/pulsatile	flow	through	lateral	and	third	ventricles	to	the	fourth	ventricle	

through	the	aqueduct	of	Sylvius	and	into	the	cisterns	and	subarachnoid	space	through	the	foramina	

of	Luschka	and	 the	 foramen	of	Magendie	and	runs	along	 the	central	 canal	of	 the	spinal	cord.	This	

view	 of	 CSF	 movement	 is	 known	 as	 “third	 circulation”	 and	 was	 introduced	 by	 Cushing’s	 in	 1962	

[142].	This	linear	model	of	CSF	flow	suggests	directionality	of	CSF	flow	and	little	interaction	with	the	

brain	parenchyma	[128,	143,	144].	However,	studies	utilising	magnetic	resonance	imaging	(MRI)	and	

other	 in	 vivo	 imaging	 techniques,	 have	 challenged	 this	 traditional	 and	 simplistic	 view	 of	 CSF	

circulation,	and	re-ignited	the	 interest	 in	studying	the	role	of	CSF	and	fluid	movement	 in	the	brain	

[26,	118,	145,	146].	

The	movement	of	CSF	is	commonly	measured	by	MRI.	Phase-contrast	MRI	enables	the	visualisation	

of	CSF	 flow	dynamics	and	can	be	used	clinically	 for	 the	evaluation	of	disease	 [147].	Flow-sensitive	

MRI	demonstrated	 that	CSF	motion	 is	pulsatile	and	 related	 to	 intracranial	blood	vessel	pulsations,	

resulting	 in	 a	 relatively	 small	 net	 flow	of	 CSF	 from	 the	 ventricles	 towards	 the	 subarachnoid	 space	

[148].	In	humans,	the	subarachnoid	space	occupies	only	a	few	centimetres	over	the	cerebral	gyri	and	

is	 more	 extensive	 in	 the	 cisterns	 located	 at	 the	 base	 of	 the	 brain.	 The	 arachnoid	 layer,	 which	 is	

composed	 of	 several	 layers	 of	 cells	 joined	 by	 desmosomes	 and	 an	 outer	 layer	 containing	 tight	

junctions,	 is	 impermeable	 to	 CSF.	 The	 pia	 mater	 one	 the	 other	 hand,	 which	 separates	 the	

parenchyma	 from	 the	 subarachnoid	 space	and	possibly	 from	perivascular	 spaces,	 is	 thought	 to	be	

permeable.	However,	the	exact	degree	of	selective	permeability	of	the	pia	mater	and	underlying	glia	

limitans	is	unknown	[8].	

1.4.3 CSF	absorption	

In	 humans,	 the	 majority	 of	 CSF	 in	 the	 subarachnoid	 space	 is	 thought	 to	 be	 reabsorbed	 by	 the	

arachnoid	 villi,	 herniations	 of	 the	 cranial	 arachnoid	membrane	 that	 project	 in	 the	 cranial	 venous	

sinuses	of	the	meningeal	layer	of	the	dura	mater.	CSF	absorbed	by	the	villi	then	drains	into	venous	
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blood	and	back	into	the	circulatory	system	[149-151].	This	mechanism	was	demonstrated	by	Key	and	

Retzius	using	coloured	gelatin	injected	into	the	CSF	of	human	cadavers	[152].	The	gelatin	distributed	

throughout	the	entire	CSF	system	and	was	absorbed	into	the	venous	sinuses	by	the	arachnoid	villi.	

However,	the	injection	pressure	of	60	mmHg	made	the	results	questionable,	as	the	only	driving	force	

in	 the	human	 cadavers	must	have	been	 the	elevated	 injection	pressure	 [153].	 These	 finding	were	

replicated	 using	 isotonic	 solutions	 of	 non-toxic	 dyes	 (ammonium	 citrate	 and	 potassium	

ferrocyanide),	which	were	also	found	to	move	from	the	arachnoid	villi	along	the	sagittal	sinus	 into	

the	dural	walls	of	sinuses	[154,	155].		

The	 macroscopic	 arachnoid	 granulations	 and	 microscopic	 arachnoid	 villi	 are	 herniations	 of	 the	

cranial	 arachnoid	 membrane	 that	 projects	 in	 the	 cranial	 venous	 sinuses	 of	 the	 dura	 mater.	 CSF	

absorption	 is	 driven	 by	 the	 hydrostatic	 pressure	 between	 the	 venous	 sinuses	 and	 the	 CSF	

compartments.	The	core	of	 the	arachnoid	villi	and	the	arachnoid	granulations	are	anchored	to	the	

subarachnoid	space	by	an	arachnoid	stalk	composed	of	arachnoid	cells	and	interdigitating	processes.	

In	the	venous	sinus	lies	the	arachnoid	projection	core,	which	is	made	up	of	arachnoid	cells	aligned	in	

a	trabeculated	meshwork.	Clusters	of	arachnoid	cells	are	also	located	adjacent	to	spinal	nerve	roots	

that	extend	into	small	spinal	veins	as	they	penetrate	the	dural	layer	of	the	meninges.	The	transport	

mechanism	 of	 CSF	 through	 the	 arachnoid	 projections	 is	 not	 clearly	 understood.	 However,	 it	 is	

proposed	 that	 CSF	 transport	 is	 facilitated	 by:	 arachnoid	 cell	 phagocytosis,	 pressure-dependent	

pinocytosis,	 transport	 via	 giant	 vacuoles	 and/or	 transcellular	 channels,	 gaps	 between	 endothelial	

cells,	passive	transport	via	the	extracellular	cisterns	in	the	arachnoid	cell	layer,	or	a	labyrinth	of	open	

tubes	that	presumably	connect	the	subarachnoid	space	with	the	venous	sinuses	in	the	dural	layer	of	

the	meninges	[156].	

This	conventional	view	of	CSF	transport	by	bulk	flow	into	cranial/dural	venous	sinuses	through	the	

arachnoid	 villi	 and	 granulations	 has	 been	 criticised	 for	 being	 based	 mostly	 on	 anatomic	

consideration	with	little	supportive	quantitative	evidence.	Also,	in	the	early	stages	of	development	in	

rats,	there	is	no	evidence	of	a	CSF-venous	sinus	pressure	gradient	that	is	required	for	CSF	absorption	

until	twenty	days	post	birth.	This	suggests	other	mechanisms	must	be	in	place	prior	this	period	for	

the	absorption	of	CSF	 in	 locations	other	 than	 the	arachnoid	projections.	Another	observation	 that	

rejects	 the	 view	 for	 this	mechanism	 of	 CSF	 flow	 is	 that	 no	 arachnoid	 villi	 or	 granulations	 exist	 in	

humans	 prenatally.	 This	 observation	was	made	 upon	microscopic	 investigating	 up	 to	 56	 days	 old	

individuals	and	those	18	weeks	from	gestation	to	80	year	old	ones.	The	choroid	plexus	on	the	other	

hand	develops	much	earlier	suggesting	that	CSF	is	produced	in	neonates	and	effective	mechanisms	

for	CSF	absorption	are	required.	Therefore,	at	such	early	stages	of	development	it	is	unlikely	that	the	
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arachnoid	projections	play	a	 significant	 role.	However,	 this	 is	probably	not	 the	case	at	 the	 time	of	

birth	or	for	infants	and	adults	where	the	arachnoid	villi	and	granulations	become	visible	in	the	dura,	

increase	in	number	and	exist	in	abundance,	respectively	[156,	157].	

Besides	the	arachnoid	projection-centric	view	of	CSF	transport,	studies	have	also	shown	that	CSF	in	

the	 subarachnoid	 space	 passes	 out	 of	 the	 cranial	 cavity	 along	 prolongations	 of	 the	 subarachnoid	

space	associated	with	a	number	of	cranial	nerve	sheathes	(or	perineural	spaces	of	cranial	nerves)	to	

be	eliminated	through	the	cervical	lymphatics	[158].	There	are	many	potential	locations	from	which	

CSF	 may	 gain	 access	 to	 extracranial	 lymphatic	 vessel	 but	 most	 focus	 has	 been	 placed	 on	 the	

cribriform	plate	and	nasal	submucosa.	The	bony	cribriform	plate	supports	the	olfactory	bulbs	and	is	

situated	 at	 the	 base	 of	 the	 anterior	 skull.	 Nerves	 from	 the	 olfactory	 bulbs,	 olfactory	 nerves,	

penetrate	 the	 cribriform	 plate	 through	 foramina	 and	 terminate	 in	 the	 olfactory	 epithelium	 in	 the	

nasal	 mucosa.	 CSF	 convects	 along	 the	 extensions	 of	 the	 subarachnoid	 compartment	 that	 are	

associated	 with	 the	 olfactory	 nerves,	 it	 is	 transported	 through	 the	 cribriform	 plate	 and	 is	 then	

absorbed	by	nasal	submucosa	lymphatics	[158].	This	cribriform/lymphatic	CSF	transport	pathway	is	

supported	 by	 morphological	 studies	 in	 humans	 and	 non-human	 primates	 [159].	 In	 a	 number	 of	

species,	the	perineural	extensions	of	the	subarachnoid	space	appear	to	open	directly	into	the	tissue	

spaces	 where	 CSF	 is	 absorbed	 into	 prenodal	 lymphatics.	 In	 rats,	 CSF	 moves	 from	 the	 arachnoid	

channels	 directly	 into	 the	 nasal	 lymphatics.	 Cervical	 lymphatic	 ducts	 that	 are	 located	 in	 the	 neck	

transport	CSF	back	into	the	venous	system.	CSF	in	the	spinal	cord	may	also	enter	spinal	lymph	nodes	

as	demonstrated	by	tracer	studies	[156].	

1.4.4 CSF	circulation	informed	by	tracer	studies		

Tracer	injections	of	particulate	matter	and	biologically	relevant	solutes	at	different	time	points	into	

the	cisterna	magna	and	lateral	ventricles	provided	information	on	the	circulation	of	CSF	flow.		

1.4.4.1 Extracranial	lymphatic	drainage	and	transport	into	the	blood	

The	 relationship	between	 the	CSF	 compartment	and	 the	peripheral/extracranial	 lymphatics	 is	well	

established	 [160].	CSF	mainly	 flows	along	extensions	of	 the	subarachnoid	compartment	associated	

primarily	 with	 the	 olfactory	 nerves,	 convects	 through	 the	 cribriform	 plate	 and	 is	 absorbed	 by	

lymphatics	 in	 the	 nasal	 submucosa.	 In	 mammals	 (sheep),	 approximately	 55	 %	 of	 radiolabeled	

albumin	 injected	 into	 the	 CSF	 drained	 to	 the	 cervical	 lymphatics	 via	 the	 cribriform	 plate	 and	 the	

remainder	is	cleared	via	the	arachnoid	granulations	of	the	dural	sinuses	into	the	bloodstream	[161-

163].		
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Weed	 et	 al	 [164]	 demonstrated	 the	 drainage	 of	 CSF	 via	 arachnoid	 villi	 and	 granulations	 into	 the	

venous	 sinus	 blood	 in	 primates.	 In	 rodents	 (rat	 and	mice),	 rudimentary	 arachnoid	 villi	 serve	 as	 a	

direct	 route	 of	 drainage	 of	 only	 a	 small	 proportion	 of	 CSF	 into	 the	 blood.	 Kida	 and	 Weller	

demonstrated	the	 flow	of	CSF	along	channels	 in	 the	subarachnoid	space	alongside	 leptomeningeal	

arteries	 to	 the	cribriform	plate	where	 they	entered	nasal	 lymphatics	and	 reach	 the	cervical	 lymph	

nodes	 within	 5	 min	 using	 Indian	 ink	 [158].	 The	 route	 through	 the	 cribriform	 plate	 follows	 the	

olfactory	 nerves	 [165].	 Ventricular	 injection	 studies	 on	 the	 other	 hand,	 showed	 that	 tracers	 like	

radiolabelled	insulin-like	growth	factor-1	remained	confined	to	the	walls	of	leptomeningeal	arteries	

within	1	hr	of	injection	[166].	

Particles	 injected	 into	the	cisterna	magna	of	rats	appear	to	accumulate	 in	the	basal	cisterns	of	the	

cranial	cavity	but	also	 in	spaces	around	the	middle	cerebral	arteries	and	the	nasal	olfactory	artery.	

From	 the	 subarachnoid	 spaces,	 particles	 beneath	 the	 olfactory	 bulbs	 drain	 directly	 into	 discrete	

channels	 through	 cribriform	 plate	 and	 into	 the	 nasal	 submucosa.	 CSF	 flows	 towards	 the	 deep	

cervical	 lymph	nodes	within	30	min	and	 lumbar	para-aortic	nodes	within	6	hr.	The	CSF	also	enters	

along	 the	 subarachnoid	 space	of	 the	optic	nerves	and	 into	 the	 cochlea,	but	 the	nasal	 route	 is	 the	

only	direct	connection	between	cranial	CSF	and	lymphatics.	CSF	is	also	reabsorbed	by	the	arachnoid	

villi	 into	 the	 superior	 and	 inferior	 sagittal	 sinuses.	 Some	CSF	 drains	 into	 the	 dural	 lymphatics	 [94,	

158]	

Johnson	 et	 al	 [161]	 used	 Microfil,	 a	 silicone	 compound,	 as	 a	 CSF	 tracer	 and	 filled	 it	 in	 the	

subarachnoid	compartment	of	different	species	via	injection	into	the	cisterna	magna.	They	observed	

similar	 pathways	 in	 seven	 different	 species	 investigated	 ranging	 from	 small	 rodents	 to	 humans.	

Microfil	 distributed	 throughout	 the	 subarachnoid	 compartment	 associated	 with	 the	 base	 of	 the	

brain	and	in	the	basal	cisterns	in	all	of	the	species.	Microfil	also	distributed	into	the	lymphatic	vessels	

of	the	olfactory	and	respiratory	submucosa	via	the	cribriform	plate.	These	findings	were	confirmed	

in	rodents	using	specific	markers	for	the	detection	of	lymphatic	vessels	in	the	dural	sinus	by	confocal	

microscopy.	An	extensive	network	of	lymphatic	vessels	that	serve	a	function	in	draining	solutes	from	

the	brain	into	deep	cervical	lymph	nodes	were	detected	in	the	meninges	of	the	mouse	brain	[6,	167,	

168].	 The	 relative	 contribution	 of	 the	 above	 pathways	 for	 the	 drainage	 of	 CSF	 is	 still	 unclear.	

Nevertheless,	it	is	has	been	proposed	that	a	third	of	CSF	drains	via	arachnoid	granulations,	a	third	via	

the	cribriform	plate	and	a	third	via	the	spinal	vessels	[169].			

Extracellular	 inert	 [14C]Insulin	 and	 other	 pharmacologically	 similar	 bioactive	 substances	 may	

distribute	 intraparenchymally	 from	 the	 ventricular	 and	 subarachnoid	 CSF	 via	 preferential	 routes	

which	seem	to	be	the	hypothalamus	and	midbrain	for	tracers	injected	into	the	cisterna	magna	and	
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the	centromedial	thalamus	and	central	grey	of	midbrain	and	pons	for	tracers	injected	into	the	lateral	

ventricles	[170].	To	some	extent,	molecules	can	also	be	cleared	from	the	CSF	by	the	choroid	plexus,	

via	 specific	 transporters	 that	 are	 also	 present	 at	 the	 BBB.	 Examples	 of	 these	 are	members	 of	 the	

ATP-binding	cassette	transporters	and	Solute	Carrier	families,	but	also	peptide	transporters	[171].	

1.4.4.2 Perivascular	spaces	

Evidence	has	also	suggested	a	role	for	paravascular	circulation	of	CSF	into	the	brain	parenchyma.	In	

1914,	 ferrocyanide	was	 perfused	 into	 the	 VR	 (perivascular)	 spaces	 and	 the	 tracer	 penetrated	 the	

brain	tissue	[154].	Ferritin	injected	into	the	CSF	also	provided	evidence	that	perivascular	spaces	may	

be	channels	for	flow.	The	tracer	was	detected	in	the	perivascular	spaces	of	vessels	near	the	walls	of	

ventricles	by	electron	microscopy	[172,	173].	

Ultrastructural	observations	by	Rennels	et	al	in	1985	[93]	made	following	the	infusion	of	horseradish	

peroxidase	 (HRP)	 in	 the	 subarachnoid	CSF	 (lateral	 ventricles	and	cisterna	magna)	of	 cats	and	dogs	

also	 supported	 the	 existence	 of	 perivascular	 spaces.	 HRP	 travelled	 rapidly	 from	 the	 subarachnoid	

space	 via	 the	 perivascular	 spaces	 around	 penetrating	 arterioles	 and	 along	 the	 basal	

laminae/basement	 membrane	 of	 cerebral	 capillaries;	 the	 intraparenchymal	 microvasculature	 was	

outlined	 6	 min	 post	 injection.	 This	 led	 to	 the	 concept	 that	 the	 basement	 membrane	 around	

capillaries	may	 represent	 a	 pathway	 for	 fluid	 and	 solute	movement	 from	 the	 subarachnoid	 space	

into	 the	 brain.	 After	 10	 or	 20	 min,	 the	 HRP	 was	 located	 throughout	 the	 ECS	 and	 along	 the	

paravascular	 spaces	 around	 veins	 [174].	 Localisation	of	HRP	by	 3,3'-Diaminobenzidine	 (DAB)	 using	

light	 microscopy	 did	 not	 provide	 the	 resolution	 necessary	 to	 observe	 the	 basement	 membranes.	

Based	on	 the	 rapid	diffusion	of	HRP,	 it	was	argued	 that	diffusion	 cannot	be	 responsible	 for	 tracer	

distribution	 alone	 and	 that	 it	 was	 the	 result	 of	 a	 convective	 process	 facilitated	 by	 pulsations	 of	

penetrating	cerebral	arterioles.	 It	was	reported	that	by	occluding	the	aorta	or	partially	 ligating	the	

brachiocephalic	artery	to	diminish	or	halt	pulsations,	the	speed	of	 ‘paravascular’	 influx	of	HRP	was	

reduced	[175,	176].	

Attempts	 to	 reproduce	Rennels’	data	 [93]	were	made	by	Krisch	et	al	 in	1984	but	 the	HRP	did	not	

spread	into	the	VR	spaces	from	the	subarachnoid	space	[22].	Injections	into	the	VR	or	subarachnoid	

space	of	 rats	 using	 Indian	 ink,	 gold	 labelled	 albumin,	 Evans	 blue	dye	 and	 rhodamine	 showed	 that	

majority	 of	 the	 tracer	 remained	 in	 the	 VR	 spaces,	 cortical	 subpial	 space	 and	 the	 subarachnoid	

trabeculae.	 Video-densitometric	 measurements	 of	 fluorescently	 labelled	 albumin	 suggested	 bulk	

flow	movement	of	the	fluid	around	arteries	and	veins	within	the	VR	spaces.	The	direction	of	the	flow	

was	varied,	slow	and	unpredictable	[175].	Some	of	the	controversy	surrounding	perivascular	spaces	
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as	channels	for	solute	movement	were	resolved	 in	1992	when	 ink	was	 injected	 into	the	CSF	and	 it	

was	 confirmed	 that	 perivascular	 spaces	 can	 act	 as	 pathways	 for	 the	 distribution	 of	 tracer	 in	 the	

brain.	The	directionality	of	flow	was	determined	as	being	primarily	inward	with	tracers	entering	the	

surface	of	the	brain	along	arteries	and	exiting	the	brain	surface	along	veins	[94].	Rapid	bulk	flow	of	

CSF	within	a	specific	compartment	was	confirmed	when	tracers	were	injected	into	the	ventricles	and	

then	appeared	in	other	CSF	spaces	[177].		

More	recently,	in	2000,	Konsman	et	al	[178]	showed	the	interleukin	(IL-1)	injected	into	the	cerebral	

ventricle	spread	rapidly	along	white	matter	fibre	bundles	and	blood	vessels	 in	a	number	of	regions	

including	the	caudoputamen,	hypothalamus	and	amygdala.	Also,	when	[14C]inulin	was	injected	into	

the	 lateral	 ventricles	or	 cisterna	magna	of	 conscious	 rats,	 the	 tracer	 spread	rapidly	within	 the	CSF	

system	and	entered	the	brain	along	perivascular	spaces	mainly	from	the	ventral	surface	particularly	

in	 the	hypothalamus	and	brainstem,	but	 the	 spread	was	not	 as	 fast	 as	 that	observed	with	HRP	 in	

Rennels	et	al	experiments	[93,	170].	By	4	hr	after	the	tracer	was	injected,	most	regions	of	the	brain	

were	 reached.	A	bioactive	molecule	with	a	 similar	MW	to	 insulin	 [125I]CRH	 (corticotropin-releasing	

hormone)	 was	 injected	 into	 the	 CSF	 and	 it	 showed	 a	 similar	 distribution	 as	 insulin	 at	 early	 time	

points	(5	–	30	min),	but	there	was	no	further	penetration	after	that	time	point.	This	may	have	been	

due	to	the	tracer	binding	and	being	taken	up	at	sites	of	receptor	localisation.	The	studies	confirmed	

that	perivascular	spaces	and	axon	tracts	can	act	as	preferential	pathways	for	molecular	movement	

through	the	nervous	system	[82].			

Some	studies	describe	VR	spaces	as	being	separate	from	the	subarachnoid	space;	this	separation	is	

formed	 by	 the	 pia	 mater.	 If	 this	 is	 the	 case,	 fluid	 and	 tracers	 would	 need	 to	 cross	 the	 pial	 cell	

membrane,	which	in	rodents	is	significantly	thinner	than	the	pial	barrier	in	humans	[179].	However,	

the	 pial	 membrane	 in	 both	 humans	 and	 rodents	 is	 depicted	 as	 a	 single-cell	 layered	 structure	 in	

ultrastructural	studies	[7].	The	pial	barrier	in	humans	is	composed	of	a	continuous	layer	of	cells	that	

are	connected	by	desmosomes	and	gap	junctions	(but	not	tight	junctions)	[8].	Morphological	studies	

suggest	that	the	pia	barrier	is	permeable	to	fluids	[180].	

1.4.4.3 Glymphatic	pathway	

Characterisation	of	the	convective	influx	as	glymphatic	pathway	was	based	on	fluorescently	tagged	

optical	 dyes	 of	 different	MW	 administered	 into	 the	 CSF	 in	 combination	 with	 in	 vivo	 two-photon	

microscopy	 [104,	 105,	 108].	 The	 entry	 route	 of	 solutes	 from	 the	 CSF	 into	 the	 parenchyma	 were	

investigated	in	a	set	of	experiments	where	solutes	of	different	MW	(from	182	Da	to	2000	kDa)	were	

injected	 into	 the	 subarachnoid	 space	 (lateral	 ventricles	 or	 cisterna	magna)	 of	 NG20DS	 transgenic	
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mice	displaying	fluorescent	vascular	smooth	muscle	cells	and	imaged	using	two-photon	microscopy	

[108].	This	technique	allowed	for	dynamic	characterization	of	fast	periarterial	influx	of	optical	tracers	

in	small	cortical	areas	of	live	rodents.	It	was	determined	that	the	larger	solutes	(2000	kDa)	enter	the	

brain	along	paravascular	spaces	surrounding	blood	vessels	and	that	they	are	preferentially	excluded	

from	 the	 brain	 parenchyma.	 On	 the	 other	 hand,	 solutes	 of	 lower	 MW	 (182	 Da	 and	 759	 Da)	

permeated	 virtually	 the	 entire	 brain	 within	 30	 min	 of	 tracer	 infusion	 [108].	 The	 tracers	 were	

reported	to	enter	along	the	perivascular	spaces	of	arteries.	This	paravascular	influx	of	solutes	from	

the	CSF	 into	 the	parenchyma	appeared	to	be	dependent	on	the	expression	of	aquaporin-4	 (AQP4)	

channels	and	on	efficient	arterial	pulsations.	AQP4	is	a	water	channel	located	on	the	astrocyte	end	

feet	processes	and	ependymal	cells	[181].	It	is	reported	that	once	soluble	tracers	reached	the	brain	

parenchyma,	they	diffused	and	entered	in	the	walls	of	veins	[108,	182].	Small	lipophilic	tracers	(MW	

<	 1	 kDa)	 selectively	 behave	 differently	 to	 other	 solutes	 when	 moving	 from	 the	 CSF	 into	 the	

paravascular	 compartment	of	 vessels.	 They	appear	 to	 follow	spatially	 restricted	pathways	 through	

the	parenchyma	and	their	movement	is	not	affected	by	the	expression	of	AQP4	[183].		

In	2013,	the	same	group	demonstrated	the	glymphatic	pathway	using	contrast	agents	administered	

into	 the	CSF	 [149].	 It	was	 reported	 that	 tracers	were	 taken	up	 slowly	 by	 the	 parenchyma	moving	

from	the	ventral	surface	and	from	the	pineal	recess	into	the	tissue.	Dynamic	contrast-enhanced	MRI	

used	 to	 visual	 CSF/ISF	 exchange	 across	 the	 rat	 brain	 following	 intrathecal	 paramagnetic	 contrast	

agent	 administration,	 which	 revealed	 that	 the	 anatomical	 routes	 of	 entry	 where	 both	 time	 and	

molecular	size	dependent.	Small	MW	(938	Da)	diethylenetriaminepentaacetate	(Gd-DTPA)	arrived	in	

the	cisterna	magna,	transported	along	the	basilar	artery	and	continued	along	the	olfactory	arterial	

complex	 and	 into	 the	 olfactory	 bulbs	 by	 12	 min.	 The	 tracer	 was	 also	 detected	 in	 the	 posterior	

choroidal	 arteries,	which	 are	often	10	or	 11	 arteries	 in	 each	hemisphere	 and	 are	divided	 into	 the	

medial	posterior	choroidal	artery	and	lateral	posterior	choroidal	artery	groups.	They	often	arise	from	

a	 segment	 of	 the	 posterior	 cerebral	 artery.	 The	 highest	 intensity	 signal	 of	 this	 small	 tracer	 was	

detected	at	the	level	of	the	circle	of	Willis	with	tracer	outlining	the	posterior	communicating	arteries	

and	the	lateral	orbitofrontal	artery.	On	the	other	hand,	larger	MW	(200	kDa)	polymeric	Gadolinium-

chelate	 (GadoSpin)	 preferentially	 remained	 along	 periarterial/paravascular	 conduits	 in	 areas	

including	 the	 olfactory	 bulbs	 by	 12	min.	 The	 parenchyma	 uptake	 of	 GadoSpin	 was	 also	 relatively	

sparse	compared	to	Gd-DTPA,	which	had	more	diffuse	access	to	the	brain	parenchyma	[149].	

In	2017,	the	glymphatic	pathway	findings	observed	with	optical	images	were	confirmed	by	injection	

of	a	T1	paramagnetic	contrast	agent	for	whole	rodent	brain	MRI	[149].	Gd-DTPA,	with	a	MW	of	938	

Da	was	administered	into	the	cisterna	magna	of	rats	and	imaged	in	real	time.	A	mathematical	model	
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based	on	the	theory	of	optimal	mass	transport	(OMT)	[184-187]	was	used	to	derive	and	analyse	the	

flow	 patterns	 of	 the	 CSF/glymphatic	 transport	 system	 in	 the	 rodent	 brain	 [188,	 189].	 At	 12	min,	

contrast	 reportedly	moved	 into	 the	 cerebellum,	 up	 towards	 the	 inferior	 and	 superior	 colliculi	 and	

from	there	slowly	penetrated	into	parenchyma.	At	30	min	the	contrast	flowed	along	large	arteries	at	

the	level	of	the	circle	of	Willis	at	the	base	of	the	brain	and	trajected	up	towards	the	olfactory	bulbs	

and	 the	 pineal	 gland.	 After	 40	min	 of	 contrast	 infusion	 the	 high-density	 pathways	 followed	 large	

arteries	and	flowed	into	smaller	reservoirs	comprising	fewer	streamlines	towards	the	surface	of	the	

brain.	 These	 smaller	 reservoirs	 are	believed	 to	originate	 from	 large	 reservoirs	 associated	with	 the	

arteries	and	end	towards	the	venus	sinuses	[190].	At	2	to	4	hr	after	 infusion,	the	tracer	reportedly	

travelled	into	the	brain	parenchyma	where	it	redistributed	and	slowly	cleared	via	perivenous	routes	

and	 along	 cranial	 nerves.	 The	 contrast	 uptake	 into	 brain	 parenchyma	 was	 evident	 as	 a	 slow	

penetrating	 gradient	moving	 from	 the	 ventral	 surface	 of	 the	 brain,	 towards	 central	 and	 olfactory	

areas	of	 the	 rat	brain;	 and	was	 validated	by	optical	 imaging	 [149].	 These	 findings	were	 consistent	

with	 previous	 reports	 by	 the	 same	 group	 on	 the	 anatomical	 localization	 of	 contrast	 after	 CSF	

injection	in	the	rat	[149,	191].	It	must	be	noted	that	the	behavior	of	Gd-DTPA	was	assumed	to	be	the	

same	as	a	surrogate	waste	‘solute’	in	the	CSF	and	that	it	does	not	disturb	the	normal	physiology	of	

the	 brain.	 The	 streamlines	 defined	 by	 OMT	 analysis	 also	 require	 further	 validation	 to	 ascertain	

whether	or	not	they	are	a	biological	phenomenon	related	to	the	glymphatic	transport	process	and	

not	merely	projections	derived	from	the	applied	processing	algorithms.	

The	results	from	MRI	and	OMT	pertain	to	a	perivascular	location	of	pathways	that	are	supported	by	

several	reports	 in	the	 literature	 like	Bedussi	et	al	[192]	where	the	distribution	pattern	of	high	MW	

(500	kDa)	 fluorescein-labeled	dextran	 from	the	cisternal	CSF	 in	 the	perivascular	 compartment	was	

characterized	using	a	combination	of	imaging	tools	including	confocal	microscopy,	light	and	electron	

microscopy.	 Similar	 to	 the	 transport	 pathways	 described	 by	 the	 OMT	 data,	 the	 dextran	 from	 the	

cisterna	magna	into	the	subarachnoid	space	on	the	ventral	side	of	the	brain,	particularly	along	the	

deep	 clefts	 between	 the	 major	 brain	 structures	 that	 connect	 the	 cerebral	 cisterns’.	 The	 lack	 of	

parenchymal	spread	was	also	reported	as	a	result	of	the	high	MW	of	the	tracer.		

According	 to	Vadim	et	al	 2017	 [190]	 the	parenchymal	CSF	 streamlines	 that	were	observed	by	 the	

OMT	 analysis	 in	 anaesthetized	 rats	 would	 be	 obliterated	 in	 awake	 animals	 as	 a	 previous	 study	

reported	 that	 glymphatic	 transport	 efficiency	 in	 anaesthetized	 rodents	 is	 increased	 compared	 to	

wakefulness	 [104].	 It	 was	 hypothesised	 that	 variations	 in	 the	 parenchymal	 extracellular	 volume	

during	 sleep,	 anaesthesia	 or	 infusion	 of	 a	 norepinephrine	 antagonist	 determine	 the	 paravascular	

inflow.	 However,	 it	 has	 been	 argued	 that	 these	 conditions	 may	 not	 only	 alter	 dimensions	 of	
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interstitial	 spaces,	but	also	the	production	of	CSF	 in	general	 [80].	 In	humans,	sleep	 is	known	to	be	

associated	 with	 increased	 CSF	 production	 [193]	 and	 therefore	 paravascular	 flow	 and	 CSF/ISF	

exchange	may	not	only	be	altered	by	changes	in	the	interstitial	conductance,	but	also	by	the	change	

in	CSF	production.	

1.5 Inter-relationship	between	CSF	and	ISF	

Exchange	between	 the	CSF	and	 ISF	may	occur	by	diffusion	across	 the	ependymal	cells	 that	do	not	

have	 tight	 junctions	 between	 them.	 In	 lower	 vertebrates,	 specialised	 ependymal	 cells	 known	 as	

tanycytes	extend	their	processes	 into	the	brain	and	make	contact	with	neurons	and	blood	vessels.		

However,	 there	 is	 no	 evidence	 of	 this	 in	 the	mammalian	 brain.	 Blood	 and	 ISF	 freely	 exchange	 in	

specialised	 regions	 of	 the	 brain	 including	 the	 circumventricular	 organs	 (CVO)	 where	 there	 is	 no	

physical	 barrier	 at	 the	 capillary	 level;	 this	 exchange	 of	 fluid	 is	 required	 for	 neurosecretion	 and	

chemosensitivity.	Fluid	from	the	CVOs	does	not	leak	across	the	BBB	because	they	are	separated	from	

the	ISF	in	the	brain	parenchyma	by	junctions	between	the	tanycyte	processes	and	from	the	CSF	by	

tight	 junctions	 between	 the	 ependymal	 cells	 [82,	 85].	 The	 ISF	 in	 the	 parenchyma	 that	 is	 actively	

secreted	by	the	capillary	endothelial	cells	 (the	capillary	–	glial	complex)	may	exchange	with	CSF	by	

flowing	into	the	ventricular	system	and	subarachnoid	space	via	the	perivascular	and	subependymal	

regions	[156].	Studies	in	rat	demonstrated	that	~	75	%	of	tracer	injected	into	the	brain	interstitium	

was	cleared	to	the	subarachnoid	CSF,	accounting	for	about	11	%	of	total	CSF	production	[194].	

As	well	 as	 communication	between	 the	CSF	and	 ISF	across	 the	ependymal	 cell	 layers	 covering	 the	

inner	 (ventricular)	 surface	 of	 the	 brain	 that	 are	 not	 connected	 by	 tight	 junctions,	 CSF	 can	

communicate	with	ISF	in	a	similar	way	by	crossing	the	pial	surfaces	of	the	brain	[26,	180,	195].	The	

fluid	 exchanges	 across	 the	 pial/glial	 layer	 are	 separate	 from	 the	 bulk	 flow	 exchange	 across	 the	

ependymal	cells	lining	the	cerebral	ventricles.	These	exchanges	were	demonstrated	by	tracer	studies	

that	were	 injected	 into	 the	cisterna	magna	[82].	Aside	 from	bulk	 flow,	diffusion	could	also	explain	

the	exchange	of	 fluid	and	solutes	between	the	CSF	and	the	brain	near	the	ventricles,	but	diffusion	

alone	 would	 not	 be	 efficient	 at	 distances	 much	 further	 from	 the	 ventricles	 or	 more	 than	 a	 few	

millimeters	away	from	the	CSF	[196].	

In	order	to	get	a	better	understanding	of	the	tracer	movement	in	the	CSF	and	ISF,	experimental	data	

was	 coupled	 with	 mathematical	 analysis	 where	 it	 was	 shown	 that	 tracer	 moving	 away	 from	 the	

ventricular	 surface	 after	 it	 had	 been	 perfused	 into	 the	 CSF	 of	 the	 ventricles	 fit	 well	 with	 the	

predictions	 of	 diffusion	 [197-199].	 On	 the	 other	 hand,	 bulk	 flow	 was	 only	 detected	 under	 some	

experimental	 conditions	 and	 only	 in	 the	 white	 matter	 [200].	 Bulk	 flow	 that	 is	 following	 the	
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subependymal	basal	 lamina	(i.e.	 flowing	 in	the	same	plane	as	the	ventricular	surface)	could	not	be	

detected	by	the	technique	of	ventriculocisternal	perfusion	with	mannitol.	Furthermore,	bulk	flow	in	

perivascular	spaces	at	the	ependymal	surface	would	be	less	noticeable	since	there	are	fewer	vessels	

penetrating	the	brain	/	exiting	the	parenchyma	compared	to	the	pial	layer	[82].		

Intraparenchymal	 injections	 also	 demonstrated	 the	 exchange	 between	 CSF	 and	 ISF.	 Between	 the	

1970s	and	1990s	a	number	of	studies	confirmed	that	large	MW	tracers	including	dextrans	and	HRP	

spread	along	perivascular	spaces	around	large	vessels	at	the	surface	of	the	brain	when	injected	into	

the	 parenchyma.	 The	 tracers	 leaked	 across	 the	 leptomeningeal	 sheath	 and	 into	 the	 CSF.	 Tracers	

were	 also	 observed	 in	 other	 channels	 including:	 the	 sub-ependymal	 region	 of	 the	 ventricular	

ependyma,	subpial	space,	spaces	between	the	tissue	in	the	arachnoid	trabeculae	and	arachnoid	and	

in	spaces	between	the	fibre	tracts	of	the	white	matter	[82,	201].		

The	 glymphatic	 pathway,	 in	which	 the	 perivascular	 compartments	 are	 a	 key	 component,	 not	 only	

describes	 the	 flow	 of	 CSF	 into	 the	 parenchyma	 as	 discussed	 in	 the	 previous	 section	 but	 also	

describes	exchange	between	CSF	and	ISF	in	the	parenchyma.	In	this	pathway,	a	large	proportion	of	

CSF	 and	 solutes	within	 it,	 enter	 the	 brain	 along	 the	 perivascular	 space	 around	 arteries	 by	 30	min	

post-injection	 into	 the	 cisterna	 magna	 and	 recirculate	 through	 the	 brain	 parenchyma.	 This	

perivascular	 space	 is	 defined	 by	 glial	 endfeet	 with	 high	 expression	 of	 AQP4	 water	 channels	 that	

enhance	the	transport	of	CSF	into	the	parenchymal	ISF.	At	this	point	of	exchange,	the	solutes	from	

the	CSF	flow	as	ISF	and	are	eliminated	from	the	brain	via	perivascular	spaces	around	veins	back	into	

the	 CSF,	 which	 behaves	 as	 a	 “sink”	 [108].	 The	 transport	 of	 fluid	 and	 waste	 solutes	 via	 these	

perivascular	 conduits	 are	 thought	 to	 be	 convectively	 driven	 by	 vascular	 pulsations	 [182]	 and	 by	 a	

pressure	gradient	over	the	cerebral	convexity,	also	known	as	a	‘transmantle’	pressure	gradient.	The	

latter	gradient	is	thought	to	be	altered	by	minor	physiological	alterations	like	shifting	body	posture	

[202].	 The	 glymphatic	 system	 is	 thought	 to	 facilitate	 continuous	 CSF	 and	 ISF	 exchange	 for	 the	

removal	of	waste	products	from	the	rodent	brain	[190].	

	 	



Chapter	1	

54	

1.6 Ageing	and	fluid	movement	

The	effect	of	age	on	the	movement	of	ISF	and	CSF	in	the	human	and	rodent	brain	has	been	reported	

in	the	literature	and	was	determined	via	intraparenchymal	and	cisterna	magna	injections	of	tracers.		

1.6.1 Age-related	changes	to	ISF	flow	

Age-related	 changes	 in	 levels	 of	 laminin,	 fibronectin	 and	 perlecan	 have	 been	 reported	 in	 the	

basement	 membranes	 involved	 in	 the	 IPAD	 pathway	 for	 ISF	 clearance	 in	 the	 mouse	 brain	 [203].	

Significant	 age-related	 thickening	 of	 capillary	 basement	membranes	 are	 observed	 in	 the	 cerebral	

cortex,	 hippocampus	 and	 thalamus	 of	 mice	 but	 not	 the	 striatum	 [204].	 The	 increased	 basement	

membrane	thickness	and	decreased	expression	of	pro-amyloidogenic	basement	membrane	proteins	

are	thought	to	the	underlying	factors	responsible	for	the	regional	differences	in	perivascular	solute	

drainage	 and	 the	 accumulation	 of	Aβ	 as	 CAA.	 These	 biochemical	 and	 anatomical	 factors	 could	 be	

responsible	 for	brain	areas	 that	are	 increasingly	vulnerable	 to	 the	development	of	CAA,	where	Aβ	

production	is	high	and	where	Aβ	levels	are	high	like	the	cerebral	cortex	and	the	hippocampus	(see	

section	1.7)	[205-209].	The	regional	differences	in	perivascular	drainage	may	also	be	exacerbated	in	

brain	 regions	 where	 the	 vascular	 supply	 is	 restricted	 and	 where	 the	 arteries	 do	 not	 possess	 an	

expandable	 perivascular	 space	 [204].	 These	 data	 shed	 important	 light	 on	 the	 mechanisms	 that	

underlie	 the	 topographic	 distribution	 of	 CAA	 in	 the	 aging	 and	 Alzheimer’s	 disease	 (AD)	 brain.	

Capillary	 basement	membrane	 changes	 including	 vacuolization,	 reduplication	 and	 thickening	 have	

also	been	reported	in	the	human	aged	and	AD	brain	[210,	211].	

1.6.2 Age-related	changes	to	CSF	flow	

The	rate	of	CSF	secretion	in	older	rats	declines	by	46	%	between	4	and	30	months	of	age	[212].	In	an	

experimental	 model	 of	 senescent	 sheep,	 the	 rate	 of	 CSF	 secretion	 was	 measured	 in	 an	 isolated	

perfused	 lateral	 ventricle	 choroid	 plexus	 and	 it	was	 shown	 that	 the	 rate	 of	 secretion	 per	 gram	of	

tissue	 in	 the	old	 (7	–	9	years)	was	only	60	%	of	 the	 rate	per	gram	of	 tissue	 in	 the	young	 [213].	 In	

humans,	 the	 rate	 of	 CSF	 productions	 is	 reduced	 in	 both	 healthy	 aging	 and	 in	 patients	 with	 AD.	

However,	 the	mean	CSF	 total	 protein	 concentration	 in	 the	old	 (67	 to	 84	 years	 of	 age)	was	higher	

than	in	the	young	(21	to	36	years	of	age)	[214,	215].		

Despite	 a	decrease	 in	 the	 rate	of	 CSF	production,	 the	 volume	of	CSF	on	 the	other	hand	 increases	

with	 age	 as	 a	 result	 of	moderate	 brain	 atrophy	 and	 increased	 CSF	 drainage	 resistance	 [216].	 The	

higher	drainage	resistance	is	thought	to	be	partially	caused	by	fibrosis	of	the	leptomeninges,	which	



Chapter	1	

55	

could	 impede	 CSF	 drainage	 via	 the	 sagittal	 venous	 sinus	 at	 the	 arachnoid	 villi.	 Thickening	 of	 the	

arachnoid	membrane	is	also	noted	as	a	characteristic	of	normal	ageing	[217].	Another	factor	that	has	

been	 implicated	 in	 the	 increased	 resistance	 to	 CSF	 outflow	 is	 elevated	 central	 venous	 pressure,	

which	accompanies	vascular	disease	[218].		

An	age-dependent	reduction	 in	 the	clearance	of	substances	that	rely	on	bulk	 flow	and	drainage	of	

CSF	 results	 in	 an	 increase	 in	 the	 CSF/plasma	 concentration	 ratios	 of	 many	 compounds	 that	 are	

removed	 from	 the	 brain	 by	 CSF	 drainage	 under	 normal	 conditions,	 including	 proteins	 such	 as	

Immunoglobulin	 G	 (IgG)	 and	 albumin	 [219].	 Age-related	 changes	 in	 CSF	 composition	 have	 been	

confirmed	 in	 humans	 through	 clearance	 measurements	 of	 radioiodinated	 human	 serum	 albumin	

(RIHSA).	In	the	young	group,	RIHSA	which	had	been	administered	via	lumbar	injection	had	cleared	30	

to	50	hr	after	injection	but	in	the	old	group	it	was	still	present	in	Sylvian	fissures	of	the	brain	[220].	

Similar	 findings	 had	 been	 observed	 in	 when	 3H-polyethylene	 glycol	 (3H-PEG,	 has	 similar	 MW	 as	

peptides)	was	perfused	 in	 the	ventricles	of	ageing	rats	 (ventriculo-cisternal	perfusion)	and	showed	

reduced	clearance.	Another	peptide	where	this	trend	 is	also	significant	 is	125I-labelled	peptide	(125I-

Aβ)	[221],	which	in	young	rats	cleared	even	more	rapidly	than	3H-PEG	[222].	Only	7	%	of	the	125I-Aβ	

that	was	continuously	perfused	into	the	ventricles	over	90	min	remained	in	the	brain,	indicating	the	

efficient	 removal	 mechanisms	 that	 possibly	 include	 the	 perivascular	 drainage	 pathway,	 bulk	 fluid	

drainage	 and	 possibly	 the	 choroid	 plexus.	 However,	 there	 was	 a	 remarkable	 reduction	 in	 the	

clearance	of	125I-Aβ	with	age	as	19	month	old	rats	had	20	%	and	older	groups	49	%	of	the	peptide	

remaining	 in	 the	 brain.	 In	 the	 oldest	 age	 group	 the	 clearance	 of	 PEG	 was	 the	 same	 as	 125I-Aβ	

indicating	the	down	regulation	of	both	choroid	plexus-mediated	and	non-specific	bulk	flow	clearance	

mechanisms	 [223].	 The	 age-related	 changes	 in	 the	 composition	 of	 CSF	 described	 above	 are	 not	

thought	to	be	the	result	of	BBB	breakdown	or	the	BCSFB	functions	[115].	
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1.7 Alzheimer’s	disease	(AD)	

AD	 is	 a	 chronic	 neurodegenerative	 disease	 and	 the	 leading	 cause	 of	 dementia	 [224].	 AD	 is	 a	

heterogeneous	 disorder	 and	 can	 categorised	 as	 familial	 AD,	 which	 is	 the	 inherited	 form	 of	 the	

disease,	or	sporadic	AD,	which	is	the	not	inherited	and	affects	individuals	in	later	life	[225].		

1.7.1 Prevalence	and	risk	factors	of	AD	

The	global	prevalence	of	dementia	is	estimated	to	be	as	high	as	24	million	and	is	predicted	to	double	

every	20	years	to	the	year	2040	making	it	a	major	economic	burden	[226].	A	number	of	risk	factors	

are	associated	with	AD	including:	 increasing	age,	cerebrovascular	disease,	hypertension	and	type	2	

diabetes.	Some	genes	and	genetic	mutations	also	predispose	individuals	to	developing	dementia.	A	

number	of	inherited	genes	are	implicated	in	early-onset	AD	including	the	amyloid	precursor	protein	

(APP)	 and	 the	 presenilin	 genes	 (PSEN1	 and	 PSEN2),	 which	 encode	 the	 protein	 involved	 in	 the	

breakdown	of	APP	and	the	production	of	Aβ	[227,	228].	Genetic	risk	factors	are	also	associated	with	

late-onset	and	sporadic	AD.	The	presence	of	a	single	apolipoprotein	E	(APOE)	ε4	allele	is	associated	

with	 a	 two	 to	 three	 fold	 increase	 in	 the	 risk	 of	 developing	 AD.	 APOE	 is	 a	 lipid-binding	 protein	

expressed	 in	 humans	 [229].	 The	 greatest	 risk	 factor	 known	 for	 AD	 is	 increasing	 age	 and	 as	 life	

expectancy	is	expected	to	rise,	the	prevalence	of	AD	is	also	estimated	to	increase.				

1.7.2 Clinical	characterisation	of	AD	

AD	 is	 characterised	 by	 three	 main	 groups	 of	 symptoms	 including	 cognitive	 dysfunction,	 non-

cognitive	 symptoms	 and	 instrumental	 difficulties.	 Cognitive	 dysfunction	 describes	 memory	 loss,	

language	difficulties	and	executive	dysfunction	 in	patients.	Non-cognitive	symptoms	are	comprised	

of	psychiatric	and	behavioural	issues	including	depression,	hallucination,	delusion	and	agitation.	The	

instrumental	difficulties	describe	the	patient’s	inability	to	form	simple	tasks	like	dressing	and	eating	

unaided	[224,	230].	

1.7.3 Pathology	of	AD		

Numerous	 pathological	 features	 of	 AD	 exist	 including:	 Aβ	 plaques,	 neurofibrillary	 pathology	 and	

tangles,	 astrogliosis,	 neuronal	 loss,	 cerebral	 amyloid	 angiopathy	 (CAA),	microgliosis,	 inflammation	

and	 major	 synaptic	 alterations	 [231-236].	 However,	 the	 two	 main	 hallmarks	 of	 AD	 are	 the	

extracellular	amyloid	plaques	and	 intracellular	neurobrillary	aggregates	[237].	The	amyloid	plaques	

are	composed	of	Aβ	peptide	deposits.	This	protein	is	naturally	produced	at	the	synaptic	membrane	
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in	the	parenchyma	at	picomolar	concentrations	and	acts	positively	on	synapses	at	this	concentration	

[238].	 The	 intracellular	 neurofibrillary	 tangles	 consist	 of	 abnormally	 phosphorylated	 tau,	 a	

microtubule	associated	protein	(MAP)	 [237].	The	presence	of	tau	tangles	has	severe	consequences	

for	neuronal	function;	the	severity	of	symptoms	is	also	positively	correlated	with	the	density	of	the	

tangles.	

1.7.3.1 Cerebrovascular	pathology	in	AD	

Vascular	pathologies	associated	with	AD	include:	microvascular	degeneration,	white	matter	lesions,	

microinfarctions,	 lacunes	 and	 cerebral	 haemorrhages,	 and	 CAA	 [239].	 CAA	 is	 the	 term	 used	 to	

describe	 the	 accumulation	 of	 insoluble	 Aβ	 peptides	 in	 the	 walls	 of	 leptomeningeal	 and	 cortical	

arteries	 and	 is	 observed	 in	 more	 than	 90	 %	 of	 AD	 brains	 [240,	 241].	 CAA	 results	 in	 numerous	

problems	 including	the	degeneration	of	cerebrovascular	smooth	muscle	and	endothelial	cells	[242,	

243],	inhibition	of	angiogenesis,	impairment	of	vascular	tone,	and	decrease	total	cerebral	blood	flow	

[244-246].	The	degree	of	cognitive	impairment	correlates	with	the	degree	of	CAA	[247,	248].	

1.7.3.1.1 Aβ	function	and	production	

The	amyloid	peptide	(Aβ)	is	contained	within	the	ISF	along	with	water,	tissue	metabolites	and	other	

secreted	 proteins.	 It	 is	 produced	 when	 the	 single	 transmembrane	 protein	 possessing	 a	 long	 N-

terminal	 domain	 and	 a	 short	 cytoplasmic	 tail,	 APP,	 is	 sequentially	 cleaved	 by	 the	 endoprotease	

activity	of	β-	and	γ-secretase.	APP	 is	 first	 cleaved	by	β-secretase	generating	sAPP.	The	cleavage	of	

APP	 by	 this	 enzyme	 leaves	 behind	 a	 membrane	 bound	 fragment,	 99	 amino	 acids	 in	 length.	 This	

fragment,	 C-terminal	 fragment-β	 (CTFβ),	 begins	with	 the	N-terminal	 aspartyl	 residue	 of	 Aβ	 and	 is	

rapidly	 cleaved	 by	 γ-secretase	 to	 release	 Aβ.	 However,	 the	 γ-secretase	 cleavage	 is	 imprecise	 to	 a	

certain	 degree,	 resulting	 in	 a	 C-terminal	 heterogeneity	 of	 the	 resulting	 peptide	 population	 [249].	

Consequently,	 various	 alloforms	 of	 Aβ	 exist.	 The	 most	 abundant	 Aβ	 isoform	 in	 the	 brain	 end	 at	

position	40	(Aβ40)	and	these	account	for	approximately	80	–	90	%	Aβ	[250].	This	is	followed	by	the	

42-residue	peptide	(Aβ42)	and	these	represent	approximately	5	–	10	%	of	the	Aβ	species	[249].	The	

different	Aβ	isoforms	vary	in	length	but	the	slightly	longer	forms	of	Aβ,	particularly	Aβ42,	are	more	

hydrophobic	and	fibrillogenic	and	are	the	principal	species	deposited	in	the	brain	in	AD	[251,	252].	

The	Aβ	peptide	can	be	present	as	monomers,	dimers	and	oligomers.	If	the	Aβ	peptide	aggregates	it	

can	 produce	 protofibrils	 and	 eventually	 fibrils.	 Soluble	 Aβ	 monomers	 are	 non-toxic	 to	 the	 brain,	

unlike	 soluble	 Aβ	 oligomers,	 which	 are	 neurotoxic	 at	 high	 concentrations	 [253,	 254].	 The	 Aβ	

oligomers	are	thought	to	play	a	crucial	role	in	AD	neurotoxicity	[255-259].	Oligomers	of	Aβ	form	via	

distinct	pathways	and	different	Aβ	isoforms	and	their	assembly	is	an	important	pathogenic	feature	
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of	AD.	Low	MW	Aβ40	aggregate	as	a	mixture	of	monomers,	dimers,	trimers	and	tetramers,	in	rapid	

equilibrium.	In	contrast,	low	MW	Aβ42	preferentially	exists	as	pentamer/hexamer	units	(paranuclei)	

and	are	able	to	self-associate	to	form	larger	oligomers	or	protofibril	structures	[260].	Accumulating	

evidence	suggests	that	soluble	Aβ	oligomers	and	pre-fibrillar	aggregates	are	the	proximal	effectors	

of	neurotoxicity	in	early	stages	of	AD	[255,	258,	261].	

Neurotoxic	effects	(including	synaptotoxicity)	are	exerted	by:	the	soluble	Aβ	oligomers,	dimers	and	

trimers	 [256,	 262],	 Aβ-derived	 diffusible	 ligands	 [263-268],	 and	 protofibrils	 [257,	 269-271].	

Furthermore,	transgenic	mouse	models	expressing	the	human	APP	exhibit	neurological	deficits	(e.g.	

reduced	synaptic	transmission	and	deficits	 in	maintenance	of	 long	term	potentiation)	that	precede	

the	development	of	Aβ	plaques	suggesting	that	Aβ,	but	predominantly	Aβ42,	has	neurotoxic	effects	

independent	of	plaque	formation	[228,	272,	273].	This	knowledge	displays	the	importance	of	Aβ42	

in	the	progression	of	AD	and	other	related	conditions.	In	humans,	Aβ	oligomers	have	been	detected	

in	the	CSF	of	AD	patients	but	not	in	aged	matched	controls	[274,	275].	An	APP	mutation	resulting	in	a	

reduction	in	Aβ	levels	accompanied	by	accelerated	Aβ	assembly	into	protofibrils	was	linked	to	early-

onset	AD	 in	a	Swedish	kindred,	supporting	the	role	of	Aβ	oligomers	 in	 the	etiology	of	AD	[274].	 In	

CAA,	the	predominant	amyloid	species	in	the	vascular	deposits	is	Aβ1-40	[242,	243].		

1.7.3.1.2 Aβ	clearance	mechanisms	and	failure	in	AD	

The	 concentration	 of	 Aβ	 in	 the	 brain	 is	 well	 regulated	 in	 healthy	 individuals	 to	 prevent	 the	

accumulation	 and	 fibrilisation	 of	 Aβ.	 Three	 main	 clearance	 mechanisms	 exist	 for	 Aβ	 clearance	

including:	 receptor-mediated	 trafficking	 of	 Aβ	 from	 the	 ISF	 across	 the	 BBB,	 removal	 within	

paravenous	 spaces	 and	 bulk	 flow	 of	 ISF	 along	 the	 cerebrovascular	 basement	membranes	 [3,	 108,	

276].	

1.7.3.1.2.1 Aβ	clearance	across	the	BBB	

The	transport	of	Aβ	into	the	blood	across	the	BBB	is	facilitated	by	two	main	receptors	including	the	

low-density	 lipoprotein	 receptor	 related	protein-1	 (LRP1)	and	 receptor	 for	advanced	glycation	end	

products	(RAGE)	[276-278].	LRP1	has	been	linked	to	AD	and	CAA	[279-282];	LRP1	and	its	ligands	have	

also	been	detected	in	senile	plaque	[283,	284].	

1.7.3.1.2.2 Aβ	clearance	via	perivascular	pathways	

The	primary	route	of	Aβ	clearance	is	heavily	debated	[108,	285-287]	but	significant	evidence	suggest	

that	 the	 IPAD	pathway	 is	 a	major	 route	by	which	Aβ	 is	eliminated	 from	 the	brain	 [288].	 The	 IPAD	

pathway	 refers	 to	 the	 passage	 of	 ISF	 and	 solutes	 like	 Aβ	 out	 of	 the	 brain	 parenchyma	 along	 the	
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endothelial	basement	membrane	of	capillaries	and	the	smooth	muscle	cell	basement	membrane	of	

arteries	 in	the	tunica	media	by	bulk	 flow	towards	the	 leptomeningeal	vessels	at	the	surface	of	the	

brain	and	clearance	 into	 the	CSF	 [3,	289,	290].	Observational	 studies	 support	a	 failure	 in	 the	 IPAD	

pathway	in	aetiology	of	human	CAA,	where	Aβ	is	deposited	around	smooth	muscle	cells	in	the	walls	

of	arteries.	

The	role	of	cerebrovascular	basement	membranes	in	clearance	of	Aβ	is	also	supported	by	theoretical	

and	experimental	models,	which	suggest	that	efficient	drainage	of	Aβ	along	perivascular	pathways	is	

dependent	 on	 the	 biochemical	 composition	 of	 the	 basement	 membrane.	 Factors	 affecting	

cerebrovascular	health,	like	age	and	APOE	genotype,	which	alter	the	structure	of	blood	vessels	and	

the	 expression	 of	 basement	 membrane	 proteins,	 result	 in	 reduced	 Aβ	 clearance	 efficiency	 along	

IPAD	pathway.	As	 the	amount	of	Aβ	entrapped	 in	 the	drainage	pathway	 increases,	 the	underlying	

blood	 vessel	 vasculature	 is	 damaged	 and	 the	 functionality	 of	 the	 vessel	 is	 further	 reduced.	 This	

creates	 a	 feed	 forward	 mechanism	 by	 which	 increasing	 amounts	 of	 Aβ	 accumulate	 as	 CAA.	 The	

accumulation	of	excess	Aβ	 itself	may	also	 result	 in	blockage	and	 impedance	of	 ISF	 circulation	and	

drainage	 via	 the	 normal	 routes.	 Failure	 in	 ISF	 drainage	 is	 one	 of	 the	 major	 contributors	 to	 the	

pathogenesis	of	AD	[82,	291].	The	diffusion	of	soluble	Aβ	and	ISF	through	brain	tissue	is	also	blocked	

by	 insoluble	 Aβ	 in	 the	 extracellular	 spaces	 so	 levels	 of	 soluble	 Aβ	 and	 other	metabolites	 in	 brain	

parenchyma	rise	and	dementia	ensues	[80].	

Other	studies	supporting	the	role	of	vascular	basement	membranes	as	pathways	for	the	clearance	of	

solutes	 out	 of	 the	 brain	 suggest	 that	 biochemical	 and	morphological	 alterations	 to	 the	 basement	

membranes	contribute	 to	 the	development	of	CAA.	When	Aβ	was	 incubated	 in	vitro	with	 laminin,	

collagen	IV,	and	nidogen	(components	of	the	basement	membrane)	Aβ	fibrillisation	was	prevented.	

However,	when	 incubation	 took	 place	with	 agrin	 and	 perlecan,	 Aβ	 fiber	 formation	was	 promoted	

and	stabilized	[292-295].	

The	 glymphatic	 pathway	 that	 describes	 the	 flow	 of	 CSF	 and	 ISF	 via	 transglial	 water	 movement	

through	 astrocytic	 AQP4	water	 channels	 is	 also	 thought	 to	 facilitate	 the	 efficient	 clearance	 of	 Aβ	

oligomers	 as	 well	 as	 other	 solutes	 [108,	 182,	 296].	 This	 system	 was	 proposed	 as	 a	 brain-wide	

anatomical	system	that	facilitates	the	efficient	clearance	of	interstitial	solutes	and	waste	[104,	108,	

149].	The	glymphatic	pathway	suggests	that	Aβ	oligomers	from	the	ISF	are	cleared	along	perivascular	

spaces	of	veins	 into	the	CSF	and	from	the	CSF	into	cervical	 lymph	nodes	into	the	blood	or	 into	the	

venous	system.	The	clearance	of	Aβ	oligomers	via	this	route	was	found	to	be	more	efficient	 in	the	

lateral	position	compared	to	a	prone	position	in	rodents.	This	mimicked	the	natural	resting/sleeping	
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position	 and	 it	 was	 proposed	 that	 the	 lateral	 position	 during	 human	 sleep	 would	 also	 aid	 the	

removal	of	waste	from	the	brain	including	Aβ	[202].	

1.7.3.1.2.3 Aβ	clearance	in	the	CSF	and	the	choroid	plexus	

The	 rate	 of	 CSF	 turnover	 that	 occurs	 with	 age	 could	 be	 significant	 in	 the	 progression	 of	 disease.	

Soluble	Aβ	is	normally	present	in	the	CSF	and	the	drainage	of	CSF	is	currently	believed	to	be	a	major	

pathway	 in	the	removal	of	Aβ	from	the	CNS	[297].	Some	studies	suggest	that	10	–	15	%	of	Aβ	can	

enter	into	the	CSF	from	the	brain	ISF	and	eventually	drain	into	the	blood	stream	[277].	In	late-onset	

AD,	concentration	of	 soluble	Aβ	1-42	 in	 the	CSF	 is	 reduced	as	 they	contribute	 to	 the	 formation	of	

plaques	in	the	parenchyma	[298].	In	AD	patients,	the	CSF	turnover	and	thereby	clearance	is	reduced	

by	 50	 %	 [299].	 Although	 it	 has	 not	 yet	 been	 determined,	 the	 decrease	 in	 CSF	 turnover	 may	 be	

related	to	a	decrease	 in	 the	activity	of	 the	Na-K-ATPase	 in	 the	choroid	plexus	with	age	 [300,	301].	

The	 changes	 in	 Aβ	 concentration	 in	 the	 CSF	 can	 be	 measured	 prior	 to	 the	 onset	 of	 any	 other	

symptoms	in	AD	patients	and	is	therefore	used	a	diagnostic	marker	for	the	disease;	it	also	correlates	

with	the	severity	of	the	disease	[302-304].	

The	number	of	Aβ	deposits	 in	 the	epithelial	 cells	of	 the	 choroid	plexus	 increases	 in	AD	 [305].	 The	

impact	 of	 the	 deposits	 on	 choroid	 plexus	 function	 may	 be	 abnormal	 CSF	 secretion.	 It	 has	 been	

suggested	that	the	choroid	plexus	may	produce	some	of	the	Aβ	found	in	the	CSF	and	contribute	to	

the	deposits	seen	in	the	brain	of	AD	patients	[306].	

Although	 the	 role	 of	 the	 choroid	 plexus	 in	 AD	 is	 not	 well	 understood,	 some	 studies	 suggest	 the	

choroid	 plexus	 epithelial	 cells	 may	 play	 a	 direct	 role	 in	 the	 removal	 of	 proteins	 from	 the	 CSF	 by	

receptor-mediated	endocytosis	via	receptors	such	as	LRP-1	and	LRP-2	(megalin).	The	abundance	of	

the	LRP-1	 receptor	 increases	with	age	 in	 the	choroid	plexus	 compared	 to	megalin,	which	 reduces.	

LRP-1	 appears	 to	 shed	 from	 the	membrane	 upon	 stimulation	 of	 Aβ	 and	 is	 released	 into	 the	 CSF	

where	Aβ	 in	 this	 complex	 is	 no	 longer	 able	 to	 aggregate.	 The	 LRP-1	 and	Aβ	 complex	 can	 then	be	

cleared	from	the	CNS	and	degraded	in	the	systemic	circulation	[307].	Megalin	on	the	other	hand	is	

believed	to	aid	clearance	of	Aβ	in	the	choroid	plexus	[308].	 In	the	choroid	plexus	epithelial	cells	of	

patients	with	AD,	 the	amount	of	megalin	decreases	 [309,	310].	The	role	of	megalin	 is	 to	 transport	

solutes	 from	 the	 blood	 and	 from	 the	 CSF	 into	 the	 choroid	 plexus.	 The	 fate	 of	 the	 solutes	 in	 the	

choroid	 plexus	 is	 not	 known	 but	 it	 is	 thought	 that	 the	 solutes	may	 be	 degraded	 or	 transcytosed	

through	the	cells.	Altered	expression	of	both	LRP-1	and	megalin	can	result	increased	Aβ	in	the	CSF.	

Whether	these	changes	are	the	cause	or	effect	of	the	pathological	changes	in	AD	patients	is	not	yet	

known.	Changes	in	the	transport	of	vitamin	into	the	CSF	by	the	choroid	plexus	may	also	play	a	role	in	
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the	 development	 of	 AD	 as	 a	 reduction	 in	 the	 concentration	 of	 vitamin	 B12	 and	 folate	 have	 been	

observed	in	the	CSF	of	AD	patients	[311].	In	vitro,	the	reduction	in	vitamin	concentration	was	shown	

to	increase	the	plasma	levels	of	tau	[312].	The	decline	in	antioxidant	levels	in	the	CSF,	like	ascorbic	

acid,	has	also	been	associated	with	cognitive	deterioration	with	age	[313].	

1.7.3.1.3 CAA	in	humans	and	mouse	models	of	AD	

In	mouse	models	that	recapitulate	aspects	of	the	cellular	and	behavioural	pathology	of	AD	like	APP	

transgenic	mice	[314],	which	overexpress	the	mutant	familial	AD	APP	gene,	it	was	shown	by	in	vivo	

MRI	 studies	 that	 the	 ECS	 diffusion	 coefficient	 is	 reduced	 compared	 to	 age-matched	 controls.	 This	

reduction	was	more	obvious	 in	 regions	of	 the	 cerebral	 cortex	where	 there	 is	 frequent	 and	 severe	

amyloid	deposition	along	the	walls	of	arteries	as	CAA.	On	the	other	hand,	regions	like	the	striatum	

where	 Aβ	 deposits	 are	 diffuse	 in	 nature	 did	 not	 show	 a	 significant	 reduction	 in	 the	 ECS	 diffusion	

coefficient	[315].	

In	 the	 human	 brain	 and	 in	 AD	 particularly,	 CAA	 is	 observed	 mostly	 in	 the	 parietal	 and	 occipital	

cortices,	whereas	vessels	in	the	basal	ganglia	and	thalamus	are	rarely	affected	[316].	Mouse	models	

of	AD,	such	as	the	APP	transgenics,	develop	CAA	in	the	cortex	and	hippocampus	similar	to	humans.	

However,	 other	 transgenics	 like	 the	 TgAPPSwDI	 and	 TgAPP23	mice	 develop	 CAA	 in	 the	 thalamus	

[317,	 318].	 The	 preferential	 deposition	 may	 be	 due	 to	 the	 differences	 in	 anatomical	 structure	

between	 the	penetrating	 cerebral	 arteries	 in	different	 regions	of	 the	brain.	 The	arteries	 supplying	

the	 human	basal	 ganglia	 for	 example,	 are	 invested	 by	 two	 layers	 of	 leptomeninges	 that	 form	 the	

borders	of	an	expandable	perivascular	spaces;	this	space	is	not	present	around	cortical	arteries	[15,	

28].	 Differences	 in	 anatomical	 structure	 like	 this	 may	 impact	 the	 efficiency	 in	 perivascular	 Aβ	

clearance	from	the	brain	and	in	turn	create	regional	vulnerability	or	resistance	to	the	development	

of	CAA	[204].	
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1.8 Outstanding	issues	regarding	route	of	CSF	entry	and	exit	from	the	

brain.	

Although	much	work	has	been	done	to	investigate	CSF	and	ISF	movement	into	and	out	of	the	brain,	

several	issues	remain	outstanding	:	

1)	 How	 does	 CSF	 enter	 the	 brain	 from	 the	 subarachnoid	 space?	 Some	 studies	 suggest	 there	 is	

continuity	 between	 the	 subarachnoid	 space	 and	 the	 VR	 spaces,	 thereby	 allowing	 direct	

communication	of	solutes	from	the	CSF	with	the	parenchyma	[108].	Other	studies	suggest	that	the	

VR	space	in	the	cerebral	cortex	is	a	virtual	space	and	that	the	pia	mater	forms	a	physical	separation	

between	the	subarachnoid	space	and	the	parenchyma	[15,	24].	

2)	 Is	the	exit	route	for	CSF	that	enters	the	parenchyma	along	perivenous	spaces	and	 is	the	flow	of	

solutes	from	the	parenchyma	along	arteries	in	the	IPAD	pathway	simply	an	artefact?	Studies	are	in	

agreement	about	the	exhange	of	CSF	and	ISF	in	the	parenchyma.	However,	a	study	in	which	solutes	

were	 injected	 into	 the	 CSF	 and	 traced	 after	 30	 min	 of	 injection,	 solutes	 were	 reported	 along	

paravenous	pathways.	It	was	also	stated	that	solutes	clearing	the	brain	along	the	IPAD	pathway	was	

only	artefact	of	high	local	intraparenchymal	pressure	from	the	injection	[3,	108,	194].	

3)		Do	all	solutes	contained	with	the	CSF	enter	the	brain	parenchyma?	The	size	dependancy	of	tracer	

entry	 into	 the	parenchyma	and	 the	amount	of	penetration	by	different	 solutes	has	been	 reported	

using	a	range	of	MW	tracers	injected	into	the	cisterna	magna	[91,	95,	108].	However,	the	capacity	of	

the	entry	route	of	the	CSF	has	not	been	tested.		

4)	 Is	 CSF	 flow	 and	 solute	 distribution	 affected	 by	 physiological	 factors	 that	 contribute	 to	 AD	 like	

increasing	age	and	brain	region?	Reports	have	been	made	regarding	preferential	deposition	of	Aβ	in	

certain	brain	regions	and	the	effect	of	age	on	the	flow	of	ISF	and	the	IPAD	pathway	in	the	clearance	

of	 Aβ	 [203,	 204,	 288].	 However,	 it	 is	 unclear	 if	 the	 entry	 route	 and	 distribution	 of	 CSF	 in	 the	

parenchyma	is	altered	with	increasing	age.	

1.8.1 Aims	of	the	study	

The	aim	of	this	study	was	to	describe	in	detail	the	pathway	for	the	convective	influx	of	CSF	into	the	

brain	parenchyma.	To	achieve	this,	the	following	objectives	were	completed:		

1. To	 determine	 the	 pathway	 of	 solute	 entry	 from	 the	 CSF	 into	 the	 brain	 using	 tracers	 of	

different	size	and	biological	activity:		
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a. Evans	blue	dye	as	a	small	MW	and	biologically	inert	tracer.	

b. Anti-sense	oligonulcleotides	as	small	MW	and	biologically	relevant	tracers.	

c. Nanoparticles	to	determine	the	ultrastructure	of	particulate	matter	entry	route	from	

the	 CSF	 into	 the	 parenchyma	 with	 a	 focus	 on	 the	 cerebrovascular	 basement	

membranes	of	penetrating	arteries,	veins	and	capillaries	in	the	cerebral	cortex.	

d. Soluble	Aβ	to	determine	the	relevance	of	CSF	movement	in	AD.		

2. To	examine	whether	solute	entry	and	distribution	changes	with	increasing	age.	

3. To	quantitatively	analyse	distance	travelled	by	Aβ	along	the	walls	of	blood	vessels	in	relation	

to	 the	 surface/base	 of	 the	 brain	 in	 young	wildtype	mice	 after	 injection	 into	 cisternal	 CSF,	

comparing	 the	effects	of	 time	on	the	depth	and	exploring	potential	 regional	differences	 in	

distance.		
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 Materials	&	methods	Chapter	2

2.1 In	vivo	methods		

2.1.1 Animals		

Male	 C57BL/6	 mice	 were	 obtained	 and	 housed	 at	 the	 Biomedical	 Research	 Facility	 (BRF)	 at	

Southampton	General	Hospital	(Southampton,	UK).		All	mice	were	housed	in	groups	of	4	–	10.	They	

were	kept	under	standard	12-hr	 light/dark	cycle	and	 fed	a	standard	RM1	chow	diet	 (SDS,	UK)	and	

water	 ad	 libitum.	 Environmental	 enrichment	 consisted	 of	 wooden	 sticks,	 red	 plastic	 tunnels	 and	

other	bedding.	All	procedures	were	carried	out	in	accordance	with	animal	care	guidelines	stipulated	

by	 the	 United	 Kingdom	 Animals	 (Scientific	 Procedures)	 Act	 1986	 under	 which	 the	 Home	 Office	

licence	 was	 granted	 (PPL	 30/3095).	 Details	 of	 the	 age,	 sex	 and	 number	 of	 mice	 used	 in	 each	

experiment	are	stated	in	the	relevant	chapter.	

2.1.2 Anaesthesia		

C57BL/6	mice	used	to	optimise	the	cisterna	magna	injections	were	anesthetised	using	a	combination	

of	10	mg/ml	ketamine	(Pfizer)	with	1	mg/ml	xylazine	(Bayer)	administered	intraperitoneally	(IP,	0.1	

ml	per	10	g	body	weight).	This	method	was	effective	at	inducing	anaesthesia	in	young	wild	type	mice	

for	a	short	period	of	time.	However,	for	surgeries	of	longer	duration	and	in	24	–	30	month	old	mice,	

a	 standard	 isoflurane	 anaesthesia	 system	was	more	 effective	 as	 the	 desired	 plane	 of	 anaesthesia	

could	be	maintained	for	any	period	of	time.	Studies	also	suggested	that	this	system	was	less	likely	to	

influence	 the	 movement	 of	 solutes	 into	 and	 out	 of	 the	 brain	 compared	 to	 IP	 injections	 with	

ketamine/xylazine,	 which	 result	 in	 a	 steady	 reduction	 in	 heart	 rate	 [104].	 However,	 later	 reports	

indicated	 that	 arterial	 pulsations	 alone	do	not	drive	 the	movement	of	 solutes	 into	 and	out	of	 the	

brain	 and	 therefore	 the	 movement	 of	 the	 tracers	 may	 not	 be	 significantly	 affected	 by	 the	

anaesthesia	system.	Nevertheless,	experiments	 involving	anti-sense	oligonucleotides,	nanoparticles	

and	Aβ	were	completed	using	the	isoflurane	anaesthesia	as	it	was	technically	and	practically	easier	

to	use	during	surgeries	on	aged	(24	–	30	month)	or	overweigh	mice	that	do	not	react	as	rapidly	to	IP	

injected	anaesthetics	as	6	–	10	week	old	mice.	
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2.1.3 Cisterna	magna	injections	

Anaesthetized	mice	were	placed	 in	 a	 stereotaxic	 frame	and	 secured	with	head	 adaptors	 after	 the	

head	and	shoulder	area	was	shaved.	The	incisor	bar	was	adjusted	such	that	the	mouse’s	head	was	

maximally	ventroflexed.	Under	a	dissection	microscope,	a	10	mm	midsagittal	incision	of	the	skin	was	

made	 inferior	 to	 the	 occipital	 crest	 and	 the	 subcutaneous	 tissue	 and	 biventer	 cervicis	 and	 rectus	

capitis	dorsalis	major	muscles	were	separated	using	blunt	ended	forceps	 (Table	2.1)	 to	expose	the	

posterior	atlanto-occipital	membrane.	The	membrane	was	then	incised	to	reveal	the	dura	mater	of	

the	cisterna	magna	 (surgical	 instruments	used	are	shown	 in	Table	2.1).	The	position	of	 the	mouse	

was	then	readjusted	so	the	head	formed	a	135-degree	angle	with	the	body.	The	exposed	dura	mater	

was	 pierced	 with	 a	 glass	 injection	 pipette	 lateral	 to	 the	 arteria	 dorsalis	 spinalis.	 The	 core	 body	

temperature	of	mice	during	surgery	was	monitored	and	maintained	at	37	°C	using	a	rectal	probe	and	

a	servo-controlled	heating	blanket	(Stoelting,	USA).	The	cornea	was	protected	using	Lacri-Lube	eye	

ointment.	The	glass	capillary	micropipette	routinely	used	for	injections	was	purchased	from	Sigma-

Aldrich	 (Dorset,	UK)	and	 the	 tip	was	adjusted	 to	a	diameter	of	<	50	μm.	A	 total	volume	of	2	μl	of	

tracer	was	injected	over	2.5	min,	at	a	rate	of	0.8	μl/min.	Injection	pipettes	were	left	in	situ	for	2	min	

to	 prevent	 reflux	 and	mice	were	 sacrificed	 at	 5	 or	 30	min	 after	 withdrawal	 of	 the	 glass	 capillary	

through	overdose	with	sodium	pentobarbital	200	mg/kg.	

2.1.4 Intracardial	perfusion	

Mice	were	 perfused	 intracardially	with	 20	ml	 of	 0.01M	phosphate-buffered	 saline	 (PBS)	 or	 0.1	M	

Piperazine-N-N’-bis-2-ethanesulfonic	acid	 (PIPES)	with	a	pH	of	7.2	–	7.4.	 This	was	 followed	by	4	%	

paraformaldehyde	 in	 0.01	M	 PBS	 or	 3.4	 %	 formaldehyde	 and	 3	 %	 glutaraldehyde	 in	 0.1	M	 PIPES	

buffer	 (pH	7.2	–	7.4).	The	choice	of	buffer	and	 fixative	was	based	on	the	type	of	 tissue	processing	

used	in	experiments.	The	solutions	were	sequentially	infused	using	20	ml	syringes	connected	to	27	G	

butterfly	needles	using	a	perfusion	pump	(Cole-Parmer,UK)	with	a	flow	rate	of	5	ml/min.	This	was	to	

ensure	 the	 brain	 tissue	was	well	 fixed	 and	 to	 avoid	morphological	 distortions	 due	 to	 autolysis	 or	

putrefaction.	

2.1.5 Brain	dissection/extraction	

Mouse	 brains	 were	 dissected	 by	 exposing	 the	 skull	 using	 curved	 scissors.	 A	mid-line	 incision	was	

made	along	the	neck	towards	the	top	of	the	head	and	excess	muscle	covering	the	skull	was	trimmed.	

The	skull	was	peeled	away	using	forceps	and	the	blood	vessels	posterior	to	the	circle	of	Willis	were	

cut	 to	 detach	 the	 brain	 entirely.	 Scissors	 with	 a	 blunt	 end	 were	 used	 to	 gently	 manoeuvre	 the	



Chapter	2	

66	

olfactory	bulbs	away	from	the	cribriform	plate.	Surgical	tools	used	to	dissect	the	brain	are	shown	in	

Table	2.1.		

	

Table	2.1	|	Surgical	tools	for	brain	dissection	and	extraction.	List	of	surgical	instruments	used	to	dissect	the	
brain	muscles	 to	 expose	 dura	 and	 to	 extract	 the	 brains	 from	 the	 skull.	 Details	 of	 the	 insturments	 and	 the	
product	codes	are	included	in	the	table.							
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2.2 Ex	vivo	methods	

2.2.1 Cryostat	tissue	sectioning		

A	coronal	incision	was	made	in	the	posterior	region	of	the	brain	to	eliminate	part	of	the	cerebellum	

and	brainstem	to	provide	a	flat	base	for	fixing	onto	a	sample	stub;	this	was	placed	onto	a	chuck	in	

the	cryostat	machine	(CM1860,	Leica	BioSystems,	UK)	to	hold	the	tissue	in	place	during	sectioning.	

Brains	 were	 embedded	 in	 optimal	 cutting	 temperature	 (OCT)	 compound	 (Agar	 Scientific,	 UK),	

orientated	 at	 room	 temperature,	 and	 frozen	 in	 the	 cryostat	 chamber	 at	 temperatures	 ranging	

between	–	26	and	–	20	°C.	Brains	were	sectioned	coronally	to	a	thickness	of	20	μm.	Slides	were		then	

stored	in	a	slide	box	at	–	20	°C	ready	for	immunostaining.	

2.2.2 Immunofluorescence	labelling	

Brain	 sections	were	washed	 three	 times	 for	5	min	using	0.01	M	PBS	 (pH	7.2	 -	 7.4).	 Sections	were	

then	blocked	in	15	%	serum	for	30	min	at	room	temperature.	Brain	sections	were	then	incubated	in	

primary	antibody	(diluted	in	0.01	M	PBS	with	0.1	%	Triton	X-100	(PBST))	at	4	°C	overnight	in	a	moist	

chamber.	A	list	of	primary	and	secondary	antibodies	used	are	listed	in	Table	2.2.	Sections	were	then	

washed	three	times	for	10	min	using	0.01	M	PBS	before	incubation	with	secondary	antibody	for	1	hr	

at	room	temperature.	Tissue	sections	were	washed	again	three	times	for	10	min	using	0.01	M	PBS.	

Slides	were	mounted	with	Mowiol	containing	the	anti-fade	agent	Citifluor	and	air-dried	overnight	at	

4	 °C.	 Secondary	 antibody	 controls	 were	 performed	 to	 determine	 the	 specificity	 of	 the	 primary	

antibodies	(Figure	3.5	B	and	K).			

2.2.3 Light	and	transmission	electron	microscopy	

The	type	of	imaging	techniques	used	to	detect	the	intracisternally	injected	tracers	was	based	on	the	

tracer	 type.	 Numerous	 microscopes	 were	 used	 in	 this	 study	 including:	 stereo/brightfield,	

fluorescence,	confocal	and	transmission	electron	microscopes.		

A	detailed	instruction	manual	for	the	techniques	used	in	this	thesis	have	been	published	[319].		
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Table	2.2	|	Details	of	antibodies	for	immunohistochemistry.	Details	of	all	primary	and	secondary	antibodies	
are	listed	in	the	table.	The	type	of	serum	and	primary	antibody	used	based	on	the	species	in	which	the	primary	
and	secondary	antibodies	were	raised	and	the	protein	of	interest	(target	protein).	The	company	and	product	
code	for	all	antibodies	are	provided.	DR	=	Dilution	ratio.		
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 Optimising	intracisternal	injections	and	Chapter	3

determining	the	direction	of	CSF	flow	with	

Evans	Blue	Dye	(EBD)	

3.1 Introduction		

The	 flow	of	 ISF	 and	CSF	 to	 cervical	 lymphatics	 and	 lymph	nodes	 is	well	 documented	 in	numerous	

mammalian	species	including	rabbit	[320,	321],	cat	[322]	and	rat	[194,	323].	Early	studies	used	dyes	

such	 as	 Indian	 ink	 and	 Evans	 Blue	 Dye	 (EBD)	 to	 investigate	 the	 drainage	 of	 the	 ISF	 and	 CSF.	 CSF	

drainage	 is	 very	 rapid	 as	 Indian	 ink	 injected	 into	 the	 CSF	 can	 travel	 to	 the	 cervical	 lymph	 nodes	

within	seconds	of	injection	[324].	Tracers	injected	into	the	grey	matter,	where	the	ISF	resides,	have	

also	been	shown	to	reach	the	cervical	lymph	nodes	but	at	a	much	slower	rate	[194,	325].	

Indian	 ink	 injected	 into	 the	 CSF	 flows	 in	 the	 subarachnoid	 space	 over	 the	 vertex	 of	 the	 cerebral	

hemispheres.	In	rats,	CSF	drained	rapidly	along	selective	and	directional	paravascular	and	subfrontal	

pathways	within	 the	subarachnoid	space.	The	 ink	 in	 the	CSF	 followed	major	vessels	at	 the	base	of	

the	 brain	 including	 the	middle	 cerebral	 artery	 and	 then	 passed	 forward	 in	 selected	 subarachnoid	

pathways	 towards	 the	 cribriform	 plate	where	 it	 drained	 into	 nasal	 lymphatics	 and	 cervical	 lymph	

nodes	[94].	

In	 the	current	study,	EBD	was	used	to	help	determine	the	minimum	volume	of	 tracer	required	 for	

intracisternal	 injections	 for	 the	 investigation	 of	 tracer	 distribution	 in	 the	 brain	 from	 subarachnoid	

CSF.	It	also	provided	a	general	overview	of	the	time	course	of	solute	movement	contained	within	the	

CSF	 at	 5-	 and	 30-minutes	 post-injection.	 Although	 EBD	 is	 not	 a	 physiological	 tracer	 (i.e.	 not	 a	

naturally	produced	protein),	like	Indian	ink	[94],	it	can	be	used	to	demonstrate	the	drainage	pathway	

and	flow	of	CSF.	EBD	is	traditionally	used	to	investigate	vascular	permeability	in	animal	models	[326],	

rapidly	 and	 reliably	 assess	 the	 global	 permeability	 of	 the	 BBB	 and	 to	 microscopically	 visualise	

discrete	 BBB	 disruptions.	 This	 is	 because	 EBD	 has	 inert	 properties,	 is	 small	 in	 size	 and	 is	 easily	

identifiable.	 EBD	 can	 be	 visualised	 using	 standard	 light	 microscopy	 with	 an	 excitation/emission	

wavelength	of	470	–	540/680	nm	[327]	and	is	visible	to	the	naked	eye.	Thus,	it	is	effective	in	helping	

determine	whether	or	not	cisterna	magna	injections	are	performed	correctly	without	requiring	any	

further	tissue	processing,	providing	a	time	efficient	method	for	optimising	the	surgical	technique.	
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3.2 Materials	&	methods	

3.2.1 In	vivo	methods	

3.2.1.1 Evans	Blue	Dye	

EBD	(Sigma-Aldrich,	Dorset,	UK)	used	in	this	study	has	a	MW	of	960.81	Da	and	was	diluted	in	distilled	

water	to	a	concentration	of	2	%	[326,	328].	EBD	was	stored	at	room	temperature	and	agitated	for	10	

seconds	before	use	in	surgery.	

3.2.1.2 Animals	and	anaesthesia	

A	total	of	15	adult	male	(6		–	10	weeks	old)	C57BL/6	mice	were	used	in	this	study	[329].	Anaesthesia	

was	 induced	 using	 a	 combination	 of	 10	 mg/ml	 ketamine	 (Pfizer)	 with	 1	 mg/ml	 xylazine	 (Bayer)	

administered	intraperitoneally	(0.1	ml	per	10	g	body	weight).	

3.2.1.3 Intracisternal	injections	

Mice	were	injected	with	0.5,	1	or	2	μl	of	EBD	into	the	cisterna	magna	over	2.5	min	at	a	rate	of	0.2,	

0.4	and	0.8	μl/min,	 respectively.	A	 total	of	nine	mice	were	 injected	with	0.5,	1	or	2	μl	of	EBD	(n	=	

3/group)	 and	 injection	 pipettes	were	 left	 in	 situ	 for	 2	min	 to	 prevent	 reflux;	mice	were	 sacrificed	

after	5	min	of	withdrawal	of	 the	glass	 capillary.	After	determinin	 the	optimal	volume	 for	 injection	

into	the	cisterna	magna,	another	three	mice	were	injected	with	2	μl	of	EBD	over	2.5	min	at	a	rate	of	

0.8	μl/min;	the	injection	pipettes	were	left	in	situ	for	2	min	and	mice	were	sacrificed	after	30	min	of	

withdrawal	 of	 the	 glass	 capillary	 through	 overdose	 with	 sodium	 pentobarbital	 200	 mg/kg.	 Three	

mice	were	injected	only	with	0.01M	PBS	(pH	of	7.2	–	7.4),	serving	as	controls.		

3.2.1.4 Intracardial	perfusion	

Mice	were	perfused	intracardially	with	20	ml	of	0.01	M	PBS	(pH	of	7.2	–	7.4)	and	4	%	PFA	in	0.01	M	

PBS	(pH	7.2	–	7.4)	at	a	rate	of	5	ml/min.	The	brains	were	post-fixed	in	4	%	PFA	in	0.01M	PBS	for	6	hr	

to	 achieve	 optimal	 tissue	 fixation.	 Brains	were	 rinsed	 and	 stored	 in	 0.01	M	PBS	 at	 4	 °C	 ready	 for	

vibratoming.		
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3.2.2 Ex	vivo	methods	

3.2.2.1 Vibratome	tissue	sectioning		

In	preparation	 for	 imaging	on	 the	brightfield/stereo	microscope,	nine	brains	were	 sectioned	using	

the	Leica	VT1000	S	vibrating	blade	microtome	(Leica	Biosystems,	UK).	 Initially,	 the	cerebellum	and	

brainstem	were	separated	from	the	cerebral	hemisphere	by	creating	a	coronal	incision	through	the	

midbrain.	 The	 brain	 was	 then	 super	 glued	 onto	 a	mounting	 plate	 with	 the	 olfactory	 bulbs	 facing	

upwards	and	immersed	in	0.01	M	PBS	buffer	(pH	7.2	–	7.4).	The	brains	were	sliced	into	100	μm	thick	

coronal	sections	and	transferred	using	a	fine-tip	paintbrush	to	a	12-well	cell	culture	plate	containing	

0.01	M	PBS	and	stored	at	4	°C.	

3.2.2.2 Cryostat	tissue	sectioning	

In	 preparation	 for	 imaging	 on	 the	 fluorescence	 microscope,	 brains	 were	 cryoprotected	 in	 30	 %	

sucrose	 in	0.01	M	PBS	 for	48	hr	or	until	 the	 tissue	 sank	 to	 the	bottom	of	a	15	ml	 screw-cap	 tube	

before	sectioning	on	the	cryostat.	Brains	were	sectioned	coronally	to	a	thickness	of	20	μm.	After	a	

series	of	collections,	the	slides	were	stored	in	a	slide	box	at	–	20	°C	ready	for	imaging.	

3.2.2.3 Immunofluorescence	labelling	

For	double	labeling	immunohistochemistry,	tissue	sections	washed	three	times	for	5	min	using	0.01	

M	PBS	(pH	7.2	-	7.4)	and	blocked	in	15	%	normal	goat	serum	(NGS)	for	30	min	at	room	temperature.	

were	 incubated	overnight	with	anti-α	smooth	muscle	actin	FITC	 (1:200,	Sigma-Aldrich,	Dorset,	UK)	

for	the	identification	of	arteries.	tissue	sections	were	incubated	overnight	with	anti-α	smooth	muscle	

actin	FITC	(1:200,	Sigma-Aldrich,	Dorset,	UK)	for	the	identification	of	arteries.	Anti-collagen	IV	(1:400,	

ABCAM,	 Cambridge,	 UK)	 was	 used	 to	 mark	 the	 basement	 membranes	 of	 blood	 vessels	 and	

developed	 with	 Alexa	 Fluor-633	 secondary	 antibody	 (Thermo	 Fisher	 Scientific,	 Paisley,	 UK).	

Subsequently,	sections	were	washed	three	times	for	10	min	using	0.01	M	PBS	before	incubation	for	

1	hr	 at	 room	 temperature	with	goat	 anti-rabbit	 secondary	antibody	 conjugated	 to	Alexafluor	633.	

Tissue	sections	were	washed	again	three	times	for	10	min	using	0.01	M	PBS.	Slides	were	mounted	

with	Mowiol	containing	the	anti-fade	agent	Citifluor	and	air-dried	overnight	at	4	°C	before	imaging.	

3.2.2.4 Stereoscopic/dissection	microscope	imaging	

A	stereo/dissection	microscope	(LM	Olympus	SZX9)	was	used	to	investigate	the	distribution	of	EBD	

after	5	and	30	min	of	 intracisternal	 injections.	 Illumination	 in	 the	 stereomicroscope	uses	 reflected	

light	 from	 the	 tissue	 sample	 as	 opposed	 to	 diascopic	 (transmitted)	 illumination.	 This	 enabled	 the	
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examination	 and	 imaging	 of	 thick	 opaque	 whole-brains	 and	 vibratomed	 coronal	 sections.	 The	

microscope	 also	 uses	 two	 separate	 optical	 paths	 with	 two	 objectives	 and	 eyepieces	 to	 provide	

distinct	viewing	angles.	This	arrangement	produced	a	3-D	visualization	of	the	brain	tissue	that	could	

be	analysed	using	different	objectives	to	show	finer	details.	

3.2.2.5 Fluorescence	microscope	imaging	

Carl	Zeiss	Axioskop	fluorescence	microscope	was	used	to	detect	EBD	in	the	parenchyma	and	identify	

the	type	of	blood	vessels	along	which	it	entered.	The	fluorescence	properties	of	EBD	were	used	to	

detect	 the	 tracer;	EBD	has	an	excitation	wavelength	of	470	–	540	nm	so	was	excited	with	a	green	

laser	 (495	nm),	which	provided	an	emission	wavelength	of	620	nm.	The	 imaging	 software	used	 to	

focus	the	image	and	adjust	light	sensitivity	was	AxioVision	4.4.	

3.2.2.6 Quantitative	image	analysis	

To	quantitatively	analyse	and	compare	the	intensity	of	the	EBD	signal	after	5	and	30	min	of	injection	

into	the	CSF	on	the	ventral	and	dorsal	surfaces	of	the	brain,	the	percentage	area	of	EBD	staining	was	

measured	relative	to	the	image	area.	A	total	of	twelve	whole	brain	images	(n	=	3/time	group;	ventral	

and	dorsal	 sides	of	 the	brain)	were	 taken	on	 the	dissection/brightfield	microscope	using	 the	same	

objective	and	dimensions	(16.51	x	12.42	mm).	Images	were	imported	into	ImageJ	software	(version	

2.0.0)	where	thresholding,	a	well-established	method	for	 image	segmentation	[330-337],	was	used	

to	 quantitatively	 assess	 the	 images.	 Thresholding	 divided	 each	 image	 into	 two	 classes	 of	 pixels	

(foreground	and	background).	 Images	were	 first	 converted	 into	8-bit	 grey	 scale	 files,	 (Figure	3.1	B	

and	F)	and	the	default	thresholding	setting	was	applied	and	adjusted	to	accurately	reflect	the	EBD	

staining	(Figure	3.1	C	and	G).	The	images	were	then	analysed	using	the	‘analyse	particles’	settings	(0	

–	 infinity,	 circulatory	 0.00	 –	 1.00)	 (Figure	 3.1	 D	 and	 H),	 which	 provided	 a	 measurement	 of	 the	

percentage	area	of	EBD	staining	compared	to	size	of	the	image.	
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Figure	3.1	|	Thresholding	for	assessing	EBD	intensity.	(A	–	D)	Ventral	view	of	the	brain	after	5	min.	(A	and	E)	
Original	 images	 imported	 to	 imageJ.	 (B	 and	 F)	 Images	 converted	 to	 grey	 scale	 8-bit	 files.	 (C	 and	 G)	
Threhsolding	tool	applied	to	images	B	and	F	for	calculating	intensity	of	EBD	signal.	(D	and	H)	Areas	selected	by	
the	thresholding	tool	in	C	and	G	analysed	as	a	percentage	in	relation	to	the	image	size.	(E	–	H)	Dorsal	view	of	
the	brain.	

3.2.2.7 Statistical	analysis	

Data	were	checked	for	normality	using	the	Shapiro-Wilk	normality	test	on	IBM	SPSS.	The	data	in	all	

groups	were	normally	distributed.	Two-way	analysis	of	 variance	 (ANOVA)	with	Sidak	post-hoc	 test	

was	used	to	compare	the	percentage	staining	of	EBD	in	the	dorsal	and	ventral	sides	of	the	brain	at	5-	

and	30-	min	post-injection.	

3.3 Results		

To	determine	the	minimum	volume	of	tracer	that	is	detectable	for	investigating	the	distribution	and	

direction	of	CSF	flow,	a	range	of	volumes	of	EBD	were	injected	into	the	cisterna	magna	of	wildtype	6	

–	10	week	old	mice	(n	=	3/group).	EBD	on	the	ventral	surface	of	the	brain	was	not	detectable	when	

0.5	μl	of	dye	was	injected	using	a	stereo	microscope.	However,	EBD	could	be	detected	on	the	ventral	

surface	of	the	brain	but	not	the	dorsal	side	when	1	μl	of	dye	was	injected.	The	optimal	volume	for	

investigating	the	distribution	and	direction	of	CSF	flow	was	2	μl	as	it	could	be	detected	on	both	the	
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ventral	and	dorsal	 sides	of	 the	brain,	as	well	as	along	 the	walls	of	 the	middle	cerebral	artery.	This	

volume	 was	 used	 to	 quantitatively	 analyse	 and	 compare	 the	 intensity	 of	 EBD	 in	 the	 ventral	 and	

dorsal	side	of	the	brain	after	5	and	30	min	of	injection	into	the	cisterna	magna	(n	=	6/group).	

3.3.1 Dispersal	of	EBD	in	the	subarachnoid	space	

After	5	min	of	injection	into	the	cisterna	magna,	EBD	drained	through	distinct	subarachnoid	drainage	

pathways	on	the	dorsal	and	ventral	surfaces	of	the	brain	(Figure	3.2A).	EBD	from	the	cisterna	magna	

passed	 along	 the	walls	 of	 the	middle	 cerebral	 artery	 from	 the	 base	 of	 the	 brain	 upwards	 (Figure	

3.2A).	This	assumption	was	based	on	the	observation	that	there	was	more	EBD	on	the	ventral	side	of	

the	brain	than	the	dorsal	side.	A	small	 triangular	pool	of	EBD	was	observed	between	the	vertebral	

arteries.	The	dye	also	appeared	diffuse	on	the	surface	of	the	mouse	pyramids;	these	structures	can	

be	seen	as	raised	parallel	convexities	and	have	borders	defined	medially	by	the	basilar	artery	over	

the	midline	 and	 laterally	 at	 the	base	of	 the	 convexity	 halfway	between	 the	basilar	 artery	 and	 the	

parolivary	 artery.	 Although	 EBD	 appeared	 diffuse	 in	 some	 regions,	 it	 also	 appeared	 to	 outline	

exclusively	the	walls	of	some	arteries	including	the	basilar	artery,	anterior	inferior	cerebellar	arteries	

and	 the	 parolivary	 artery.	 However,	 no	 EBD	 could	 be	 detected	 along	 the	 paramedian	 pontine	

arteries	 branching	 from	 either	 side	 of	 the	 basilar	 artery.	 The	 posterior	 cerebral	 arteries	 on	 either	

sides	of	the	brain	were	also	outlined	with	EBD.	More	pooling	of	tracer	occurred	on	the	surface	of	the	

cerebral	 crura,	 which	 are	 the	 anterior	 portions	 of	 the	 cerebral	 peduncle	 containing	motor	 tracts.	

However,	no	EBD	was	observed	on	the	surface	of	the	mammillary	bodies	(located	at	the	ends	of	the	

anterior	 arches	of	 the	 fornix),	 yet	 appeared	 confined	 to	 the	walls	of	 the	posterior	 communicating	

arteries	and	continued	upwards	towards	the	middle	cerebral	arteries	on	both	hemispheres.	The	dye	

appeared	 to	 have	 extended	 forwards	 along	 the	 anterior	 cerebral	 arteries	 and	 the	 olfactory	 tract	

towards	the	olfactory	bulbs	(Figure	3.2B).	

After	30	min	of	injection	into	the	CSF,	EBD	could	no	longer	be	seen	along	most	arteries	and	the	circle	

of	 Willis	 with	 the	 exception	 of	 the	 vertebral	 arteries,	 basilar	 artery	 and	 the	 anterior	 inferior	

cerebellar	arteries	(Figure	3.3A).	All	vessels	were	identified	with	reference	to	x-ray	mico-CT	images	

of	the	mouse	cerebrovasculature	[338]	and	a	3-D	vasculature	dataset	based	on	magnetic	resonance	

and	micro-CT	imaging	in	mice	[339].	
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Figure	3.2	|	EBD	distribution	 in	 the	circle	of	Willis.	 (A)	 Photomicrographs	of	 three	distinct	 views	of	a	brain	
intracisternally	 injected	 with	 EBD	 including	 a	 superior,	 side	 and	 inferior	 view.	 Superior	 view	 shows	 EBD	 in	
branches	 of	 the	middle	 cerebral	 artery	 (mca).	 Side	 view	 also	 shows	 EBD	 in	 the	middle	 cerebral	 artery	 and	
anterior	cerebral	artery	(aca).	(B)	Anatomical	schematic	indicating	EBD	positive	arteries	depicted	on	the	right	
(a	=	artery/arteries).	

3.3.2 Quantitative	assessment	of	EBD	distribution	after	5	and	30	min	

The	intensity	of	the	EBD	signal	after	5	and	30	min	of	injection	into	the	cisterna	magna	on	the	ventral	

and	dorsal	surfaces	of	 the	brain	was	quantitatively	assessed	using	an	 image	segmentation	method	

called	thresholding.	A	total	of	six	whole-brain	images	of	the	ventral	and	six	of	the	dorsal	surface	of	

the	brain	were	compared	(n	=	3	per	time	group).	The	percentage	area	of	EBD	staining	calculated	in	

ImageJ	represents	the	intensity	of	the	EBD	signal	in	relation	to	the	size	of	the	entire	image.	Thus,	all	

brain	images	were	captured	using	the	same	stereo	microscope	settings	(objective	and	light	intensity)	

and	 images	were	exported	with	 identical	 dimensions	 (Figure	3.1).	 There	was	 a	 significantly	higher	

percentage	 of	 EBD	 signal	 intensity	 after	 5	 min	 on	 the	 ventral	 and	 dorsal	 surfaces	 of	 the	 brain	

compared	to	30	min	(two-way	ANOVA,	P	<	0.0001).	In	the	three	control	mice	that	were	injected	with	

PBS,	nothing	could	was	seen	on	the	ventral	and	dorsal	sides	of	the	brain	and	no	threshold	signal	was	

detected	(0	%).	
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Figure	3.3	|	Distribution	of	EBD	on	the	dorsal	and	ventral	surface	of	the	brain	after	5	and	30	min	of	injection.	
(A)	Brightfield	microscope	images	of	EBD	(blue)	distribution	on	the	dorsal	and	ventral	sides	of	the	brain	after	5	
and	30	min	of	injection	into	the	cisterna	magna;	images	are	representative	of	n	=	3	per	group.	(B)	Bar	chart	of	
percentage	area	staining	of	EBD	(%)	against	the	surface	of	the	brain	(dorsal	or	ventral)	after	5	or	30	min	of	EBD	
injection	into	the	cisterna	magna.	Error	bars	show	standard	deviation	(SD)	of	mean	values;	two-way	ANOVA,	P	
<	0.0001	(*	P	<	0.05;	**	P	≤	0.01;	***	P	≤	0.001)	
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3.3.3 Distribution	of	intracisternally	injected	EBD	in	the	parenchyma	after	5	and	30	min	

To	 analyse	 the	 distribution	 of	 EBD	 within	 the	 parenchyma	 5	 and	 30	 min	 post	 injections,	 brains	

intracisternally	 injected	with	EBD	were	serially	sectioned	(anterior	 to	posterior)	using	a	vibratome.	

The	 100	μm	 thick	 sections	 show	EBD	entering	 along	 the	walls	 of	 vessels	 at	 different	 levels	 of	 the	

brain	 (I	–	 IV)	 (Figure	3.4).	After	5	min,	EBD	can	be	seen	along	blood	vessels	 in	 the	cerebral	cortex,	

striatum,	hindbrain	 and	 the	hippocampal	 fissure.	 Conversely,	 after	 30	min,	 EBD	 is	 only	 detectable	

along	vessels	at	the	level	of	the	midbrain/hindbrain.	The	dye	forms	a	caudal	to	rostral	gradient,	with	

least	dye	appearing	in	the	rostral/anterior	regions	of	the	brain.	

Brain	 regions	 and	 vessels	 were	 identified	 with	 reference	 to	 the	 Mouse	 Brain	 Atlas,	 3-D	

cerebrovasculature	 data	 set	 from	 magnetic	 resonance	 imaging	 and	 micro-CT	 images	 of	 vessels	

identified	in	intracardially	perfuse	mice	[338-340].	
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Figure	3.4	|	Coronal	sections	showing	EBD	distribution	at	5	and	30	min	of	injection	into	cisterna	magna.	(A)	Side	
view	of	the	brain	indicating	the	location	of	the	coronal	sections	(I	–	IV)	in	B.	(B)	Stereo	microscope	micrographs	of	
anterior	 to	 posterior	 coronal	 sections	 of	 the	 mouse	 brain	 after	 5	 min	 of	 EBD	 injection	 into	 cisterna	 magna.	 (C)	
Photomicrographs	 of	 coronal	 sections	 at	 30	min	 of	 injection.	 (D)	 Anatomical	 schematic	 at	 the	 level	 of	 the	 lateral	
ventricles	showing	regions	of	the	brain	in	E	and	F.	(E)	High	power	micrograph	of	EBD	(blue)	in	a	branch	of	the	middle	
cerebral	 artery	 (mca),	posterior	 striatal	 artery	 (psa),	 striatal	 arteries	 (sa)	 in	 the	caudoputamen,	around	 the	 lateral	
ventricles	 (lv)	 in	the	choroidal	arteries	 (ca)	and	 in	the	 lateral	hypothalamic	arteries	 (lha),	as	 indicated	by	the	black	
arrows.	(F)	EBD	positive	vessel	branching	into	the	cerebral	cortex	from	the	midline	fissure.	(G)	Anatomical	schematic	
at	the	level	of	the	posterior	hippocampus	and	midbrain	shown	in	H	and	I.	(H)	EBD	positive	vessel	penetrating	from	
the	hindbrain	(pons)	into	the	midbrain	(tegmentum)	and	from	the	midbrain	into	the	hippocampus	(black	arrows).	(I)	
EBD	in	a	branch	of	the	middle	cerebral	artery	and	in	vessels	located	in	the	hippocampal	fissure	(black	arrow).	
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3.3.4 EBD	from	the	CSF	enters	the	brain	along	the	basement	membrane	of	arteries	

EBD	penetrated	the	surface	of	the	brain	and	entered	the	cerebral	cortex	along	blood	vessels	after	5	

and	30	min	of	injection	into	the	cisterna	magna.	The	intensity	of	the	EBD	signal	in	the	parenchyma	

was	higher	after	30	min	compared	to	5	min,	suggesting	EBD	diffusion	 into	the	parenchyma	(Figure	

3.5	A	–	G).	To	determine	the	compartment	and	the	type	of	vessels	along	which	EBD	was	entering	the	

brain	 at	 5	 and	 30	 min	 of	 injection	 into	 the	 CSF,	 20	 μm	 thick	 coronally	 sliced	 sections	 were	

immunostained	and	analysed	using	a	 fluorescence	microscope.	Brain	 sections	were	 stained	with	a	

cerebrovascular	 basement	 membrane	 marker	 (collagen	 IV)	 and	 an	 SMA	 marker	 to	 differentiate	

arteries	from	veins.	

EBD	was	only	detected	alongside	SMA-positive	vessels	after	both	 time	points	and	colocalised	with	

the	 basement	 membrane	 marker	 indicating	 the	 entry	 of	 EBD	 along	 the	 basement	 membrane	 of	

arteries	(Figure	3.5	H	and	J).	EBD	was	excited	with	a	495	nm	laser	and	specifically	emitted	light	in	the	

620	nm	wavelength	range	(Figure	3.5B).	To	confirm	that	the	EBD	fluorescence	observed	was	specific	

and	 not	 caused	 by	 tissue	 autofluorescence,	 sections	 from	 PBS	 injected	 control	 brains	 were	 also	

imaged	and	no	fluorescence	was	detected	(negative	control).	This	indicates	that	the	signal	observed	

under	the	fluorescence	microscope	was	specifically	due	to	the	light	emission	by	EBD	(Figure	3.5K).	
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Figure	 3.5	 |	 Confocal	 micrographs	 of	 EBD	 along	 basement	 membranes	 of	 arteries.	 (A	 –	 D)	 Confocal	
micrographs	of	EBD	along	unidentified	vessels	after	5	min	of	injection	into	the	cisterna	magna.	(A)	EBD	along	
the	walls	of	vessels	and	their	branches	after	5	min	of	injection.	EBD	is	excited	specifically	by	a	495	nm	and	not	
a	488	nm	laser	beam	so	emission	occurs	exclusively	in	the	620	nm	wavelength	range	and	not	the	495	–	570	nm	
wavelength	range	of	the	visible	spectrum	as	shown	in	B.	(C)	EBD-positive	vessel	and	its	branches	penetrating	
the	 parenchyma	 after	 5	 min.	 (D)	 EBD-positive	 vessel	 alongside	 the	 lateral	 ventricle	 (asterisk,	 *).	 (E	 –	 G)	
Confocal	micrographs	of	 EBD	along	 vessels	 after	 30	min	of	 intracisternal	 injection.	 (E)	 EBD	 in	 vessels	 of	 the	
midline	 fissure	 and	 penetrating	 into	 the	 parenchyma	 along	 the	 walls	 of	 a	 blood	 vessel	 (white	 arrow).	 EBD	
signal	is	less	intense	in	the	parenchyma	compared	to	the	midline	fissure.	(F)	Intense	and	less	intense	EBD	signal	
along	the	walls	of	vessels	at	the	base	of	the	brain	(red	and	white	arrow,	respectively).	(G)	Intense	EBD	signal	in	
parenchyma.	(H	and	I)	EBD	enters	the	brain	along	SMA-positive	arteries,	after	5	and	30	min	(green	arrows).	(J)	
Confocal	micrograph	representative	of	EBA	colocalisation	(purple)	with	collagen	IV,	the	marker	for	basement	
membranes	(blue),	after	5	and	30	min	of	injection.	(K)	Using	the	same	imaging	settings	as	A	–	J,	no	fluorescent	
signal	was	detected	in	PBS	injected	controls.	
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3.4 Discussion	

In	 this	 study,	 EBD	 (a	 soluble	 and	 inert	 tracer)	 was	 used	 to	 optimize	 the	 volume	 and	 flow	 rate	 of	

solute	injection	into	cisterna	magna	and	to	pilot	the	route	of	entry	of	small	solutes	contained	within	

the	CSF	into	the	brain.	Light	and	fluorescent	microscopy	images	demonstrated	a	directional	flow	of	

tracer	through	the	subarachnoid	space	towards	the	olfactory	bulbs,	mainly	from	the	ventral	surface	

of	 the	 brain.	 The	 study	 also	 confirmed	 the	 entry	 of	 tracer	 from	 the	 subarachnoid	 space	 into	 the	

parenchyma	along	 the	basement	membrane	of	 arteries.	 EBD	was	only	 detected	 alongside	 cortical	

arteries	 and	 not	 capillaries	 or	 veins.	 After	 30	 min,	 the	 intensity	 of	 EBD	 signal	 on	 the	 dorsal	 and	

ventral	 surface	 significantly	 reduced	 compared	 to	5	min	after	 injection	 into	 the	CSF.	 Fluorescence	

images	 indicated	 a	 higher	 intensity	 of	 EBD	 in	 the	 parenchyma	 at	 30	 min	 compared	 to	 5	 min,	

suggesting	that	the	EBD	had	diffused	in	the	parenchyma	by	30	min.	

The	 distribution	 of	 EBD	 in	 the	 brain	 following	 injection	 into	 subarachnoid	 CSF	 is	 different	 to	 ink	

perfused	 intracardially.	 Following	 intracardial	 perfusion	 with	 ink,	 all	 the	 cerebral	 blood	 vessels	

contained	 ink	 [341].	 Conversely,	 the	 distribution	 of	 EBD	 following	 injection	 into	 the	 subarachnoid	

space	results	in	the	tracer	travelling	rapidly	along	the	basement	membrane	of	major	arteries	within	

5	min	of	injection;	some	diffusion/pooling	of	dye	is	also	observed	in	some	areas	of	the	brain	(Figure	

3.2).	 Pooling	 of	 EBD	 was	 observed	 around	 the	 optic	 chiasm	 with	 a	 narrow	 line	 of	 dye	 flowing	

towards	the	olfactory	bulbs.	This	demonstrates	a	directional	flow	of	tracer	in	the	subarachnoid	space	

from	 the	base	of	 the	brain	 forwards	 towards	 the	olfactory	bulbs.	 The	data	 confirms	experimental	

observations	made	by	Zhang	and	colleagues	who	observed	pooling	of	Indian	ink	(a	particulate	tracer)	

near	the	circle	of	Willis	lateral	to	the	optic	chiasm,	following	injection	into	the	subarachnoid	space.	A	

small	line	of	ink	was	also	observed	extending	forward	from	the	origin	of	the	middle	cerebral	artery	

to	the	olfactory	bulb	[94].	

At	the	level	of	the	lateral	ventricles,	EBD	was	observed	along	cortical	branches	penetrating	from	the	

midline	 fissure.	 Taken	 together	with	 the	 finding	 that	 EBD	was	 only	 detected	 along	 arteries	 (SMA-

positive	vessels),	and	not	capillaries	or	veins,	EBD	at	the	level	of	the	ventricles	is	likely	to	be	entering	

the	parenchyma	along	 the	 lateral	hypothalamic	arteries,	posterior	 striate	arteries,	branches	of	 the	

middle	 cerebral	 artery	 and	 branches	 of	 the	 choroidal	 artery	 (from	 the	 ventricles	 into	 the	

parenchyma)	 (Figure	 3.4)	 [338,	 339].	 EBD	 also	 appeared	 faintly	 in	 the	 caudoputamen,	 potentially	

along	 anterior	 striatal	 arteries.	 At	 the	 level	 of	 the	 midbrain/hindbrain,	 EBD	 can	 be	 seen	 along	

arteries	in	the	hippocampal	fissure	and	hindbrain	after	5	min.	However,	after	30	min	only	the	vessels	

entering	in	the	hindbrain	region	were	outlined	with	EBD.		
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The	 flow	of	 EBD	 in	 the	 subarachnoid	 space	 appeared	 to	be	well	 defined	and	directional.	 The	EBD	

may	 be	 directed	 by	 the	 presence	 of	 leptomeningeal/arachnoid	 trabeculae	 that	 traverse	 the	

subarachnoid	 space	 in	mice	 [342],	 rats	 [22]	 and	 in	 humans	 [8,	 179].	 The	 discrete	 nature	 of	 these	

pathways	 implies	 that	 there	 may	 be	 counter	 currents	 within	 the	 subarachnoid	 space	 with	 fluid	

flowing	 in	 different	 directions	 to	 distinct	 drainage	 sites.	 It	 also	 suggests	 that	 these	 channels	 are	

separated	by	the	arachnoid	trabeculae	[94].	

Similar	subarachnoid	space	compartmentalisation	exists	in	the	human	[16,	343]	and	rat	spinal	cord	

[344]	 (intrathecal	 space).	EBD	administered	via	a	 lumbar	puncture	 in	 rat	 travelled	along	 the	spinal	

column	forming	a	 rostral	 to	caudal	gradient	of	 ink	within	 the	 intrathecal	 space;	 the	 ink	exchanged	

with	spinal	cord	interstitial	fluid	and	the	diluted	dye	travelled	towards	the	cranium.	High-resolution	

single-photon	 emission	 tomography	 with	 X-ray	 computed	 tomography	 (SPECT-CT)	 revealed	 faster	

kinetics	of	solute	(123I-labeled	human	serum	albumin,	123I-HSA)	transport	through	the	CSF	along	the	

ventral	 rather	 than	 dorsal	 surface	 of	 the	 brain	 [345].	 Although	 the	 kinetics	 of	 EBD	 flow	 was	 not	

determined	in	the	study,	there	was	significantly	more	tracer	on	the	ventral	compared	to	the	dorsal	

surface	of	 the	brain.	After	 two	hr	of	 the	 intrathecal	 injection,	 the	tracer	 flowed	rostrally	along	the	

ventral	 surface	of	 the	brain	 towards	 the	olfactory	cisterns.	After	6	hr	 the	 123I-HSA	appeared	 in	 the	

cranial	 intrathecal	 space,	 along	 the	 medial	 interhemispheric	 fissure	 on	 the	 dorsal	 surface	 of	 the	

cerebral	 cortex,	 across	 the	 cribriform	 plate,	 in	 the	 nasal	 lymphatics	 and	 accumulated	 within	 the	

cervical	 lymph	 nodes.	 The	 same	 was	 observed	 at	 a	 more	 rapid	 rate	 (after	 2	 hr)	 with	 a	 smaller	

molecule	 (111In-diethylenetriamine-pentacetic	acid,	 111In-DTPA)	 [345].	The	findings	 in	 the	study	and	

the	CSF	flow	determined	with	Indian	ink,	support	the	present	findings	[94].	

India	 ink	 injected	 into	the	subarachnoid	space	through	the	cisterna	magna	and	facial	nerve	sheath	

travelled	rapidly	along	lymphatic	vessels	and	into	the	cervical	lymph	nodes	[324].	The	importance	of	

this	drainage	pathway	 in	some	species	 is	well	documented	[320]	and	suggests	that	there	are	open	

channels	 between	 the	 subarachnoid	 space	 and	 the	 nasal	 lymphatics	 for	 CSF	 bulk	 flow.	 Although	

direct	 pathway	 of	 drainage	 sheaths	 of	 the	 olfactory	 nerves	 have	 been	 identified	 [321],	 it	 is	 also	

thought	 that	 there	 is	 a	 direct	 connection	 between	 the	 subarachnoid	 space	 and	 nasal	 lymphatics	

through	 arachnoid	 channels.	 These	 pathways	 are	 compatible	 with	 the	 rapidity	 of	 the	 bulk	 flow	

mechanism	observed	with	EBD	 in	 this	 study	and	 in	other	studies	 [346]	where	tracers	 injected	 into	

the	subarachnoid	 space	 travelled	 rapidly	 towards	 the	olfactory	bulbs	and	ended	up	 in	 the	cervical	

lymph	nodes.	Such	a	pathway	may	serve	for	draining	lymphocytes	and	macrophages	from	the	brain	

to	regional	lymph	nodes	[94].	The	significance	of	CSF	drainage	into	lymphatic	system	(cervical	lymph	

nodes)	has	also	been	noted	in	humans	[347-349].	
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In	this	study,	the	spread	of	soluble	and	biologically	 inert	EBD	periarterially	and	its	passage	through	

the	 subarachnoid	 space	 after	 5	 and	 30	 min	 was	 characterised	 and	 it	 was	 determined	 that	 small	

solutes	contained	with	the	CSF	could	be	optimally	detected	following	perfusion	of	2	μl	at	an	infusion	

rate	 of	 0.8	 μl/min.	 Therefore,	 these	 parameters	 were	 used	 in	 additional	 experiments	 that	

subsequently	 addressed	 the	 anatomical	 compartments	 of	 the	 arteries	 along	which	CSF	 enters	 the	

brain,	 as	 this	 could	not	 be	determined	 from	 the	 EBD	experiments,	 due	 to	 the	 low	 resolution	of	 a	

stereo	and	fluorescence	microscope.	 	
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 Distribution	of	antisense	oligonucleotides	Chapter	4

(ASO)	in	the	brain	after	injection	into	cisternal	

CSF	

4.1 Introduction	

In	chapter	3,	it	was	determined	that	the	biologically	inert,	small	solute	(EBD)	entered	the	brain	along	

the	basement	membrane	of	arteries	within	5	min	of	injection	into	the	cisterna	magna.	To	determine	

the	 entry	 route	 and	 distribution	 of	 solutes	 in	 the	 parenchyma	 with	 a	 more	 biologically	 relevant	

solute,	antisense	oligonucleotides	(ASO)	that	target	neurons	were	injected	into	the	cisterna	magna	

of	 young	mice	 and	 the	 distribution	 in	 the	 brain	 parenchyma	was	 analysed	 using	multiple	 imaging	

techniques	 including	 Odyssey	 LI-COR	 scanner	 imaging	 and	 light	 microscopy.	 ASO	 is	 a	 chemically	

modified	 single-stranded	DNA	molecule	with	a	 synthetic	 string	of	nucleic	acids	 that	bind	 to	 target	

RNA	 and	 thereby	 alter	 or	 reduce	 their	 expression.	 The	 protein	 expression	 can	 be	 reduced	 by	

breakdown	 of	 the	 targeted	 transcript	 or	 restored	 and	 increased	 by	 interference	 with	 pre-mRNA	

splicing.	

Based	 on	 previous	 findings	 with	 EBD,	 the	 following	 hypothesis	 was	 postulated:	 ASO	 enters	 the	

parenchyma	 along	 the	 basement	 membrane	 of	 arteries	 including	 the	 pial	 –	 glial	 basement	

membrane	of	arteries	after	5	min	of	injection.	

To	examine	this	hypothesis,	the	following	objectives	were	carried	out:	

1. To	determine	the	route	of	entry	and	distribution	of	ASO	in	the	brain	after	5	min	of	injection	

into	 cisternal	 CSF	 of	 young	 wildtype	 mice	 using	 the	 volume	 and	 rate	 of	 tracer	 infusion	

optimised	in	chapter	3.	

2. To	determine	the	location	and	distribution	of	ASO	in	the	brain	after	30	min	of	injection	into	

cisternal	CSF	of	young	wildtype	mice.		
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4.2 Materials	&	methods	

4.2.1 In	vivo	methods		

4.2.1.1 Antisense	oligonucleotides	(ASO)	

The	ASO	used	in	the	current	study	was	sent	by	Biogen	for	determining	the	anatomical	route	of	entry	

into	the	parenchyma	from	the	cisterna	magna.	The	solute	had	a	close	resemblance	to	drugs	in	trial	

and	was	 a	 soluble	 gamma-aminobutyric	 acid	 type	A	 receptor	 alpha1	 subunit	 (GABRA1)	ASO	 (Ionis	

Pharmaceuticals)	 labelled	with	 sulfo-Cyanine7	N-hydroxysuccinimide	 (NHS)	 ester	 (Lumiprobe).	 The	

molecular	 formula	and	weight	of	Cynanine7	NHS	ester	 is	C41H48CIN3O4	and	682.29	Da	respectively.	

The	 sulfo-NHS	ester	possessed	a	negatively	 charged	 sulfonate	group	providing	an	overall	 negative	

charge.	The	total	MW	of	the	Cy7-labelled	ASO	is	approximately	7	kDa.	

4.2.1.2 Animals	and	anaesthesia		

A	 group	 of	 six	 C57BL/6	mice	 aged	 6	 –	 10	 weeks	 were	 anaesthetised	 using	 a	 standard	 isoflurane	

anaesthesia	 system.	 An	 anaesthesia	 induction	 chamber	was	 precharged	with	 5	%	 isoflurane	 for	 5	

min	and	the	oxygen	flow	meter	was	set	 to	approximately	1.7	 l/min	with	the	 indicator	ball	 floating	

between	 the	 1	 and	 2	 hash	marks.	 The	 isoflurane	 vaporizer	was	 then	 reduced	 to	 1	 –	 2	%	 and	 the	

mouse	was	left	in	the	chamber	for	3	–	5	min.	The	level	of	anaesthesia	was	monitored	using	the	pedal	

withdrawal	 reflex	 response.	Once	 the	mouse	 reached	a	 surgical	plane	of	anaesthesia	 (no	 reflex)	 it	

was	transferred	from	the	induction	chamber	onto	a	surgical	bed	with	a	breathing	device	and	mask	

that	supplied	a	constant	flow	of	1	to	2	%	isoflurane	and	1.7	l/min	oxygen	to	keep	the	animal	safely	

anesthetised	 during	 the	 surgical	 procedure.	 The	 core	 body	 temperature	 was	 monitored	 using	 a	

rectal	probe	and	maintained	using	an	electronic	heating	pad.		

4.2.1.3 Intracisternal	injections	

Mice	were	intracisternally	injected	with	2	μl	of	Cy7-labeled	ASO	over	2.5	min	at	a	rate	of	0.8	μl/min.	

Injection	pipettes	were	left	in	situ	for	2	min	to	prevent	reflux	and	mice	were	sacrificed	at	5	or	30	min	

after	withdrawal	of	the	glass	capillary	through	overdose	with	sodium	pentobarbital	200	mg/kg	(n	=	

3/group).	Three	mice	were	injected	only	with	0.01	M	PBS,	serving	as	controls.	
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4.2.1.4 Intracardial	perfusion	and	tissue	storage		

Mice	were	perfused	intracardially	with	20	ml	of	0.01	M	PBS	(pH	of	7.2	–	7.4)	and	4	%	PFA	in	0.01	M	

PBS	(pH	7.2	–	7.4)	at	a	rate	of	5	ml/min.	The	brains	were	post-fixed	in	4	%	PFA	in	0.01	M	PBS	for	6	hr	

to	achieve	optimal	tissue	fixation.	The	brains	were	then	rinsed	with	0.01	M	PBS	and	dehydrated	in	

30	%	sucrose	in	0.01	M	PBS	for	48	hr	ready	for	cryostat	sectioning.	

4.2.2 Ex	vivo	methods	

4.2.2.1 Cryostat	tissue	sectioning	

In	 preparation	 for	 double-labelling	 immunofluorescence	 and	 confocal	 microscopy,	 brains	 were	

sectioned	using	a	cryostat	after	cryoprotection	in	30	%	sucrose	in	0.01	M	PBS	for	48	hr.	Brains	were	

embedded	 in	 OCT	 compound	 and	 sectioned	 coronally	 to	 a	 thickness	 of	 20	 μm	 ready	 for	 double-

immunofluorescence	labelling.			

4.2.2.2 Double-labelling	immunofluorescence	

Brain	sections	were	air	died	for	10	min	and	washed	three	times	for	5	min	using	0.01	M	PBS	(pH	7.2	-	

7.4).	Sections	were	then	blocked	in	15	%	NGS	for	30	min	at	room	temperature.	Brain	sections	were	

incubated	 with	 monoclonal	 SMA	 conjugated	 to	 FITC	 (1:200,	 diluted	 in	 0.1	 %	 PBST)	 and	 rabbit	

polyclonal	 anti-collagen	 IV	 (1:400,	 diluted	 in	 0.1	 %	 PBST)	 at	 4	 °C	 for	 24	 hr	 in	 a	 moist	 chamber.	

Subsequently,	sections	were	washed	three	times	for	10	min	and	incubated	at	room	temperature	for	

1	 hr	 with	 goat	 anti-rabbit	 secondary	 antibody	 conjugated	 to	 Alexafluor	 633.	 Sections	 were	 then	

washed	again	 three	times	 for	10	min	using	0.01	M	PBS.	Finally,	 slides	were	mounted	with	Mowiol	

containing	the	anti-fade	agent	Citifluor	and	air-dried	overnight	at	4	°C	before	imaging.	

4.2.2.3 Odyssey®	CLx	LI-COR	scanner	imaging	

The	Odyssey®	 Imager	contains	two	excitation	 lasers	emitting	a	wavelength	of	700	nm	and	800	nm	

and	they	were	both	activated	for	the	scan.	The	intensity	of	both	laser	channels	was	set	to	6.0	(range	

from	2.5	 to	7.5)	and	kept	 the	same	 for	all	 scans.	This	 intensity	provided	optimal	 signal	 saturation.	

The	dwell	time,	which	indicates	quality	of	the	image	was	set	to	highest	from	the	following	options:	

low,	medium,	high,	and	highest.	The	scan	resolution	was	set	 to	84	μm	from	a	range	of	21,	42,	84,	

169,	and	337	μm.	The	better	quality	and	higher	resolution	scans	provided	images	with	finer	details	

but	created	larger	image	files	and	required	longer	scan	time.	The	focus	or	slide	thickness	was	set	to	0	

mm	as	the	sections	were	placed	directly	on	the	scanner	with	the	cover	slip	facedown.	Images	were	
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then	 opened	with	 the	Odyssey®	Application	 Software	 and	 Image	 Studio,	which	 provided	 a	 simple	

interface	for	image	analyses.	

4.2.2.4 Confocal	microscopy	imaging		

A	SP8	confocal	microscope	(TCS	SP8,	Leica	Microsystems)	was	used	to	capture	high	power	images	of	

the	 ASO	 along	 cerebral	 blood	 vessels.	 Numerous	 objectives	 were	 used	 including:	 x20	 and	 x63	

water/glycerol	immersion	objectives.	

4.3 Results	

To	 evaluate	 the	 route	 of	 entry	 of	 a	 small,	 biologically-relevant	 tracer	 into	 the	 brain	 from	 the	

subarachnoid	CSF	compartment,	ASO	was	 injected	 into	 the	cisterna	magna	of	young	mice	and	 the	

movement	of	tracer	into	the	brain	parenchyma	was	assessed	5-	and	30	min	post	injection	by	ex	vivo	

confocal	imaging.	

4.3.1 Topographic	distribution	of	ASO	after	5	and	30	min	of	injection	into	cisterna	magna	

First,	the	topographic	distribution	of	ASO	in	the	parenchyma	after	5	and	30	min	post-injection	was	

determined	 using	 a	 LI-COR	Odyssey	 scanner	 (Model	 9120).	 This	 scanner	 provided	 a	 time	 efficient	

method	 for	 the	 visualisation	 of	 entire	 coronal	 brain	 slices.	 The	 scanner	 possessed	 two	 laser	 lines	

(700	and	800	nm	in	wavelength)	that	allowed	optimal	excitation	of	Cy7-labelled	ASO.		

A	 total	 of	 ten	 serial	 sections	 from	 the	 olfactory	 bulbs	 to	 the	 midbrain	 region	 were	 scanned	 to	

provide	an	overview	of	 the	widespread	distribution	of	ASO.	After	5	min,	 the	ASO	signal	was	more	

intense	compared	to	30	min	and	was	mainly	observed	along	the	pial	surface	and	ventral	side	of	the	

brain	(Figure	4.1).	Tissue	autofluorescence	was	partially	detected	with	the	700	nm	laser	producing	a	

red	 signal	 that	 was	 observed	 in	 the	 control	 and	 injected	 brains.	 However,	 the	 800	 nm	 laser	

exclusively	 excited	 the	 Cy7-labelled	 ASO	 producing	 a	 green	 signal,	 which	 is	 more	 intense	 in	 the	

sections	examined	5	min	post-injection	compared	to	30	min	based	on	qualitative	assessment	of	the	

microvasculature.		

High	resolution	scans	provided	slightly	more	detail	and	indicated	the	presence	of	tracer	in	structures	

resembling	cerebral	blood	vessels	in	the	cortex,	caudoputamen	and	hippocampal	fissure	(Figure	4.2,	

white	and	 red	arrows).	Soluble	ASO	also	appeared	 in	 the	choroid	plexus	at	 the	 level	of	 the	 lateral	

ventricles	(Figure	4.2,	blue	arrows).	Nevertheless,	the	type	of	vessels	and	anatomical	compartment	
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the	 tracer	 was	 located	 in	 could	 not	 be	 determined	 at	 this	 resolution;	 this	 was	 achieved	 by	

immunofluorescence	staining	using	vascular	markers	and	confocal	microscopy	imaging.	

	

Figure	4.1	|	Low	resolution	LI-COR	images	of	ASO	distribution	in	parenchyma	at	5	and	30	min.	Brain	slices	of	
mice	 injected	 intracisternally	with	0.01M	PBS	 (control)	and	Cy7-labelled	ASO	(green	signal)	at	5	and	30	min.		
Soluble	ASO	appears	intensely	around	the	surface	of	the	brain	and	along	the	ventral	side	after	5	min.	However,	
after	 30	min,	 the	 intensity	 of	 the	 signal	 is	 reduced.	 Tissue	 autofluorescence	 (red)	 appears	 in	 all	 brain	 slices	
including	control.	

	 	



Chapter	4	

89	

	

Figure	4.2	|	High	resolution	LI-COR	images	of	ASO	distribution	at	5	min.	(I	–	VIII)	Coronal	brain	slices	from	the	
anterior	 to	 posterior	 regions	 of	 the	 brain.	 ASO	 appears	 confined	 to	 blood	 vessels	 in	 some	 regions	 (white	
arrows).	 At	 the	 level	 of	 the	 lateral	 ventricles	 (III)	 and	 anterior	 hippocampus	 (IV),	 ASO	 also	 appears	 in	 the	
choroid	plexus	 (blue	arrows).	At	 the	 level	of	 the	posterior	hippocampus	 (VI	and	VII),	ASO	appears	 in	vessels	
located	in	the	hippocampal	fissure	(red	arrows).				

4.3.2 ASO	enters	the	parenchyma	along	the	basement	membrane	of	arteries	

To	 determine	 the	 type	 of	 vessels	 and	 anatomical	 compartment	 in	 which	 the	 ASO	 was	 located,	

coronal	 brain	 sections	 from	 intracisternally	 injected	 mice	 were	 stained	 with	 antibodies	 against	

collagen	 IV	 (basement	 membrane	 marker)	 and	 SMA	 marker	 to	 differentiate	 arteries	 from	 veins.	

Coronal	 sections	 from	 different	 levels	 of	 the	 brain	 including:	 olfactory	 bulbs,	 frontal	 cortex,	

anterior/posterior	 hippocampus,	 midbrain	 and	 hindbrain	 region	 were	 selected	 for	 analysis.	 High	

power	confocal	micrographs	revealed	ASO	colocalisation	with	the	basement	membrane	marker	on	

the	outer	aspect	of	 leptomeningeal	and	cortical	arteries	 (SMA-positive)	after	5	and	30	min	 (Figure	

4.3	A	–	C).	The	tracer	was	not	detected	in	capillaries	or	veins	at	both	time	points.	

After	 30	 min,	 the	 Cy7-labelled	 ASO	 was	 also	 detected	 along	 the	 basement	 membrane	 of	

leptomeningeal	 and	 cortical	 arteries.	 However,	 the	 intensity	 of	 the	 Cy7-labelled	 within	 the	

parenchyma	was	greater	compared	to	5	min	indicating	the	diffusion	of	tracer	from	the	pial	surface	

of	the	brain/the	arteries.	ASO	was	also	detected	in	structures	with	the	morphology	of	astrocytes	or	

neuronal	cell	bodies	(Figure	4.3E	and	4.4).	
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Figure	4.3	|	ASO	entering	brain	parenchyma	along	the	basement	membrane	of	arteries	after	5	and	30	min	of	
injection	into	subarachnoid	CSF.	(A	–	E)	All	sections	were	treated	for	the	immunohistochemical	detection	of	
collagen	IV	(blue)	and	SMA	(green).	(A)	ASO	(red)	located	in	the	midline	fissure	and	colocalised	(purple)	with	
the	basement	membrane	marker	(collagen	IV)	in	the	outer	aspect	of	SMA-positive	arteries	(green).	(B	–	C)	ASO	
entering	the	cerebral	cortex	along	penetrating	arteries	after	5	min.	(D)	ASO	colocalised	with	collagen	IV	along	
an	artery	after	30	min	and	 is	more	 intense	 in	 the	parenchyma	compared	 to	5	min.	ASO	 is	also	present	 in	a	
leptomeningeal	 vessel	 located	 on	 the	 surface	 of	 the	 brain	 (yellow	 arrow).	 (E)	 ASO	 colocalised	 with	 the	
basement	membrane	of	an	artery	and	 in	 structures	with	 the	morphology	astrocytes	or	neuronal	 cell	bodies	
and	was	also	diffuse	in	the	parenchyma	(white	arrows).	

	

Figure	4.4	|	ASO	spreads	diffusely	in	the	parenchyma	after	30	min	of	injection	into	the	cisterna	magna.	(A	–	
C)	 Micrographs	 showing	 ASO	 diffusely	 spread	 in	 the	 parenchyma	 (white	 arrows).	 ASO	 colocalised	 with	 the	
collagen	IV	(blue)	on	the	pial	surface	of	the	brain	and	the	leptomeningeal	SMA	positive	(green)	arteries	(yellow	
arrow).	(D)	Micrograph	of	brain	section	intracisternally	injected	with	PBS,	no	ASO	signal	was	detected.		
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4.4 Discussion	

Following	from	the	previous	study	where	the	entry	route	and	distribution	of	a	biologically	inert	(EBD)	

solute	was	determined	after	injection	into	the	cisterna	magna	of	mice,	the	current	study	focused	on	

confirming	the	route	of	entry	of	a	biologically	relevant	solute	(Cy7-labeled	ASO)	and	determining	a	

time	dependent	difference	 in	the	distribution	of	a	tracer	after	5	and	30	min	(n	=	3/group).	Soluble	

ASO	was	 injected	 into	 the	 cisterna	magna	 of	 young	mice	 using	 the	 volume	 and	 rate	 optimised	 in	

chapter	 3.	 The	 topographic	 distribution	of	 the	 ~	 7	 kDa	 tracer	was	determined	by	 imaging	 coronal	

brain	 slices	using	a	 LI-COR	scanner,	which	 revealed	 the	 spread	of	Cy7-labelled	ASO	across	 the	pial	

surface	of	the	brain	after	5	and	30	min.	Based	on	qualitative	assessment,	the	tracer	signal	was	more	

intense	on	the	ventral	surface	of	the	brain	after	5	min	compared	to	30	min.	The	overall	signal	in	the	

low	resolution	LI-COR	scans	was	also	visibly	less	intense	after	30	min	compared	to	5	min	(Figure	4.1).	

Together	with	the	high	power	confocal	image,	which	revealed	that	the	intensity	of	signal	within	the	

parenchyma	was	greater	at	30	min	compared	to	5	min	(Figure	4.3	D	and	E),	the	data	suggests	that	

the	 tracer	 had	 diffused	 into	 the	 parenchyma.	 Diffusion	 into	 the	 parenchyma	may	 have	 occurred	

from	 the	 pial	 surface	 of	 the	 brain	 or	 from	 the	walls	 of	 the	 leptomeningeal/cortical	 blood	 vessels	

along	which	the	tracer	was	detected	(Figure	4.2).	These	data	confirm	a	time	dependent	difference	in	

tracer	distribution	and	the	findings	with	the	small	MW	(960.81	Da)	and	biologically	inert	EBD,	which	

showed	that	tracers	do	enter	the	brain	from	the	CSF	after	5	min	of	injection	into	the	cisterna	magna.	

To	 determine	 the	 anatomical	 location	 of	 Cy7-labelled	 ASO	 along	 the	 leptomeningeal	 and	 cortical	

blood	 vessels	 penetrating	 the	 parenchyma,	 the	 movement	 of	 tracer	 into	 the	 parenchyma	 was	

assessed	5	and	30	min	post-injection	by	ex	vivo	confocal	fluorescence	imaging	of	coronal	brain	slices.	

Tissue	 sections	 were	 immunostained	 for	 the	 detection	 of	 collagen	 IV	 and	 SMA,	 a	 basement	

membrane	and	artery	marker,	respectively.	After	5	and	30	min,	there	was	direct	colocalisation	of	the	

ASO	 with	 the	 basement	 membrane	 marker	 on	 the	 outer	 aspect	 of	 leptomeningeal	 and	 cortical	

arteries	(Figure	4.3).	The	tracer	was	not	detected	in	capillaries	or	veins	at	both	time	points.	This	also	

confirms	the	findings	with	EBD,	which	was	only	detected	along	the	basement	membrane	of	arteries.	

Soluble	Cy7-labelled	ASO	also	appeared	 in	structures	 resembling	neurons	after	30	min	of	 injection	

into	the	cisterna	magna	(Figure	4.3E),	which	is	unsurprising	considering	its	predilection	for	neurons	

since	it	targets	GABRA1,	an	inhibitory	chloride	ion	channel	[350].	

Biogen	reserve	the	right	to	publish	this	data.		
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 Defining	the	ultrastructure	of	particulate	Chapter	5

matter	entry	route	into	the	brain	from	the	CSF	

5.1 Introduction	

As	demonstrated	 in	chapter	3	and	4,	solutes	 injected	 into	cisternal	CSF	enter	 into	the	parenchyma	

and	colocalise	with	the	basement	membrane	of	leptomeningeal	and	cortical	arteries	at	5	and	30	min	

post-injection.	However,	given	that	solutes	injected	into	the	ISF	are	also	reported	to	drain	from	the	

parenchyma	along	arterial	BMs	in	the	opposite	direction	to	CSF	entry	solutes	[3],	 it	 is	 important	to	

determine	 the	 precise	 anatomical	 route	 by	 which	 solutes	 within	 the	 CSF	 penetrate	 the	 brain	

parenchyma.	

Transmission	electron	microscopy	(TEM)	may	be	used	to	determine	the	ultrastructure	of	the	route	of	

tracer	entry	into	the	brain	parenchyma	from	the	CSF	as	this	type	of	imaging	provides	the	necessary	

resolution	to	visualise	the	100	–	150	nm	wide	cerebrovascular	basement	membranes.	Therefore,	to	

determine	the	anatomical	compartment	of	CSF	entry	into	the	brain	and	test	the	capacity	of	the	CSF	

entry	route	into	the	parenchyma,	the	distribution	of	electron-dense	gold	nanoparticles	after	5	min	of	

injection	into	the	cisterna	magna	was	analysed	using	TEM.	

5.2 Materials	&	methods	

5.2.1 Synthesis	of	15	nm	gold	coated	nanoparticles	

The	negatively	charged	sodium	citrate	coated	spherical	gold	nanoparticles	with	a	diameter	of	15	nm	

were	synthesised	by	another	laboratory	team	member	using	the	Turkevich	method	[351].	Trisodium	

citrate	 (19.5	 mM,	 2.5	 ml)	 was	 boiled	 and	 rapidly	 mixed	 with	 a	 boiled	 solution	 of	 sodium	

tetrachloroaurate	(III)	dehydrate	(0.5	mM,	25	ml)	and	stirred	vigorously	until	a	deep	red	colour	was	

achieved	 indicating	 the	 formation	of	15	nm	spherical	gold	nanoparticles	 (colour	changes	observed	

include:	pale	yellow	 to	 colourless	 to	purple	and	 then	deep	 red).	 The	 solution	was	 cooled	down	at	

room	 temperature	 after	 5	min	 and	 filtered	 using	 a	 0.45	 μm	 syringe	 filter.	 The	 gold	 nanoparticles	

(27.5	 ml)	 were	 then	 mixed	 with	 bis-(-p-sulfonatophenyl)	 phenylphosphine	 dihydrate	 dipotassium	

(BSPP),	stirred	overnight,	precipitated	using	sodium	chloride	(50	mg)	and	purified	by	centrifugation	

at	5000	rpm	for	5	min	at	20	°C	to	cap	the	citrate	coated	nanoparticles	with	BSPP.	The	nanoparticles	

were	re-dispersed	by	sonication	in	Milli-Q	water	(100	μl)	and	stored	at	4	°C.	TEM,	3.05	mm	diameter	



Chapter	5	

93	

Carbon	coated	400	mesh	Copper	grids	and	UV-visible	spectroscopy	were	used	to	confirm	the	size	of	

the	 gold	 nanoparticles.	 The	 concentration	 of	 the	 gold	was	 estimated	 using	 Beer-Lambert	 law	 and	

then	diluted	in	Milli-Q	water	to	the	desired	concentration	of	100	μM.		

5.2.2 Surface	functionalization	of	15	nm	gold	nanoparticles	

Citrate	 coated	 spherical	 nanoparticles	 of	 15	 nm	 diameter	 were	 coated	 with	 Polyethylene	 glycol	

(PEG)	compounds	containing	a	negative	(SH-PEG-NH2)	functional	group.	The	15	nm	nanoparticles	(10	

ml)	were	mixed	with	the	PEG	compound	(5	mg,	200	μl)	whilst	continually	stirring,	incubated	for	2	hr	

on	a	 shaker	 (500	 rpm)	and	 left	 overnight	 at	 4	 °C.	 The	negatively	 charged	gold	nanoparticles	were	

then	purified	by	centrifugation	(3	×	16,400	rpm,	15	min,	10	°C)	and	re-dispersed	by	sonication	in	100	

μl	of	Milli-Q	water.	Nanoparticles	were	sonicated	every	time	before	use	in	surgeries.	

5.2.3 In	vivo	methods	

5.2.3.1 Animals,	anaesthesia	and	intracisternal	injections	

C57BL/6	mice	 aged	 6	 –	 10	weeks	were	 anaesthetised	with	 a	 combination	 of	 10	mg/ml	 ketamine	

(Pfizer)	with	1	mg/ml	xylazine	(Bayer),	injected	intraperitoneally	(0.1	ml	per	10	g	body	weight).	In	a	

surgical	plane	of	anaesthesia,	mice	were	intracisternally	injected	with	2	μl	of	negatively	charged	15	

nm	gold	nanoparticles	at	a	rate	of	0.8	μl/min	(n	=	3).		Injection	pipettes	were	left	in	situ	for	2	min	to	

prevent	 reflux	 and	mice	 were	 sacrificed	 after	 5	 min	 of	 withdrawal	 of	 the	 glass	 capillary	 through	

overdose	with	sodium	pentobarbital	200	mg/kg.	Three	mice	injected	with	0.1M	PIPES	(pH	7.2	–	7.4)	

serving	as	controls.		

5.2.3.2 Intracardial	perfusion	

Following	 injections	 into	 the	 cisterna	 magna,	 optimum	 tissue	 preservation	 was	 achieved	 via	

intracardial	perfusions	with	20	ml	0.1M	PIPES	buffer	(pH	7.2	–	7.4)	followed	by	3.4	%	formaldehyde	

and	3	%	glutaraldehyde	in	0.1	M	PIPES	buffer	(pH	7.2	–	7.4)	at	an	infusion	rate	of	5	ml/min.	Mouse	

brains	were	dissected	and	stored	in	fresh	3.4	%	formaldehyde	and	3	%	glutaraldehyde	in	0.1	M	PIPES	

buffer	(pH	7.2	–	7.4)	ready	for	sectioning.	
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5.2.4 Ex	vivo	methods	

5.2.4.1 Vibratome	tissue	sectioning	and	microdissection	

In	 preparation	 for	 TEM	 processing,	 brains	 were	 sectioned	 using	 a	 Leica	 VT1000	 S	 vibrating	 blade	

microtome	(Leica	Biosystems,	UK).	Initially,	the	cerebellum	and	brainstem	were	separated	from	the	

cerebral	 hemisphere	 by	 creating	 a	 coronal	 incision	 through	 the	 midbrain.	 The	 brain	 was	 then	

superglued	onto	a	mounting	plate	with	the	olfactory	bulbs	facing	upwards	and	 immersed	 in	0.1	M	

PIPES	 buffer	 (pH	 7.2).	 The	 brains	 were	 sliced	 into	 100	 μm	 thick	 coronal	 sections	 and	 transferred	

using	 a	 fine-tip	 paintbrush	 to	 a	 12-well	 cell	 culture	 plate	 containing	 3.4	 %	 formaldehyde	 and	 3%	

glutaraldehyde.	Brain	 regions	of	 interest	were	gently	microdissected	on	dental	wax	using	a	 stereo	

microscope	(LM	Olympus	SZX9).	

5.2.4.2 Tissue	processing	for	transmission	electron	microscopy	

To	identify	the	entry	pathway	at	the	ultrastructural	level,	the	microdissected	regions	of	the	cerebral	

cortex	were	processed	for	TEM.	The	sections	were	first	washed	twice	for	10	min	using	0.1	M	PIPES	

buffer	(pH	7.2	–	7.4)	before	post-fixation	with	1	%	osmium	tetroxide	in	0.1	M	PIPES	(pH	7.2)	for	1	hr	

at	 room	 temperature.	 After	 a	 further	 two	 10	 min	 washes	 in	 0.1	 M	 PIPES,	 the	 sections	 were	

dehydrated	through	an	alcohol	series	(30	%	ethanol	for	10	min,	50	%	ethanol	for	10	min,	1	%	uranyl	

acetate	in	70	%	ethanol	for	30	min,	90	%	ethanol	for	10	min	and	twice	in	100	%	ethanol	for	15	min).	

Sections	were	then	treated	with	acetonitrile	for	10	min	and	left	in	a	50:50	mixture	of	acetonitrile	and	

TAAB	resin	(TAAB	laboratories,	UK)	for	12	hr.	Following	resin	 infiltration,	sections	were	placed	into	

fresh	TAAB	resin	for	6	hr	and	then	transferred	to	fresh	TAAB	resin	prior	to	polymerisation	at	60	°C	

for	48	hr.		

5.2.4.3 Tissue	sectioning	for	transmission	electron	microscopy	

The	polymerised	resin	blocks	were	trimmed	and	shaped	into	trapezoids.	Semi-thin	sections	(0.5	μm	

thick)	were	cut	using	a	Reichurt	Ultracut	E	ultramicrotome	(Reichurt,	Germany).	The	sections	were	

stained	with	1	%	v/v	toluidine	blue	in	1	%	w/v	borax	(Agar	Scientific,	UK)	and	placed	on	a	hotplate	

until	a	green	fringe	appeared	around	the	edge	of	the	stain.	The	sections	were	subsequently	washed	

with	 warm	 running	 tap	 water	 and	 dried.	 A	 Nikon	 80i	 brightfield	 microscope	 at	 10x	 and	 175x	

magnification	 was	 used	 to	 assess	 the	 quality	 of	 the	 tissue.	 Regions	 with	 good	 ultrastructural	

preservation	 were	 further	 microdissected.	 Ultra-thin	 sections	 (90	 nm	 thick)	 were	 cut	 from	 the	

microdissected	block	using	a	diatome	diamond	knife	and	collected	onto	200	mesh	copper/palladium	

grids	(Agar	Scientific,	UK).	Once	the	sections	air-dried,	the	tissue	was	counterstained	by	adding	a	few	
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drops	of	sodium	hydroxide	and	Reynold’s	lead	stain	to	a	square	parafilm	section	on	a	petri	dish.	The	

grids	were	left	to	float	with	the	section	face	down	on	the	Reynold’s	lead	stain	and	the	petri-dish	was	

sealed.	After	5	min,	the	grids	were	washed	with	distilled	water	three	times	and	allowed	to	air-dry.		

5.2.4.4 Transmission	electron	microscopy	imaging		

The	TEM	grids	were	scanned	 in	a	methodical	manner	from	top	 left	to	bottom	right	using	a	Hitachi	

H7000	TEM.	The	 images	were	captured	and	analysed	using	 iTEM	software	 (Universal	TEM	Imaging	

Platform	 Soft	 Imaging	 System,	Münster,	 Germany)	 operating	 a	 MegaView	 III	 digital	 camera	 (Soft	

Imaging	 System,	 Münster,	 Germany).	 TEM	 processing	 and	 imaging	 was	 completed	 with	 the	

assistance	of	team	member	Matthew	McGregor-Sharp.	

5.3 Results	

5.3.1 Distribution	of	intracisternally	injected	15	nm	gold	nanoparticles	in	the	brain	

To	 define	 the	 anatomical	 route	 by	 which	 tracers	 enter	 the	 brain	 from	 the	 CSF,	 15	 nm	 gold	

nanoparticles	 were	 injected	 into	 the	 CSF	 and	 their	 passage	 into	 the	 brain	 was	 traced.	 Figure	 5.1	

illustrates	arteries	close	to	the	pial	surface	of	the	brain	located	in	the	cerebral	cortex.	A	compact	wall	

with	 no	 perivascular	 space	 is	 visible	 around	 the	 arteries.	 All	 aspects	 of	 the	 artery	were	manually	

false-coloured	to	depict	the	different	compartments	of	the	artery	wall.	High	power	images	provided	

the	 resolution	necessary	 to	 visualise	 the	nanoparticles.	 A	 group	of	 15	 nm	gold	 nanoparticles	with	

some	single	nanoparticles	were	observed	primarily	in	the	basement	membrane	on	the	outer	aspect	

of	the	artery	between	a	layer	of	the	leptomeningeal	pia	mater	and	the	astrocyte	layer	of	glia	limitans	

of	the	brain	(Figure	5.1	A	–	F).	This	layer	of	basement	membrane	is	shared	by	the	pia	mater	and	glia	

limitans	 (the	 pial	 –	 glial	 basement	 membrane).	 Very	 few	 nanoparticles	 were	 detected	 in	 the	

basement	 membrane	 surrounding	 the	 smooth	 muscle	 cells	 in	 the	 tunica	 media	 (Figure	 5.1D).	

Nanoparticles	were	only	detected	around	arteries	and	not	observed	around	capillaries	or	veins.	

The	results	indicate	that	15	nm	nanoparticles	do	enter	the	brain	from	the	subarachnoid	CSF	and	that	

the	route	of	entry	is	along	basement	membranes	on	the	outer	aspect	of	arteries,	principally	the	pial	

–	 glial	 basement	membrane	 (Figure	 5.1).	 Although	 nanoparticles	were	 confined	 to	 the	 pial	 –	 glial	

basement	membrane	after	5	min,	some	nanoparticles	were	observed	in	myelinated	neurons	(Figure	

5.1).	Structures	with	the	morphology	of	nanoparticles	were	not	detected	in	the	PIPES	buffer	injected	

controls	(Figure	5.2).		
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Figure	 5.1	 |	 Anatomical	 distribution	 of	 15	 nm	 gold	NPs	 in	 the	 parenchyma.	 (A	 –	 F)	Transmission	 electron	
micrographs	of	arteries	 in	the	cerebral	cortex	near	the	pial	surface	of	the	brain.	Cells	of	the	cerebrovascular	
basement	membranes	 (cvbm)	 form	 compact	 layers	 and	 no	 VR	 spaces	were	 detected	 periarterially.	 (A)	 Low	
power	overview	of	artery	 in	 the	cortex.	 (B)	High	power	micrograph	of	box	 in	A	 illustrating	key	 layers	 in	 the	
artery	 including	 the	 lumen	 (lu),	 endothelium	 (en),	 endothelium	 basement	membrane,	 smooth	muscle	 cells	
(smc),	 smooth	 muscle	 cell	 basement	 membrane,	 leptomeningeal	 layer	 (lm)	 and	 leptomeningeal	 basement	
membrane.	 The	 leptomeningeal	 basement	 membrane	 adjacent	 to	 the	 parenchyma	 (pa)	 contains	
individual/groups	 of	 nanoparticles	 (np).	 Very	 few	 nanoparticles	 can	 be	 seen	 in	 the	 smooth	 muscle	 cell	
basement	membrane.	(C)	Micrograph	of	a	different	artery	 in	the	cerebral	cortex.	(D)	High	power	of	box	 in	C	
showing	most	nanoparticles	in	the	leptomeningeal	basement	membrane	and	one	nanoparticle	in	the	smooth	
muscle	 cell	 basement	membrane.	 (F)	 High	 power	 of	 box	 in	 E	 showing	 nanoparticles	 in	 the	 leptomeningeal	
basement	membrane	and	in	a	myelinated	neuron	(mn)	in	the	parenchyma	adjacent	to	the	artery.	Image	A	and	
B	 are	 reproduced	 with	 permission	 under	 the	 terms	 of	 the	 Creative	 Commons	 Attribution	 4.0	 International	
License	 (http://crea-	 tivecommons.org/licenses/by/4.0/)	 from	Morris	 et	 al	 [274].	 False	 colour	was	 added	 to	
image	B	to	provide	a	clearer	view	of	the	artery	layers.	
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Figure	5.2	 |	Transmission	electron	micrograph	of	 control	mice.	 (A)	 Low	power	micrograph	of	 artery	 in	 the	
cerebral	 cortex	of	mice	 intracisternally	 injected	with	PIPES	buffer.	 Image	 shows	 the	artery	 lumen	and	other	
structures	 in	 the	 parenchyma	 (pa)	 including	 the	 rough	 endoplasmic	 reticulum	 (re),	 mitochondria	 (m)	 and	
nucleus	(nu).	(B)	High	power	micrograph,	which	provides	the	resolution	necessary	to	visualise	nanoparticles,	
shows	 an	 empty	 artery	 and	 its	 layer	 (endothelium,	 en;	 smooth	muscle	 cell,	 smc;	 leptomeningeal	 layer,	 lm;	
cerebrovascular	basement	membrane,	cvbm).			

5.4 Discussion	

In	 chapter	 3	 and	 4,	 it	 was	 confirmed	 that	 solutes	 injected	 into	 subarachnoid	 CSF	 enter	 the	

parenchyma	 along	 the	 basement	 membrane	 of	 arteries.	 The	 current	 set	 of	 experiments	 extend	

those	 findings	 by	 demonstrating	 that	 after	 5	 min,	 15	 nm	 nanoparticles	 enter	 the	 brain	 primarily	

along	the	pial	–	glial	basement	membrane	of	arteries.	Although	the	movement	of	particulate	matter	

(nanoparticles)	 and	 soluble	 molecules	 (such	 as	 EBD	 and	 ASO)	 in	 the	 brain	 are	 not	 directly	

comparable,	 nanoparticles	were	 chosen	 for	 their	 electron	 dense	 characteristics	which	make	 them	

easily	 identifiable	 under	 TEM;	 this	 was	 necessary	 for	 the	 detection	 of	 the	 100	 –	 150	 nm	 wide	

cerebrovascular	basement	membranes	 that	are	not	visible	under	a	 standard	 light	microscope.	The	

time	 point	 of	 5	 min	 was	 chosen	 as	 numerous	 studies	 report	 the	 rapid	 entry	 of	 tracers	 into	 the	

parenchyma	from	the	CSF	within	very	short	time	points	like	5	min	after	injection	and	to	determine	

exclusively	the	capacity	and	anatomical	compartment	of	the	entry	route	of	CSF	into	the	parenchyma	

[94,	174].	

Several	studies	have	reported	the	entry	of	tracers	into	the	parenchyma	from	the	CSF	along	the	walls	

of	blood	vessels	but	referred	to	the	compartment	of	entry	as	a	peri-	or	para-	vascular	space	around	

vessels	 [94,	 95,	 108,	 174].	 This	 is	 in	 contrary	 to	 the	 findings	 of	 the	 current	 study,	which	 show	no	

perivascular	 or	 paravascular	 ‘space’	 around	 the	 cortical	 arteries	 of	 well-fixed	 rodent	 brain	 tissue	

(Figure	 5.1	 and	 5.2).	 The	 discrepancy	 may	 be	 due	 to	 a	 misinterpretation	 of	 cerebrovascular	

basement	 membranes	 as	 spaces	 in	 light	 microscopy	 studies	 that	 do	 not	 provide	 the	 required	



Chapter	5	

98	

resolution	 to	 detect	 the	 individual	 basement	membranes.	 In	 electron	microscopy	 studies	 that	 do	

provide	this	resolution,	the	VR	spaces	may	be	a	misinterpretation	of	artefactual	space	caused	by	the	

swelling	of	astrocyte	processes	in	the	cerebral	cortex	of	poorly	fixed	tissue	[27].	This	is	because	well-

fixed	human	tissue,	similar	to	the	well-fixed	rodent	tissue	 in	this	study,	do	not	reveal	VR	spaces	 in	

the	cerebral	cortex	[15].	

The	 nanoparticles	 from	 the	 CSF	 principally	 entered	 along	 the	 pial	 –	 glial	 basement	membrane	 of	

arteries	 and	 were	 not	 detected	 along	 capillaries	 or	 veins.	 However,	 a	 small	 proportion	 of	 the	

nanoparticles	were	also	identified	in	the	smooth	muscle	cell	basement	membrane	and	in	myelinated	

neurones	(Figure	5.1).	The	nanoparticles	in	the	smooth	muscle	cell	basement	membrane	(if	are	not	

stuck)	may	be	transcytosed	into	the	blood	in	a	similar	manner	to	some	peptides	[276].	It	is	unclear	

how	 the	 nanoparticles	 entered	myelinated	 neurones,	 but	 they	may	 have	 they	may	 have	 diffused	

across	the	astrocyte	membrane	that	is	fused	with	the	pial	–	glial	basement	membrane	and	entered	

into	 neighbouring	 neurones	 as	 some	 studies	 suggest	 an	 intimate	 association	 exists	 between	

neuronal	membranes	 and	 astrocytes	 providing	 the	basis	 for	 neurone-to-astrocyte	 signalling	 in	 the	

brain	 [352].	 The	 nanoparticles	were	 difficult	 to	 detect	 as	 they	were	 relatively	 sparse	 in	 nature	 in	

regions	other	than	the	pial	–	glial	basement	membrane.	However,	to	determine	the	exact	fate	of	the	

nanoparticles	the	route	should	be	investigated	at	longer	time	points	(e.g.	30	min).	

In	conclusion,	the	pathway	of	entry	of	NPs	into	the	parenchyma	is	distinct	from	the	pathway	along	

basement	membranes	surrounding	smooth	muscle	cells	 in	the	tunica	media	by	which	drainage	out	

of	the	brain	occurs.	The	present	study	supports	the	hypothesis	that	vascular	basement	membranes	

are	major	routes	for	the	transport	of	fluid	and	tracers	into	and	out	of	the	brain	parenchyma.	Solutes	

(EBD	 and	 ASO)	 and	 particulate	 matter	 appear	 to	 enter	 the	 parenchyma	 exclusively	 along	 the	

basement	membrane	of	arteries	and	principally	the	pial	–	glial	basement	membrane	after	5	min	of	

injection	into	the	cisterna	magna.	There	also	appears	to	be	no	VR	space	around	the	cortical	arteries	

in	the	young	wildtype	mice.		

Some	of	data	in	this	study	were	published	in	Acta	Neuropathologica	[353].	
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 Pathway	of	Aβ	entry	into	the	brain	from	the	Chapter	6

CSF	and	regional	differences	in	distance	from	

the	brain	surface/base	

6.1 Introduction	

Accumulation	 of	 Aβ	 in	 the	 cerebrovasculature	 contributes	 to	 the	 development	 of	 CAA.	 Vessels	 in	

different	areas	are	differentially	affected	by	CAA	in	humans	and	mouse	models	of	AD	[316-318]	and	

the	efficiency	of	Aβ	clearance	 in	 the	 ISF	via	 IPAD	was	also	shown	to	differ	 in	various	brain	regions	

[204].	Previous	studies	have	suggested	that	Aβ	 is	also	cleared	by	the	CSF	[108].	Tracer	distribution	

from	 the	 CSF	 is	 also	 reportedly	 non-uniform	 [149]	 but	 it	 is	 not	 known	 if	 a	 similar	 difference	 is	

observed	in	the	clearance	of	Aβ	within	the	CSF	between	distinct	brain	regions.		

Having	 demonstrated	 that	 EBD,	 ASO	 and	 nanoparticles	 contained	 within	 the	 CSF	 enter	 the	 brain	

along	 BM,	 including	 the	 glial	 –	 pial	 basement	 membrane,	 the	 purpose	 of	 these	 studies	 was	 to	

determine:	

1. If	 the	 same	 route	 of	 entry	 was	 observed	 for	 Aβ	 following	 after	 5	 and	 30	 min	 following	

injection	into	the	cisterna	magna..	

2. If	there	is	regional	differences	between	the	depth	of	Aβ	entry.		

3. If	there	are	time-dependent	differences	in	depth	of	Aβ	entry	along	vessels.		

6.2 Materials	&	methods	

6.2.1 In	vivo	methods		

6.2.1.1 Human	form	Aβ	

Human	Aβ	1-40	conjugated	to	HiLyte	FluorTM	555	(with	a	MW	of	5	to	>	10	kDa	and	an	excitation	/	

emission	wavelength	of	 551	 /	 567	nm)	was	 injected	 into	 the	 cisterna	magna	of	mice.	 The	Aβ1-40	

arrived	in	powder	form	and	was	reconstituted	with	filtered	1	%	NH4OH.	Oligomeric	Aβ1-40		was	used	

as	opposed	to	Aβ42	as	it	is	the	principal	species	in	vascular	deposits	in	CAA	[242,	243].	
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6.2.1.2 Animals,	anaesthesia	and	intracisternal	injections	

A	group	of	nine	C57BL/6	mice	 aged	6	 –	10	weeks	were	anaesthetised	using	 a	 standard	 isoflurane	

anaesthesia	system.	A	total	of	six	mice	were	intracisternally	injected	with	2	μl	of	100	μM	Aβ	(1-40)	

over	2.5	min	at	a	rate	of	0.8	μl/min.	 Injection	pipettes	were	 left	 in	situ	 for	2	min	to	prevent	reflux	

and	mice	were	sacrificed	at	5	or	30	min	after	withdrawal	of	the	glass	capillary	through	overdose	with	

sodium	pentobarbital	200	mg/kg	(n	=	3	per	time	point).	Three	mice	were	injected	only	with	0.01	M	

PBS,	serving	as	controls	(Figure	6.3	A).		

6.2.1.3 Intracardial	perfusion	and	tissue	storage		

Mice	were	perfused	intracardially	with	20	ml	of	0.01	M	PBS	(pH	of	7.2	–	7.4)	and	4	%	PFA	in	0.01	M	

PBS	(pH	7.2	–	7.4)	at	a	rate	of	5	ml/min.	The	brains	were	post-fixed	in	4	%	PFA	in	0.01	M	PBS	for	6	hr	

to	achieve	optimal	 tissue	 fixation.	The	brains	were	 then	rinsed	with	0.01M	PBS	and	dehydrated	 in	

30	%	sucrose	in	0.01	M	PBS	for	48	hr	prior	to	cryostat	sectioning.	

6.2.2 Ex	vivo	methods	

6.2.2.1 Cryostat	tissue	sectioning	

In	 preparation	 for	 double-labelling	 immunofluorescence	 and	 confocal	 microscopy,	 brains	 were	

sectioned	using	a	cryostat	after	cryoprotection	in	30	%	sucrose	in	0.01	M	PBS	for	48	hr.	Brains	were	

embedded	in	OCT	compound	and	sectioned	coronally	to	a	thickness	of	20	μm.	

6.2.2.2 Double-labelling	immunofluorescence	

Brain	 sections	were	washed	 three	 times	 for	5	min	using	0.01	M	PBS	 (pH	7.2	 -	 7.4).	 Sections	were	

then	 blocked	 in	 15	 %	 NGS	 for	 30	 min	 at	 room	 temperature.	 Subsequently,	 tissue	 sections	 were	

incubated	 with	 monoclonal	 SMA	 conjugated	 to	 FITC	 (1:200,	 diluted	 in	 0.1	 %	 PBST)	 and	 rabbit	

polyclonal	 anti-collagen	 IV	 (1:400,	 diluted	 in	 0.1	 %	 PBST)	 or	 rat	 monoclonal	 α-2	 laminin	 (1:200,	

diluted	 in	 0.1	 %	 PBST,	 Sigma-Aldrich,	 Dorset,	 UK)	 at	 4	 °C	 for	 24	 hr	 in	 a	moist	 chamber.	 Sections	

underwent	 three	 10	 min	 washes	 before	 incubation	 with	 goat	 anti-rabbit	 secondary	 antibody	

conjugated	to	Alexafluor	633	for	1	hr	at	room	temperature.	Sections	were	then	washed	again	three	

times	for	10	min	using	0.01	M	PBS.	Slides	were	mounted	with	Mowiol	containing	the	anti-fade	agent	

Citifluor	and	air-dried	overnight	at	4	°C	prior	to	fluorescence	imaging.	
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6.2.2.3 Confocal	microscopy	imaging	

To	 detect	 the	 entry	 route	 and	 distribution	 Aβ	 in	 the	 parenchyma	 from	 the	 CSF,	 high	 power	

micrographs	 were	 taken	 with	 an	 x63	 water/glycerol	 immersion	 objective	 on	 a	 SP8	 confocal	

microscope.	 Z-stacking	 (a	 digital	 image	 processing	 method)	 was	 used	 to	 take	 multiple	 images	 at	

different	 focal	 distances	 to	 provide	 a	 composite	 image	with	 a	 greater	 depth	 of	 field.	 This	was	 to	

provide	 a	 maximum	 projection	 image	 of	 scans	 through	 the	 thickness	 of	 the	 tissue	 (Figure	 6.1).	

Occasionally,	 a	 single	 optical	 section	 was	 extracted	 from	 the	 maximum	 projection	 to	 provide	 a	

clearer	view	of	tracer	colocalisation	with	particular	vascular	markers.			

	

Figure	6.1	|	3-D	projection	of	a	Z-stack	image.	(A	–	C)	3-D	confocal	micrographs	showing	a	complete	Z-stack	of	
a	cerebral	blood	vessel	from	different	angles.	In	a	2-D	micrograph	only	the	optical	sections	with	the	greatest	
intensity	are	visible.	Therefore,	individual	optical	sections	like	the	ones	indicated	by	the	dotted	white	line	were	
extracted	to	provide	a	clearer	view	of	tracer	colocalisation	with	vascular	markers.	

6.2.2.4 Quantitative	analysis	

To	determine	the	periarterial	distance	of	Aβ	in	the	brain	parenchyma	from	the	CSF,	a	fluid	moving	

around	a	3-D	complex	organ,	 it	was	necessary	to	analyse	representative	sections	of	the	brain	from	

the	olfactory	bulbs	 coronally	 to	 the	posterior	 regions	of	 the	brain.	A	 total	of	108	 coronal	 sections	

from	 six	 distinct	 levels	 of	 the	 brain	 obtained	 at	 5	 and	 30	 min	 after	 injection	 were	 analysed	

individually	using	the	10x	and	63x	objective	on	a	SP8	confocal	microscope.	The	representative	brain	

regions	 were	 taken	 at	 the	 level	 of	 the	 olfactory	 bulbs,	 frontal	 cortex,	 lateral	 ventricles,	 anterior	

hippocampus,	 midbrain	 (tectum/tegmentum)	 and	 cerebellum.	 The	 size	 of	 each	 region	 quantified	

was	180	μm	(anterior-posterior)	(Figure	6.2).	Periarterial	distance	of	Aβ	from	the	surface	or	base	of	

the	brain	was	measured	by	drawing	 two	perpendicular	 lines	 (one	 travelling	 in	 the	direction	of	 the	

vessel	 and	 a	 tangent	 of	 the	 surface/base	 of	 the	 brain)	 and	 determining	 the	 distance	 of	 the	 Aβ-

positive	vessel	from	the	point	at	which	the	two	lines	intersected	(Figure	6.2).	
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Figure	 6.2	 |	Method	 for	measuring	 periarterial	 Aβ	 distance	 in	 the	 brain.	 (A)	 Sagittal	 view	 of	mouse	 brain	
illustrating	the	locations	(I	–	VI)	at	which	representative	slices	were	taken	to	analyse	the	penetration	of	Aβ	in	
the	brain	 from	 the	CSF.	 (A,	 I-VI)	 Sections	were	 taken	 from	 the	 level	 of	 the	olfactory	 bulbs,	 cerebral	 cortex,	
lateral	 ventricles,	 anterior	 hippocampus,	midbrain/hindbrain	 and	 cerebellum.	 The	 total	 length	 of	 each	 level	
analysed	per	mouse	 (n	=	3/group)	was	180	μm	 (double	headed	arrow).	 (B)	Coronal	 view	of	 the	brain	 levels	
selected	 for	 analysis;	 mouse	 brains	 for	 this	 study	 were	 sectioned	 coronally.	 (C)	 Confocal	 micrographs	
corresponding	with	the	boxes	in	B,	III	(1-3).	(C,	1)	Micrograph	illustrating	two	perpendicular	lines,	a	tangent	to	
the	midline	 fissure	 in	 the	 cerebral	 and	 another	 line	 in	 the	 direction	 of	 the	 Aβ-positive	 vessel.	 (C,	 2)	 Same	
quantification	method	applied	to	the	Aβ-positive	vessel	in	the	caudoputamen	in	relation	to	the	lateral	ventricle	
(asterisk).	 (C,	3)	Distance	of	Aβ-positive	vessel	measured	 in	the	striatum	in	relation	to	the	base	of	the	brain.	
Scale	bar:	150	μm.	
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6.2.2.5 Statistical	analysis	

Data	 were	 checked	 for	 normality	 using	 the	 D’Agostino	 &	 Pearson	 omnibus	 and	 Shapiro-Wilk	

normality	tests.	As	the	data	in	some	groups	were	not	normally	distributed,	values	were	transformed	

to	 Log10	 to	 obtain	 a	 normal	 distribution.	 One-way	 ANOVA	 with	 Sidak	 post-hoc	 test	 was	 used	 to	

compare	 regional	 differences	 in	 the	 periarterial	 distance	 of	 Aβ	 at	 any	 one	 time	 point.	 Two-way	

ANOVA	 with	 Sidak	 post-hoc	 test	 was	 used	 to	 compare	 the	 periarterial	 distance	 of	 Aβ	 in	 twelve	

different	brain	regions	at	both	5	min	and	30	min	post-injection	into	the	cisterna	magna.	

6.3 Results		

6.3.1 Anatomical	distribution	of	Aβ	after	injection	into	cisternal	CSF		

The	anatomical	 compartment	 along	which	Aβ	entered	 the	brain	 from	 the	CSF	was	determined	by	

confocal	microscopy	imaging	of	immunostained	coronal	brain	slices.	

6.3.1.1 Aβ	entry	into	brain	5	min	compared	30	min	after	injection	into	cisternal	CSF		

First,	the	route	of	entry	of	Aβ1-40	contained	within	the	CSF	into	the	brain	was	evaluated	by	double-

labelling	 immunohistochemistry	and	confocal	microscopy.	The	anatomical	distribution	of	Aβ	 in	 the	

brain	and	 the	 type	of	Aβ-positive	blood	vessels	were	determined	by	 staining	 the	 sections	with	an	

SMA	marker	to	differentiate	arteries	from	veins,	a	general	basement	membrane	marker	(collagen	IV)	

and	a	specific	astrocytic	basement	membrane	marker	(α-2	laminin).	The	anatomical	compartment	in	

which	the	tracer	was	contained	was	investigated	and	compared	after	5	and	30	min	of	injection	into	

the	cisterna	magna.	

The	 results	 demonstrate	 the	 colocalisation	 of	 Aβ	with	 collagen	 IV	 after	 5	 and	 30.	 At	 5	min	 post-

injection,	Aβ	was	only	detected	along	 leptomeningeal	 and	 cortical	 arteries.	 Soluble	Aβ	 colocalised	

with	both	collagen	IV	on	the	abluminal	side	of	the	vessel	and	α-2	laminin,	indicating	its	likely	location	

in	the	pial	–	glial	basement	membrane	(Figure	6.3).	

At	30	min	post-injection,	Aβ	was	detected	in	walls	of	leptomeningeal	and	cortical	arteries	but	not	in	

the	walls	of	capillaries	and	veins.	At	this	time	point,	the	arteries	displayed	‘striated’	rings	of	Aβ	that	

were	similar	to	the	pattern	of	Aβ	deposition	in	the	walls	of	arteries	as	CAA,	suggesting	that	Aβ	was	

now	in	the	basement	membrane	surrounding	smooth	muscle	cells	(Figure	6.4).	
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Figure	6.3	|	Anatomical	entry	route	of	Aβ	into	the	brain	from	the	CSF	at	5	min	post-injection.	(A)	Secondary	
antibody	 control	 on	 PBS	 injected	 brain	 tissue.	 (B)	 Aβ	 (red)	 enters	 the	 brain	 only	 along	 the	walls	 of	 arteries	
(SMA-positive	vessels,	green),	colocalises	with	the	cerebrovascular	basement	membrane	marker	(collagen	IV,	
blue)	 and	 appears	 on	 the	 abluminal	 side	 of	 the	 vessel	 in	 the	 parenchyma.	 The	 tracer	 shows	 a	 smooth	
appearance	indicating	its	likely	presence	in	the	pial-glial	basement	membrane.	(C)	Soluble	Aβ	(red)	colocalised	
with	α-2	laminin	(green)	along	the	wall	of	a	penetrating	cerebral	vessel	(yellow	arrows).	It	also	colocalised	with	
blue	collagen	IV	(purple	arrows).	(D	–	F)	Single	optical	sections	from	the	maximum	projection	in	B	to	provide	a	
clearer	 view	 of	 the	 colocalisation	 between	 α-2	 laminin	 and	 collagen	 α-2	 laminin	 (yellow	 arrows).	 (G	 –	 I)	
Micrographs	 of	 individual	 channels	 showing	 α-2	 laminin,	 Aβ	 and	 collagen	 IV	 staining;	 these	 images	 were	
overlayed	to	create	image	B.	
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Figure	6.4	|	Anatomical	entry	route	of	Aβ	into	the	brain	from	the	CSF	at	30	min	post-injection.	(A)	Striated	
rings	 of	 Aβ	 (red)	 colocalised	with	 collagen	 IV	 (blue)	 in	 the	wall	 of	 a	 SMA-positive	 artery	 (green).	 (B)	 Single	
optical	section	from	A	providing	a	cross-sectional	view	of	the	circumferential	Aβ	rings	in	the	wall	of	the	artery.	
(C)	Soluble	Aβ	 (red)	 showing	 colocalisation	with	 collagen	 IV	 (blue)	around	a	 the	wall	of	 a	penetrating	blood	
vessel	 (purple	 arrow)	 but	 no	 colocalisation	with	 α-2	 laminin	with	 the	 exception	 of	 one	 small	 region	 on	 the	
outer	extremity	of	the	vessel	(yellow	arrows).	(D	-	F)	Single	optical	sections	of	vessel	in	C	providing	clearer	view	
of	Aβ	colocalisation	with	collagen	IV	(purple	arrows)	and	little	colocalisation	with	α-2	laminin	(yellow	arrows)	
outside	the	vessel.	(G	–	I)	Micrographs	of	individual	channels	overlayed	in	C.	
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6.3.2 Periarterial	distance	of	Aβ	in	parenchyma	in	young	mice	

Next,	the	periarterial	distance	of	Aβ	at	any	one	time	point	(5	and	30	min)	was	determined	using	the	

quantification	 method	 illustrated	 in	 Figure	 6.2.	 Untransformed	 mean	 values	 of	 the	 periarterial	

distance	 of	 Aβ	 is	 shown	 in	 Table	 6.1	 and	 6.2.	Normally	 distributed	 data	 presented	 in	 the	 form	of	

histograms	show	the	Log10	values.	

6.3.2.1 Regional	differences	in	periarterial	Aβ	distance	after	5	min		

Soluble	Aβ	 injected	 into	the	CSF	was	only	observed	along	the	walls	of	 leptomeningeal	and	cortical	

arteries	after	5	and	30	min	of	 injection.	The	depth	of	penetration	of	Aβ	along	the	walls	of	cortical	

arteries	was	calculated	 in	twelve	different	brain	regions	(Figure	6.3).	At	5	min	post-injection,	there	

was	no	statistically	significant	difference	between	the	periarterial	Aβ	distance	in	the	olfactory	bulbs	

and	 the	 frontal,	 parietal,	 occipital	 and	entorhinal	 cortices.	However,	 the	distance	was	 significantly	

greater	 in	 the	 visual	 cortex	 compared	 to	 the	olfactory	bulbs	 (P	 <	0.0001).	When	 compared	 to	 the	

hypothalamus,	 the	periarterial	Aβ	distance	 in	 the	olfactory	bulbs	 showed	no	difference.	However,	

when	 compared	 to	 other	 subcortical	 regions	 like	 the	 caudoputamen	 and	 thalamus,	 the	 olfactory	

bulbs	show	significantly	reduced	periarterial	Aβ	distance	(P	≤	0.001).	In	more	posterior	brain	regions	

like	 the	 tectum	and	 tegmentum,	 there	was	no	 statistically	 significant	difference	 in	 the	periarterial	

distance	of	Aβ	compared	to	the	olfactory	bulbs.	However,	in	regions	of	close	proximity	to	injection	

site	like	the	pons	and	the	cerebellar	molecular	layer,	the	distance	was	significantly	greater	compared	

to	the	olfactory	bulbs	(P	<	0.05).	

Differences	amongst	the	cortical	regions	indicated	longer	periarterial	Aβ	distance	in	the	visual	cortex	

than	the	frontal,	parietal,	occipital	and	entorhinal	cortices	(P	≤	0.001).	In	the	subcortical	regions,	the	

periarterial	 Aβ	 distance	 in	 the	 hypothalamus	 was	 significantly	 reduced	 compared	 to	 the	

caudoputamen	 and	 the	 thalamus	 (P	 ≤	 0.01).	 In	 posterior	 regions	 of	 the	 brain	 including	 the	

tectum/tegmentum,	 pons	 and	 cerebellar	 molecular	 layer,	 a	 statistically	 significant	 difference	 was	

detected	 only	 between	 the	 tectum/tegmentum	 and	 the	 pons,	 with	 the	 pons	 showing	 greater	

periarterial	 Aβ	 distance	 (P	 <	 0.05).	 Out	 of	 all	 twelve	 brain	 regions,	 the	 periarterial	 Aβ	 distance	

detected	in	the	pons	was	the	greatest	and	no	Aβ	was	detected	in	the	corpus	callosum.		
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Table	6.1	|	Untransformed	mean	values	of	periarterial	Aβ	distance	at	5	min.	The	values	 in	each	cell	under	
mouse	1	–	3	represent	the	mean	periarterial	distance	of	Aβ	in	three	coronal	slices	per	brain	region.	A	total	of	
54	coronal	slices	were	quantified	at	5	min	post-injection	 in	twelve	brain	regions	from	six	different	 levels	 (I	–	
VI).	The	mean	value	for	all	three	mice	was	calculated	in	the	cells	on	the	far	right.			
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Figure	 6.5	 |	 Regional	 differences	 in	 the	 periarterial	 distance	 of	 Aβ	 at	 5	 min	 post-injection	 into	 CSF.	 (A)	
Colour-coded	schematic	of	mouse	sagittal	brain	section	illustrating	the	regions	of	the	brain	quantified	(lines	I	–	
VI).	(B)	Bar	chart	of	normally	distributed	periarterial	Aβ	distance	(Log10	in	μm)	against	twelve	different	brain	
regions	from	six	different	brain	levels.	Regions	were	categorised	such	that	all	cortical	regions	and	subcortical	
regions	 were	 compared	 to	 one	 another,	 as	 well	 as	 the	 tectum/tegmentum	 (tec/teg),	 pons	 and	 cerebellar	
molecular	 layer	 (ML).	 The	 statistical	 significance	 between	 all	 olfactory	 bulbs	 (OB)	 and	 all	 the	 other	 regions	
shown	was	 also	determined.	Colour	of	 each	bar	 corresponds	 to	 the	 colour	of	 the	 schematic	 in	A.	Bar	 chart	
values	 are	mean	 ±	 standard	 error	 of	 the	mean	 (SEM).	 Differences	 among	means	 are	 statistically	 significant	
(one-way	ANOVA,	P	<	0.0001).	(Asterisks:	*	P	<	0.05;	**	P	≤	0.01;	***	P	≤	0.001,	****	P	≤	0.0001).	
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6.3.2.2 Regional	differences	in	the	periarterial	distance	of	Aβ	after	30	min	

Regional	differences	 in	periarterial	Aβ	distance	after	30	min	were	similar	to	those	detected	after	5	

min.	However,	there	were	key	differences	particularly	between	the	olfactory	bulbs	and	the	cortical,	

subcortical	and	posterior	brain	regions.	Unlike	5	min,	where	a	statistically	significant	difference	was	

only	detected	between	the	olfactory	bulbs	and	the	visual	cortex,	caudoputamen,	thalamus,	pons	and	

cerebellar	molecular	layer,	at	30	min,	there	was	a	statistically	significant	difference	in	the	periarterial	

Aβ	distance	 in	all	eleven	regions	compared	to	 the	olfactory	bulbs	 (P	≤	0.0001).	The	periarterial	Aβ	

distance	 in	 the	 olfactory	 bulbs	 was	 significantly	 less	 than	 all	 five	 (frontal,	 parietal,	 occipital,	

entorhinal	and	visual)	cortices,	three	subcortices	(caudoputamen,	thalamus	and	hypothalamus)	and	

the	posterior	regions	including	the	tectum/tegmentum,	pons	and	cerebellar	molecular	layer	(Figure	

6.6).		

In	the	cortical	regions	of	the	brain,	the	entorhinal	cortex	showed	significantly	greater	periarterial	Aβ	

distance	 compared	 to	 the	 frontal	 cortex	 (P	 ≤	 0.01).	 The	 visual	 cortex	 on	 the	 other	 hand	 showed	

significantly	 greater	 periarterial	 Aβ	 distance	 compared	 to	 all	 other	 cortical	 regions	 including	 the	

frontal,	parietal,	occipital	and	entorhinal	cortex	after	30	min	of	intracisternal	injection	(P	≤	0.0001).	

However,	no	significant	difference	was	detected	between	the	frontal,	parietal	and	occipital	cortices.	

In	 the	 subcortical	 regions,	 the	 periarterial	 Aβ	 distance	 in	 the	 hypothalamus	 was	 significantly	 less	

than	the	caudoputamen	and	thalamus	(P	≤	0.0001).	There	was	no	significant	difference	between	the	

caudoputamen	and	thalamus.	In	posterior	regions	of	the	brain,	a	significant	difference	in	periarterial	

Aβ	 distance	was	 only	 detected	 between	 the	 pons	 and	 the	 tectum/tegmentum	 and	 the	 cerebellar	

molecular	 layer	 (P	 ≤	 0.0001).	 The	 pons	 showed	 significantly	 greater	 periarterial	 Aβ	 distance	

compared	 to	 the	 latter	 two	 regions.	 Similar	 to	 5	min	 after	 intracisternal	 injection,	 the	 region	 that	

showed	furthest	periarterial	Aβ	distance	after	30	min	was	also	the	pons	(Figure	6.6).			
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Table	6.2	|	Untransformed	mean	values	of	periarterial	Aβ	distance	at	30	min.	The	values	in	each	cell	under	
mouse	1	–	3	 represent	 the	mean	periarterial	distance	of	Aβ	 in	 three	coronal	brain	slices	per	brain	 region.	A	
total	of	54	 coronal	 slices	were	quantified	at	30	min	post-injection	 in	 twelve	brain	 regions	 from	six	different	
levels	(I	–	VI).	The	mean	value	for	all	three	mice	was	calculated	in	the	cells	on	the	far	right.	
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Figure	6.6	|	Regional	differences	 in	periarterial	Aβ	distance	after	30	min	of	 injection	 into	CSF.	Bar	chart	of	
normally	distributed	periarterial	Aβ	distance	(Log10	in	μm)	along	arteries	against	twelve	different	brain	regions	
from	six	different	brain	levels.	Bar	chart	values	are	mean	±	SEM	and	show	statistically	significant	differences	in	
the	 cortical,	 subcortical	 and	 posterior	 brain	 regions	 including	 the	 tectum/tegmentum	 (tec/teg),	 pons	 and	
cerebellar	 molecular	 layer	 (ML).	 All	 eleven	 regions	 are	 significantly	 different	 from	 the	 olfactory	 bulb	 (OB).	
Differences	among	means	are	statistically	significant	(one-way	ANOVA,	P	<	0.0001).	(*	P	<	0.05;	**	P	≤	0.01	***	
P	≤	0.001,	****	P	≤	0.0001).	
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6.3.3 Comparing	regional	differences	in	periarterial	Aβ	distance	with	time	(5	and	30	min)	

The	 effect	 of	 time	 on	 periarterial	 Aβ	 distance	was	 also	 investigated	 in	 regions	 at	 the	 level	 of	 the	

olfactory	 bulbs,	 frontal	 cortex,	 lateral	 ventricles,	 anterior	 hippocampus,	 tectum/pons	 and	 the	

cerebellum.	 In	 all	 of	 the	 regions	 analysed,	 the	 periarterial	 Aβ	 distance	 at	 30	 min	 was	 greater	

compared	 to	 5	 min	 of	 injection	 into	 the	 CSF.	 The	 data	 set	 were	 compared	 and	 displayed	 using	

histograms	shown	in	figures	6.8	to	6.13.	

6.3.3.1 Distribution	and	periarterial	Aβ	distance	in	the	olfactory	bulbs	

At	 the	 level	 of	 the	 olfactory	 bulbs,	 soluble	 Aβ	was	 detected	 in	 the	 basement	membranes	 around	

arteries	 and	 pial	 surface	 of	 the	 brain	 after	 5	 and	 30	min,	 but	 was	 also	 detected	 in	 the	 olfactory	

nerves	 and	 structures	with	 the	morphology	 of	 neuronal	 cell	 bodies	 after	 30	min	 (Figure	 6.7).	 The	

mean	distance	of	Aβ	periarterially	was	 significantly	greater	after	30	min	compared	 to	5	min	 (two-

way	ANOVA,	P	<	0.001)	(Figure	6.8).	Soluble	Aβ	appeared	to	enter	mainly	from	the	olfactory	sulcus	

at	both	time	points	and	was	not	detected	in	the	granular	layer	of	the	olfactory	bulbs.	
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Figure	6.7	|	Overview	of	Aβ	distribution	 in	 the	olfactory	bulbs	at	5	and	30	min	post-injection.	Low	power	
confocal	micrographs	(tile	scans)	stitched	to	produce	a	montage	of	the	olfactory	bulbs	after	5	and	30	min	of	
injection	 into	the	CSF.	(A-D)	High	power	 images	of	regions	outlined	with	a	white	square	 in	the	overview.	(A)	
Soluble	Aβ	 (red)	 colocalised	 (purple/pink)	with	 the	basement	membrane	marker	 (collagen	 IV,	 blue)	 in	 SMA-
positive	arteries	(green)	after	5	min.	(B)	Aβ	colocalised	with	collagen	IV	in	the	walls	of	arteries	after	30	min.	(C-
D)	Aβ	colocalised	with	collagen	IV	in	the	walls	of	arteries	and	was	also	detected	in	the	olfactory	nerves	(white	
arrows).	Scale	bars:	1000	μm,	black;	50	μm,	white;	25	μm,	yellow.	
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Figure	6.8	|	Periarterial	Aβ	distance	is	greater	after	30	min	in	the	olfactory	bulbs.	(A)	Anatomical	schematic	
of	mouse	olfactory	bulbs	 labelled	with	reference	to	the	Mouse	Brain	Atlas	(309).	Black	outline	on	right	hand	
side	 indicates	the	region	quantified.	 (B)	Bar	chart	of	periarterial	Aβ	distance	(Log10	 in	μm)	against	 time	after	
injection	 into	 cisternal	 CSF	 (5	 and	 30	 min)	 at	 the	 level	 of	 the	 olfactory	 bulbs.	 Periarterial	 Aβ	 distance	 is	
significantly	greater	at	30	min	compared	to	5	min	(P	≤	0.001).	Values	are	mean	±	SEM	(two-way	ANOVA,	P	<	
0.0001).	
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6.3.3.2 Distribution	and	periarterial	Aβ	distance	in	the	frontal	cortex	

At	 the	 level	 of	 the	 frontal	 cortex,	 soluble	Aβ	 at	 5	 and	 30	min	 post-injection	was	 detected	only	 in	

SMA-positive	vessels	and	colocalised	with	the	basement	membrane	marker	(collagen	IV).	Soluble	Aβ	

appeared	 to	 enter	 walls	 of	 arteries	 of	 the	 cerebral	 cortex	 mainly	 from	 the	 longitudinal	 midline	

fissure	and	the	area	between	the	olfactory	bulbs	and	the	 frontal	cortex.	After	30	min,	Aβ	was	still	

confined	to	the	basement	membrane	of	arteries	and	did	not	appear	diffuse	in	the	parenchyma.	The	

mean	penetration	 depth	 of	Aβ	periarterially	was	 significantly	 greater	 after	 30	min	 compared	 to	 5	

min	(two-way	ANOVA,	P	<	0.0001)	(Figure	6.9).	
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Figure	6.9	|	Periarterial	Aβ	distance	in	the	frontal	cortex	is	greater	at	30	min	post-injection.	(A)	Anatomical	
schematic	 of	mouse	 frontal	 cortex	 labelled	with	 reference	 to	 the	Mouse	Brain	Atlas	 (309).	 Black	 outline	 on	
right	hand	side	indicates	the	region	of	the	brain	quantified.	 (B)	Bar	chart	of	periarterial	Aβ	distance	(Log10	 in	
μm)	against	time	after	injection	into	cisternal	CSF	(5	and	30	min)	at	the	level	of	the	frontal	cortex.	The	distance	
was	significantly	greater	after	30	min	(P	≤	0.0001).	Values	are	mean	±	SEM	(two-way	ANOVA,	P	<	0.0001).	
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6.3.3.3 Distribution	and	periarterial	Aβ	distance	in	the	parietal	cortex	and	caudoputamen	

At	 the	 level	of	 the	 lateral	ventricles,	distribution	and	depth	of	periarterial	Aβ	was	analysed	 in	 two	

regions	 including	the	parietal	cortex	and	the	caudoputamen.	Similar	 to	all	 the	regions	of	 the	brain	

analysed	so	far,	the	Aβ	appeared	to	enter	along	the	walls	of	arteries	after	5	and	30	min	of	injection	

into	the	CSF.	At	both	time	points,	Aβ	could	only	be	detected	in	SMA-positive	vessels	and	colocalised	

with	the	basement	membrane	marker.	After	30	min	of	 injection,	Aβ	still	appeared	confined	to	the	

basement	membrane	 around	 arteries	 and	 did	 not	 diffuse	 into	 the	 brain	 parenchyma.	 Soluble	 Aβ	

penetration	 into	 the	 cortex	 from	 the	 longitudinal	 midline	 fissure	 was	 observed	 at	 this	 level.	 The	

mean	 periarterial	 distance	 of	 Aβ	 periarterially	 in	 the	 parietal	 cortex	 and	 caudoputamen	 was	

significantly	greater	after	30	min	compared	to	5	min	(two-way	ANOVA,	P	<	0.0001)	(Figure	6.10).	The	

periarterial	distance	of	Aβ	in	the	caudoputamen	was	measured	from	the	lateral	ventricles.	
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Figure	 6.10	 |	 Penetration	 of	 Aβ	 after	 5	 and	 30	min	 at	 the	 level	 of	 the	 lateral	 ventricles.	 (A)	 Anatomical	
schematic	of	mouse	brain	at	the	level	of	the	lateral	ventricles,	labelled	with	reference	to	the	Mouse	Brain	Atlas	
(309).	 Regions	 outlined	 in	 black	 on	 the	 right	 depict	 the	 areas	 quantified.	 (B)	 Bar	 chart	 of	 periarterial	 Aβ	
distance	(Log10	in	μm)	against	time	after	injection	into	cisternal	CSF	(5	and	30	min)	in	the	parietal	cortex	and	
caudoputamen.	In	both	regions,	periarterial	Aβ	distance	was	significantly	greater	after	30	min	compared	to	5	
min	(P	≤	0.0001).	Values	are	mean	±	SEM	(two-way	ANOVA,	P	<	0.0001).	
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6.3.3.4 Distribution	and	periarterial	Aβ	distance	in	the	occipital	cortex,	thalamus	and	

hypothalamus	

At	the	level	of	the	anterior	hippocampus,	the	distribution	and	depth	of	periarterial	Aβ	was	analysed	

in	three	regions	including	the	occipital	cortex,	thalamus	and	hypothalamus.	The	Aβ	colocalised	with	

the	basement	membrane	marker	and	entered	 the	brain	along	 the	walls	of	arteries	 in	 the	occipital	

cortex,	 thalamus	and	hypothalamus	after	5	and	30	min	of	 injection	 into	 the	CSF.	At	5	and	30	min	

post-injection,	the	greatest	periarterial	distance	of	Aβ	was	detected	in	the	thalamus	and	the	lowest	

in	 the	hypothalamus	compared	 to	 the	occipital	 cortex	 (P	≤	0.0001)	 (Figure	6.11).	 Soluble	Aβ	entry	

into	the	occipital	cortex	from	the	longitudinal	midline	fissure	was	also	observed	at	this	 level	of	the	

brain.	 In	 all	 three	 regions,	 the	 distance	 of	 periarterial	 Aβ	 was	 significantly	 higher	 after	 30	 min.	

Soluble	 Aβ	 was	 still	 confined	 to	 walls	 of	 arteries	 after	 30	min	 and	 did	 not	 diffuse	 into	 the	 brain	

parenchyma	in	all	of	the	regions	analysed.		
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Figure	6.11	|	Distance	of	periarterial	Aβ	in	the	occipital	cortex,	thalamus	and	hypothalamus	at	5	and	30	min	
post-injection.	 (A)	 Anatomical	 schematic	 of	mouse	 brain	 at	 the	 level	 of	 the	 lateral	 ventricles,	 labelled	with	
reference	 to	 the	Mouse	Brain	Atlas	 (309).	 Black	outlines	 depict	 the	 regions	of	 the	brain	 quantified.	 Colours	
correspond	to	the	bar	charts	below.	(B)	Bar	chart	of	periarterial	Aβ	distance	(Log10	 in	μm)	against	time	after	
injection	into	cisternal	CSF	(5	and	30	min)	in	the	occipital	cortex,	thalamus	and	hypothalamus.	Periarterial	Aβ	
distance	after	30	min	 is	 significantly	greater	 than	5	min	 in	all	 three	regions	 (P	≤	0.0001).	Values	are	mean	±	
SEM	(two-way	ANOVA,	P	<	0.0001).	
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6.3.3.5 Distribution	and	periarterial	Aβ	distance	in	the	tectum/tegmentum,	pons,	entorhinal	

cortex	and	visual	cortex	

The	periarterial	Aβ	distance	 in	the	midbrain	tectum/tegmentum,	hindbrain	pons,	entorhinal	cortex	

and	visual	cortex	were	also	quantitatively	analysed.	The	mean	depth	of	Aβ	periarterially	in	the	pons	

was	 significantly	 greater	 than	 the	 other	 three	 regions	 at	 both	 time	 points	 (two-way	 ANOVA,	 P	 <	

0.0001)	 (Figure	 6.12).	 The	 periarterial	 distance	 of	 Aβ	 in	 the	 pons	was	 also	 approximately	 600	 μm	

further	after	30	min	compared	to	5	min	after	injection	into	the	cisterna	magna	(Table	6.2).		
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Figure	 6.12	 |	 Periarterial	 Aβ	 distance	 after	 in	 the	 tectum/tegmentum,	 pons,	 entorhinal	 cortex	 and	 visual	
cortex	at	5	and	30	min	post-injection.	(A)	Anatomical	schematic	of	mouse	brain	at	the	level	of	the	midbrain	
tectum/tegmentum	labelled	with	reference	to	the	Mouse	Brain	Atlas	(309).	Black	outlines	on	right	indicate	the	
regions	of	the	brain	that	were	quantitatively	analysed.	The	regions	are	colour	coordinated	with	the	bar	chart	
below.	(B)	Bar	chart	of	periarterial	Aβ	distance	(Log10	 in	μm)	against	time	after	 injection	into	cisternal	CSF	(5	
and	30	min)	at	the	level	of	the	tectum.	Penetration	distance	after	30	min	is	significantly	greater	than	5	min	in	
all	regions	(P	≤	0.0001).	Values	are	mean	±	SEM	(two-way	ANOVA,	P	<	0.0001).	
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6.3.3.6 Distribution	and	periarterial	Aβ	distance	in	the	cerebellar	molecular	layer	

Despite	 its	 close	 proximity	 to	 the	 site	 of	 injection,	 the	molecular	 layer	 of	 the	 cerebellum	 showed	

little	 periarterial	 Aβ	 penetration	 after	 5	 min	 compared	 to	 the	 pons	 from	 the	 subarachnoid	 CSF.	

However,	 like	 all	 the	 twelve	 regions	 analysed	 in	 this	 chapter,	 the	 distance	 of	 periarterial	 Aβ	was	

significantly	greater	after	30	min	in	the	cerebellar	molecular	layer	(P	≤	0.0001)	(Figure	6.13).	
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Figure	6.13	|	Periarterial	Aβ	distance	 in	 the	cerebellar	molecular	 layer	at	5	and	30	min	post-injection.	 (A)	
Anatomical	 schematic	 of	mouse	 brain	 at	 the	 level	 of	 the	 cerebellum	 labelled	with	 reference	 to	 the	Mouse	
Brain	Atlas	 (309).	Black	outline	on	 the	 right	 indicates	 the	 region	of	 the	cerebellum	quantified.	The	bar	chart	
below	is	colour	coordinated	with	the	schematic.	(B)	Bar	chart	of	periarterial	Aβ	distance	(Log10	in	μm)	against	
time	after	 injection	 into	cisternal	CSF	 (5	and	30	min)	at	 the	 level	of	 the	cerebellum.	Periarterial	Aβ	distance	
after	30	min	 is	 significantly	 greater	 than	5	min	 (P	≤	0.0001).	Values	 are	mean	±	 SEM	 (two-way	ANOVA,	P	 <	
0.0001).	
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6.4 Discussion	

Accumulation	of	Aβ	in	the	cerebrovasculature	contributes	to	the	development	of	CAA	and	since	the	

elimination	of	 solutes	 via	 the	CSF	 is	one	of	 the	major	 clearance	mechanisms	 for	Aβ	 from	 the	CNS	

[297],	the	current	study	set	to	investigate	the	entry	route	of	Aβ	contained	in	the	CSF	into	the	brain	

parenchyma.	The	findings	confirm	that	the	entry	route	of	Aβ	from	the	CSF	into	the	parenchyma	like	

EBD,	ASO	and	nanoparticles	is	along	the	basement	membranes	of	arteries	and	principally	the	pial	–	

glial	basement	membrane	(Figure	6.3).	Soluble	Aβ	was	only	detected	along	the	basement	membrane	

of	leptomeningeal	and	cortical	arteries	at	5	min	of	injection	and	not	along	capillaries	or	veins.	At	this	

point,	 Aβ	 colocalised	 with	 the	 α-2	 laminin	 marker	 for	 the	 detection	 of	 the	 pial	 –	 glial	 basement	

membrane	of	arteries.	Based	on	the	resolution	provided	by	a	confocal	microscope	that	was	used	by	

Illiff	et	al	 [108],	 it	 cannot	be	accurately	determined	whether	or	not	 the	 tracer	was	 in	perivascular	

spaces.	 However,	 conclusions	 can	 be	 drawn	 from	 ultrastructural	 studies	 using	 TEM	 of	 well-fixed	

tissue	as	shown	in	chapter	5	where	spaces	around	penetrating	cortical	arteries	were	not	detected.	

Taken	together,	this	information	would	suggest	that	solutes	like	Aβ	detected	in	perivascular	spaces	

of	arteries	were	indeed	in	the	basement	membranes.	

At	 30	min,	 Aβ	was	 also	 detected	 along	 the	 basement	membranes	 of	 leptomeningeal	 and	 cortical	

arteries	and	not	capillaries	or	veins.	However,	Aβ	formed	circumferential	rings	around	the	walls	of	

the	 artery	 in	 a	 striated	 pattern	 indicating	 its	 presence	 in	 the	 smooth	 muscle	 cell	 basement	

membrane	in	the	tunica	media.	Soluble	Aβ	at	this	time	point	also	did	not	colocalise	with	α-2	laminin,	

an	astrocytic	basement	membrane	marker	that	detects	the	pial	–	glial	basement	membrane	(Figure	

6.4).	This	pattern	of	staining	resembles	the	pattern	of	Aβ	deposition	in	walls	of	human	arteries	with	

CAA	[288]	and	the	solutes	detected	along	the	 IPAD	pathway	following	 intraparenchymal	 injections	

[3,	288].	This	suggests	the	possible	entry	of	Aβ	into	the	IPAD	pathway	for	clearance	out	of	the	brain	

at	30	min	to	maintain	homeostasis.	

At	30	min,	 Illiff	 [108]	 reported	 the	clearance	of	Aβ	along	veins	 in	a	 system	termed	the	glymphatic	

pathway.	However,	 the	 current	 findings	 do	 not	 support	 these	 observations.	 This	 discrepancy	may	

have	arisen	due	 to	differences	 in	 the	 injections	 rates	used	 in	both	 studies.	 It	 is	 expected	 that	 the	

injection	of	 tracers	 into	 the	brain	 is	 very	 sensitive	 to	pressure	and	volume	disturbances.	The	 total	

volume	of	CSF	in	mice	is	estimated	around	37	μl	and	the	rate	of	production	of	the	CSF	in	the	brain	in	

mice	and	rats	is:	<	1	μI/min	and	0.1	–	0.3	μl/min/g,	respectively	[82,	354].	In	the	current	study,	the	

intracisternal	injection	rate	of	Aβ	was	0.8	μI/min	so	lower	than	the	normal	rate	of	CSF	production	in	

mice	 and	 thus	 is	 unlikely	 to	 affect	 the	 normal	 direction	 of	 flow.	 Also	 a	 small	 volume	 of	 2	 μl	was	

injected	 so	 the	 possibility	 that	 the	 system	was	 overwhelmed	 is	minimal	 [2,	 80].	 This	 is	 unlike	 the	
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study	reporting	the	presence	of	Aβ	along	veins	as	they	injected	a	total	volume	of	10	μl	at	a	rate	of	2	

μI/min	 [108].	 The	 clearance	 of	 Aβ	 clearance	 along	 veins	 also	 does	 not	 correlate	 with	 Aβ	

preferentially	depositing	along	arteries,	particularly	in	CAA	[288].	

Unlike	EBD	and	ASO,	Aβ	was	not	detected	in	the	parenchyma	and	remained	confined	to	the	walls	of	

arteries.	 This	may	be	due	 to	 the	high	MW	of	oligomeric	Aβ	 compared	 to	 the	other	 solutes	as	 the	

distribution	of	solutes	 in	 the	parenchyma	from	the	CSF	 is	size	dependant	 [108].	This	confirms	that	

not	all	solutes	enter	the	parenchyma	from	the	CSF.	However,	further	time	points	need	to	be	tested	

to	verify	this.	

Regional	differences	 in	 the	depth	of	Aβ	 from	 the	CSF	were	 investigated	 in	 this	 study	as	 vessels	 in	

different	parts	of	the	brain	are	differentially	affect	by	CAA	[288,	355],	the	movement	of	solutes	from	

the	CSF	is	not	uniform	in	all	regions	of	the	brain	[149]	and	the	efficiency	of	Aβ	clearance	along	the	

IPAD	 pathway	 also	 varies	 in	 different	 areas	 [203,	 204,	 288].	 Five	 different	 areas	 of	 the	 cerebral	

cortex	 were	 analysed	 including	 the	 frontal,	 parietal,	 occipital,	 entorhinal	 and	 visual	 cortices.	 The	

periarterial	distance	of	Aβ	at	5	and	30	min	was	highest	in	the	visual	cortex	and	lowest	in	the	frontal	

cortex	 compared	 to	all	 other	 cortices.	A	posterior	 to	anterior	 reduction	 in	 the	distance	of	Aβ	was	

detected	along	the	arteries	 in	all	of	 the	cortices	analysed	(visual	 to	 frontal	cortex).	This	could	be	a	

reflection	of	reduced	tracer	penetration	further	away	from	injection	site	(cisterna	magna).	

In	the	subcortical	regions	of	the	brain,	periarterial	distance	of	Aβ	was	highest	in	the	caudoputamen	

and	the	thalamus	compared	to	the	hypothalamus	despite	the	location	of	the	hypothalamus	on	the	

ventral	 surface	 of	 the	 brain	where	most	 of	 the	 cisterna	magna	 injected	 tracers	 like	 EBD	 and	ASO	

were	detected.	

In	 the	 posterior	 regions	 of	 the	 brain	 including	 the	 tectum/tegmentum,	 pons	 and	 cerebellar	

molecular	 layer,	 the	greatest	distance	of	periarterial	Aβ	was	detected	 in	the	pons	at	5	and	30	min	

post-injection.	 The	 lowest	 distance	 was	 detected	 in	 the	 tectum/tegmentum.	 However,	 the	

periarterial	 distance	 of	 Aβ	 in	 the	 tectum/tegmentum	 and	 cerebellar	 molecular	 layer	 did	 not	

significantly	differ	from	each	other.	These	findings	may	be	justified	by	the	location	of	these	regions	

relative	to	the	cisterna	magna	and	the	flow	of	CSF,	which	mainly	occurs	on	the	ventral	side	of	 the	

brain	 upwards	 [94,	 158].	 Therefore,	 it	 is	 no	 surprise	 that	 the	 pons	 showed	 the	 highest	 depth	 of	

periarterial	 Aβ	 and	 that	 the	 tectum/tegmentum	 and	 cerebellar	 molecular	 layer	 showed	 less	 but	

similar	distances.	

In	CAA	the	basal	ganglia,	 including	 the	striatum,	and	 thalamus	are	 rarely	affected	and	 the	parietal	

and	 occipital	 cortices	 are	mostly	 affected	 by	 Aβ	 deposition	 [316].	Most	 AD	models	 like	 APP	 also	
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develop	CAA	in	the	cortex	like	humans	[317,	318].	Arteries	 in	the	basal	ganglia	are	invested	in	two	

layers	of	leptomeninges	that	form	the	borders	of	an	expandable	perivascular	space;	this	space	is	not	

present	around	cortical	 arteries	 [15,	28].	 Such	differences	 in	anatomical	 structure	may	 impact	 the	

efficiency	in	Aβ	clearance	from	the	brain	and	in	turn	create	regional	vulnerability	or	resistance	to	the	

development	of	CAA	[204].	Anatomical	differences	in	cerebral	structure	and	the	vascular	supply	may	

also	 be	 the	 underlying	 reasons	 for	 the	 regional	 differences	 in	 periarterial	 Aβ	 depth	 in	 the	

parenchyma	after	injection	into	the	cisterna	magna.	The	periarterial	distance	of	Aβ	in	the	cortex	at	

30	min	post-injection	was	significantly	greater	in	the	caudoputamen	region	of	the	striatum	and	the	

thalamus	compared	to	all	the	cortical	regions	of	the	brain	(parietal,	occipital	and	entorhinal	cortices)	

with	the	exception	of	the	visual	cortex.	Since	Aβ	was	detected	in	the	smooth	muscle	cell	basement	

membrane	at	30	min	and	possibly	enters	 the	 IPAD	pathway,	 the	greater	distance	may	also	 reflect	

more	 efficient	 clearance	 in	 the	 caudoputamen	 region	 compared	 to	 the	 parietal,	 occipital	 and	

entorhinal	cortices.		

The	 depth	 of	 Aβ	 along	 arteries	 in	 the	 olfactory	 bulb	 was	 also	 analysed	 since	 drainage	 along	 the	

olfactory	bulbs	and	 into	 the	nasal	cavity	serves	as	one	of	 the	major	pathways	 for	CSF	clearance	 in	

rodents	 [158].	 In	 humans,	 CSF	 absorption	 via	 the	 arachnoid	 granulations	 into	 the	 dural	 sinuses	 is	

thought	to	serve	as	one	of	the	main	ways	that	CSF	circulates	in	the	human	brain.	However,	in	mice,	

the	 arachnoid	 villi	 are	 less	 develop	 and	 serves	 as	 a	 minor	 pathway	 for	 CSF	 clearance	 [95].	 The	

periarterial	 depth	 of	 Aβ	 in	 the	 olfactory	 bulbs	 was	 compared	 to	 the	 cortical,	 subcortical	 and	

posterior	 brain	 regions	 at	 5	 and	 30	min.	 At	 both	 time	 points	 the	 periarterial	 distance	 of	 Aβ	 was	

lowest	 compared	 to	 all	 other	 regions.	 In	 the	 olfactory	 bulbs,	 Aβ	 was	 also	 detected	 along	 the	

olfactory	 nerves	 in	 neurons	 after	 30	min	 of	 injection	 presumably	 for	 clearance	 towards	 the	 nasal	

cavity.		

In	 any	 one	 region	 of	 the	 brain,	 the	 depth	 of	 Aβ	 along	 the	 arteries	 was	 always	 higher	 at	 30	min	

compared	to	5	min	post-injection.	Since	Aβ	has	likely	entered	the	IPAD	pathway	at	30	min	(based	on	

the	striated	pattern	of	staining	and	lack	of	colocalisation	with	α-2	laminin),	the	forces	acting	on	the	

movement	 of	 solutes	 in	 the	 ISF	 may	 be	 driving	 the	 Aβ	 further	 along	 the	 arteries.	 These	 forces	

possibly	include	arterial	pulsations,	the	refractory	wave	generated	in	the	reverse	direction	of	blood	

flow,	or	smooth	muscle	cell	contractions,	or	even	a	combination	of	any	of	those	factors.	

In	conclusion,	the	data	in	this	study	demonstrate	that	the	entry	route	of	Aβ	following	injection	into	

the	 cisterna	 magna	 is	 the	 same	 as	 EBD,	 ASO	 and	 nanoparticles.	 The	 entry	 route	 is	 along	 the	

basement	membrane	of	arteries	at	5	and	30	min	and	 is	principally	along	 the	glial	–	pial	basement	

membrane	 at	 5	 min	 and	 the	 smooth	 muscle	 cell	 basement	 membrane	 at	 30	 min.	 Regional	
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differences	 in	the	depth	of	Aβ	along	the	walls	of	arteries	was	also	detected	between	the	olfactory	

bulbs,	 cortical	 regions,	 subcortical	 brain	 areas	 and	 posterior	 brain	 regions	 including	 the	

tectum/tegmentum,	pons	and	cerebellar	molecular	layer.	Finally,	a	time-dependant	difference	in	the	

depth	along	the	arteries	was	also	detected,	and	it	was	found	that	the	depth	of	Aβ	in	any	one	region	

was	always	greater	after	30	min	of	injection	compared	to	5	min.			
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 Determining	the	effect	of	age	on	the	passage	Chapter	7

of	Aβ	into	the	brain	from	the	CSF	and	exploring	

regional	differences	in	distance	

7.1 Introduction	

In	chapter	6,	it	was	demonstrated	that	Aβ	injected	into	the	cisternal	CSF	of	young	(6	–	8	weeks)	mice	

entered	 the	brain	parenchyma	along	 the	basement	membrane	of	arteries	 including	 the	pial	–	glial	

basement	membrane	5	min	post-injection;	at	this	time	point	Aβ	was	only	observed	along	the	walls	

of	 leptomeningeal	 and	 cortical	 arteries	 but	 not	 capillaries	 or	 veins.	 After	 30	min	 of	 injection	 into	

cisternal	 CSF,	 Aβ	 appeared	 punctate	 around	 the	 basement	 membrane	 of	 smooth	 muscle	 cells	

indicating	its	possible	clearance	out	of	the	brain	along	the	IPAD	pathway	[3].	

A	study	by	Hawkes	et	al	[204]	demonstrated	changes	in	cerebrovascular	basement	membranes	with	

age	 and	 regional	 differences	 in	 the	 effects	 of	 ageing	 on	 the	 drainage	 of	 solutes	 along	 the	 IPAD	

pathway.	 It	 was	 shown	 that	 a	 combination	 of	 vascular	 basement	 membrane	 thickening	 and	

decreased	 expression	 of	 pro-amyloidogenic	 basement	 membrane	 proteins	 (like	 nidogen	 2,	

proteoglycan)	resulted	in	decreased	perivascular	solute	drainage	and	the	accumulation	of	Aβ	as	CAA,	

particularly	in	regions	like	the	cortex	and	hippocampus	where	Aβ	production	and/or	levels	are	high	

[205-209].	 The	 changes	 in	 cerebrovascular	 basement	membranes	 and	 the	 IPAD	pathway	with	 age	

differ	 between	 brain	 regions	 and	 are	 thought	 to	 provide	 an	 explanation	 for	 the	 differential	

deposition	of	Aβ	in	the	brain	in	AD.	In	this	study,	the	effect	of	age	on	the	movement	of	Aβ	into	the	

brain	from	the	CSF	at	5	min	and	the	drainage	of	Aβ	out	of	the	brain	at	30	min	were	investigated.	At	

24	 months	 rodents	 show	 significant	 thickening	 of	 capillary	 basement	 membranes	 in	 the	 cortex,	

hippocampus	 and	 thalamus	 compared	 to	 2	 and	 7	 months.	 No	 differences	 were	 noted	 in	 the	

basement	membrane	 thickness	of	 capillaries	 in	 the	striatum	 in	mice	of	any	age	 [204].	Since	age	 is	

also	a	major	 risk	 factor	 for	AD,	 it	was	useful	 to	 find	out	 if	 the	 flow	of	 solutes	 in	 the	CSF	and	 their	

exchange	with	the	ISF	are	altered	with	age.	

In	this	chapter	the	following	aims	and	objectives	were	carried	out:		

1. To	examine	any	changes	in	the	entry	route	and	distribution	of	Aβ	in	the	brain	after	5	min	of	

injection	into	the	cisternal	CSF	of	aged	mice	(24	–	30	months	old).	
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2. To	determine	 the	distribution	of	Aβ	 after	 30	min	of	 injection	 into	 the	 cisternal	 CSF	of	 old	

mice.	

3. To	 quantitatively	 analyse	 the	 periarterial	 distance	 of	 Aβ	 in	 the	 brain	 of	 old	wildtype	mice	

after	injection	into	cisternal	CSF,	comparing	the	effects	of	time	on	the	distance	and	exploring	

regional	differences	in	the	distance	of	Aβ-positive	arteries.	

4. To	quantitatively	compare	the	periarterial	penetration	distance	of	Aβ	 in	the	young	and	old	

mice	(comparing	both	time	and	regional	differences)	to	identify	any	age-related	changes.	

7.2 Materials	&	methods	

7.2.1 In	vivo	methods	

7.2.1.1 Animals,	anaesthesia	and	intracisternal	injections	

A	group	of	nine	C57BL/6	mice	aged	24	–	30	months	were	anaesthetised	using	a	standard	isoflurane	

anaesthesia	 system.	A	 total	 of	 six	mice	were	 intracisternally	 injected	with	 2	 μl	 of	 100	μM	human	

form	Aβ	 1-40	 conjugated	 to	HiLyte	 FluorTM	 555	 (with	 a	MW	of	 5	 to	 >	 10	 kDa	 and	 an	 excitation	 /	

emission	wavelength	of	551	/	567	nm)	over	2.5	min	at	a	rate	of	0.8	μl/min.	Injection	pipettes	were	

left	in	situ	for	2	min	to	prevent	reflux	and	mice	were	sacrificed	at	5	and	30	min	after	withdrawal	of	

the	glass	 capillary	 through	overdose	with	 sodium	pentobarbital	 200	mg/kg	 (n	=	3	per	 time	point).	

Three	mice	were	injected	only	with	0.01M	phosphate	buffered	saline,	serving	as	controls.		

7.2.1.2 Intracardial	perfusion	and	tissue	storage		

Mice	were	perfused	intracardially	with	20	ml	of	0.01	M	PBS	(pH	of	7.2	–	7.4)	and	4	%	PFA	in	0.01	M	

PBS	(pH	7.2	–	7.4)	at	a	rate	of	5	ml/min.	The	brains	were	post-fixed	in	4	%	PFA	in	0.01	M	PBS	for	6	hr	

to	achieve	optimal	tissue	fixation.	The	brains	were	then	rinsed	with	0.01	M	PBS	and	dehydrated	in	

30	%	sucrose	in	0.01	M	PBS	for	48	hr	for	cryostat	sectioning.	

7.2.2 Ex	vivo	methods	

7.2.2.1 Cryostat	tissue	sectioning	

In	 preparation	 for	 double-labelling	 immunofluorescence	 and	 confocal	 microscopy	 imaging,	 brains	

were	cryprotected	in	30	%	sucrose	in	0.01	M	PBS	for	48	hr.	Brains	were	embedded	in	OCT	compound	

and	sectioned	coronally	to	a	thickness	of	20	μm	and	stored	at	–	20	°C	ready	for	immunostaining.	



Chapter	7	

131	

7.2.2.2 Double-labelling	immunofluorescence	

Brain	 sections	were	washed	 three	 times	 for	5	min	using	0.01	M	PBS	 (pH	7.2	 -	 7.4).	 Sections	were	

then	blocked	in	15	%	NGS	for	30	min	at	room	temperature.	Brain	sections	were	then	incubated	with	

monoclonal	anti-SMA	conjugated	to	FITC	(1:200)	and	rabbit	polyclonal	anti-collagen	IV	(1:400)	or	rat	

monoclonal	anti-α-2	laminin	(1:200)	or	mouse	monoclonal	anti-GFAP	(1:100,	Sigma-Aldrich,	Dorset,	

UK)	 or	 polyclonal	 rabbit	 anti-CD163	 (1:100,	 ABCAM,	 Cambridge,	 UK)	 at	 4	 °C	 for	 24	 hr	 in	 a	moist	

chamber.	All	primary	antibodies	were	diluted	in	0.1	%	PBST.	Subsequently	sections	were	incubated	

with	 the	 appropriate	 secondary	 antibodies	 conjugated	 to	 Alexafluor	 fluorophores.	 Sections	 were	

then	washed	3	times	for	10	min	using	0.01	M	PBS	before	incubation	with	secondary	antibody	for	1	

hr	 at	 room	 temperature.	 Tissue	 sections	were	washed	again	 three	 times	 for	 10	min	using	0.01	M	

PBS.	Sections	stained	for	the	detection	of	neuronal	cell	bodies	were	 incubated	with	DAPI	(1:500	 in	

0.1%	PBS)	for	10	min	at	room	temperature	and	rinsed	with	0.01	M	PBS.	Slides	were	mounted	with	

Mowiol	containing	the	anti-fade	agent	Citifluor	and	air-dried	overnight	at	4	°C	before	imaging.	

7.2.2.3 Cerebral	blood	vessel	classification	

Arteries	were	differentiated	from	veins	using	an	SMA	marker,	which	only	stains	the	smooth	muscle	

cells	 that	 are	 present	 in	 arteries	 and	 arterioles.	 Vessels	 that	 were	 negative	 for	 SMA	 and	 had	 a	

diameter	<	10	μm	were	classified	as	capillaries.		

7.2.2.4 Confocal	microscopy	imaging	

7.2.2.5 Quantitative	analysis	

The	quantification	method	employed	 to	 compare	 the	periarterial	 distance	of	 soluble	Aβ	 5	 and	 30	

min	 after	 injection	 into	 the	 cisterna	 magna	 was	 identical	 to	 that	 used	 in	 chapter	 6	 for	 the	

quantification	of	tracer	distance	in	young	mice	(Figure	6.2).	Representative	sections	across	the	brain	

were	 selected	 for	 quantification	 including	 the	 olfactory	 bulbs,	 frontal	 cortex,	 caudoputamen,	

tectum/tegmentum	and	pons.	

7.2.2.6 Statistical	analysis	

Data	 were	 checked	 for	 normality	 using	 the	 D’Agostino	 &	 Pearson	 omnibus	 and	 Shapiro-Wilk	

normality	tests.	As	the	data	in	some	groups	were	not	normally	distributed,	values	were	transformed	

to	Log10	to	obtain	a	normal	distribution.	One-way	analysis	of	variance	(ANOVA)	with	Sidak	post-hoc	

test	 was	 used	 to	 compare	 regional	 differences	 in	 the	 periarterial	 distance	 of	 Aβ	 at	 any	 one	 time	

point.	Two-way	ANOVA	with	Sidak	post-hoc	test	was	used	to	compare	the	periarterial	distance	of	Aβ	
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in	all	brain	regions	at	both	5	min	and	30	min	post-injection	 into	the	cisterna	magna	 in	both	young	

and	old	mice.		

7.3 Results		

7.3.1 Anatomical	distribution	of	Aβ	after	injection	into	cisternal	CSF	in	old	mice	

In	chapter	6,	the	entry	route	of	Aβ	from	the	CSF	into	the	parenchyma	was	determined	and	Aβ	was	

found	 to	 enter	 the	 brain	 along	 the	 basement	 membranes	 (including	 the	 pial	 –	 glial	 basement	

membrane)	of	arteries	at	5	min	and	was	detected	in	the	smooth	muscle	cell	basement	membrane	in	

the	tunica	media	at	30	min	post-injection.	Here,	the	entry	route	of	Aβ	from	the	CSF	was	evaluated	in	

old	mice	using	 the	 same	basement	membrane	markers	 (collagen	 IV	 and	α-2	 laminin)	 and	an	 SMA	

marker	to	differentiate	arteries	from	veins.	

7.3.1.1 Aβ	enters	the	along	the	basement	membrane	of	arteries	after	5	min		

First,	 the	anatomical	distribution	of	Aβ	 in	 the	brain	and	 the	 type	of	Aβ-positive	blood	vessels	was	

determined	at	5	min	post-injection.	Soluble	Aβ	colocalised	with	collagen	IV	and	α-2	 laminin	on	the	

abluminal	side	of	the	vessel	in	leptomeningeal	and	cortical	arteries	(Figure	7.1).	Soluble	Aβ	was	not	

detected	around	capillaries	or	veins.	



Chapter	7	

133	

	

Figure	7.1	|	Anatomical	route	of	Aβ	entry	into	the	brain	parenchyma	at	5	min	post-injection	in	old	mice.	(A	–	
C)	Cerebral	arteries	immunostained	for	the	detection	of	collagen	IV	(blue)	and	SMA	(green).	Soluble	Aβ	(red)	
colocalised	 with	 the	 basement	 membrane	 marker	 (collagen	 IV)	 around	 arteries	 5	 min	 post-injection.	 (D)	
Overlay	of	G	–	I	of	section	immunostained	with	the	astrocytic	basement	membrane	marker,	laminin	α-2	chain	
(green),	and	collagen	IV	(blue).	Micrograph	shows	soluble	Aβ	(red)	colocalised	with	α-2	laminin	(yellow	arrows)	
along	the	vessel	wall.	Colocalisation	of	the	α-2	laminin	and	collagen	IV	is	indicated	by	the	cyan	arrow.	(E)	Single	
optical	slice	providing	clearer	view	of	Aβ	colocalisation	with	α-2	laminin	(yellow	arrows).	Blue	arrow	indicates	
area	 of	 collagen	 IV	 staining	 with	 no	 Aβ.	 (F)	 A	 different	 optical	 slice	 through	 the	 vessel	 in	 D	 showing	 Aβ	
colocalisation	with	α-2	laminin	further	down	the	vessel	(yellow	arrows).	(G	–	I)	Micrographs	of	the	individual	
channels	stacked	to	create	the	overlay	in	D.	
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7.3.1.2 Aβ	enters	the	basement	membranes	of	capillaries,	arteries	and	veins	after	30	min	of	

injection	into	the	CSF	in	old	mice	

The	distribution	of	Aβ	in	the	brain	in	the	old	mice	after	30	min	was	distinct	to	that	observed	at	5	min	

after	 injection	 into	 the	 cisterna	magna.	 The	 soluble	 Aβ	was	 no	 longer	 detected	 exclusively	 in	 the	

basement	membrane	of	arteries;	it	was	also	detected	along	the	walls	of	cortical	capillaries	and	veins	

and	diffusely	 in	 the	parenchyma	along	structures	with	 the	morphology	of	neurons,	astrocytes	and	

macrophages.	At	30	min,	Aβ	did	not	colocalise	with	the	astrocytic	basement	membrane	marker	(α-2	

laminin)	 but	 did	 colocalise	 with	 the	 collagen	 IV	 basement	 membrane	 marker	 in	 both	 the	

leptomeningeal	 and	 penetrating	 cerebral	 arteries	 (Figure	 7.2).	 Soluble	 Aβ	 formed	 striated	 rings	

around	the	circumference	of	the	SMA	positive	arteries.	It	also	colocalised	with	the	collagen	IV	in	the	

walls	of	capillaries	and	veins	(Figure	7.3).	The	overall	distribution	of	Aβ	at	30	min	was	widespread	in	

the	parenchyma	and	alongside	cerebral	arteries;	this	was	not	observed	in	young	mice	(Figure	7.4).	
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Figure	7.2	|	No	colocalisation	with	α-2	laminin	at	30	min	post-injection	in	old	mice.	(A)	Micrograph	of	three	
overlayed	images	shown	in	B	–	D.	Soluble	Aβ	(red)	entering	along	the	vessel	wall	colocalises	with	the	basement	
membrane	 marker	 (collagen	 IV,	 blue)	 as	 indicated	 by	 the	 purple	 arrows,	 but	 does	 not	 colocalise	 with	 α-2	
laminin	 as	 no	 yellow	 was	 detected.	 (B	 –	 D)	 Micrographs	 of	 individual	 channels	 showing	 laminin	 α-2	 chain	
marker	staining,	as	well	as	Aβ	and	collagen	IV.	
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Figure	7.3	|	Distribution	of	Aβ	from	the	CSF	in	old	mice	along	the	basement	membrane	of	capillaries,	arteries	and	veins.	
(A	–	I)	All	micrographs	shown	were	of	brains	intracisternally	injected	with	Aβ	(red)	and		immunostained	for	the	detection	of	
collagen	IV	(blue)	and	SMA	(green).	(A)	Micrograph	of	showing	striated	Aβ	rings	colocalised	with	the	basement	membrane	
marker	(collagen	IV)	along	an	artery	(SMA	positive)	as	 indicated	by	the	white	arrow.	(B	–	D)	Micrograph	of	arteries	from	
different	regions	of	the	brain	showing	Aβ	colocalised	with	collagen	IV	along	the	walls	of	the	vessel.	(E)	Micrograph	of	a	vein	
showing	Aβ	colocalised	with	collagen	 IV.	 Soluble	Aβ	appeared	diffuse	 in	 the	parenchyma	 (red	arrow).	 (F)	Micrograph	of	
vein	 and	 artery	 adjacent	 to	 one	 another.	 Both	 vessels	 show	 Aβ	 colocalisation	 with	 the	 basement	 membrane	 marker.	
Soluble	Aβ	can	be	seen	diffusely	in	the	parenchyma	near	the	surface	of	the	brain	as	indicated	by	the	red	arrow.	(G)	Soluble	
Aβ	colocalised	with	collagen	 IV	 in	 the	capillary	wall.	 (H)	Capillary	showing	Aβ	colocalised	with	collagen	 IV	and	possibly	a	
macrophage	 (white	 arrow).	 (I)	 Micrograph	 showing	 Aβ	 colocalisation	 along	 the	 walls	 of	 an	 artery	 and	 possible	 in	 an	
astrocyte	(white	arrow).	
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Figure	7.4	|	Distribution	of	Aβ	in	the	parenchyma	of	young	and	old	mice	after	injection	the	cisterna	magna.	
(A)	Micrograph	of	Aβ	(red)	colocalised	with	the	basement	membrane	marker	(collagen	IV,	blue)	in	the	walls	of	
an	artery	(SMA	positive,	green)	in	young	mouse	at	30	min	post-injection.	(B)	Micrograph	of	Aβ	(red)	showing	
widespread	distribution	in	the	parenchyma	and	colocalisation	with	the	basement	membrane	marker	(collagen	
IV,	blue)	along	the	walls	of	a	cerebral	blood	vessel.	(C)	Distribution	of	Aβ	(red)	in	the	cerebral	cortex	of	a	young	
mouse	(left)	and	old	mouse	(right)	at	30	min	post-injection.	Soluble	Aβ	is	confined	to	the	walls	of	arteries	 in	
the	 young	mice	but	 is	 diffuse	 in	 the	parenchyma	 in	 the	old	mice	 after	 30	min	of	 injection	 into	 the	 cisterna	
magna.	
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7.3.1.3 Aβ	is	taken	up	by	neurons,	astrocytes	and	macrophages	after	30	min	

To	identify	the	structures	besides	blood	vessels	that	were	Aβ-positive	after	30	min	of	injection	into	

cisternal	CSF,	coronal	brain	sections	were	separately	stained	with	a	GFAP	marker	for	the	detection	of	

astrocytes,	 DAPI	 for	 neurones	 and	 CD163	 for	 the	 identification	 of	 macrophages.	 Soluble	 Aβ	

colocalised	with	the	astrocytes	in	the	walls	of	cerebral	arteries	and	with	astrocytic	projections	in	the	

parenchyma	 (Figure	7.5).	 Colocalisation	of	Aβ	with	neurones	and	macrophages	was	also	observed	

(Figure	7.6).	
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Figure	7.5	|	Soluble	Aβ	uptake	by	astrocytes	in	old	mice	at	30	min	post-injection.	(A)	Micrograph	showing	Aβ	
(red)	colocalisation	with	collagen	 IV	along	 the	walls	of	a	cerebral	blood	vessel	 (purple	arrow).	Some	Aβ	also	
colocalised	with	the	GFAP	marker	for	astrocytes	(green)	along	the	vessel	wall	and	with	astrocytic	processes	in	
the	parenchyma	(yellow	arrows).	(B	–	D)	Micrographs	of	individual	channels	showing	GFAP,	Aβ	and	collagen	IV	
staining	overlayed	in	image	A.	
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Figure	7.6	|	Soluble	Aβ	in	macrophages	and	neurones	in	old	mice	at	30	min	post-injection	into	the	cisterna	
magna.	(A)	Micrograph	showing	Aβ	(red)	colocalisation	(yellow)	with	the	macrophage	marker	(CD163,	green)	
as	indicated	by	the	yellow	arrows.	White	arrows	indicate	the	areas	where	soluble	Aβ	also	colocalised	(white)	
with	 DAPI	 (cyan).	 (B	 –	 E)	 Individual	 channels	 showing	 DAPI,	 CD163,	 Aβ	 and	 collagen	 IV	 staining	 that	 were	
overlayed	in	image	A.	
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7.3.1.4 Aβ	in	the	choroid	plexus	of	the	lateral	ventricles	and	the	ependymal	cells	

Soluble	Aβ	was	also	detected	 in	ependymal	cells	 lining	 the	 lateral	ventricles,	epithelial	 cells	of	 the	

choroid	plexus	and	 the	basement	membrane	of	 the	choroid	plexus.	Soluble	Aβ	 in	some	regions	of	

the	choroid	plexus	colocalised	with	collagen	IV	(Figure.	7.7).	

	

Figure	7.7	|	Soluble	Aβ	in	the	ventricular	ependymal	cells	and	the	choroid	plexus	epithelial	cells	in	old	mice.	
(A	–	B)	Micrographs	of	Aβ	 (red)	 in	 the	ependymal	cells	 (white	arrow)	and	 the	choroid	plexus	epithelial	 cells	
(yellow	arrow).	Basement	membrane	marker,	collagen	IV,	is	shown	blue.	(C	–	E)	Micrographs	providing	a	closer	
view	of	regions	indicated	by	a	white	box	in	image	B.	(D)	Soluble	Aβ	appears	to	also	colocalise	with	collagen	IV	
in	the	choroid	plexus	(purple	arrows).	
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7.3.2 Regional	differences	in	the	periarterial	distance	of	Aβ	in	old	mice	

At	5	min,	 the	greatest	periarterial	distance	along	which	Aβ	was	detected	was	 in	 the	pons	and	 the	

least	 was	 detected	 in	 the	 thalamus.	 The	 periarterial	 Aβ	 distance	 in	 the	 olfactory	 bulbs	 was	

significantly	 greater	 than	 the	 frontal	 cortex	 and	 the	 thalamus,	 but	 significantly	 less	 than	 the	

caudoputamen,	 tectum/tegmentum	 and	 pons	 (one-way	 ANOVA,	 P	 <	 0.0001).	 The	 periarterial	 Aβ	

distance	 in	 the	 caudoputamen	 was	 significantly	 higher	 than	 the	 frontal	 cortex,	 thalamus	 and	

tectum/tegmentum	(Figure	7.8).	

At	 30	min,	 the	highest	 periarterial	 distance	 at	which	Aβ	was	observed	 in	 the	parenchyma	was	no	

longer	in	the	pons	but	in	the	caudoputamen	instead	and	second	highest	in	the	pons.	However,	the	

lowest	periarterial	Aβ	distance	was	still	 in	the	thalamus.	The	distance	at	which	Aβ	was	observed	in	

the	olfactory	bulbs	was	significantly	less	than	the	frontal	cortex,	caudoputamen,	tectum/tegmentum	

and	pons	but	was	significantly	higher	than	the	thalamus	(Figure	7.9).	
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Figure	7.8	|	Regional	differences	in	periarterial	distance	of	Aβ	at	5	and	30	min	post-injection	in	old	mice.	(A)	
Bar	chart	of	periarterial	Aβ	distance	(Log10	 in	μm)	in	six	different	regions	from	five	brain	levels	(I	–	V)	after	5	
min	 of	 injection	 into	 cisterna	 magna.	 All	 regions	 varied	 significantly	 from	 each	 other;	 for	 clarity,	 one	
overarching	 line	 was	 drawn	 above	 the	 bar	 charts	 to	 depict	 this	 significant	 difference.	 (B)	 Periarterial	 Aβ	
distance	 in	 the	 same	 brain	 regions	 as	 A	 after	 30	 min	 of	 injection.	 A	 statistically	 significant	 difference	 was	
detected	between	all	 six	 regions	as	depicted	by	the	overarching	 line.	 (A	and	B)	Bar	chart	values	are	mean	±	
SEM.	Differences	among	means	are	statistically	significant	(one-way	ANOVA,	P	<	0.0001).	(****	P	≤	0.0001).		
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7.3.3 Effect	of	time	on	the	periarterial	distance	of	Aβ	in	old	mice	

Time	had	on	an	effect	on	the	periarterial	distance	of	Aβ	in	young	mice.	Here,	the	effect	of	time	on	

the	 periarterial	 distance	 of	 Aβ	 was	 explored	 in	 old	 mice	 at	 5	 and	 30	min	 post-injection	 into	 the	

cisterna	 magna.	 Similar	 to	 the	 young,	 the	 results	 show	 that	 the	 periarterial	 distance	 of	 Aβ	 was	

significantly	greater	after	30	min	compared	to	5	min	in	all	of	the	brain	regions	analysed	including	the	

olfactory	 bulbs,	 frontal	 cortex,	 caudoputamen,	 thalamus,	 tectum/tegmentum	 and	 pons	 (one-way	

ANOVA,	P	<	0.0001)	(Figure	7.9).	

	

Figure	 7.9	 |	 Effect	 of	 time	 on	 the	 periarterial	 distance	 of	 Aβ	 in	 old	mice.	 (A)	 Colour-coded	 schematic	 of	
mouse	 sagittal	 brain	 section	 illustrating	 the	 regions	of	 the	brain	quantified	 (lines	 I	 –	V).	 Colours	of	 the	bars	
below	 correspond	 to	 the	 colours	 in	 the	 schematic.	 (B)	 Histogram	 shows	 normally	 distributed	 data	 of	 the	
periarterial	distance	of	Aβ	at	5	and	30	min	post-injection	into	the	cisterna	magna	in	six	different	brain	regions.	
Bar	chart	values	are	mean	±	SEM.	Differences	among	means	are	statistically	significant	(one-way	ANOVA,	P	<	
0.0001).	
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7.3.4 Comparison	between	periarterial	Aβ	distance	of	young	and	old	mice	

To	 identify	 any	 age-related	 changes	 in	 the	periarterial	 distance	of	Aβ	with	 time	 (5	 and	30	min)	 in	

different	regions	of	the	brain,	the	distance	in	6	–	10	week	old	young	and	24	–	30	months	old	mice	

were	quantitatively	assessed.	In	the	olfactory	bulbs,	the	periarterial	distance	of	Aβ	was	significantly	

greater	after	5	and	30	min	in	the	old	mice	compared	to	young	mice.	In	the	frontal	cortex,	there	was	

no	 significant	 difference	 between	 the	 young	 and	 old	 mice	 at	 5	 min.	 However,	 at	 30	 min,	 the	

periarterial	distance	of	Aβ	was	significantly	less	in	the	frontal	cortex.	The	same	pattern	was	observed	

in	the	thalamus.	Distance	of	periarterial	Aβ	in	the	caudoputamen	from	the	lateral	ventricles	showed	

no	difference	at	5	min,	but	a	significant	increase	after	30	min	in	the	old	compared	to	the	young.	This	

pattern	is	opposite	to	the	one	observed	in	the	thalamus	and	pons	where	the	periarterial	distance	of	

Aβ	was	significantly	reduced	after	5	and	30	min	in	the	old	mice	compared	to	the	young	(Figure	7.10).		
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Figure	 7.10	 |	 Periarterial	 Aβ	 distance	 in	 the	 olfactory	 bulbs,	 frontal	 cortex,	 caudoputamen,	 thalamus,	
tectum/tegmentum	 and	 pons	 in	 young	 and	 old	 mice.	 Bar	 charts	 of	 normally	 distributed	 data	 showing	
periarterial	distance	of	Aβ		(Log10	in	μm)	with	time	(5	and	30	min)	in	young	(Y)	and	old	(O)	mice	in	six	different	
brain	regions.	Bar	chart	values	are	mean	±	SEM.	Differences	among	means	are	statistically	significant	(two-way	
ANOVA,	P	<	0.0001	for	5	and	30	min).	
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7.4 Discussion	

In	this	chapter,	the	effect	of	age	on	the	entry	route	and	distribution	of	Aβ	was	evaluated	by	injecting	

soluble	Aβ	into	the	cisterna	magna	of	24	–	30	month	old	mice.	After	5	min,	there	were	no	obvious	

differences	 in	 the	entry	 route	and	distribution	of	Aβ	 in	 the	parenchyma	compared	 to	young	mice.	

The	 soluble	 Aβ	 was	 detected	 along	 the	 abluminal	 side	 of	 the	 artery	 and	 colocalised	 with	 the	

basement	 membrane	 markers,	 collagen	 IV	 and	 the	 astrocytic	 basement	 membrane	 marker	 α-2	

laminin,	indicating	its	presence	in	the	pial	–	glial	basement	membrane	(Figure	7.1).	

In	 contrast	 to	young	animals,	30	min	after	 injection	of	Aβ	 into	cisternal	CSF	 in	aged	mice,	Aβ	was	

detected	in	the	basement	membrane	of	capillaries	and	veins	(Figure	7.3).	At	this	time	point,	Aβ	only	

colocalised	with	 collagen	 IV	 and	 not	 α-2	 laminin	 (Figure	 7.2).	 The	 pattern	 of	 Aβ	 staining	was	 also	

striated,	 indicating	 its	 presence	 in	 the	 smooth	 muscle	 cell	 basement	 membrane.	 Widespread	

distribution	 of	 Aβ	 in	 the	 parenchyma	 was	 also	 observed	 and	 Aβ	 was	 taken	 up	 by	 astrocytes,	

macrophages	and	neuronal	cell	bodies.	In	aging,	the	microvasculature	of	the	brain	becomes	altered	

and	 the	 barrier	 properties	 of	 the	 glia	 and	 pia	 become	 compromised	 [356-359];	 this	 could	 be	 the	

underlying	 reason	 for	 the	 influx	 of	 Aβ	 diffusely	 into	 the	 parenchyma,	which	was	 not	 observed	 in	

young	 mice.	 A	 general	 decrease	 in	 CSF	 turnover	 also	 may	 occur	 with	 age	 and	 is	 thought	 to	 be	

important	 in	 the	 pathogenesis	 of	 AD.	 This	 is	 because	 the	 rate	 of	 waste	 product	 clearance	 also	

reduced	[360].	In	AD	patients,	the	CSF	turnover	and	thereby	clearance	is	reduced	by	50	%	[299].	This	

may	 be	 another	 factor	 contributing	 to	 the	 widespread	 distribution	 of	 Aβ	 observed	 in	 the	

parenchyma.		

Once	the	Aβ	is	in	the	parenchyma,	it	may	exchange	with	ISF	in	a	similar	manner	to	other	solutes	like	

dextran	[82,	182].	Since	Aβ	appeared	around	the	smooth	muscle	basement	membrane	of	arteries	at	

30	 min,	 it	 is	 likely	 to	 have	 entered	 the	 IPAD	 pathway.	 In	 the	 aged	 mice,	 the	 IPAD	 pathway	 for	

clearance	of	solutes	like	Aβ	is	also	known	to	fail	[203,	204,	288].	Thus,	the	uptake	of	Aβ	by	different	

cells	 of	 the	 parenchyma	 could	 be	 the	 result	 of	 the	 failure	 of	 clearance	mechanisms	 including	 the	

IPAD	pathway	if	Aβ	does	indeed	enter	the	IPAD	pathway	at	30	min.	This	failure	could	be	resulting	in	

increased	 levels	 of	 Aβ	 in	 the	 extracellular	 spaces	 due	 to	 Aβ	 release	 in	 the	 tissue	 as	 opposed	 to	

recirculating	 into	 the	 drainage	 pathway	 for	 clearance	 and	 is	 thus	 picked	 up	 by	 astrocytes,	

upregulated	macrophage	ands	cells.	Age-related	atherosclerosis	and	a	reduction	in	pulse	amplitude	

in	 combination	 with	 other	 factors	 (like	 artery	 stiffness)	 are	 thought	 to	 reduce	 the	 force	 and	

efficiency	 of	 solute	 drainage	 from	 the	 ISF,	 leading	 to	 the	 accumulation	 of	 Aβ	 in	 the	 basement	

membranes	as	CAA	[204].		
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Regional	differences	 in	perivascular	solute	drainage	and	the	accumulation	of	Aβ	as	CAA	have	been	

associated	with	a	combination	of	various	biochemical	and	anatomical	factors.	 In	areas	of	the	brain	

like	the	cerebral	cortex	and	the	hippocampus	where	there	 is	a	have	a	high	 level	of	Aβ	and/or	high	

level	of	Aβ	production	[205-209],	the	vulnerability	to	develop	CAA	may	be	elevated	due	to	increased	

basement	 membrane	 thickness	 and	 decreased	 expression	 of	 pro-amyloidogenic	 basement	

membrane	proteins.	This	effect	may	be	exacerbated	in	areas	of	the	brain	where	there	is	restricted	

vascular	 supply	 and	 where	 the	 arteries	 are	 not	 invested	 with	 an	 expandable	 perivascular	 space	

[204].	 The	 changes	 in	 basement	 membrane	 thickness	 and	 the	 expression	 of	 pro-amyloidogenic	

basement	membrane	proteins	that	occur	may	give	rise	to	the	preferential	Aβ	deposition	seen	with	

age.	

To	 determine	 whether	 or	 not	 regional	 differences	 in	 depth	 of	 Aβ	 also	 occur	 exist	 in	 aged	 mice,	

representative	 sections	 from	 the	 olfactory	 bulbs,	 frontal	 cortex,	 caudoputamen,	 thalamus,	

tegmentum/tegmentum	and	pons	were	analysed.	The	distance	of	Aβ	along	arteries	was	significantly	

different	between	all	 regions	at	5	and	30	min.	At	5	min	after	 its	 injection	 into	 the	CSF,	 the	 lowest	

periarterial	Aβ	distance	was	detected	in	the	thalamus	and	the	highest	in	the	pons.	The	depth	of	Aβ	

in	the	frontal	cortex	was	the	second	lowest	compared	to	the	other	regions	and	then	was	followed	by	

the	 tectum/tegmentum,	 olfactory	 bulbs	 and	 caudoputamen.	 At	 30	min	 after	 its	 injection	 into	 the	

CSF,	 the	 lowest	 periarterial	 Aβ	 distance	 was	 also	 detected	 in	 the	 thalamus	 but	 the	 highest	 was	

detected	 in	 the	 caudoputamen.	 The	 second	 highest	 periarterial	 distance	 was	 detected	 in	 the	

olfactory	bulbs,	followed	by	the	frontal	cortex	and	the	tectum/tegmentum.	

The	 pons	 is	 closest	 to	 injection	 site	 (cisterna	 magna)	 and	 that	 may	 explain	 why	 the	 highest	

periarterial	Aβ	distance	at	5	min	was	detected	there.	Distance	from	injection	site	may	also	explain	

why	the	depth	of	Aβ	was	lower	in	the	tectum/tegmentum	and	thalamus	at	5	and	30	min.	However	it	

doesn’t	 explain	 why	 the	 distance	 was	 greater	 in	 the	 caudoputamen,	 frontal	 cortex	 and	 olfactory	

bulbs	 compared	 to	 a	 region	 closer	 to	 injection	 site	 like	 the	 thalamus.	 This	 may	 be	 explained	 by	

differences	 in	 the	 vascularisation	 of	 the	 brain	 regions	 that	 also	 contribute	 to	 the	 preferential	

deposition	of	Aβ	in	CAA	[361-363].	

The	periarterial	distance	of	Aβ	in	the	old	mice	was	markedly	reduced	after	5	and	30	min	of	injection	

in	all	of	the	brain	regions	analysed	compared	to	young	mice	with	the	exception	of	the	olfactory	bulbs	

and	 caudoputamen.	 The	 reduction	 may	 be	 the	 due	 to	 the	 age-related	 changes	 that	 affect	 the	

cerebrovasculature	as	mentioned	above	(like	atherosclerosis	and	artery	stiffness).	Such	changes	also	

reflect	upon	 the	 forces	driving	 the	movement	of	 solutes	 like	pulse	amplitude,	which	becomes	 less	

efficient.	Contractions	of	smooth	muscle	cells	also	become	less	efficient	with	age.		A	combination	of	
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all	 these	 factors	may	 result	 in	 the	 decreased	 periarterial	 distance	 observed	 in	 the	 frontal	 cortex,	

thalamus,	tectum/tegmentum	and	pons.	

It	 is	 unclear	 why	 the	 periarterial	 distance	 of	 Aβ	 in	 the	 olfactory	 bulbs	 and	 caudoputamen	 was	

increased	after	30	min	in	the	old	mice	compared	to	the	young.	However,	the	olfactory	bulbs	serve	

the	route	for	CSF	drainage	into	the	cribriform	plate	and	into	the	nasal	mucosa	[94,	158,	364].	Since	

Aβ	 flow	 into	 other	 regions	 like	 the	 frontal	 cortex,	 thalamus,	 tectum/tegmentum	 and	 pons	 is	

reduced,	 the	 clearance	 of	 Aβ	 towards	 cervical	 lymph	 nodes	 via	 the	 olfactory	 nerves	 and	 nasal	

mucosa	may	 have	 increased.	 Further	 experiments,	 such	 as	 determining	 the	 amount	 of	 Aβ	 in	 the	

cervical	 lymph	 nodes	 of	 young	 and	 old	mice	 at	 30	min	 post-injection,	 is	 required	 to	 confirm	 this	

speculation.	

The	 caudoputamen	on	 the	other	hand	may	be	 receiving	Aβ	 from	 the	 cerebral	 cortex	and	possibly	

some	 recirculating	 Aβ	 from	 the	 lateral	 ventricles.	 Studies	 have	 suggested	 that	 the	 choroid	 plexus	

may	produce	some	of	the	Aβ	found	in	the	CSF	and	contribute	to	the	deposits	seen	in	the	brain	of	AD	

patients	[306].	Therefore,	any	Aβ	that	passed	into	the	lateral	ventricles	at	30	min,	may	be	taken	up	

by	the	cells	of	the	choroid	plexus	as	shown	in	Figure	7.7,	or	recirculate	back	into	the	caudoputamen	

contributing	 to	 the	 elevated	 periarterial	 distance	 of	 Aβ	 detected	 in	 that	 region.	 Studies	 have	

reported	a	direct	role	for	the	choroid	plexus	in	the	removal	of	Aβ	from	the	CSF	by	receptor-mediated	

endocytosis	 via	 receptors	 including	 LRP-1	 and	 megalin	 [308].	 The	 LRP-1	 and	 Aβ	 complex	 can	 be	

cleared	from	the	CNS	and	degraded	in	the	systemic	circulation	[307].	Megalin	is	also	thought	to	aid	

clearance	of	Aβ	in	the	choroid	plexus	and	the	amount	of	megalin	in	AD	patients	has	been	shown	to	

decrease	in	the	choroid	plexus	epithelium	cells	[309,	310].	Enlargement	of	the	lateral	ventricles	has	

been	 reported	 in	 age	 and	 AD	 [365,	 366];	 this	 increased	 surface	 area	may	 result	 in	 Aβ	within	 the	

parenchyma	exchanging	more	readily	with	the	ventricular	compartment.		
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 General	discussion	Chapter	8

In	this	thesis,	the	anatomical	route	for	the	convective	influx/entry	of	CSF	into	the	parenchyma	was	

described	via	injection	of	various	solutes	and	particulate	matter	into	the	cisterna	of	mice.	The	effect	

of	 age	 on	 the	 anatomical	 route	 and	 the	 distribution	 of	 CSF	 in	 the	 brain	 parenchyma	 were	 also	

investigated.	 Existing	 controversies	 in	 the	 literature,	 including	 the	 concept	 of	 VR	 spaces	 and	 the	

involvement	 of	 veins	 in	 the	 clearance	 of	 solutes	 from	 the	 brain,	were	 also	 challenged	 as	 growing	

evidence	 suggest	 that	 not	 spaces,	 but	 cerebrovascular	 basement	 membranes,	 play	 a	 role	 in	 the	

passage	of	fluid,	solutes	and	particulate	matter,	into	and	out	of	the	brain.	

It	was	confirmed	that	solutes	and	particulate	matter	including	EBD,	ASO,	Aβ	and	gold	nanoparticles,	

enter	 the	 parenchyma	 along	 the	 basement	 membrane	 of	 arteries	 and	 principally	 the	 glial	 –	 pial	

basement	membrane	after	5	min	of	 injection	 into	the	cisterna	magna.	All	 tracers	 injected	 into	the	

cisterna	magna	of	young	mice	were	only	detected	in	the	basement	membrane	of	arteries	at	5	and	30	

min	and	were	not	observed	around	capillaries	or	veins.	Solutes	and	particulate	matter	appear	to	be	

selectively	transported	in	the	CSF	in	a	size	dependent	manner	as	EBD	and	ASO	showed	a	widespread	

distribution	in	the	parenchyma	at	30	min	compared	to	Aβ	and	nanoparticles	that	did	not.	EBD	and	

ASO	have	a	 lower	MW	of	~	1	kDa	and	~	5	kDa	compared	to	Aβ	and	nanoparticles	that	have	a	MW	

ranging	from	5	–	10	kDa	and	15	nm	respectively.	This	selective	transport	of	CSF	based	on	the	size	of	

tracers	 confirms	 previous	 studies	 that	 reported	 differenes	 in	 the	 movement	 of	 small	 and	 large	

molecular	weight	 tracers	 from	 the	CSF	 into	 the	parenchyma	 [95,	108].	 The	exclusion	of	 large	MW	

solutes	from	the	parenchyma	may	be	an	effective	mechanism	in	preventing	the	entry	of	unwanted	

proteins	or	large	molecules	that	may	get	stuck	downstream	in	the	parenchyma/extracellular	spaces	

if	 they	entered	from	the	CSF.	The	disadvantage	of	this	may	be	that	drugs	 injected	 intrathecally	for	

administration	 into	 the	brain,	will	 not	 reach	 the	 interstitum	or	 target	 areas	 as	 they	would	 remain	

confined	 to	 the	walls	 of	 blood	 vessels.	 The	 clinical	 outcome	 of	 these	 findings	means	 that	 smaller	

molecules	 would	 be	 required	 for	 intrathecal	 drug	 delivery.	 ASO	 for	 example	 enters	 the	 brain	

parenchyma	by	30	min	and	shows	a	widespread	distribution.	This	particular	ASO	sent	by	Biogen	was	

approved	 by	 the	 Food	 and	 Drug	 Administration	 (FDA)	 for	 the	 treatment	 of	 a	 particular	

neurodegenerative	 disease	 known	 as	 infantile	 spinal	 muscular	 atrophy	 (SMA)	 [367].	 SMA	 is	 a	

neuromuscular	 autosomal	 recessive	 disease	 characterised	 by	 α-motor	 neurone	 dysfunction	 and	

degeneration	in	the	spinal	ventral	horn,	resulting	in	muscular	atrophy	and	weakness	involving	limbs,	

and	more	variably,	bulbar	and	respiratory	muscles	[368-370].	The	commercial	name	for	the	ASO	is	

SPINRAZA.	
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Unlike	EBD	and	ASO	that	diffused	in	the	parenchyma	after	30	min	post-injection,	the	soluble	Aβ	was	

detected	 around	 the	 smooth	 muscle	 cell	 basement	 membrane	 in	 the	 tunica	 media	 of	 arteries	

indicating	 its	possible	exit	 route	 from	the	brain	via	 the	 IPAD	pathway,	which	describes	 the	 flow	of	

solutes	 and	 ISF	 from	 the	 parenchyma	 towards	 leptomeningeal	 vessels	 in	 the	 subarachnoid	 space	

located	on	 the	surface	of	 the	brain.	Failure	 in	 this	 clearance	pathway	and	 the	elimination	of	Aβ	 is	

thought	to	contribute	to	the	pathogenesis	of	AD	[3].	To	confirm	that	the	Aβ	injected	into	the	CSF	is	

cleared	from	the	brain	and	does	not	remain	confined	to	walls	of	arteries,	later	time	points	need	to	

be	tested	(e.g.	45	min	or	1	hr).	

Studies	of	convective	 influx	of	CSF/glymphatic	pathway	demonstrate	the	clearance	of	solutes	from	

the	brain	parenchyma	along	paravenous	spaces	after	30	min	of	 injection	 [108].	 In	 this	 study,	EBD,	

ASO	 and	 Aβ	were	 not	 detected	 along	 veins	 at	 30	min	 in	 young	wildtype	mice.	 The	 contradictory	

findings	may	 be	 the	 result	 of	 differenced	 in	 the	 tracer	 volume	 and	 rate	 used	 in	 injections.	 In	 this	

study,	the	intracisternal	injection	rate	of	Aβ	was	0.8	μI/min,	which	is	lower	than	the	normal	rate	of	

CSF	production	 in	mice	 (<	1	μI/min)	 and	 thus	 the	normal	direction	of	CSF	 flow	was	unlikely	 to	be	

affected	by	the	injection	pressure.	This	is	unlike	the	study	reporting	the	presence	of	Aβ	along	veins	

as	 they	 injected	a	total	volume	of	10	μl	at	a	rate	of	2	μI/min	 [108].	The	clearance	of	Aβ	clearance	

along	 veins	 also	does	not	 correlate	with	Aβ	preferentially	depositing	along	arteries,	 particularly	 in	

CAA	[288].	

As	well	as	confocal	microscopy,	TEM	was	used	to	identify	the	entry	route	of	CSF	and	help	resolve	the	

controversy	 surrounding	 the	 existence	 or	 absence	 of	 VR	 spaces	 in	 the	 cerebral	 cortex.	 The	

ultrastructure	 of	 well-fixed	 rodent	 brains	 intracisternally	 injected	 with	 nanoparticles	 showed	 that	

the	artery	walls	were	compact	and	that	there	was	no	perivascular	or	paravascular	space	[94,	95,	108,	

174].	 The	 channel	 for	CSF	 flow	was	 the	 cerebrovascular	basement	membranes	and	principally	 the	

glial	 –	 pial	 basement	 membrane.	 The	 discrepancy	 in	 the	 literature	 may	 have	 arisen	 by	 studies	

misinterpreting	artefactual	spaces	caused	by	swelling	of	astrocyte	processes	 in	 the	cerebral	cortex	

due	 to	 poor	 tissue	 fixation	 as	 VR	 spaces.	 Ultrastructural	 studies	 on	 well-fixed	 human	 tissue	 also	

support	the	findings	of	this	that	there	are	no	VR	spaces	in	the	cerebral	cortex	of	healthy	individuals	

[15,	24,	27].	 In	 light	microscopy	studies	that	report	 the	entry	of	 tracers	 into	the	parenchyma	from	

the	CSF	along	peri/paravascular	spaces	around	arteries,	 the	reports	may	be	based	on	assumptions	

that	 basement	 membranes	 are	 spaces	 since	 light	 microscopy	 does	 not	 provide	 the	 resolution	

required	to	observe	the	50	–	100	nm	thick	basement	membranes	and	appropriate	vascular	markers	

are	required	to	detect	them.	
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Although	principally	in	the	pial	–	glial	basement	membrane	after	5	min	of	injection	into	the	cisterna	

magna,	 gold	nanoparticles	were	 also	detected	 in	myelinated	neurons	 and	a	 very	 small	 proportion	

were	detected	in	the	smooth	muscle	cell	basement	membrane.	These	results	indicate	solutes	in	the	

CSF	 may	 use	 flowing	 ISF	 as	 a	 route	 for	 communication	 and	 neurons	 as	 a	 means	 for	 cell	 to	 cell	

interaction	[82].	 Interactions	between	ISF	and	CSF	may	aid	the	clearance	of	solutes	from	the	brain	

parenchyma	 as	 CSF	 is	 known	 to	 communicate	 with	 lymph	 nodes	 at	 rapid	 rates	 [94,	 158].	

Nanoparticles	 in	 the	 smooth	 muscle	 cell	 basement	 membrane	 may	 be	 moving	 towards	 the	

endothelium	to	be	transcytosed	into	the	blood	across	the	BBB	in	a	similar	manner	to	some	peptides	

[276].	However,	the	nanoparticles	were	not	detected	in	the	extracellular	spaces	and	were	difficult	to	

localise,	 as	 their	 distribution	 following	 injection	 into	 the	 cisterna	magna	was	 relatively	 sparse.	 To	

determine	the	fate	of	the	nanoparticles,	longer	time	points	would	need	to	be	tested	like	30	min.	

The	presence	of	nanoparticles	 in	 the	 smooth	muscle	basement	membrane	at	5	min	 indicates	 that	

there	 is	 some	 degree	 of	 communication	 between	 the	 basement	 membranes	 involved	 in	 the	

clearance	of	ISF	along	the	IPAD	pathway	and	CSF.	Solutes	and	tracers	in	the	ISF	are	driven	along	the	

IPAD	pathway	in	the	opposite	direction	of	blood	flow	[3].	It	is	unclear	how	the	same	forces	drive	CSF	

movement	 in	 the	 opposite	 direction	 as	 ISF	 along	 the	 basement	 membranes	 that	 are	 within	

nanometres	 of	 each	 other.	 It	 is	 possible	 that	 CSF	 entering	 the	 parenchyma	mixes	with	 ISF	 and	 is	

immediately	 cleared	 out	 again	 along	 the	 IPAD	 pathway.	 CSF	 may	 not	 behave	 in	 the	 manner	

described	by	Iliff	et	al	[108]	as	the	glymphatic	pathway	which	described	the	CSF	as	a	fluid	that	enters	

the	 brain	 parenchyma,	 collects	 waste	 solutes	 and	 exits	 along	 venous	 pathways.	 CSF	 may	 simply	

provide	nutrients	via	its	exchange	with	the	ISF	and	receive	waste	products	from	the	ISF	for	drainage	

into	cervical	lymph	nodes	for	elimination	into	the	systemic	circulatory	system.		

However,	 to	determine	 if	 there	 is	bidirectional	 flow	of	 solutes	along	 the	 ISF	and	CSF,	 injections	of	

tracer	 into	 the	parenchyma	and	 cisterna	magna	 simultaneously	 followed	by	 analysis	 are	 required.	

The	IPAD	clearance	pathway	is	rapid	and	occurs	within	5	min	following	the	injection	of	solutes	into	

the	hippocampus	[3].	The	findings	of	this	study	suggest	that	CSF	possibly	enters	the	IPAD	pathway	at	

30	min	post-injection.	Therefore,	Aβ	should	be	injected	into	cisterna	magna	and	allowed	to	drain	for	

30	min.	Soluble	Aβ	should	also	be	injected	into	the	hippocampus	and	allowed	to	drain	for	5	min.	This	

would	help	determine	if	the	flow	of	tracer	is	bidirectional.	The	surgeries	for	this	set	of	experiments	

have	been	completed	in	a	group	of	five	male	mice	aged	6	–	10	weeks	and	funding	has	been	secured	

for	sectioning	and	analysis	of	the	brains.	

The	distribution	of	Aβ	following	injection	into	the	cisterna	magna	of	old	mice	revealed	that	after	5	

min,	 there	were	 no	 obvious	 differences	 in	 the	 entry	 route	 or	 distribution	 of	 Aβ	 compared	 to	 you	
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mice.	 However,	 after	 30	 min,	 Aβ	 in	 the	 old	 mice	 was	 detected	 in	 the	 basement	 membranes	 of	

capillaries,	 arteries	 and	 veins.	 Soluble	 Aβ	 was	 also	 observed	 diffusely	 in	 the	 parenchyma	 in	

astrocytes,	neurones	and	was	engulfed	by	macrophages.	The	IPAD	pathway	for	clearance	of	solutes	

and	Aβ	from	the	ISF	has	already	been	shown	to	fail	with	increasing	age	and	CAA	[288].	Since	Aβ	was	

detected	around	the	smooth	muscle	cell	basement	membrane	at	30	min	post-injection	and	possible	

enters	 the	 IPAD	 pathway,	 the	widespread	 distribution	 could	 be	 a	 reflection	 of	 the	 IPAD	 pathway	

failure	with	age.	

Regional	differences	in	Aβ	penetration	into	the	parenchyma	from	cisternal	CSF	were	also	examined	

in	twelve	brain	regions	in	the	6	–	10	weeks	old	(young)	and	24	–	30	months	old	mice	(old).	After	both	

5	and	30	min	of	injection	into	the	CSF	there	were	significant	differences	in	the	penetration	distance	

of	 Aβ	 across	 different	 brain	 regions	 with	 the	 shortest	 distance	 occurring	 periarterially	 in	 the	

hypothalamus	 and	 greatest	 distance	 in	 the	 basement	membrane	of	 arteries	 in	 the	 hindbrain.	 The	

penetration	distance	in	any	one	region	after	30	min	was	significantly	greater	compared	to	5	min	in	

the	 young	 mice.	 Since	 the	 IPAD	 pathway	 fails	 in	 older	 mice	 it	 would	 be	 expected	 that	 the	

penetration	distance	of	Aβ	periarterially	would	be	lower	compared	to	the	healthy	young	mice.	This	

was	the	for	the	frontal	cortex,	thalamus,	tectum/tegmentum	and	pons	indicating	slow	and	impaired	

movement	of	solutes	via	the	CSF,	but	was	not	the	case	for	the	olfactory	bulbs	and	caudoputamen.	In	

the	latter	two	regions,	there	was	an	increase	in	the	depth	of	Aβ	along	the	artery	walls	in	the	old	mice	

compared	 to	 the	 young.	 In	 the	 olfactory	 bulbs,	 the	 greater	 periarterial	 Aβ	 distance	 may	 be	 a	

reflection	 of	 increased	 CSF	 flow	 towards	 the	 cervical	 lymph	 nodes	 for	 clearance	 of	 Aβ	 due	 to	

reduced	 flow	 in	 other	 regions	 like	 the	 frontal	 cortex.	 The	 caudoputamen	on	 the	other	 hand,	may	

reflect	the	flow	of	Aβ	into	the	ventricular	compartment	for	take	up	by	the	choroid	plexus	and	its	re-

entry	across	the	enlarged	lateral	ventricles,	which	occurs	with	age	and	in	AD	[365,	366].	

The	 clinical	 implications	 of	 impaired	 CSF	 flow	 along	 the	 basement	membranes	 of	 arteries	 and	 its	

wide-spread	appearance	in	the	parenchyma	demonstrated	in	this	study	suggest	that	intrathecal	drug	

delivery	 for	 treatment	 of	 neurodegenerative	 disease	 like	 AD	 may	 not	 resolve	 the	 Aβ	 plaques	 or	

increase	 the	efficiency	of	Aβ	 clearance.	 Especially	 since	 the	 reabsorption	of	 the	CSF	back	 into	 the	

blood	 stream	 is	 impaired	 in	 ageing	 and	 even	 more	 so	 in	 AD	 patients	 [214,	 215].	 Therefore,	

overloading	an	 impaired	system	may	not	 result	 in	any	beneficial	affects.	 It	 is	also	 likely	 that	drugs	

administered	 into	 the	 CSF	will	 be	 cleared	 along	 the	 CSF	 drainage	 routes	 and	 therefore	 not	 reach	

their	target	site	in	the	brain	parenchyma.	The	administration	of	lipid	soluble	drugs	or	other	means	of	

drug	delivery	across	the	BBB	may	be	a	better	therapeutic	strategy	for	the	treatment	of	AD	[371].	
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Although	 intrathecal	 drug	 delivery	 in	 elderly	 patients	 with	 severe	 AD	 may	 not	 be	 beneficial	 in	

clearing	 Aβ	 plaques	 as	 the	 CSF	 system	 is	 impaired	 with	 age,	 it	 may	 be	 useful	 in	 facilitating	 Aβ	

drainage	in	middle-aged	patients	that	show	early	signs	of	AD.	In	this	study,	it	was	shown	that	solutes	

administered	 into	the	CSF	enter	the	brain	parenchyma	along	the	basement	membranes	of	arteries	

and	 are	 cleared	 along	 the	 smooth	 muscle	 cell	 basement	 membrane	 where	 Aβ	 deposits	 as	 CAA.	

Therefore,	it	is	thereotically	possible	to	inject	drugs	into	the	CSF	to	target	the	basement	membranes	

of	 cerebral	 arteries.	 Changes	 in	 the	 thickness	 and	 composition	 of	 cerebrovascular	 basement	

membranes	with	 age	 have	 been	 reported	 in	mice	 [203].	 However,	 it	 is	 unclear	 if	 similar	 changes	

occur	 in	 humans.	 Changes	 in	 the	 composition	 and	 thickness	 of	 human	 cerebrovascular	 basement	

membranes	 could	 be	 determined	 by	 performing	 histological	 stains	 (e.g.	 of	 collagen	 IV)	 on	 brain	

tissue	 from	 fetal	 to	 old	 individuals.	 Progressive	 changes	 in	 the	 thickness	 of	 the	 basement	

membranes	may	be	addressed	using	enzymes	such	matrix	metalloproteinases.	Addressing	changes	

in	 the	 cerebrovascular	 basement	 membranes	 and	 repairing	 them	 in	 middle-aged	 patients	 may	

prevent	 a	 failure	 in	 the	 IPAD	 pathway	 and	 the	 accumulation	 of	 Aβ	 in	 the	 smooth	 muscle	 cell	

basement	membrane	of	arteries	as	CAA.		
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 Conclusions	Chapter	9

The	experiments	in	this	study	confirm	the	hypothesis	that	convective	influx	of	CSF	occurs	principally	

along	the	pial	–	glial	basement	membrane	around	arteries	and	that	the	distribution	of	tracers	in	the	

brain	from	the	CSF	varies	with	time,	brain	region,	and	age.		

Below	is	a	summary	of	the	results	obtained	for	each	of	the	aims	outlined	in	the	introduction:	

1. This	study	determined	that	entry	route	for	CSF	into	the	parenchyma	is	along	the	pial	–	glial	

basement	membrane	of	arteries	after	5	min	of	 tracer	 injection	 into	 the	cisterna	magna	of	

young	mice.	 It	was	 confirmed	 that	 the	entry	of	CSF	 into	 the	parenchyma	 is	dependant	on	

size	 and	 that	 smaller	MW	 tracers	 like	 EBD	 and	ASO	penetrate	 the	 parenchyma	but	 larger	

molecular	weight	tracers	like	oligomeric	Aβ	and	gold	nanoparticles	do	not.	

2. The	 route	of	entry	and	distribution	of	Aβ	 in	 the	brain	after	5	and	30	min	of	 injection	 into	

cisternal	CSF	of	young	wildtype	mice	was	determined	using	confocal	microscopy.	The	soluble	

Aβ	penetrated	the	brain	along	the	pial	–	glial	basement	membrane	of	arteries	within	5	min	

and	entered	the	IPAD	pathway	after	30	min.	

3. The	depth	of	periarterial	Aβ	in	the	brain	of	young	wildtype	mice	after	injection	into	cisternal	

CSF	was	quantitatively	analysed	and	regional	differences	 in	the	penetration	were	observed	

across	the	brain	after	5	and	30	min	of	injection.	At	5	min	after	its	injection	into	the	CSF,	the	

lowest	 periarterial	 distance	 from	 the	 brain	 surface	 at	 which	 Aβ	was	 observed	was	 in	 the	

thalamus	and	the	highest	 in	the	pons.	At	30	min	after	 its	 injection	into	the	CSF,	the	lowest	

periarterial	distance	at	which	Aβ	was	detected	was	also	in	the	thalamus	but	the	highest	was	

detected	in	the	caudoputamen.	

4. The	 effect	 of	 age	 on	 the	 route	 of	 entry	 of	 Aβ	 from	 the	 CSF	 was	 examined	 and	 no	 real	

differences	were	found	after	5	min	of	injection	compared	to	the	young	mice	(6	–	10	weeks).	

At	 5	 min	 in	 the	 old	 mice	 (24	 –	 30	 months),	 Aβ	 entered	 along	 the	 pial	 –	 glial	 basement	

membrane	of	arteries.	However,	after	30	min,	Aβ	appeared	along	the	IPAD	pathway,	which	

possibly	 failed	 and	 resulted	 in	 the	 detection	 of	 Aβ	 along	 the	 basement	 membrane	 of	

capillaries,	veins,	diffusely	in	the	parenchyma,	in	astrocytes,	neurons	and	macrophages.	

5. 	It	was	also	determined	that	time	had	an	effect	on	the	periarterial	depth	of	Aβ.	The	longer	

the	time	point	(30	min	compared	to	5	min)	the	greater	the	Aβ	distance	along	arteries	in	both	

the	young	and	old	mice	in	all	regions	of	the	brain	that	were	analysed	including	the	olfactory	

bulbs,	cortices,	subcortices	and	posterior	brain	regions.	 	
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Chapter 24

Investigating the Lymphatic Drainage of the Brain: 
Essential Skills and Tools

Nazira J. Albargothy, Matthew MacGregor Sharp, Maureen Gatherer, 
Alan Morris, Roy O. Weller, Cheryl Hawkes, and Roxana O. Carare

Abstract

In this chapter we describe in detail the surgical and imaging techniques employed for the study of the 
anatomical routes of drainage of cerebrospinal fluid (CSF) and interstitial fluid (ISF) from the brain. The 
types of tracers, sites of injection, and volumes injected are crucial. For example, when testing the drainage 
of ISF from the parenchyma, volumes larger than 0.5 μL result in spillage of ISF into the ventricular CSF.

Key words Mouse brain, Perivascular lymphatic drainage, Alzheimer’s disease, Interstitial fluid, 
Cerebrospinal fluid, Solute clearance, Rodent perfusion, Intraparenchymal stereotactic injections, 
Cisterna magna injections

1 Introduction

Apart from blood, there are two major extracellular fluids associ-
ated with the CNS: cerebrospinal fluid (CSF) and interstitial fluid 
(ISF). The pathways of communication between the CSF and ISF 
or between ISF and the immune system are still unclear. We have 
demonstrated in rodents that (1) CSF drains alongside olfactory 
nerves into the nasal mucosa [1] and (2) solutes drain from the ISF 
along basement membranes of capillaries and arteries towards the 
surface of the brain [2]. Previous work suggests that ISF reaches 
deep cervical lymph nodes, but the exact route is not known [3]. 
Recent experimental work has demonstrated a “glymphatic” path-
way whereby CSF and ISF equilibrate and the anatomical route is 
along the pial-glial basement membranes [4, 5].

In this chapter we describe several well-established surgical and 
imaging techniques developed and optimized at the University of 
Southampton by Professor Dr Roxana O. Carare and her research 
team. These techniques are evident in articles describing the study 
of extracellular fluid movement within mouse cerebral tissue [2, 
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5–21]. Briefly, intraparenchymal or intracisternal injections of trac-
ers are performed on mice. The mice are then fixed by perfusion 
and their brains removed. Brains are then processed according to 
protocols optimized for protein identification (immunohistochem-
istry), tracer movement (fluorescent microscopy) and ultrastruc-
tural tracer position (Floating 3,3′diaminobenzidine (DAB) 
immunohistochemistry with electron microscopy). When com-
bined these techniques provide a very powerful set of tools for 
advancing knowledge of the morphology and physiology of the 
lymphatic drainage of the brain. This is essential for understanding 
how soluble biomarker proteins reach the CSF and how the 
immune system reacts in neuroimmunological conditions and with 
increasing age [22].

2 Materials

A number of materials and reagents are required throughout the 
surgical and tissue processing techniques described in this chapter. 
Reagents that must be prepared prior to performing these tech-
niques include fixative, appropriately diluted tracers, and anesthetic.

 1. 10 mM 10 kDa Dextran Texas Red: Dissolve 5 mg of dextran 
in 100 μL of filtered ice-cold 0.01 M phosphate buffered saline 
(PBS), pH 7.2. Vortex (5 s) and aliquot 10 μL into ten 
Eppendorf tubes. Centrifuge for 5 min. Wrap aliquots in alu-
minum foil and store at −20 °C (see Note 1).

 2. 100 μL human amyloid-beta (1–40) HiLyte Fluor 555: Add 
50 μL of filtered 1 % NH4OH to 0.1 mg of Amyloid-beta 
(1–40) HiLyte Fluor 555 (Cambridge Bioscience). Vortex for 
30 s. Add 52.6 μL of filtered 0.01 M PBS, pH 7.2. Vortex for 
30 s. Pipette 10 μL into five separate Eppendorf tubes to pro-
duce stock 200 μL aliquots. Store on dry ice. Add 52.6 μL of 
filtered 0.01 M PBS, pH 7.2 to the remaining solution. Vortex 
for 5 s. Decanter into 10 μL aliquots to produce 100 μL solu-
tions. Wrap all aliquots in aluminum foil and immediately store 
at −80 °C (see Note 2).

 1. Experimental mice (see Note 3).
 2. Scales.
 3. Standard isoflurane anesthesia system.

 1. Stereotaxic frame with nosepiece anesthesia attachment.
 2. Dissection microscope.
 3. Inspection light (ideally gooseneck cold LED) (see Note 4).
 4. Rodent temperature controller system.

2.1 Fluorescent 
Tracers for 
Parenchymal and  
ntracisternal Injection

2.2 Induction 
of Anesthesia 
for Surgery

2.3 Stereotactic 
Injection of Tracers 
into Mouse 
Hippocampus
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345

 5. Hair clippers (Wella/Contura).
 6. Micromotor drill with 0.7 mm burr.
 7. Lacri-lube (ocular lubricant).
 8. 1–5 μL Hirschmann microcapillary pipette with attached injec-

tion syringe (Fig. 5).
 9. Pipette puller (see Note 5).
 10. Dissection tools (sterile surgical scalpel (size 10A), tough cut 

scissors, forceps tip width 2.5 mm).
 11. 0.9 % saline.
 12. Vaseline.
 13. Paper towels.
 14. Cotton buds.
 15. Dust Off.
 16. Pentobarbitone: 1:10 in 0.9 % saline.

 1. Stereotaxic frame with nosepiece anesthesia attachment.
 2. Dissection microscope.
 3. Inspection light (ideally gooseneck cold LED).
 4. Rodent temperature controller system.
 5. Hair clippers (Wella/Contura).
 6. Micromotor drill with 0.7 mm burr.
 7. Lacri-lube (ocular lubricant).
 8. 1–5 μL Hirschmann microcapillary pipette with attached injec-

tion syringe (Fig. 5).
 9. Pipette puller (see Note 5).
 10. Dissection tools (sterile surgical scalpel (size 10A), tough cut 

scissors, forceps tip width 2.5 mm, length 12 cm and 2× curved 
dissection forceps).

 11. 0.9 % saline.
 12. Vaseline.
 13. Paper towels.
 14. Cotton buds.
 15. Dust Off.
 16. Pentobarbitone: 1:10 in 0.9 % saline.

 1. 0.2 M Piperazine-N,N′-bis-2-ethanesulfonic acid (PIPES) 
buffer, pH 7.2: Mix 60.48 g PIPES with 900 mL of distilled 
water. Add 10 M sodium hydroxide dropwise to bring the pH 
up to 7.2. Make up to 1 L with distilled water to produce a 
0.2 M solution of PIPES buffer, pH 7.2. Store at 4 °C (see 
Note 6).

2.4 Injection 
of Tracers into Mouse 
Cisterna Magna

2.5 Perfusion 
Fixation

2.5.1 Buffers

Investigating the Lymphatic Drainage of the Brain
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 2. 0.01 M phosphate buffered saline (PBS), pH 7.2: Dissolve 50 
PBS tablets (Sigma-Aldrich) in 1 L of distilled water to make 
10× stock. Dilute 1:10 in distilled water for use. Store stock at 
room temperature.

 1. 4 % paraformaldehyde in 0.01 M PBS, pH 7.2: Mix 4 g of para-
formaldehyde with 20 mL distilled water. Heat to 60 °C on a 
hotplate stirrer, add 2–4 drops of 1 M NaOH and stir until 
solution clears (see Note 7). Make up to 50 mL with distilled 
water, add 50 mL of 0.02 M PBS and adjust pH to 7.2 using 
NaOH or HCL. Store at 4 °C (see Note 8).

 2. 3.4 % formaldehyde plus 3 % glutaraldehyde in 0.1 M PIPES 
buffer, pH 7.2: Mix 4 g of paraformaldehyde with 20 mL of 
distilled water. Heat to 60 °C on a hotplate stirrer, add 2–4 
drops of 1 M NaOH and stir until the solution clears (see 
Note 7). Cool slightly and add 12 mL of 25 % EM grade glu-
taraldehyde. Make up to 50 mL with distilled water and add 
50 mL of 0.2 M PIPES buffer, pH 7.2. Store at 4 °C.

 1. Syringe pump.
 2. Dissection instruments (straight blunt scissors, standard pat-

tern, gently curved blunt serrated larger finger loops, haemo-
stat and small forceps).

 3. 27 G × 0.38″ × 12″ butterfly needles.
 4. 26 G ½″ × 0.45 × 13 mm needles.
 5. 2 × 20 mL syringes.
 6. 15 mL tubes.
 7. Perfusion platform.

Tissue processing for immunohistochemistry and fluorescent/con-
focal microscopy can be performed on wax embedded, fresh 
(unfixed) and fixed frozen tissue. The materials listed here are for 
protocols optimized for tissue and antigen preservation in fixed 
frozen tissue. Processing for electron microscopy is performed on 
fixed tissue (Fig. 1).

The following materials are required for the processing of fixed 
frozen tissue with optimum tissue and antigen preservation.

 1. 30 % sucrose: Dissolve 30 g of sucrose in 100 mL of distilled 
water. Store at 4 °C.

 2. OCT cryo-embedding media.
 3. Base molds.
 4. Liquid nitrogen.
 5. Cryostat and associated microtomy equipment.

2.5.2 Fixatives

2.5.3 Perfusion

2.6 Tissue 
Processing

2.6.1 Immuno-
histochemistry

Nazira J. Albargothy et al.
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 6. Superfrost slides.
 7. Slide staining rack.
 8. 0.01 M PBS, pH 7.2.
 9. 3 % hydrogen peroxide.
 10. Blocking serum (Fig. 2) (see Note 9).
 11. Primary antibody (Fig. 2) (see Note 9).
 12. Secondary antibody.
 13. ABC vector.
 14. 0.2 M sodium acetate: Dissolve 1.64 g of sodium acetate in 

100 mL of deionized water. Adjust to pH 6.0 using 20 % acetic 
acid.

 15. 0.1 M sodium acetate: Dilute 50 mL of 0.2 M sodium acetate 
in 50 mL of deionized water.

 16. 2.5 g nickel ammonium sulfate.
 17. 200 mg D-glucose.
 18. 40 mg ammonium chloride.
 19. 1.5 mg glucose oxidase (store at −18 °C until ready to use).
 20. 60 mg DAB.
 21. 1 in 5 diluted Harris hematoxylin.
 22. Ethanol series in distilled water (50, 70, 95, 100 %).
 23. Xylene.
 24. DPX mounting medium.

Fig. 1 Overview of tissue processing types. Boxes highlighted in red are relevant 
to the protocols described in this chapter

Investigating the Lymphatic Drainage of the Brain
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The following materials are required for the processing of fixed 
frozen tissue.

 1. Cryostat and associated microtomy equipment.
 2. Superfrost slides.
 3. Slide staining rack.
 4. 0.01 M PBS, pH 7.2.
 5. Blocking serum (Fig. 3) (see Note 9).

2.6.2 Fluorescence/
Confocal Microscopy

Fig. 2 Common antibodies used for immunohistochemistry. The two antibodies 
listed here are particularly useful for identifying cerebral blood vessels

Fig. 3 Common antibodies used for fluorescent/confocal microscopy. The three 
antibodies listed here are particularly useful for identifying cerebral blood 
vessels

Nazira J. Albargothy et al.
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 6. Primary antibody (Fig. 3) (see Note 9).
 7. Secondary antibody (Fig. 3).
 8. Mowiol mounting medium.

The following materials are required for the processing of perfu-
sion fixed tissue.

 1. Human amyloid-beta (1–40) HiLyte Fluor 555.
 2. Thioflavin.
 3. Formbar coated EM grid.
 4. Oven (set at 37 °C).

 1. Vibratome.
 2. 0.01 M PBS, pH 7.2.
 3. 12-well cell culture plate.
 4. Small paintbrush.
 5. Superglue.
 6. Dissecting blades.

 1. 24-well cell culture plate.
 2. Shaker.
 3. Parafilm.
 4. 0.01 M PBS, pH 7.2.
 5. 0.3 % hydrogen peroxide: add 10 mL of 30 % hydrogen perox-

ide to 90 mL of 0.01 M PBS, pH 7.2.
 6. 70 % formic acid.
 7. 0.1 % Triton X-100 in 0.01 M PBS, pH 7.2.
 8. Blocking serum: 5 % goat serum with 5 % fetal bovine serum in 

0.01 M PBS, pH 7.2.
 9. Mouse monoclonal anti-Aβ40 (4G8) (BioLegend): dilute anti-

body 1:100 in 0.01 % Triton in 0.01 M PBS, pH 7.2. Wrap 
with parafilm to prevent evaporation and store at 4 °C.

 10. Horse anti-mouse biotinylated IgG: dilute antibody 1:400 in 
0.01 % Triton in 0.01 M PBS, pH 7.2.

 11. ABC vector.
 12. Deionized water.
 13. 0.1 M sodium acetate.
 14. 20 % acetic acid.
 15. 2.5 g nickel ammonium sulfate.

2.6.3 Floating DAB 
Immunohistochemistry 
for Transmission Electron 
Microscopy

Human Amyloid-Beta 
(1–40) HiLyte Fluor 555 
Fibril Test

Vibratome Slicing

Floating DAB 
Immunohistochemistry
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 16. 200 mg D-glucose.
 17. 40 mg ammonium chloride.
 18. 1.5 mg glucose oxidase (store at −18 °C until ready to use).
 19. 60 mg DAB.

 1. Glass vials and rotator.
 2. PIPES buffer, pH 7.2.
 3. 2 % aqueous osmium tetroxide: Dissolve 1 g osmium tetroxide 

in 50 mL distilled water to produce 2 % stock. Store in triple 
containment at 4 °C (see Note 10).

 4. 2 % uranyl acetate in 70 % ethanol: Dissolve 2 g uranyl acetate 
in 50 mL of 70 % ethanol. Store at 4 °C (see Note 11).

 5. Graded ethanol series in distilled water (30, 50, 95, and 100 %).
 6. Acetonitrile.
 7. TAAB resin: Mix 49 g TAAB hardener component with 49 g 

TAAB resin component (TAAB Laboratories). Mix well. Add 
2.5 mL of TAAB accelerator and mix well. Store at −18 °C 
(see Note 12).

 8. Flat molded embedding capsules (TAAB Laboratories) (see 
Note 13).

 9. Capsule rack.
 10. Oven (set to 60 °C).
 11. Ultramicrotome and associated microtomy equipment.
 12. Formbar coated 200 mesh copper/palladium grids.
 13. Square 200 mesh copper/palladium grids.
 14. Transmission electron microscope.

3 Methods

 1. Set oxygen flow meter to 1.7 L/min.
 2. Switch airflow valve to direct isoflurane and oxygen to the 

induction chamber.
 3. Weigh mouse and place in the induction chamber.
 4. Set isoflurane vaporizer to level four to induce anesthesia.
 5. Monitor the level of anesthesia by using the toe pinch response; 

surgical plane is reached when the mouse does not respond to 
toe pinch.

 6. Switch airflow valve to redirect isoflurane and oxygen to the 
stereotaxic frame.

 7. Transfer mouse from induction chamber to the stereotaxic 
frame isoflurane mask.

Tissue Processing 
for Electron Microscopy

3.1 Induction 
of Anesthesia 
for Surgery

Nazira J. Albargothy et al.
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This technique allows for the injection of small amounts of tracers 
into mouse brain parenchyma at a controlled and physiologically 
relevant rate (0.5 μL/2.5 min). After injection, the capillary tip is 
left in situ for 2 min to allow for bolus diffusion. A further 5 min 
is then given for perivascular drainage. All procedures are per-
formed using a dissection microscope (Fig. 4).

 1. Position anesthetized mouse on to a heated pad on the stereo-
taxic frame using mouthpiece and ear bars. The head needs to 
be secure and not move when pressure is applied to the scalp 
(see Note 14).

 2. Cover rectal probe in Vaseline and insert into mouse. Regulate 
temperature at 37 °C.

 3. Apply Lacrilube to mouse eyes (see Note 15).
 4. Make an incision down the midline of the scalp to expose the 

skull.
 5. Clean the surface of the skull using PBS and cotton buds. Air- 

dry with Dust Off.
 6. Front load the microcapillary pipette with tracer using a 1 mL 

Termo syringe attached to the pipette by narrow gauge tubing 
(Fig. 5). Attach on to stereotaxic frame using the injection 
pipette holder (see Note 16).

3.2 Stereotaxic 
Injection of Tracers 
into Mouse 
Hippocampus

Fig. 4 Recommended equipment arrangement for stereotaxic surgeries. All pro-
cedures are performed using a dissecting microscope and an adequate cold LED 
light source. All required instruments/reagents should be readily accessible

Investigating the Lymphatic Drainage of the Brain
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 7. Use the stereotaxic XYZ controls to maneuver the microcapil-
lary pipette so that the tip is located over Bregma (the point 
where the sagittal and coronal sutures intersect) (Fig. 6).

 8. Adjust XY so that the pipette tip is positioned at the hippocam-
pus (ML = −1.5 mm, AP = −2.0 mm) (Fig. 7) (see Note 17).

 9. Mark the top of the skull underneath the pipette tip with a fine 
marker pen.

 10. Adjust Z-axis to lift the tip away from the skull.
 11. Use a fine drill at medium to high speed to gently shave away 

the skull previously marked by the pen. Stop when the dura 
mater becomes visible.

 12. Clean the surgery area using PBS, pH 7.2 and cotton buds.
 13. Gently adjust the Z-axis to lower the pipette tip until it touches 

the dura and then lower into the hippocampus (DV = 1.7 mm).
 14. Slowly press the plunger of the syringe to inject 0.5 μL of 

tracer over 2.5 min.
 15. Leave pipette tip in situ for 2 min to prevent reflux and then 

slowly remove it from the brain using the Z-axis stereotaxic 
control.

 16. After another 3 min inject pentobarbitone intraperitoneally 
(200 mg/kg), using a 1 mL syringe and a 26 G 
½″ × 0.45 × 13 mm needle.

 17. Wait for 1 min and then transfer mouse on to perfusion mat. 
Prepare mouse for perfusion and start the flushing procedure. 

Fig. 5 Microcapillary pipette loading. A 1 mL syringe should be set to the 0.0 mL 
mark and fixed to a fine tube connected to the pipette. To load the pipette, the 
syringe needs to be pulled very gently until the tracer begins to move into the 
capillary. When the desired volume of tracer is loaded, the syringe must be 
pushed slightly to produce negative flow and then disconnected from the tube to 
take away pressure from the system

Nazira J. Albargothy et al.
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This should be timed to start when the 5 min perivascular 
drainage time has been reached.

Tracers are injected into mouse cisterna magna at a controlled rate 
of 0.2 μL/min. For good image analysis it is recommended to 
inject between 1 and 2 μL of tracer allowing for a 30 min drainage 
time. All procedures are performed using a dissection microscope.

 1. Position anesthetized mouse on to a heated pad on the stereo-
taxic frame using mouthpiece and ear bars. The head needs to 
be secure and not move when pressure is applied to the scalp 
(see Note 14).

 2. Cover rectal probe in Vaseline and insert into mouse. Regulate 
temperature at 37 °C.

 3. Apply Lacrilube to mouse eyes (see Note 15).
 4. Use hair clippers to shave scalp.

3.3 Injection 
of Tracers into Mouse 
Cisterna Magna

Fig. 6 Diagram showing the location of bregma and XY hippocampal stereotaxic 
coordinates on mouse brain. The red dashed circle indicates the point at which 
the sagittal and coronal sutures intersect

Fig. 7 Linear Vernier scale measurement. The large main scale (bottom ) and 
smaller vernier scale (top ) have been set to 20.5 mm. The red dotted line is 
aligned with 0 on the vernier scale but does not line up with any division on the 
main scale. The green arrow indicates the 0.5 division, which unlike any other 
mark, lines up directly with one of the main scale divisions

Investigating the Lymphatic Drainage of the Brain
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 5. Using a size 10 sterile surgical scalpel, perform a sagittal inci-
sion of the skin inferior to the occiput. Clean the area using 
PBS, pH 7.2 and cotton buds.

 6. Bluntly separate subcutaneous tissue and muscles (m. biventer 
cervicis and m. rectus capitis dorsalis major) using 2× curved 
dissection forceps. The dura mater of the cisterna magna 
(Atlanto-occipital membrane) will appear as a shiny elastic 
membrane.

 7. Gently swab a thin layer of Vaseline or glycerol on the dura to 
prevent tracer reflux.

 8. Readjust the position of the mouse so that the head forms a 
135° angle with the body.

 9. Front load the microcapillary pipette with tracer using a 1 mL 
Termumo syringe attached to the pipette by narrow gauge 
tubing (see Note 16) (Fig. 5).

 10. Pierce the dura mater lateral to the arteria dorsalis spinalis with 
the injection pipette. Inject 1–2 μL at a rate of 0.2 μL/min (see 
Note 18).

 11. After injection leave the capillary pipette in situ for 2 min to 
prevent reflux and then gently retract it away from the dura.

 12. Leave mouse in situ for 28 min.
 13. Inject pentobarbitone intraperitoneally (200 mg/kg), using a 

1 mL syringe and a 26 G ½″ × 0.45 × 13 mm needle.
 14. Wait for 1 min and then transfer the mouse on to the perfusion 

mat. Prepare mouse for perfusion and start the flushing proce-
dure. This should be timed to start by the time the 30 min 
drainage time has elapsed.

Good fixation can be achieved by perfusing the mouse at a rate of 
5 mL/min.

 1. Front load 2 × 25 mL syringes with 25 mL of fixative or 
buffer.

 2. Attach the syringe that contains buffer on to the perfusion 
pump. Attach a 27 G × 0.38″ × 12″ butterfly needle to the 
syringe (Fig. 8).

 3. Clear any trapped air by starting the pump. Stop when a fine 
stream of solution is forced out of the butterfly needle.

 4. Position mouse on to perfusion bed and pin into position via 
all four limbs using 4 × 26 G ½″ × 0.45 × 13 mm needles.

 5. Expose the heart by dissection into the thoracic cavity. Use 
clamped forceps to maneuver cut regions of ribcage away from 
the perfusion site.

3.4 Perfusion 
Fixation
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 6. Insert butterfly needle into the left ventricle.
 7. Using fine scissors gently cut into the right atrium.
 8. Start the perfusion pump. Stop when the liver becomes clear 

of blood.
 9. Change the syringes and restart pump. Stop when syringe is 

empty. Movement of the tail and contraction of muscles will 
indicate good fixation.

 10. Decapitate mouse, dissect brain and store in fresh fixative.

 1. Decapitate the mouse using straight blunt scissors.
 2. Expose the skull using gently curved scissors. Perform a mid-

line incision along the neck towards the top of the head and 
trim away any muscle covering the skull.

 3. Gently peel away the top of the skull and underlying dura 
mater from the brain.

 4. Lift the brain slightly away from the skull and cut the blood 
vessels posterior to the Circle of Willis.

 5. Using closed scissors gently maneuver the brain and olfactory 
bulbs away from the skull.

 6. Store the brain in fresh 4 % paraformaldehyde in 0.01 M PBS, 
pH 7.2 for immunohistochemistry or 3.4 % formaldehyde plus 
3 % glutaraldehyde in 0.1 M PIPES buffer, pH 7.2 for electron 
microscopy.

3.5 Brain Dissection

Fig. 8 Diagram showing a simple equipment setup for perfusion fixation
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The method described below has been optimized for tissue fixation 
and antigen preservation. The steps can be applied to a large num-
ber of antibodies (see Note 9). This technique is particularly useful 
when trying to ascertain changes in the protein composition of 
drainage pathways.

 1. Transfer a freshly perfused mouse brain into 30 % sucrose: 6 h.
 2. Separate the cerebellum and brain stem from the cerebral 

hemispheres by slicing though the midbrain.
 3. Place brain into a base mold with the frontal lobes facing 

upwards and cover with OCT cryo-embedding media.
 4. Lower mold into liquid nitrogen to snap-freeze the tissue. 

Store at −80 °C until ready to section.
 5. Transfer the frozen tissue block onto the cryostat and cut 

14 μm thick sections.
 6. Transfer sections onto superfrost slides.
 7. Allow tissue to adhere to the slides by leaving to air-dry for 15 min.
 8. Position slides on a staining rack.
 9. Remove any remaining OCT by washing slides with 0.01 M 

PBS, pH 7.2: 3 × 5 min.
 10. Quench any intrinsic peroxidase activity by incubating slides 

with 3 % hydrogen peroxide: 15 min.
 11. Wash with 0.01 M PBS, pH 7.2: 3 × 10 min.
 12. Block unspecific antibody binding by incubating in blocking 

serum: 30 min.
 13. Tap off excess serum.
 14. Wick away any remaining serum around the brain section.
 15. Incubate in primary antibody (250 μL per slide) at 4 °C in a 

moist chamber: overnight (see Note 19).
 16. Drain excess solution from tray.
 17. Wash with 0.01 M PBS, pH 7.2: 3 × 10 min.
 18. Incubate with secondary antibody at room temperature: 1 h 

(Fig. 2).
 19. During step 18 prepare the ABC vector: Dilute reagent A in 

0.1 M PBS, pH 7.2 in 0.1 % Triton and vortex briefly. Repeat 
for reagent B. Add equal volumes of reagent A to reagent B to 
a final concentration of 1 in 200. Store at 4 °C.

 20. Wash with 0.01 M PBS, pH 7.2: 3 × 10 min.
 21. Tap off excess PBS.
 22. Wick away any remaining PBS around the brain section.
 23. Incubate in the ABC vector at room temperature: 1 h.
 24. Wash with 0.01 M PBS, pH 7.2: 2 × 5 min.

3.6 Immuno-
histochemistry 
and Visualization 
of Proteins of Interest
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 25. Wash with 0.1 M sodium acetate: 2 × 10 min.
 26. During step 25 prepare DAB reagents: Add 2.5 g nickel 

ammonium sulfate, 200 mg D-glucose, 40 mg ammonium 
chloride, and 1.5 mg glucose oxidase to 50 mL of 0.2 M 
sodium acetate. Mix using a magnetic stirrer (solution A). 
Dissolve 60 mg of DAB in 50 mL of distilled water. Mix using 
a magnetic stirrer (solution B).

 27. Mix solution A with solution B just before use (DAB staining 
solution).

 28. Incubate with DAB staining solution to reveal color of anti-
body staining: 5 min.

 29. Wash with 0.01 M PBS, pH 7.2: 2 × 5 min (see Notes 20 and 21).
 30. Nuclear counter staining (optional)

(a) Add 1 in 5 diluted Harris hematoxylin to sections: 2 min 
(see Note 22).

(b) Rinse slides in running tap water: 5 min (Fig. 9).
 31. Dehydrate in five changes of ethanol (50, 70, 95, 100, and 

100 %): 1 min each.
 32. Clear in xylene: 5 min.
 33. Clear in xylene: 2 × 2 min.
 34. Mount slides with DPX mounting solution and store at room 

temperature (see Note 23).
 35. View antibody staining using light microscopy.

Fig. 9 Diagram showing a common setup for the optional Harris hematoxylin 
nuclear counterstaining. Slides are positioned adjacent to one another with no 
gaps in between them on supporting rods over a sink. After staining with Harris 
hematoxylin the slides are washed for 5 min with running tap water
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The method described below has been optimized for the visualiza-
tion of fluorescent tracers after parenchymal or cisternal injection. 
In most cases, a combination of antibodies specific to components 
of the drainage pathways (collagen, smooth muscle, etc.) are used 
injunction with injectable fluorescence tracers (e.g., amyloid-beta 
(1–40) HiLyte Fluor 555).

 1. Transfer a freshly perfused mouse brain into 30 % sucrose: 6 h.
 2. Separate the cerebellum and brain stem from the cerebral 

hemispheres by slicing though the midbrain.
 3. Place brain into a base mold with the frontal lobes facing 

upwards and cover with OCT cryo-embedding media.
 4. Lower mold into liquid nitrogen to snap-freeze the tissue. 

Store at −80 °C until ready to section.
 5. Transfer the frozen tissue block onto the cryostat and cut 

14 μm thick sections.
 6. Transfer sections onto superfrost slides.
 7. Allow tissue to adhere to the slides by leaving to air-dry for 

15 min.
 8. Position slides on a staining rack.
 9. Remove any remaining OCT by washing slides with 0.01 M 

PBS, pH 7.2: 3 × 5 min.
 10. Block unspecific antibody binding by incubating in blocking 

serum: 30 min.
 11. Tap off excess serum.
 12. Wick away any remaining serum around the brain section.
 13. Incubate in primary antibody (250 μL per slide) at 4 °C in a 

moist chamber: overnight (Fig. 3) (see Note 19).
 14. Drain excess solution from tray.
 15. Wash with 0.01 M PBS, pH 7.2: 3 × 10 min.
 16. Incubate with secondary antibody at room temperature: 1 h 

(Fig. 3).
 17. Wash with 0.01 M PBS, pH 7.2: 3 × 10 min.
 18. Tap off excess PBS.
 19. Wick away any remaining PBS around the brain section.
 20. Mount slides with Mowiol mounting medium.
 21. Air-dry at 4 °C: overnight.
 22. View antibody staining using fluorescent/confocal 

microscopy.

3.7 Fluorescence/
Confocal Microscopy
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The following method enables the identification of human amyloid- 
beta (1–40) HiLyte Fluor 555 after stereotaxic injection into 
mouse brain. The method consists of four parts: confirming fibril-
lar properties of the injected amyloid beta, vibratome slicing, DAB 
immunostaining of human amyloid-beta (1–40) HiLyte Fluor 
555, and tissue processing for transmission electron microscopy.

We have shown that only solutes from the ISF drain along intra-
mural perivascular lymphatic drainage pathways. It is therefore 
essential that only non-fibrillar soluble forms of amyloid-beta 
(1–40) HiLyte Fluor 555 are used. The steps outlined below 
enable this to be confirmed (Fig. 10).

 1. Put a small drop of the amyloid-beta (1–40) HiLyte Fluor 555 
used previously in surgery onto a Formbar coated EM grid.

 2. Air-dry: 5 min.
 3. Add a small drop of Thioflavin.

3.8 Floating DAB 
Immunohisto-
chemistry and 
Identification of 
Human Amyloid-Beta 
(1–40) HiLyte Fluor 
555 by Transmission 
Electron Microscopy

3.8.1 Fibrillar Properties 
of Amyloid Beta

Fig. 10 Confirming fibrillar properties of amyloid beta. The diagram depicts a simple procedure to test the 
fibrillar properties of the amyloid-beta (Aβ) used during surgery
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 4. No fibrils should be observed using transmission electron 
microscopy.

 5. Put a small amount of the amyloid-beta (1–40) HiLyte Fluor 
555 used previously in surgery in a oven set to 37 °C and vor-
tex intermittently: 24 h.

 6. Put a small drop onto a Formbar coated EM grid.
 7. Observe using a transmission electron microscope. Fibrils 

should be observed.

 1. Separate the cerebellum and brain stem from the cerebral 
hemispheres by slicing though the midbrain.

 2. Use a small amount of superglue to stick the brain onto the 
mounting plate with the frontal lobes facing upwards.

 3. Attach the mounting plate to the vibratome.
 4. Fill the water bath with 0.01 M PBS, pH 7.2 to cover the brain.
 5. Slice the brain into 50 μm coronal sections (see Note 24).
 6. Use a fine paintbrush to collect sections and transfer them to a 

12-well cell culture plate containing 0.01 M PBS, pH 7.2.

The method below details a series of steps in which a small paint-
brush is used to float vibratome tissue sections between different 
solutions within wells of a 24-well cell culture plate. Each washing 
step requires the use of a different well.

 1. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 × 10 min.
 2. Quench any intrinsic peroxidase activity by incubating sections 

with 0.3 % hydrogen peroxide on a shaker: 30 min.
 3. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 × 10 min.
 4. Incubate with 70 % formic acid: 30 s (see Note 25).
 5. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 × 10 min.
 6. Block unspecific antibody binding by incubating in blocking 

serum: 1 h.
 7. Incubate in primary antibody on a shaker at 4 °C: 48 h.
 8. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 × 10 min.
 9. Incubate in secondary antibody on a shaker at room tempera-

ture. Allow for 1000 μL per well: 2 h.
 10. Wash with 0.01 M PBS, pH 7.2 on a shaker: 3 × 10 min.
 11. During step 10 prepare the ABC vector: Dilute reagent A in 

0.1 M PBS, pH 7.2 in 0.1 % Triton and vortex briefly. Repeat 
for reagent B. Add equal volumes of reagent A to reagent B to 
a final concentration of 1 in 200. Store at 4 °C.

3.8.2 Vibratome 
Sectioning

3.8.3 DAB 
Immunostaining
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 12. Incubate in the ABC vector on shaker at room temperature: 
30 min.

 13. Wash with 0.01 M PBS, pH 7.2: 3 × 10 min.
 14. Wash with 0.1 M sodium acetate: 3 × 5 min.
 15. During step 14 prepare DAB reagents: Add 2.5 g nickel 

ammonium sulfate, 200 mg D-glucose, 40 mg ammonium 
chloride, and 1.5 mg glucose oxidase to 50 mL of 0.2 M 
sodium acetate. Mix using a magnetic stirrer (solution A). 
Dissolve 60 mg of DAB in 50 mL of distilled water. Mix using 
a magnetic stirrer (solution B).

 16. Mix solution A with solution B just before use (DAB staining 
solution).

 17. Incubate with DAB staining solution to reveal color of anti-
body staining: 2 min (see Note 20).

 18. Wash with 0.1 M sodium acetate: 3 × 10 min.
 19. Dissect regions of interest and cut into 1 mm3 sections and 

transfer into glass vials containing PIPES buffer, pH 7.2. Start 
to process for transmission electron microscopy within 10 min 
of the final wash with 0.1 M sodium acetate.

The following steps should be performed at room temperature in 
a fume hood. Use pipettes to remove/apply each solution. Dispose 
of used chemicals according to local health and safety guidelines. It 
is best to use a rotator during the processing to maximum chemical 
infiltration.

 1. Wash in 0.1 M PIPES buffer, pH 7.2: 3 × 5 min.
 2. Post fix in 1 % osmium in 0.1 M PIPES buffer, pH 7.2: 1 h (see 

Notes 10 and 26).
 3. Wash in PIPES buffer, pH 7.2: 3 × 10 min.
 4. Dehydrate in 30 % ethanol: 5 min.
 5. Dehydrate in 50 % ethanol: 20 min.
 6. Stain in 1 % uranyl acetate in 70 % ethanol: 40 min (see Note 11).
 7. Dehydrate in 70 % ethanol: 20 min.
 8. Dehydrate in 95 % ethanol: Overnight.
 9. Dehydrate in absolute ethanol: 3 × 15 min.
 10. Infiltrate with acetonitrile: 10 min.
 11. Infiltrate with 50:50 acetonitrile:TAAB Resin: Overnight.
 12. Infiltrate with fresh TAAB resin: 6 h.
 13. Embed in fresh TAAB resin and polymerize at 60 °C: 16 h (see 

Notes 12 and 13).

3.8.4 Tissue Processing 
for Transmission Electron 
Microscopy
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4 Notes

 1. The injectable dextran (Texas red, lysine fixable) is also available 
at a lower molecular weight of 3 kDa. However, the maximum 
solubility in aqueous buffer for this dextran is 100 mg/mL, in 
contrast to the 10 kDa dextran where it is 50 mg/mL. This is 
due to the decrease in solubility with an increase in the molec-
ular weight.

 2. Both dextran and amyloid beta are sensitive to changes in 
temperature. Amyloid beta will quickly form insoluble oligo-
mers if exposed to several freeze-thaw cycles. It is therefore 
best to transfer the tracers from storage to ice at −18 °C only 
when ready to load the capillary pipette. Do not refreeze any 
unused tracer.

 3. The procedures here can be applied to most strains of experi-
mental mice. All animal procedures must be approved by and 
carried out in accordance with the Institutional committees for 
ethical use of experimental animals.

 4. The light source required to illuminate the skull. Cold type 
LEDs are best, as they do not emit heat.

 5. For minimal tissue damage, the capillary pipette should be 
pulled to a diameter of <50 μm. A Sutter P97 Flaming Brown 
Pipette puller is recommended.

 6. It is easier to produce a larger quantity of buffer and decanter 
into 100 mL volumes. These can be frozen for long-term 
storage.

 7. Fixatives are hazardous and toxic by inhalation and ingestion. 
All procedures should be performed in a fume hood wearing 
appropriate PPE.

 8. 4 % paraformaldehyde in 0.01 M PBS, pH 7.2 should be made 
fresh and stored for a maximum of 5 days at 4 °C. After 5 days 
aldehyde groups begin to form crosslinks reducing its effec-
tiveness as a fixative for immunohistochemistry.

 9. The type of serum and primary antibody used depends on the 
species in which the secondary antibody was raised and the 
protein of interest (one which is being localized). All antibod-
ies are diluted in 0.01 M PBS–0.1 % Triton X-100.

 10. Osmium tetroxide is used as a secondary fixative; it stabilizes 
lipid membranes by reacting with unsaturated acyl chains. 
Osmium is volatile and should be handled in a fume hood 
wearing appropriate PPE. Dispose of osmium solutions by fol-
lowing local health and safety guidelines.

 11. Uranyl acetate further enhances tissue contrast by reacting 
with nucleic acids. It is a derivative of depleted uranium and 

Nazira J. Albargothy et al.



363

should be handled in a fume hood wearing appropriate 
PPE. Dispose of uranyl acetate solutions by following local 
health and safety guidelines.

 12. Before use allow the resin to reach room temperature before 
removing the lid of the container. This avoids water condens-
ing on the surface of the resin.

 13. A large variety of tissue embedding capsules are available for 
electron microscopy. We find that flat-bottomed embedding 
capsules allow optimal orientation of the tissue.

 14. Initially, the process for securing the mouse’s head to the ste-
reotaxic frame can be challenging for someone performing the 
procedure for the first time. It is important that the mouse is 
prone with the head secured straight. This ensures accuracy 
when adjusting stereotaxic coordinates. There will also be vari-
ations in the height of the mouthpiece and ear bar settings 
between age and strain of mouse. Nevertheless, with a little 
patience and practice one can become very proficient at using 
the stereotaxic frame.

 15. Rodents do not close their eyes while under anesthesia. To 
avoid eye dryness and/or cataract formation, Lacrilube (or 
other suitable) eye ointment should be used.

 16. Front loading the microcapillary pipette can be tricky. The set-
 up we have suggested here allows for the pipette tip to be 
dipped into the tracer. The attached 1 mL syringe is then 
pulled back to load the microcapillary pipette. When the 
desired volume of tracer is loaded, the syringe can be detached 
from the tubing to stop any further loading (Fig. 1).

 17. This procedure is not limited to hippocampal injections and 
can easily be applied for different stereotaxic coordinates.

 18. Be gentle when using the injection pipette to pierce the dura 
mater to avoid making contact with the cerebellum or brain 
stem.

 19. Place damp paper towels in slide rack and cover to prevent tis-
sue from drying out.

 20. During this step check the staining has worked using a light 
microscope. For increased contrast repeat DAB staining.

 21. DAB is mutagenic. Dispose of by mixing with an excess solu-
tion of acid permanganate overnight in a fume hood. Neutralize 
with sodium hydroxide and then filter. Dried filter paper can 
be disposed of as general laboratory waste.

 22. An increase in contrast can be obtained by increasing the stain-
ing time in Harris hematoxylin (nuclei will appear more purple 
in color). To reduce contrast wash slides in acid alcohol (1 % 
hydrochloric acid in 70 % alcohol) for 10 s and then repeat 
stain in Harris hematoxylin for a shorter time period.
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 23. To mount slides evenly place a drop of DPX onto the coverslip 
and gently lower the slide onto the coverslip at a slight angle. 
Remove remaining bubbles by applying gentle pressure onto 
the coverslip.

 24. A thickness of 50 μm gives reasonable morphology and suffi-
cient antibody penetration.

 25. Formic acid is corrosive. Handle in a fume hood with appro-
priate PPE.

 26. Osmium tetroxide reacts with DAB to produce areas of 
increased contrast. It enables areas of specific DAB—amyloid- 
beta (1–40) HiLyte Fluor 555 staining to be visualized by 
transmission electron microscopy.
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cerebral vascular basement membranes form the pathways 
by which fluid passes into and out of the brain but that dif-
ferent basement membrane layers are involved. The signifi-
cance of these findings for neuroimmunology, Alzheimer’s 
disease, drug delivery to the brain and the concept of the 
Virchow–Robin space are discussed.

Keywords Lymphatic drainage · Basement membranes · 
Capillaries · Arteries · Amyloid-β · Nanoparticles 
neuroimmunology · Alzheimer’s disease · Virchow–Robin 
space · Drug delivery

Introduction

There are two major extracellular, extravascular fluids asso-
ciated with the brain, namely CSF in the ventricles and 
subarachnoid spaces and interstitial fluid (ISF) between 
cells within the CNS parenchyma. In most organs of the 
body, interstitial fluid, metabolites and antigen present-
ing cells drain to regional lymph nodes along well-defined 
lymphatic vessels. There are, however, no conventional 
lymphatic vessels in the CNS, but there are lymphatic 
drainage pathways by which CSF and ISF drain to regional 
lymph nodes.

CSF is produced mainly by the choroid plexuses and 
circulates through the cerebral ventricles and the subarach-
noid spaces. Lymphatic drainage of CSF occurs through 
well-defined channels that traverse the cribriform plate of 
the ethmoid bone and carry fluid and tracers from the suba-
rachnoid space to lymphatics in the nasal mucosa and to 
cervical lymph nodes [5]. In addition, there is lymphatic 
drainage of CSF along cranial and spinal nerve roots and 
into lymphatics in the dura mater [17]. In larger mammals, 
including humans, CSF also drains directly into the blood 

Abstract In the absence of conventional lymphatics, 
drainage of interstitial fluid and solutes from the brain 
parenchyma to cervical lymph nodes is along basement 
membranes in the walls of cerebral capillaries and tunica 
media of arteries. Perivascular pathways are also involved 
in the entry of CSF into the brain by the convective influx/
glymphatic system. The objective of this study is to differ-
entiate the cerebral vascular basement membrane pathways 
by which fluid passes out of the brain from the pathway by 
which CSF enters the brain. Experiment 1: 0.5 µl of soluble 
biotinylated or fluorescent Aβ, or 1 µl 15 nm gold nanopar-
ticles was injected into the mouse hippocampus and their 
distributions determined at 5 min by transmission electron 
microscopy. Aβ was distributed within the extracellular 
spaces of the hippocampus and within basement mem-
branes of capillaries and tunica media of arteries. Nanopar-
ticles did not enter capillary basement membranes from the 
extracellular spaces. Experiment 2: 2 µl of 15 nm nanopar-
ticles were injected into mouse CSF. Within 5min, groups 
of nanoparticles were present in the pial-glial basement 
membrane on the outer aspect of cortical arteries between 
the investing layer of pia mater and the glia limitans. The 
results of this study and previous research suggest that 
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via arachnoid villi and granulations associated with venous 
sinuses.

Whereas there is a direct connection between the CSF 
and lymphatics in the nasal mucosa and dura mater, there 
is no direct link between ISF and conventional lymphatic 
vessels. Instead, lymphatic drainage of ISF occurs along 
basement membranes in the walls of cerebral capillaries 
and arteries at an estimated rate of 0.11–0.29 µl/min/g 
of brain [2, 23]. Although entry of ISF into lymph nodes 
from artery walls probably involves lymphatic vessels 
these have, as yet, not been defined. Evidence for lym-
phatic drainage along walls of cerebral blood vessels is 
derived from experimental studies and from observa-
tions in human cerebral amyloid angiopathy (CAA). 
When small volumes of soluble tracer are injected (0.5 µl 
injected over a period of 2 min) into the ISF of grey mat-
ter of the mouse striatum or hippocampus, tracer initially 
diffuses through the extracellular spaces of the brain but 
within 5 min has entered basement membranes in the 
walls of capillaries and cerebral arteries to drain out of the 
brain. If larger volumes are injected, tracer is not retained 
within the brain parenchyma and may pass into CSF 
in the ventricles [7]. Flow of ISF and tracers out of the 
brain along blood vessel walls is specifically along base-
ment membranes between capillary endothelium and glia 
limitans and along basement membranes that surround 
smooth muscle cells in the tunica media of cerebral arter-
ies in a three-dimensional network. Studies using radioac-
tive human serum albumin have shown that tracers drain 
from the brain to cervical lymph nodes along the walls 
of leptomeningeal arteries and the internal carotid artery 
in the neck [23]. These experiments have also shown that 
only 5–10 % of tracer injected into the striatum leaks into 
the CSF, suggesting that the lymphatic drainage of ISF 
by the pericapillary and periarterial route is largely sepa-
rate from the CSF [23]. One important role of intramu-
ral perivascular drainage along basement membranes lies 
in the transfer of soluble antigens from the CNS paren-
chyma to regional lymph nodes. The basement membrane 
pathways are too narrow to allow passage of antigen pre-
senting cells and lymphocytes from the brain to regional 
lymph nodes and this may be a major factor for the immu-
nological privilege of the brain [7, 8].

Another key role for intramural perivascular drainage 
along basement membranes is the elimination of solutes, 
such as soluble amyloid β (Aβ) from the brain. As arter-
ies age, perivascular lymphatic drainage becomes less effi-
cient and insoluble, fibrillary Aβ among other amyloids is 
deposited in the walls of cerebral capillaries and arteries 
as cerebral amyloid angiopathy (CAA) [24]. The distribu-
tion of Aβ in vascular basement membranes in the early 
stages of CAA in the human brain is exactly the same as 

the distribution of soluble tracers injected into the mouse 
brain, i.e. in capillary basement membranes and in base-
ment membranes in the tunica media of arteries. In effect, 
Aβ produced by the brain acts as a natural tracer for lym-
phatic drainage in the human and mouse brain [13]. Base-
ment membranes of arterial endothelium and basement 
membranes on the outer aspects of arteries are devoid of 
soluble tracer in the experimental animals and of Aβ in 
the early stages of human CAA. Thus, experimental data 
derived from mouse studies on lymphatic drainage of the 
brain are highly relevant for the human brain, CAA and 
Alzheimer’s disease.

The walls of cerebral arteries and capillaries are not only 
routes for the lymphatic drainage of ISF and solutes out of 
the brain, they are also routes by which CSF and tracers 
enter the brain from the subarachnoid space and mix with 
ISF. Injection of horseradish peroxidase [20] and a variety 
of fluorescent tracers into the CSF [15] results in their entry 
into the brain alongside cortical arteries and penetration of 
tracers into basement membranes surrounding capillaries.

This system has been termed convective influx [20] or 
the glymphatic [27] system as entry of tracers from the 
CSF into the ISF of the brain parenchyma involves aqua-
porin 4 in perivascular astrocytes.

The objective of the present study is to define, by trans-
mission electron microscopy, the routes by which tracers 
pass into and out of the brain. We study the fine anatomy 
of the cerebral capillary wall and surrounding brain tissue 
to identify connections between the extracellular spaces 
and capillary basement membranes through which fluid 
and solutes may flow to enter the start of the perivascular 
lymphatic drainage pathway. Intramural perivascular drain-
age is used as the most suitable term and it is recognised 
that lymphatic drainage along the walls of arteries is actu-
ally along basement membranes within the tunica media 
rather than on the outside of the artery. In addition, the 
present study includes a comparison of the capacity of a 
soluble tracer, biotinylated Aβ, to pass from the extracel-
lular spaces of cerebral grey matter into capillary basement 
membranes with the failure of 15 nm gold nanoparticles to 
pass by the same route.

To define the exact route by which tracers enter the brain 
from the CSF, we injected 15 nm gold nanoparticles into 
the CSF and traced their passage into the brain along base-
ment membranes at the outer extremity of the artery wall 
between the coating of pia mater and the glia limitans. This 
entry pathway is distinct from the pathway along basement 
membranes surrounding smooth muscle cells in the tunica 
media by which drainage out of the brain occurs. The pre-
sent study supports the hypothesis that vascular basement 
membranes are major routes for the transport of fluid and 
tracers into and out of the brain parenchyma.
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Materials and methods

Intracerebral injections

All mice were kept on a standard 12-h light/dark cycle and 
allowed food and water ad libitum. All experiments were 
carried out in accordance with animal care guidelines stipu-
lated by the Animal Care and Use Committee at the Univer-
sity of Southampton and the Home Office (PPL 30/3095). 
The anaesthetic used for all mice consisted of a combina-
tion of 10 mg/ml ketamine (Pfizer) with 1 mg/ml xylazine 
(Bayer), injected intraperitoneally 0.1 ml per 10 g body 
weight. The glass capillary micropipette routinely used for 
our intracerebral injections was purchased from Sigma UK 
and the tip was adjusted to a diameter of <50 µm using a 
Sutter P97 Flaming Brown Pipette puller. The exact vol-
umes and concentrations for intracerebral injections are 
described below. Mice were culled at 5 min after with-
drawal of the glass capillary through overdose with pento-
barbital 200 mg/kg. Mice were intracardially perfused with 
0.1 M piperazine-N,N′-bis(2-ethanesulfonic acid) buffer 
(PIPES, PH 7.2) followed by 3.4 % formaldehyde plus 
3 % glutaraldehyde in 0.1 M PIPES buffer. Brains were 
removed through dissection from the skull, post-fixed over-
night in fresh fixative and then sectioned into 200 µm thick 
coronal slices using a vibratome.

Intraparenchymal injections of Aβ

To determine the ultrastructural location of soluble Aβ 
within the ISF as it moves from the parenchyma to the 
blood vessels, 10-week-old male wild-type C57Bl6 mice 
(n = 6) were micro-injected into the hippocampus with 
0.5 µL biotinylated human Aβ40 of 100 µM concentration 
(AnaSpec, USA), using the injection technique described 
before [11]. Biotinylated Aβ was used to prevent any 
potential cross-reactivity between exogenous human Aβ 
and endogenous mouse Aβ. Three mice were injected only 
with phosphate buffered saline, serving as controls. The 
specificity of Aβ staining was confirmed by pre-incubating 
biotinylated Aβ injected tissue sections with avidin, to satu-
rate the biotin binding sites bound the Aβ. Following this, 
the sections underwent 4G8 anti-Aβ immunohistochem-
istry using DAB as a chromagen (n = 3 mice) or immu-
nofluorescence (n = 3) using streptavidin Alexa Fluor 546 
(Invitrogen, UK).

To identify the clearance pathway of Aβ from the brains 
of naïve mice at the ultrastructural level, six free-floating 
sections of 100 µm thickness, from the hippocampus of 
mice injected with biotinylated human Aβ40 and from con-
trol mice injected with phosphate buffered saline were pro-
cessed for enzyme-linked immunohistochemistry. Sections 
were washed 3 × 5 min in PBS before being treated with 

70 % formic acid for 30 s. After washing for 3 × 5 min sec-
tions were treated with 3 % hydrogen peroxide for 30 min. 
The sections were washed a further 3 × 5 min in PBS. Fol-
lowing this, sections were treated for 1 h at room tempera-
ture with Vectastain™ ABC kit and developed using glu-
cose oxidase enhancement with DAB as chromogen. Some 
sections were mounted onto frosted slides, dehydrated 
and coverslipped using DPX mounting medium. These 
sections were imaged using Nikon 80i brightfield micro-
scope at 10× and 175× magnification and images were 
exported to Photoshop CS software, for orientation. Sec-
tions for TEM were transferred into 0.1 M phosphate buffer 
(PB), pH 7.2 for 3 × 5 min washes before being post-fixed 
with 1 % osmium tetroxide in 0.1 M PB, pH 7.2 for 1 h at 
room temperature. After further 3 × 5 min washes in PBS, 
the sections were dehydrated through an alcohol series 
(30 %–2 min, 50 %–2 min, 70 %–10 min, 90 %–10 min, 
2 × 100 %–20 min). Sections were then treated with ace-
tonitrile for 10 min before being left in a 50:50 mixture 
of acetonitrile and TAAB resin (TAAB laboratories, UK) 
for 12 h. Following resin infiltration, sections were placed 
into fresh TAAB resin for 6 h before being embedded in 
fresh TAAB resin and were polymerised at 60 °C for 48 h. 
Polymerised resin blocks were sectioned using a Reichurt 
Ultracut E ultramicrotome (Reichurt, Germany). Semi-thin 
sections (0.5 µm thick) were cut and stained with toluidine 
blue (Agar Scientific, UK). These sections were analysed 
using a Nikon 80i brightfield microscope at 10× and 175× 
magnification to assess the quality of the tissue. Regions 
with good ultrastructural preservation were further micro-
dissected. Ultra-thin sections (90 nm thick) were cut from 
the microdissected block using a diatome diamond knife 
and floated on to TEM grids for visualisation. In total, 
36 sections were analysed by TEM and Aβ was observed 
within 5–10 capillaries per section. Examination through 
the section covered every grid square from top right to bot-
tom left. Analysis was performed using a Hitachi H7000 
transmission electron microscope. Images were captured 
using iTEM software (Universal TEM Imaging Platform, 
Soft Imaging System, Münster, Germany) operating a Meg-
aView III digital camera (Soft Imaging System, Münster, 
Germany).

Immunofluorescence for the localisation of Aβ

For double labelling immunohistochemistry, tissue sec-
tions were incubated overnight with anti-α smooth muscle 
actin (1:500, Sigma-Aldrich, Dorset, UK) and anti-laminin 
(1:500, Sigma-Aldrich, Dorset, UK) and developed with 
Alexa Fluor-conjugated secondary antibodies (Invitrogen, 
Paisley, UK). Photomicrographs of triple labelling immu-
nohistochemistry were captured from tissue sections at 
least 100 µm away from the injection site using a Leica 
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SP5 confocal laser scanning microscope (Milton Keys, 
UK) and exported to Photoshop CS software.

Synthesis of citrate coated spherical gold nanoparticles 
of 15 nm diameter

Sodium citrate stabilized spherical gold nanoparticles 
(NPs) were prepared using the Turkevich method [18]. 
Briefly, 2.5 ml of 19.5 mM trisodium citrate was brought 
to boil and quickly mixed with a boiled solution of sodium 
tetrachloroaurate (III) dehydrate (0.5 mM, 25 ml) whilst 
stirring vigorously (the solution changes colour from pale 
yellow to colourless, then to purple and finally to deep red 
indicating the formation of 15 nm spherical gold NPs). 
After 5 min the solution was cooled to room temperature 
and filtered using a 0.45 µm syringe filter. The citrate 
coated NPs were then capped with bis-(p-sulfonatophenyl) 
phenylphosphine dihydrate dipotassium (BSPP) by mix-
ing 27.5 ml of gold NPs with 10 mg of BSPP and stir-
ring overnight, precipitated using 50 mg of sodium chlo-
ride and purified by centrifugation at 5000 rpm for 5 min 
at 20 °C. The resulting nanoparticles were re-dispersed by 
sonication in 100 µl of Milli-Q water and stored at 4 °C. 
The size of the gold nanoparticles was confirmed by TEM 
using 3.05 mm diameter Carbon coated 400 mesh Copper 
grids and UV–visible spectroscopy. Gold NP concentration 
was estimated using Beer–Lambert law and then diluted in 
Milli-Q water to the desired concentration.

Surface functionalization of 15 nm gold nanoparticles

Citrate coated spherical NPs of 15 nm diameter were 
coated with Polyethylene glycol (PEG) compounds con-
taining either a positive (SH-PEG-COOH), neutral (SH-
PEG-OCH3) or negative (SH-PEG-NH2) function group. 
For each function group, NPs (5 nm, 10 ml) were mixed 
with the PEG compound (5 mg, 200 µl) whilst continually 
stirring, incubated for 2 h on a shaker (500 rpm) and left 
overnight at 4 °C. Functionalised gold NPs were then puri-
fied by centrifugation (3 × 16,400 rpm, 15 min, 10 °C) and 
re-dispersed by sonication in 100 µl of Milli-Q water.

Intraparenchymal injections of 15 nm Gold 
nanoparticles

10-week-old male mice were injected stereotactically 
with 1 µl of either positive, negative or neutrally charged 
15 nm gold nanoparticles (n = 3/group) into the left hip-
pocampus over 5 min, at a rate of 0.2 µl/min (coordi-
nates from Bregma: AP = −1.9 mm; ML = 1.5 mm 
and DV = −1.3 mm). Injection pipettes were left in situ 
for 2 min to prevent reflux and mice were killed 5-min 
postinjection.

Coronal slices at 200, 400, 600 and 800 µm anterior and 
posterior to the hippocampi injection site were prepared for 
examination by TEM. For each 100 µm slice four 1 mm2 
samples were microdissected from the left hippocam-
pus and processed for TEM (32 × samples per mouse, 
96 × samples per group). TEM was performed by methodi-
cally scanning each sample from top right to bottom left 
with areas containing nanoparticles digitally photographed.

Injections of 15 nm gold nanoparticles into Cisterna 
Magna

Anaesthetised 10-week-old male mice (n = 3) were placed 
prone on a stereotaxic instrument and secured with head 
adaptors. A sagittal incision of the skin was made infe-
rior to the occiput, the subcutaneous tissue and biventer 
cervicis and rectus capitis dorsalis major muscles were 
bluntly separated to expose the posterior atlanto-occipital 
membrane that was incised to reveal the dura mater of the 
cisterna magna. The position of the mouse was then read-
justed so that the head formed a 135° angle with the body. 
The exposed dura mater was then pierced with the injec-
tion pipette lateral to the arteria dorsalis spinalis and 2 µl 
of 15 nm negative gold nanoparticles was injected over 
2.5 min, at a rate of 0.8 µl/min. Injection pipettes were 
left in situ for 2 min to prevent reflux and mice were killed 
5 min postinjection. Perfusion-fixation, removal and sec-
tioning of brains were performed as described above. The 
parietal cortex and corpus callosum were microdissected 
and processed for TEM according to methods developed by 
us and described above and in previous studies [22].

Results

Connections between extracellular spaces in grey 
matter of the brain and pericapillary basement 
membranes

Electron microscope preparations were used to examine the 
relationship between the extracellular spaces in the mouse 
hippocampus and basement membranes surrounding capil-
laries. Figure 1a shows the narrow and tortuous extracel-
lular spaces in the brain parenchyma outlined in yellow 
and how they abut on to the walls of capillaries. At higher 
magnification in Fig. 1b, the interface of the extracellular 
space between astrocyte processes and the basement mem-
brane of the capillary wall can be demonstrated. The base-
ment membrane around capillaries is formed from two ele-
ments derived on one side from the astrocytes of the glia 
limitans and on the other side from capillary endothelium; 
it is in direct focal contact with the extracellular space of 
the brain.
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Distribution of biotinylated Aβ injected into the 
hippocampus

From previous experiments using fluorescent tracers [7] it 
was estimated that 5 min after injection would be the opti-
mal time to examine the relationship between biotinylated 
Aβ in the extracellular spaces of the brain and the presence 
of biotinylated Aβ in capillary basement membranes. At 
later times, fluorescent tracer is reduced in amount in the 
extracellular spaces and this is accompanied by reduced 
presence of tracer in capillary basement membranes.

At 5 min after injection into the hippocampus, densely 
staining biotinylated Aβ is seen in the narrow extracellu-
lar spaces between neuronal and glial processes (Fig. 2a). 
Examination of capillary walls at the same time interval 
reveals the presence of dark granular staining for biotinylated 
Aβ within the capillary basement membrane (Fig. 2b). 
At higher magnification (Fig. 2c), staining for Aβ extends 
throughout the width of the basement membrane and on 
either side of a pericapillary pericyte. Images were compared 
with basement membranes from capillaries of animals that 
had received injections of phosphate buffered saline and no 
injection of biotinylated Aβ (Fig. 2d); basement membranes 
in non-injected animals show no granular dense staining for 
Aβ.

Aβ in basement membranes of the tunica media 
of leptomeningeal arteries 5 min after injection 
of fluorescent Aβ into the hippocampus

To demonstrate that soluble Aβ injected into the hippocam-
pus reaches leptomeningeal arteries 5 min after injection, 

sections of brain were examined by immunocytochemistry 
and confocal microscopy. Figure 3 shows a series of confo-
cal images that depict staining for Aβ, basement membrane 
laminin and smooth muscle actin. The leptomeningeal 
artery in Fig. 3 is seen as a cylinder viewed obliquely and 
end-on. Aβ (Fig. 3a) has a similar pattern of staining in the 
vessel wall to laminin (Fig. 3b) but not exactly the same. 
Differences can be detected in the merged image (Fig. 3d); 
although Aβ merges with laminin throughout the length of 
the section of the vessel wall, the tunica adventitia on the 
outer aspect of the artery stains for laminin but is devoid 
of Aβ. Figure 3c shows a thin but complete circumferential 
coat of smooth muscle cells in the artery wall that is most 
strongly visible where the artery is cut in transverse sec-
tion. The completeness of the smooth muscle coat allows 
arteries to be distinguished from veins that have only occa-
sional smooth muscle cells in their walls. Basement mem-
brane staining for laminin and Aβ is associated with the 
smooth muscle cell layer (Fig. 3d). These images support 
previously published data [7] showing fluorescent tracers 
within the basement membranes of the tunica media of cer-
ebral arteries. No tracer was observed in association with 
veins.

Distribution of 15 nm gold nanoparticles in the 
hippocampus 5 min after injection

To test the capacity of the pericapillary route for lym-
phatic drainage, 15 nm gold nanoparticles were injected 
into the grey matter of the hippocampus and specimens 
were examined 5 min after injection. In this way the results 
could be compared with the injections of biotinylated Aβ. 

Fig. 1  Extracellular space in grey matter of the hippocampus and 
its connection to capillary basement membrane. a Grey matter with 
the extracellular space outlined in yellow. There is a capillary in the 
bottom left-hand corner. Capillary lumen (lu). b High-magnification 

view of the junction of the extracellular space (es) with the capillary 
basement membrane (cvbm) at the level of the astrocyte membrane. 
Endothelial cell of the capillary (en); astrocyte of the glia limitans 
(a). Scale bars a 500 nm; b 250 nm
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Gold nanoparticles were distributed through the extracel-
lular spaces of the hippocampal parenchyma and some 
were taken up by neuronal and possibly by astrocyte pro-
cesses (Fig. 4a). However, no nanoparticles were identified 
within capillary basement membranes (Fig. 4b) although 
they were in the pericapillary extracellular spaces and 
within adjacent neuronal processes. These results suggest 
that although 15 nm nanoparticles are widely distributed 
through the extracellular spaces they do not enter base-
ment membranes of the perivascular lymphatic drainage 
pathway.

Distribution in the brain of 15 nm nanoparticles 
injected into the CSF

We have shown that soluble biotinylated Aβ injected into 
the extracellular spaces of the hippocampus readily enters 
basement membranes around capillaries that form the ini-
tial part of the lymphatic drainage pathway of the brain. 

15 nm nanoparticles, on the other hand, do not enter capil-
lary basement membranes from the extracellular spaces of 
the brain parenchyma. We therefore tested the capacity of 
the entry route for CSF into the brain by injecting 15 nm 
nanoparticles into the CSF. Here we show that 15 nm nano-
particles do enter the brain from the CSF but that the route 
of entry is along basement membranes on the outer aspect 
of arteries as they enter the cerebral cortex. No nanopar-
ticles were observed around veins and no nanoparticles 
entered the extracellular spaces of the brain parenchyma 
around arteries.

Figure 5 shows an artery near the surface of the mouse 
cerebral cortex with a compact wall and no perivascu-
lar space. An area of wall in the square box in Fig. 5a is 
shown at higher magnification in Fig. 5b. A group of 
15 nm gold nanoparticles with some single nanoparti-
cles is present mainly in the basement membrane on the 
outer aspect of the artery between the layer of leptomenin-
geal pia mater and the astrocyte layer of glia limitans of 

Fig. 2  Biotinylated Aβ identified in the extracellular space of hip-
pocampal grey matter and in a capillary basement membrane. a 
Hippocampal neuropil showing darkly stained biotinylated Aβ in 
the extracellular spaces (arrows labelled Aβ); b capillary in the hip-
pocampus showing darkly stained biotinylated Aβ in the basement 
membrane; c high-magnification view of the area within the square 
in Fig. 2b showing darkly stained biotinylated Aβ in the extracellular 

space (right) and throughout the capillary basement membrane (left) 
that encapsulates a pericyte (p); d capillary from a control hippocam-
pus, into which no biotinylated Aβ has been injected. The basement 
membrane (cvbm) is negative for Aβ staining. en endothelium, lu 
lumen, p pericyte, cvbm cerebrovascular basement membrane. Scale 
bars a 500 nm; b–d 200 nm
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the brain (Fig. 5b). This layer of basement membrane is 
shared by pia mater and glia limitans (the pial-glial base-
ment membrane) and is distinct from the layers of base-
ment membrane surrounding smooth muscle cells in the 

tunica media that act as the pathway for drainage of fluid 
and solutes out of the brain. Figure 5a, b also shows that 
there is no space between layers of the artery wall and the 
glia limitans.

Fig. 3  Immunocytochemistry/confocal images showing that 5 min 
after the injection of soluble Aβ into the hippocampus, Aβ is associ-
ated with basement membrane proteins within the wall of an artery in 
the hippocampal fissure. a Aβ (red) in the wall of a leptomeningeal 
artery; b laminin (blue); c a layer of smooth muscle cells (green) in 
the artery wall that is most clearly seen when the vessel is cut in cross 

section; d a merged image showing co-localisation of Aβ and laminin 
(purple–see arrows) associated with the smooth muscle cells. The 
outermost layer of the artery, the tunica adventitia (ta), is stained only 
for laminin (blue) and not for Aβ. SP5 Leica confocal image. Scale 
bar 50 µm

Fig. 4  Nanoparticles are distributed in the extracellular spaces but 
do not enter the capillary basement membrane. a Densely stained 
punctate nanoparticles are seen in the extracellular spaces (es) of the 
brain and within cell processes of neurons and possibly of astrocytes. 

b Neuropil and capillary showing nanoparticles (np) in the extracel-
lular spaces of the neuropil and occasionally in cell processes but no 
nanoparticles are located in the capillary basement membrane (cvbm). 
Scale bars a 300 nm; b 500 nm



 Acta Neuropathol

1 3

Discussion

The major purpose of the present study was to gather fur-
ther evidence for the hypothesis that vascular basement 
membranes form the pathways for passage of fluid into and 
out of the brain. We first showed that when biotinylated Aβ 
is injected in small volumes into the hippocampal grey mat-
ter, it spreads through the extracellular spaces and enters 
basement membranes of capillaries within 5 min of injec-
tion. Electron microscope images show continuity between 
the extracellular spaces and capillary basement membranes. 
Using fluorescent Aβ, we showed by confocal microscopy 
that it was also present in the basement membrane associ-
ated with smooth muscle cells in leptomeningeal arteries 
within 5 min. When injected into the hippocampus, 15 nm 
gold nanoparticles spread through the extracellular spaces 
but they did not enter the basement membranes of capillar-
ies. This suggests that there is a limit on size, rigidity and 
perhaps on charge of material that will enter capillary base-
ment membranes to drain out of the brain along the intra-
mural perivascular drainage pathway.

Our second series of experiments showed that when 
15 nm gold nanoparticles were injected into the CSF in the 
cisterna magna, they rapidly entered the brain alongside 
artery walls. Within 5 min, nanoparticles were present in 
the pial-glial basement membranes on the outer aspects of 
arteries penetrating the cerebral cortex but did not enter 
the extracellular spaces of the brain parenchyma. The pial-
glial basement membrane pathway for the entry of tracers 
from the CSF into the brain is separate from the pathway 
for intramural perivascular drainage of fluid and solutes out 
of the brain that is situated within the smooth muscle cell 

basement membranes in the tunica media of arteries [7]. 
The drainage of solutes along the basement membranes of 
capillaries and arteries is towards the large leptomeningeal 
arteries most likely to the deep cervical lymphatics. From 
the striatum, solutes may appear to drain also into the ven-
tricles, probably an underlying mechanism for the elimi-
nation of periventricular oedema that is observed in some 
neurological conditions or after head trauma [4].

The findings in this study have been combined with pre-
vious observations and summarised in Figs. 6 and 7. ISF 
and soluble tracers flow out of the brain along basement 
membranes initially in the walls of capillaries and then 
along basement membranes surrounding smooth muscle 
cells in the tunica media of arteries (shown as a continuous 
red line in Fig. 6). Tracers from the CSF, on the other hand, 
enter the brain along basement membranes on the outside 
of arteries between the pia mater covering of the artery and 
the glia limitans (Fig. 6). Previous studies have shown that 
when particulate tracers such as Indian ink are injected into 
the cisterna magna they pass into basal cisterns of the sub-
arachnoid space and spread along narrow channels either 
side of major cerebral arteries over the lateral surfaces of 
the hemisphere [17]. From this compartment of the suba-
rachnoid space, nanoparticles appear to pass through the 
pia mater on the surface of the brain to enter the pial-glial 
basement membranes on the outer aspects of penetrating 
arteries as shown in Fig. 6. A recent study demonstrated 
that soluble tracers penetrated the parenchyma after injec-
tion into cisterna magna, with 3 kDa tracers reaching 
64 µm cortical depth [4]. The permeability characteristics 
of the mouse pia mater have not been fully defined and 
require further investigation in future studies.

Fig. 5  Distribution in the brain of 15 nm nanoparticles injected into 
the CSF. Groups of 15 nm nanoparticles are present in the pial-glial 
basement membrane of a cortical artery 5 min after injection into the 
CSF of the cisterna magna. a Low-power transmission electronmicro-
graph of an artery near the surface of the cerebral cortex. Note that 
cells and basement membranes form compact layers and there is no 
Virchow–Robin space. Dense nanoparticles form lines or groups in 
the pial-glial basement membrane between the pia mater and the glia 
limitans around nearly half the circumference of the artery but no 

nanoparticles are seen in basement membranes between smooth mus-
cle cells. b Higher magnification of the square labelled 1 in a. Layers 
of the artery wall can be identified moving outwards from the lumen 
(lu) through the endothelium (en), smooth muscle coat (sm) and a 
layer of pia mater (pm) to the glia limitans of the brain parenchyma 
(pa). Dense groups and single nanoparticles (np) are located mainly 
in the pial-glial basement membrane (cvbm) between the pia mater 
(pm) and the adjacent glia limitans. Scale bars a 1 µm; b 500 nm
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The separation between entry and exit routes is empha-
sised in Fig. 7a. The entry route is depicted by a green 
arrow with two asterisks in the pial-glial basement mem-
brane, whereas the route for the lymphatic outflow of ISF 
and tracers is shown by the red arrow with one asterisk 
associated with smooth muscle cells in the tunica media. 
Uptake of tracer by smooth muscle cells in the artery 
wall suggests that solutes passing out of the brain by this 
pathway may have a signalling function for vascular 

activity. Similarly, the uptake of tracers by perivascular 
macrophages may serve an immunological function or act 
as a mechanism for elimination of metabolites as they pass 
along the lymphatic drainage pathways [12].

Figure 7b is a detailed view of a capillary wall and the 
surrounding glia limitans. Results of the present study sug-
gest that soluble tracers injected into the parenchyma of the 
hippocampus enter capillary basement membranes and then 
flow out of the brain along arterial basement membranes. 
Rennels showed in 1985 that when the soluble tracer horse-
radish peroxidase is injected into the CSF it penetrates the 
brain along the outer aspects of artery walls and reaches 
capillary basement membranes [20]. Aquaporin 4 is 
involved in the transfer of tracers from perivascular base-
ment membranes into the ISF of the brain parenchyma [15] 
but the mechanisms of transfer of ISF and solutes from the 
brain parenchyma into capillary basement membranes are 
unclear. There also appears to be traffic of nutrients through 
capillary basement membranes as they pass into the brain 
via the blood–brain barrier [1] making the system even 
more complex (Fig. 7b).

Basement membranes as routes for transport of fluid 
and solutes in and out of the brain

The present study demonstrates that the anatomical com-
partments for bulk flow of fluid into and out of the brain 
are along basement membranes. All the vascular basement 
membranes involved in this process appear to be com-
posed of two elements. Capillary basement membranes 
are formed by the fusion of elements from endothelium 
and from glia limitans. Basement membranes in the tunica 
media are formed by fusion of elements from adjacent 
smooth muscle cells. The pial-glial basement membrane 
that acts as a pathway for the entry of tracers from the CSF 
is partly contributed by the pia mater and partly by the glia 
limitans. Ultrastructural studies have identified three layers 
in such basement membranes, two outer laminae rarae and 
a central lamina densa at the site where the two elements 
of the basement membrane fuse. Although in the present 
study, Aβ filled the whole width of the capillary basement 
membrane, there is some indication that the lamina densa 
may be the route for transport of solutes along basement 
membranes between vascular smooth muscle cells. Fibrils 
of insoluble Aβ first precipitate in the lamina densa in the 
very early stages of cerebral amyloid angiopathy (CAA) 
[26]. Subsequently deposits of Aβ expand and separate the 
two elements of adjacent smooth muscle basement mem-
brane [16]. Similar separation of the two elements of the 
glio-pial basement membrane occurs when particles are 
injected into the brain and spread between walls of arteries 
and the surrounding glia limitans [29].

Fig. 6  Schematic representation of the lymphatic drainage and con-
vective influx/glymphatic systems of the brain. An artery enters the 
brain from the subarachnoid space and an arteriole divides into cap-
illaries. At the top of the figure, the artery is lined by endothelium 
(Endo), and coated by the tunica media (TM) composed of smooth 
muscle cells and by the outermost tunica adventitia (TA) composed 
of connective tissue. As it enters the brain, the artery loses the 
tunica adventitia but is still coated by a layer of pia-arachnoid (Pia) 
that intervenes between the artery and the glia limitans (GL) of the 
brain. As the arteriole divides into capillaries, the tunica media and 
the layer of pia mater are lost. Thus, at the level of the capillary, the 
glia limitans is in direct contact with the wall of the capillary. On the 
right-hand side of the diagram, the red arrows indicate the intramural 
perivascular lymphatic drainage pathway by which interstitial fluid 
(ISF) and solutes pass out of the brain along basement membranes 
in the walls of capillaries and along basement membranes surround-
ing smooth muscle cells in the tunica media of arterioles and arteries 
[7]. Tracers in the CSF enter the brain along the pial-glial basement 
membrane between the pia mater and the glia limitans (indicated by a 
green arrow) and enter the brain parenchyma and interstitial fluid by 
an aquaporin 4-dependent mechanism, which is the convective influx/
glymphatic pathway
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Significance for neuroimmunology, Alzheimer’s disease, 
drug delivery and the concept of the Virchow–Robin 
space

Neuroimmunology

Drainage of solutes but not nanoparticles from the extracel-
lular spaces of the brain into capillary basement membranes 
is the start of the rapid and direct lymphatic drainage path-
way to cervical lymph nodes. This pathway continues from 
capillaries along basement membranes in the tunica media 
of cerebral and leptomeningeal arteries; it allows passage 
of solutes at least up to 150 kDa [3] but not the passage of 
15 nm nanoparticles as shown in the present study. Immune 
complexes consisting of antigen, antibody and compliment 
becoming entrapped in the basement membrane drainage 
pathway in arteries and temporarily impair perivascular 
lymphatic drainage [9]. These observations suggest that 
there is a size limit on material passing directly from the 
brain parenchyma to lymph nodes. It is likely that the base-
ment membrane pathways are not large enough to allow 
passage of antigen presenting cells or lymphocytes directly 

from the brain to lymph nodes. This has direct implications 
for neuroimmunology and the failure of direct transport of 
antigen presenting cells and lymphocytes from the brain to 
regional lymph nodes may play a role in immunological 
privilege in the brain [19].

Alzheimer’s disease

Perivascular lymphatic drainage pathways are routes for 
the elimination of Aβ from the brain parenchyma as shown 
by injection studies in the mouse. As elimination of Aβ 
fails with ageing of cerebral blood vessels, Aβ accumu-
lates in the walls of arteries as cerebral amyloid angiopa-
thy [16]. Age-related failure of elimination of Aβ probably 
reflects failure of elimination of other metabolites and is 
associated with a rise in the level of soluble Aβ in the brain 
that in itself reflects failure of homoeostasis of the extra-
cellular environment [25]. Failure of elimination of Aβ 
along capillary and arterial basement membranes with age 
could be the trigger for the amyloid cascade that drives the 
deposition of insoluble Aβ in plaques in the brain and fur-
thermore may promote the propagation of tau pathology 

Fig. 7  Expanded view of the wall of a cerebral artery near the sur-
face of the cerebral cortex. a The lymphatic drainage pathway for 
interstitial fluid (ISF) and solutes is specifically along basement 
membranes surrounding smooth muscle cells in the tunica media 
(red arrow *). Tracer studies have shown that solutes are taken up 
by smooth muscle cells and by perivascular macrophages (PVM) 
(thin red arrows). The convective influx/glymphatic pathway by 
which CSF enters the brain is along the pial-glial basement mem-
brane (BM4–green arrow **) between the layer of pia mater and the 
glia limitans of the brain parenchyma. Abbreviations for structure of 
the artery wall: Endo endothelium, BM basement membrane, SMC 
smooth muscle cells, GL glia limitans, BM1 basement membrane 
formed by the endothelium and adjacent smooth muscle cells, BM2 
basement membrane formed by adjacent smooth muscle cells; this is 
the pathway for the lymphatic drainage of interstitial fluid and sol-
utes from the brain along the tunica media, BM3 basement membrane 
formed by the outer smooth muscle cells and pia mater cells coating 
the artery, BM4 basement membrane formed by the pia mater and 
astrocytes of the glia limitans. It is along BM4 that CSF and nano-
particles enter the brain in the convective influx/glymphatic system. 
b Expanded view of the wall of a cerebral capillary and surround-
ing glia limitans. The endothelium has a basement membrane that 
is formed partly by endothelial cells and partly by astrocytes of the 
glia limitans. Solutes, such as amyloid β (Aβ) in the interstitial fluid 
pass from the extracellular spaces of the brain into the endothelial-
glial basement membrane and drain along the intramural perivascular 
drainage pathway (red arrow). Tracers injected into the CSF reach the 
capillary basement membranes via the convective influx/glymphatic 
system and their entry into the interstitial fluid is dependent upon 
aquaporin 4 (green arrows). Nutrients from the blood through the 
blood–brain barrier pass into the brain through the endothelium, the 
basement membrane and the glia limitans (purple arrow). Pericytes 
are surrounded by basement membrane and lie between the endothe-
lium (Endo) and the basement membrane (BM) of the glia limitans 
(GL). Although the red and green arrows are shown in separate parts 
of the basement membrane, a single capillary basement membrane 
appears to share traffic of fluid into and out of the brain

▸



Acta Neuropathol 

1 3

and neuro fibrillary tangles in the brain in Alzheimer’s dis-
ease [25].

Drug delivery

Convection-enhanced delivery (CED) is a strategy for 
injecting drugs into the brain parenchyma to bypass 
the bloodbrain barrier. This technique has shown sig-
nificant potential in clinical trials for the treatment of 
malignant gliomas and Parkinson’s disease [6, 10]. The 
present study emphasises the anatomical basis for this 
technique. Solutes up to 150 kDa drain rapidly out of 
the brain along basement membranes of cerebral capil-
laries and cerebral arteries following simple injection or 
CED [3, 7]. Solutes of 70 and 150 kDa show some delay 
drainage [3]. Particulate matters such as 15–20 nm nan-
oparticles, 0.2 µm fluorospheres and Indian ink do not 
enter the basement membranes of the lymphatic drain-
age pathway but they do track along the pial-glial base-
ment membrane and separate the glia limitans from the 
surface of arteries [7, 29]. Indian ink injected into the 
rat brain remains in situ around arteries for up to 2 years 
having been ingested by perivascular macrophages [29]. 
Uptake of particles at this site by perivascular mac-
rophages is not as rapid as the uptake of solutes drain-
ing along the intramural perivascular pathways within 
the tunica media of arteries [3]. The compartment that 
is expanded by the injection of particulate matter into 
the brain parenchyma is the same pial-glial compartment 
along which nanoparticles enter the brain from the CSF 
as shown in the present study.

The concept of the Virchow–Robin space

The term “Virchow–Robin space” is widely used to denote 
dilated perivascular spaces particularly in the basal gan-
glia and white matter of the brain. It has also long been 
assumed that there is a physically empty space between 
the walls of arteries penetrating the cerebral cortex and 
the surrounding brain tissue [5]. However, ultrastructural 
studies by scanning and transmission electron microscopy 
have demonstrated that first a layer of pia mater separates 
the subarachnoid space from the subpial space and perivas-
cular compartments [14] and secondly, there is a compact 
series of layers of cell processes and basement membrane 
between the walls of arteries and the surrounding brain 
tissue and no space as shown in the mouse in the present 
study (Figs. 5, 6) and in the human brain [28]. There is no 
empty “Virchow–Robin space” between the artery wall 
and the glia limitans. Apparent spaces are commonly seen 
in paraffin sections of brain tissue but the space appears 
to be within brain tissue and artefactual as often there are 
astrocyte processes crossing the space [21]. Injection of 

particulate matter into the brain does separate elements of 
the pial-glial basement membrane to form a perivascular 
space [7, 29].

Conclusions

This study has determined the role of cerebral vascular 
basement membranes as pathways for the passage of fluid 
and tracers into and out of the brain. Soluble tracers such 
as Aβ enter capillary basement membranes from the extra-
cellular spaces and drain out of the brain along the base-
ment membranes of cerebral capillaries and arteries as 
part of the rapid and direct lymphatic drainage of the brain 
parenchyma. This pathway does not allow drainage of nan-
oparticles or of antigen presenting cells to regional lymph 
nodes; it also fails as arteries age and is further blocked by 
the deposition of amyloid in cerebral amyloid angiopathy. 
Lymphatic drainage pathways play a significant role in 
neuroimmunology and are an important factor in maintain-
ing immunological privilege. Failure of elimination of Aβ 
along perivascular drainage pathways is a significant factor 
in the development of Alzheimer’s disease. A different peri-
arterial pathway allows CSF and nanoparticles to penetrate 
the brain from the CSF as part of the convective influx/
glymphatic system; this pathway is the pial-glial base-
ment membrane that can be expanded by particulate matter. 
Questions still remain regarding the dynamics and physiol-
ogy of basement membrane pathways for transport of fluid 
into and out of the brain, not least is the question of how 
the capillary basement membrane appears to allow passage 
of fluid and tracers in more than one direction within the 
same structure.
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