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Abstract
Activation	of	glial	cells,	astrocytes	and	microglia,	has	been	observed	in	neurodegenerative	diseases	including	Alzheimer’s	
disease	 (AD).	Amyloid	 β	 (Aβ),	which	 is	 aggregated	 and	 the	 aggregation	 is	 detected	 as	 characteristic	 pathology	 in	AD	
brain,	 is	known	 to	be	produced	by	neurons	 and	 to	 activate	glial	 cells.	Clearance	of	Aβ	 from	 the	brain	via	 active	 trans-
port	system	is	important	to	prevent	the	accumulation	and	aggregation.	Low	density	lipoprotein	receptor-related	protein	2	
(LRP2/megalin)	is	an	Aβ	transporter.	However,	expression	and	contribution	of	LRP2	in	astrocytes	and	microglia	remain	to	
be	clarified.	In	the	present	study,	we	examined	the	expression	of	LRP2	and	its	roles	in	cultured	astrocytes	prepared	from	
rat	 embryonic	brain	 cortex	 and	mouse	microglial	 cell	 line	BV-2.	Both	 cultured	 rat	 astrocytes	 and	BV-2	 cells	 expressed	
LRP2	 mRNA	 detected	 by	 RT-PCR.	When	 lipopolysaccharide	 (LPS)	 or	 all-trans	 retinoic	 acid	 (ATRA)	 were	 added	 to	
BV-2	cells,	LRP2	mRNA	expression	and	uptake	of	microbeads,	Aβ	and	insulin	were	increased.	On	the	other	hand,	LPS	
decreased	 LRP2	 expression	 and	 uptake	 of	Aβ	 and	 insulin	 in	 cultured	 astrocytes.	 Knockdown	 of	 LRP2	 using	 siRNA	
attenuated	 the	LPS-	or	ATRA-increased	uptake	of	microbeads,	Aβ	and	 insulin	 in	BV-2	cells.	These	 results	 suggest	 that	
LRP2	was	expressed	in	both	astrocytes	and	microglia	and	might	be	involved	in	endocytosis	activities.	Adequate	control	
of	LRP2	expression	and	function	in	astrocytes	and	microglia	might	regulate	Aβ	and	insulin	levels	in	brain	and	would	be	
a	potential	target	in	AD	pathology.
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Introduction

Low density lipoprotein (LDL) receptor-related protein 
(LRP)	is	a	single	transmembrane	glycoprotein	(gp)	belong-
ing	to	the	LDL	receptor	family,	and	generally	recognized	as	
cell	surface	endocytic	receptors	[1,	2].	LRPs	bind	and	inter-
nalize	 extracellular	 ligands	 for	 degradation	 in	 lysosomes	
[3].	The	LDL	receptor	(LDLR)	family	consists	of	more	than	
11	receptors	that	function	in	receptor-mediated	endocytosis	
and	 cellular	 signaling	 [4].	Among	 them,	 the	most	 impor-
tant	in	central	nervous	system	(CNS)	are	LRP1	and	LRP2,	
and	they	are	multifunctional	cell	surface	receptors	that	are	
widely	expressed	 in	several	 tissues	 including	neurons	and	
astrocytes	[3].

LRP1,	also	known	as	CD91	or	α2	macroglobulin	recep-
tor,	 is	 a	multifunctional	 scavenger	 and	 signaling	 receptor	
that	belongs	to	the	LRP	family	[5,	6].	LRP1	is	a	massive	pro-
tein	(600	kDa)	that	is	proteolytically	nicked	during	biosyn-
thesis	to	give	two	stably	associated	polypeptides:	an	85-kDa	
membrane-spanning	 C-terminal	 fragment	 and	 a	 515-kDa	
extracellular	N-terminal	 chain.	 LRP1	 binds	more	 than	 30	
ligands	extracellularly,	including	apolipoprotein	E	(ApoE),	
blood	coagulation	factors,	amyloid	β	(Aβ),	and	prion	pro-
tein	[3].	LRP1	is	abundantly	expressed	in	neurons	[7],	astro-
cytes	[8],	and	microglia	[9].	LRP1	is	also	expressed	in	the	
CNS	including	vascular	cells	such	as	brain	endothelial	cells	
and	pericytes,	and	in	the	choroid	plexus	of	the	blood	brain	
barrier	(BBB)	[4].	LRP1	in	neurons	plays	fundamental	roles	
to	uptake	 cholesterol	 and	 fatty	 acids	 required	 for	 synapse	
formation	[10],	and	interacts	with	amyloid	precursor	protein	
(APP)	and	regulates	proteolytic	processing	to	increase	the	
production	of	Aβ	peptide	[11].

LRP2	was	originally	 identified	 as	 the	major	 antigen	 in	
Heymann	nephritis,	a	rat	model	of	nephropathy,	and	named	
gp330	[12].	LRP2,	also	called	megalin,	is	structurally	very	
similar	 to	 LRP1	 and	many	 common	 ligands	were	 known	
[3].	LRP2	was	reported	to	be	expressed	in	neurons	[13] and 
astrocytes	[14].	In	astrocytes,	LRP2	is	required	for	albumin	
binding	and	internalization	into	astrocytes	including	synthe-
sis	of	neurotrophic	factors	by	the	neighboring	neurons	[15].	
However,	other	reports	showed	that	LRP2	mRNA	could	not	
be	detected	in	human	cultured	astrocytes	[16],	mouse	astro-
cytes	[17],	and	adult	rat	brain	[18].	Therefore,	LRP2	expres-
sion	in	astrocytes	needs	more	studies.	Moreover,	there	were	
few	studies	for	LRP2	expression	in	microglia.

Alzheimer’s	disease	(AD)	is	a	progressive	neurodegen-
erative	 disease	 characterized	 by	 the	 progressive	 declines	
of	memory	and	cognitive	functions,	and	changes	in	behav-
ior	and	personality	[19].	The	most	accepted	hypothesis	for	
the	mechanism	of	brain	injury	in	AD	is	the	“amyloid	cas-
cade”,	 comprising	 amyloid	 accumulation	 in	 the	brain,	 the	
formation	 of	 toxic	 oligomeric	 and	 intermediate	 forms	 of	

Aβ	peptides,	amyloid	plaques,	inflammation	and	the	induc-
tion	of	neurofibrillary	 tangles	 [20].	There	 is	accumulation	
of	Aβ	in	both	the	normal	aging	brain	and	the	AD	brain,	and	
defective	Aβ	clearance	rather	than	increased	Aβ	production	
is	thought	to	be	related	to	the	accumulation	[21].	Clearance	
of	Aβ	from	the	brain	occurs	via	active	transport	at	the	inter-
faces	 separating	 the	CNS	 from	 the	 peripheral	 circulation.	
Through	the	BBB,	LRP1	and	LRP2	facilitate	the	clearance	
of	 the	Aβ	peptide	 that	 is	produced	by	amyloidogenic	pro-
cessing	of	APP,	which	can	 form	complexes	with	different	
LRPs’	 ligands	 such	 as	ApoE	 [22,	 23].	 In	 the	 brain	 cells,	
astrocytes	and	microglia	can	uptake	Aβ	for	eliminating	and	
contribute	to	Aβ	clearance	[24].

Several	lines	of	evidence	have	implicated	various	LRPs	
and	LRP	ligands	in	the	pathogenesis	of	AD	[25].	LRP1	and	
LRP2	also	might	be	linked	to	AD.	LRP1	antisense	or	endo-
thelial-specific	LRP2	null	in	BBB	caused	AD-like	impaired	
cognition	in	mice	[26,	27].	On	the	other	hand,	it	was	reported	
that	LRP1	increased	but	LRP2	decreased	in	choroid	plexus	
epithelium	 in	aged	 rat	 [28].	Further,	 in	brain	 tissues	 from	
patients	with	AD,	LRP2	expression	has	been	immunohisto-
chemically	detected	in	neurons,	even	being	up-regulated	in	
damaged	neurons	 [13].	Therefore,	LRP1	and	LRP2	might	
have	different	speculative	effects	in	the	brain	function	and	
AD	pathology.	LRP1	have	been	well	investigated	whereas	
LRP2	is	less	studied.	Thus,	we	assessed	LRP2	expression	in	
astrocytes	and	microglia	in	the	present	study.

LRP1	and	LRP2	can	bind	to	Aβ	and	facilitate	the	clear-
ance	of	the	Aβ	as	described	above.	In	addition,	LRP1	and	
LRP2	can	bind	to	insulin	and	endocytose,	but	none	is	known	
about	the	roles	of	LRP1	and	LRP2	in	insulin	transport	into	
brain	[29].	Insulin	elongates	neuronal	axon,	potentiates	pro-
tein	synthesis	in	neurons,	and	increases	synapse	formation	
[30].	It	is	known	that	insulin	signaling	is	important	in	nor-
mal	neuronal	and	brain	functions	and	that	neurons	produce	
and release insulin by exocytotic mechanism and use it by 
themselves	[30].	In	AD	pathology,	Aβ	has	been	reported	to	
impair	insulin	signaling	in	neurons	and	increase	phosphory-
lation	of	tau	protein	causing	neurofibrillary	tangles	[31,	32].	
Furthermore,	 it	was	 reported	 that	 insulin	 concentration	 in	
cerebrospinal	fluid	decreased	in	severe	AD	patients	[33] and 
that	Aβ	reduced	insulin	synthesis	in	cultured	neurons	[30].	
In	the	previous	study,	we	found	that	insulin	was	expressed	
also	in	astrocytes	and	released	to	extracellular	medium	[34].	
On	 the	 other	 hand,	 it	was	 reported	 that	 brain	 insulin	was	
partly	derived	from	pancreatic	β	cells	to	be	permeated	BBB	
[35,	36],	but	 the	 involvement	of	LRP2	in	 the	process	was	
not	identified.

In	the	present	study,	we	assessed	the	expression	of	LRP2	
and	its	function	in	endocytosis	activity	of	microbeads,	Aβ	
and	 insulin	 using	 cultured	 astrocytes	 and	 mouse	 microg-
lial	cell	line	BV-2.	Further,	we	also	investigated	the	effects	
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of	 lipopolysaccharide	 (LPS)	 and	 all-trans	 retinoic	 acid	
(ATRA)	on	LRP2	expression	and	the	endocytosis	activity.	
LPS	is	a	commonly	used	activator	of	astrocytes	and	microg-
lia	in	experiments	[37,	38].	ATRA	is	known	to	induce	pro-
liferation	 and	 differentiation	 of	 various	 cells	 [39,	40] and 
decrease	the	activation	of	astrocytes	and	microglia	[41].

Experimental Procedures

Materials

Deoxyribonuclease	 I	 (DNase	 I),	 trypsin,	 anti-Aβ	 anti-
body,	 anti-glial	 fibrillary	 acidic	 protein	 (GFAP)	 antibody,	
and	 fluorescein	 isothiocyanate	 (FITC)-conjugated	 insu-
lin	were	 purchased	 from	Sigma	Chemical	Co.	 (St.	Louis,	
MA,	USA).	Dulbecco’s	modified	Eagle	medium	(DMEM)	
and	horse	serum	were	from	Gibco	BRL	(Grand	Island,	NY,	
USA).	Fetal	bovine	serum	(FBS)	was	from	GE	Healthcare	
Inc.	(Little	Chalfont,	Bucks,	UK).	Aβ1−	42	was	from	Peptide	
Institute,	 Inc.	 (Osaka,	Japan).	Rat	and	mouse	LRP2	prim-
ers	 and	 18S	 rRNA	 primer	were	 from	 Eurofins	Genomics	
Inc.	(Tokyo,	Japan).	Control	siRNA	and	LRP2	siRNA	were	
from	 Santa	 Cruz	 Biotechnology	 Inc.	 (Dallas,	 TX,	 USA).	
HilyMax®	was	 from	Dojindo	 (Kumamoto,	 Japan).	FITC-
conjugated	anti-mouse	IgG	antibody	and	rhodamine-conju-
gated	anti-rabbit	IgG	antibody	(Jackson	ImmunoResearch,	
PA,	USA).

Preparation of Astrocytes Culture

This study was carried out in compliance with the Guideline 
for	Animal	 Experimentation	 at	 Osaka	 Prefecture	 Univer-
sity,	with	an	effort	to	minimize	the	number	of	animals	used	
and	their	suffering.	Astrocytes	were	prepared	as	described	
previously	[37].	In	brief,	cortex	from	20-day-old	embryos,	
which	 were	 taken	 out	 from	 pregnant	 Wistar	 rats	 deeply	
anesthetized,	 were	 cleared	 of	 meninges,	 cut	 into	 about	
1-mm3	 blocks,	 and	 treated	 with	 0.25%	 trypsin	 in	 Ca2+,	
Mg2+-free	phosphate-buffered	saline	(PBS)	containing	5.5	
mM	glucose	 for	 20	min	 at	 37˚C	with	 gentle	 shaking.	An	
equal	 volume	of	 horse	 serum	 supplemented	with	 0.1	mg/
mL	of	DNase	I	was	added	to	the	medium	to	inactivate	the	
trypsin.	Then,	 the	 tissues	were	centrifuged	at	350	× g	 for	
5	min.	The	tissue	sediments	were	triturated	through	a	pipette	
with	DMEM	containing	10%	FBS,	50,000	units/L	penicillin	
and	100	mg/L	streptomycin.	After	filtering	cell	suspensions	
through	a	lens-cleaning	paper	(Fujifilm	Co.,	Tokyo,	Japan),	
the cells were plated on polyethyleneimine-coated 100-mm 
diameter	 plastic	 dishes	 (Iwaki,	 Asahi	 Glass	 Co.,	 Tokyo,	
Japan)	at	a	density	of	0.8–1.3	× 105	cells/cm2.	Cultures	were	
maintained	in	a	humidified	atmosphere	of	5%	CO2	and	95%	

air	at	37˚C	with	changing	medium	every	3	days.	After	one	
week,	astrocytes	were	replated	to	remove	neurons.	On	days	
14–21,	 they	were	 replated	 onto	 adequate	 plates	 or	 dishes	
using	an	ordinary	trypsin-treatment	technique	at	a	density	of	
0.8–1.3	× 105	cells	cells/cm2,	and	stabilized	for	1	day,	then	
we	used	for	experiments.

More	than	90%	of	the	cells	were	immunoreactively	posi-
tive	 to	 an	 astrocyte	 marker,	 glial	 fibrillary	 acidic	 protein	
(GFAP),	using	the	antibody	(Biosensis	Pty	Ltd.,	Thebarton,	
Australia)	and	FITC-conjugated	anti-mouse	 IgG	antibody.	
Less	 than	 10%	 of	 the	 cells	 were	 positive	 to	 a	microglial	
marker,	 Iba-1;	using	 the	antibody	(Wako)	and	rhodamine-
conjugated	anti-rabbit	IgG	antibody.

BV-2 Cell Culture

Mouse	 microglial	 cell	 line	 BV-2	 cells	 were	 grown	 and	
maintained	 in	 DMEM	 supplemented	 with	 10%	 FBS	 and	
penicillin	 (50,000	 units/L)/streptomycin	 (100	 mg/L)	 at	
37	°C	in	a	humidified	incubator	under	5%	CO2.	Cells	were	
subcultured	once	a	week.	They	were	replated	onto	adequate	
plates	 or	 dishes	 using	 an	 ordinary	 trypsin-treatment	 tech-
nique	at	a	density	of	0.8–1.3	× 105	cells/cm2,	and	stabilized	
for	1	day,	 then	we	used	 for	experiments.	BV-2	cells	were	
kindly	provided	from	Laboratory	of	Molecular	Pharmacol-
ogy,	Kanazawa	University	Graduate	School.

Realtime Reverse Transcription-Polymerase Chain 
Reaction (RT-PCR)

For	 realtime	RT-PCR	assays,	 the	 cells	were	 replated	onto	
12-well	 plate	 (Iwaki,	 Japan)	 and	 stabilized	 for	 1	 day	 in	
medium	 containing	 10%	 FBS.	 And	 then,	 the	 cells	 were	
incubated	 for	 24	 h	 and	 stimulated	 for	 24	 h	 in	 serum-free	
medium.	Total	RNA	was	 isolated	 using	FavorPrep™	Tis-
sue	Total	RNA	Purification	Mini	Kit	 (Favorgen,	Taiwan).	
Complementary	 DNA	 was	 prepared	 using	 Omniscript	
Reverse	Transcription	kit	(Qiagen,	Germany)	according	to	
the	manufacturer’s	 protocol.	 PCR	 experiments	were	 done	
using	SYBR®	Green	Realtime	PCR	Master	Mix	(Toyobo,	
Japan)	for	LRP2	and	18S	rRNA.	Table	1	shows	the	list	of	
the	sequence	of	the	primers	(Eurofins	Genomics,	Japan)	and	
cycling	protocols	used	in	this	study.	Detection	of	the	fluo-
rescent	product	was	carried	out	at	the	end	of	the	extension	
period.	To	compare	mRNA	levels	among	samples,	mRNA	
for	each	gene	of	interest	was	normalized	to	the	expression	
of	a	housekeeping	gene,	18S	rRNA	using	the	comparative	
Ct	method.	The	changes	in	the	levels	of	each	PCR	product	
were	calculated	as	ratio	of	control.
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Uptake of Aβ or Insulin

Uptake	of	Aβ:	Aβ1−42	was	dissolved	in	dimethyl	sulfoxide	
(DMSO)	at	a	concentration	of	1	mM	as	a	stock	solution	and	
kept	 at	−	80˚C	before	 using.	The	 serum-free	DMEM	was	
added	with	Aβ	stock	solution	at	the	concentration	of	10	µM	
and	 incubated	 for	 14	 days	 at	 37˚C	 (aggregated	Aβ),	 then	
used	for	Aβ	uptake.	After	the	cell	stimulation,	0.1	µM	Aβ	
was	added	to	the	cells	and	incubated	for	6	h.	Then	the	cells	
were	washed	by	PBS	and	immunostained	as	descried	above.	
In	cultured	astrocytes,	the	total	numbers	of	GFAP-positive	
cells	and	Aβ-positive	cells	were	counted	and	the	ratio	of	Aβ	
and	 GFAP	 double-positive	 cells	 per	 GFAP-positive	 cells	
was	 calculated.	 In	BV-2	 cells,	 because	 almost	 every	 cells	
endocytosed	Aβ,	 more	 than	 20	 cells	 in	 each	 photograph	
were	 picked	 up	 to	 measure	 cellular	 fluorescence	 inten-
sity	by	Image	J	software,	and	average	of	the	intensity	was	
evaluated.

Uptake	of	 insulin:	After	 stimulation,	50	nM	FITC-con-
jugated	 insulin	 was	 added	 to	 the	 cells	 and	 incubated	 for	
30	min.	Then	the	cells	were	washed	by	PBS,	and	fixed	by	
4%	 paraformaldehyde.	 After	 washing	 by	 PBS,	 the	 cells	
were	 observed	 under	 a	 fluorescent	 microscope	 (Olympus	
IX70).	Total	cells	and	FITC	fluorescence	superposed	cells	
were	counted.

Transfection

For	knockdown	of	LRP2	expression,	siRNA	was	transfected	
using	HilyMax®	(Dojindo)	according	to	the	manufactures’	
protocol.	 In	brief,	20	pmol	LRP2	siRNA	or	negative	con-
trol	(CTL)	siRNA	was	mixed	with	serum-free	DMEM,	and	
HilyMax	solution	was	added	and	 incubated	 for	15	min	at	
room	temperature	to	form	siRNA-HilyMax	complex.

BV-2	cells	were	replated	onto	24	well	plate	(Iwaki)	and	
stabilized	 for	1	day.	 siRNA-HilyMax	complex	was	added	
to	 the	cells	 in	serum-free	DMEM	and	 incubated	for	24	h.	
And	then,	the	stimulation	for	24	h	in	each	experiment	was	
performed.

Data Analysis

For	 statistical	 analysis	 of	 the	 data,	 one-way	ANOVA	 fol-
lowed	 by	 Tukey-Kramer	 or	 Dunnet	 multiple	 comparison	
procedure or Student’s t	test	was	used.	Differences	between	
treatments	 were	 considered	 statistically	 significant	 when	
p <	0.05.

Immunostaining

The	cells	were	fixed	by	4%	paraformaldehyde	for	30	min	
at	 room	 temperature,	 and	permeabilized	with	0.5%	Triton	
X-100	in	PBS	for	30	min	at	room	temperature.	After	block-
ing	with	1%	bovine	serum	albumin	(BSA)	and	4%	normal	
goat	 serum	 in	 PBS	 for	 30	 min,	 the	 cells	 were	 incubated	
with	 antibodies	 against	Aβ	 (1:100),	 and	GFAP	 (1:750)	 in	
blocking	 buffer	 at	 4ºC	 overnight	 followed	 by	 an	 incuba-
tion	with	FITC-conjugated	anti-mouse	IgG	antibody	(1:50)	
or	 rhodamine-conjugated	 anti-rabbit	 IgG	 antibody	 (1:50)	
at	 room	temperature	 for	3	h.	Then,	nuclear	stain	was	per-
formed	using	DAPI	for	10	min,	and	the	cells	were	mounted	
with	SlowFade®	Diamond	(Molecular	Probes).	To	visual-
ize	fluorescent	immunostaining,	Olympus	IX70	microscope	
was	used.

Endocytosis Assay

Endocytosis	was	assessed	by	uptake	of	carboxylate	modi-
fied	fluorescent	microspheres	(diameter	=	1	μm)	(Molecular	
Probes,	OR,	U.S.A.).	10	µL	of	fluorescent	microspheres	was	
mixed	with	 5	 µL	FBS,	 and	 diluted	 100	 times	 in	medium	
containing	10%	FBS	(microbeads	solution).	After	the	BV-2	
cells	 were	 stimulated,	 50	 µL/well	 of	 microbeads	 solu-
tion	 (final	 concentration;	 0.013%	 solid)	was	 added	 to	 the	
cells	and	incubated	for	1	h.	Then	the	cells	were	washed	by	
DMEM	three	times	to	remove	non-endocytosed	beads,	and	
observed	under	a	fluorescent	microscopy	(Olympus	IX70).	
The	photographs	of	phase	contrast	and	fluorescent	 images	
were	taken	at	each	same	site.	More	than	20	endocytotic	cells	
in	each	photograph	were	picked	up	to	measure	cellular	fluo-
rescence	intensity	by	Image	J	software,	and	average	of	the	
intensity	was	evaluated.

Table 1	 PCR	primers	for	LRP2
primer Dena-

tur-
ation
(15	s)

Anneal-
ing+
Extension
(1 min)

Rat 
LRP2

forward 5’-GCA	GAG	ATG	
GAC	AGT	GAG	GT-3’

95℃ 62℃

reverse 5’-GCT	GGC	GAG	
GCT	ATA	CG-3’

Mouse 
LRP2

forward 5’-GCA	AGT	GTT	CTA	
GCG	GCT	AC-3’

95℃ 60℃

reverse 5’-TGG	GCA	GAG	
AGG	GTA	AAA	GG-3’

18S	
rRNA

forward 5’-GTA	ACC	CGT	TGA	
ACC CCA −	3’

95℃ 60℃

reverse 5’-	GGT	AGG	TTA	
GCC	ATC	ATC	GCT-3’
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cells per total cells was decreased by LPS stimulation 
(Fig.	2B).

Changes of LRP2 mRNA Expression in BV-2 Cells

Next,	we	assessed	in	BV-2	cells	the	changes	of	LRP2	expres-
sion	with	various	stimulation.	The	cells	were	incubated	with	
LPS	(0.001-1.0	µg/mL)	and	ATRA	(1.0	and	10	µM)	for	24	h	
in	serum-free	medium,	and	the	expression	of	LRP2	mRNA	
was	 evaluated	 by	 realtime	 RT-PCR.	 The	 expression	 of	
LRP2	was	significantly	increased	by	LPS	at	0.1	and	1.0	µg/
mL	(Fig.	3A),	and	it	was	also	significantly	increased	by	1.0	
and	10	µM	ATRA	dose-dependently	(Fig.	3B).

Uptake of Aβ and Insulin was Increased by LPS and 
ATRA Stimulation in BV-2 Cells

As	 described	 above,	 the	 expression	 of	 LRP2	mRNA	was	
increased	by	LPS	and	ATRA	 treatments.	Then,	we	 exam-
ined	the	endocytosis	activity	of	microbeads	and	the	uptake	
of	Aβ	and	insulin	in	BV-2	cells.	After	the	cells	were	treated	
with	0.1	µg/mL	LPS	or	1.0	µM	ATRA	for	24	h,	the	endocy-
tosis	of	fluorescent	microbeads	was	assessed.	The	endocy-
tosis	activity	was	significantly	increased	by	LPS	and	ATRA	
(Fig.	4A).	Similarly,	after	the	stimulation	by	LPS	or	ATRA	
for	24	h,	the	cells	were	incubated	with	0.1	µM	Aβ	for	6	h	
and	the	uptake	of	Aβ	was	assessed	by	immunostaining.	The	
cellular	fluorescence	of	Aβ-positive	cells	was	increased	by	

Results

Changes of LRP2 mRNA Expression in Cultured 
Astrocytes

To	 assess	 the	 changes	 of	 LRP2	 expression	 with	 various	
stimulation	in	cultured	astrocytes,	the	cells	were	incubated	
with	LPS	(0.1	and	1.0	µg/mL)	and	ATRA	(10	µM)	for	24	h	
in	serum-free	medium,	and	the	expression	of	LRP2	mRNA	
was	evaluated	by	realtime	RT-PCR.	The	expression	of	LRP2	
was	not	significantly	changed	by	ATRA	(Fig.	1B),	but	it	was	
significantly	decreased	by	LPS	in	a	dose-dependent	manner	
(Fig.	1A).

Uptake of Aβ and Insulin was Decreased by LPS 
Stimulation in Cultured Astrocytes

We	examined	the	uptake	of	Aβ	and	insulin	in	cultured	astro-
cytes	 to	 assess	 the	 effect	of	LRP2	expression	changed	by	
LPS.	After	the	stimulation	by	1.0	µg/mL	LPS	for	24	h,	the	
cells	were	incubated	with	0.1	µM	Aβ	for	6	h	and	the	uptake	
of	Aβ	was	assessed	by	immunostaining.	The	ratio	of	Aβ	and	
GFAP	 double-positive	 cells	 per	 GFAP-positive	 cells	 was	
decreased	 by	 LPS	 stimulation	 (Fig.	 2A).	 Similarly,	 after	
the	stimulation	by	1.0	µg/mL	LPS	for	24	h,	the	cells	were	
incubated	with	50	nM	FITC-conjugated	insulin	for	30	min	
and	the	uptake	of	insulin	was	assessed	under	a	fluorescent	
microscope.	The	ratio	of	FITC-conjugated	insulin-positive	

Fig. 1	 Expression	of	LRP2	mRNA	in	cultured	astrocytes	treated	with	
LPS	or	ATRA.	Cultured	astrocytes	were	treated	with	0.1,	1.0	µg/mL	
LPS (A)	and	10	µM	ATRA	(B)	for	24	h.	The	expression	of	mRNAs	of	
LRP2	and	18S	rRNA	were	assessed	by	realtime	RT-PCR	procedure.	

Data are mean ±	S.D.	of	repeated	3–10	experiments.	**p <	0.01,	sig-
nificantly	different	from	control	(CTL)	by	Dunnet	multiple	compari-
son procedure
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Figure	 5A	 showed	 in	 control	 group	 that	 LRP2	 siRNA	
decreased	LRP2	mRNA	to	about	60%	compared	with	CTL	
siRNA	(Fig.	5A).	The	endocytosis	activity	was	significantly	
increased	by	LPS	and	ATRA	in	BV-2	cells	transfected	with	
control	siRNA,	while	the	increased	endocytosis	activity	was	
completely	suppressed	in	BV-2	cells	transfected	with	LRP2	
siRNA	(Fig.	5B).	The	uptake	of	Aβ	and	insulin	was	also	sig-
nificantly	increased	by	LPS	and	ATRA	stimulation	in	BV-2	
cells	with	control	siRNA,	and	that	was	absolutely	inhibited	
in	BV-2	cells	with	LRP2	siRNA	(Fig.	5C,	D).

Discussion

In	 the	present	study,	we	demonstrated	 that	LPS	decreased	
LRP2	expression	and	the	uptake	of	Aβ	and	insulin	in	cul-
tured	 astrocytes.	On	 the	other	 hand,	LPS	 increased	LRP2	
expression	 and	 the	 uptake	 of	microbeads,	Aβ	 and	 insulin	
in	 BV-2	 microglial	 cell	 line.	ATRA	 also	 increased	 LRP2	

LPS	and	ATRA	(Fig.	4B).	Moreover,	after	stimulation,	the	
cells	were	incubated	with	50	nM	FITC-conjugated	insulin	
for	30	min	and	the	uptake	of	insulin	was	also	assessed	under	
a	 fluorescent	 microscope.	 The	 ratio	 of	 FITC-conjugated	
insulin-positive	cells	per	 total	cells	was	 increased	by	LPS	
and	ATRA	stimulation	(Fig.	4C).

LRP2 was Associated with Endocytosis Activity and 
Uptake of Aβ and Insulin in BV-2 Cells

To	 evaluate	whether	LRP2	might	 play	 roles	 in	 endocyto-
sis	 and	 uptake	 of	Aβ	 and	 insulin	we	 studied	 using	LRP2	
knockdown	 in	 BV-2	 cells.	After	 LRP2	 siRNA	 and	 nega-
tive	 control	 (CTL)	 siRNA	were	 transfected	 in	BV-2	 cells	
for	24	h,	the	cells	were	treated	with	0.1	µg/mL	LPS	or	1.0	
µM	ATRA	 for	 24	 h,	 and	 the	 endocytosis	 of	 fluorescent	
microbeads	and	the	uptake	of	Aβ	and	insulin	were	assessed.	
To	confirm	 the	 reduction	of	LRP2	by	 siRNA,	 the	expres-
sion	of	LRP2	mRNA	was	evaluated	by	 realtime	RT-PCR.	

Fig. 2	 Uptake	 of	Aβ	 and	 insulin	 in	 cultured	 astrocytes	 treated	with	
LPS.	Cultured	astrocytes	were	treated	with	1.0	µg/mL	LPS	for	24	h.	
(A)	The	uptake	of	Aβ	by	cultured	astrocytes	for	6	h	was	evaluated	by	
immunostaining.	The	numbers	of	Aβ-positive	cells	and	GFAP-positive	
astrocytes were counted (n =	25–289).	The	graph	shows	the	ratio	of	Aβ	
and	GFAP	double-positive	cells	per	GFAP-positive	cells.	The	photo-
graph	shows	representative	fluorescent	images	at	each	same	site.	(B) 

The	uptake	 of	 insulin	 by	 cultured	 astrocytes	 for	 30	min	was	 evalu-
ated.	The	numbers	of	FITC-conjugated	insulin-positive	cells	and	total	
cells were counted (n =	81–748).	The	graph	shows	the	ratio	of	FITC-
positive	 cells	 per	 total	 cells.	 The	 photograph	 shows	 representative	
phase	contrast	(PhC)	and	fluorescent	images	at	each	same	site.	Scale	
bar =	30	 μm.	 Data	 are	 mean	±	S.D.	 of	 repeated	 three	 experiments:	
##p <	0.01,	significantly	different	from	control	(CTL)	by	Student’s	t test
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oxidative	stress	might	be	involved	in	LPS-increased	LRP2	
expression	 in	BV-2	 cells.	LPS	 stimulation	 has	 been	 com-
monly	used	to	activate	glial	cells	in	vitro	experiments	[37] 
and	it	has	been	reported	that	LPS	binds	to	toll-like	receptor	
(TLR)	and	activates	both	microglia	and	astrocytes	through	
nuclear	factor-kappa	B	(NF-κB)	signaling	pathway	[45,	46].	
However,	 LRP2	mRNA	 expression	 in	 cultured	 astrocytes	
was	decreased	and	that	in	BV-2	cells	was	increased	by	LPS	
in	the	present	study.	The	downstream	signaling	of	LPS	for	
regulation	of	LRP2	mRNA	expression	would	be	considered	
in	our	future	study.

It	was	reported	that	LRP2	expression	in	vitro	was	stim-
ulated	 by	 retinoic	 acid	 (RA),	 dibutyryl	 cyclic	AMP,	 and	
vitamin	D	[47,	48].	ATRA	increased	LRP2	expression	and	
induced	differentiation	in	prostate	and	colon	epithelial	cells	
[49].	Consistent	with	these	reports,	ATRA	increased	LRP2	
expression	 in	BV-2	cells	 in	 the	present	study	(Fig.	3).	On	
the	other	hand,	LRP2	expression	in	cultured	astrocytes	was	
not	significantly	changed	by	ATRA	treatments	(Fig.	1).	RA,	
ATRA	and	9-cis	RA,	are	metabolites	of	vitamin	A	that	can	
modify	the	proliferation	and	differentiation	of	a	variety	of	
cells	 [39].	ATRA	 and	 9-cis	 RA	 bind	 to	 the	 RA	 receptors	
(RARα,	β,	and	γ	 isotypes),	whereas	9-cis	RA	binds	to	 the	
retinoid	receptors	(RXRα,	β,	and	γ	isotypes),	to	regulate	the	
expressions	of	various	target	genes	[40].	RAR	was	thought	
to bind to RA-response elements (RAREs) in response 
to	 ATRA	 and	 promote	 transcription	 through	 interaction	
with	 coactivator	 [40].	 It	 was	 known	 that	 astrocytes	 and	
microglia	 recognized	ATRA	via	RAR/RXR	 causing	 func-
tional	changes	[50,	51].	It	was	also	reported	that	astrocytes	

expression	and	the	uptake	activity	in	BV-2	cells.	LPS-	and	
ATRA-increased	 the	 uptake	 activity	 in	 BV-2	 cells	 was	
reduced	 by	 knockdown	 of	 LRP2.	 These	 results	 suggest	
that	LRP2	expressed	in	glial	cells	might	be	involved	in	the	
uptake	of	microbeads,	Aβ	and	insulin.

In	the	present	study,	we	found	that	LRP2	mRNA	expres-
sions	in	cultured	astrocytes	(Fig.	1)	and	BV-2	cells	(Fig.	3).	
Also	in	cultured	microglia	prepared	from	neonatal	rat	whole	
brain,	 LRP2	 mRNA	 expression	 was	 confirmed	 (data	 not	
shown);	therefore,	at	least	mRNA	levels	of	LRP2	expression	
in	 astrocytes	 and	microglia	 were	 clarified.	 Unfortunately,	
we	 could	not	 detect	 protein	 levels	 of	LRP2	expression	 in	
these cells by western blot and immunocytochemistry anal-
ysis	 using	 commercial	 LRP2	 antibodies.	 It	 was	 reported	
in	mouse	 cultured	 astrocytes	 that	 LRP2	 expression	 could	
not	be	detected	using	semi-quantitative	PCR	and	immuno-
cytochemistry	 [17].	The	expression	of	LRP2	 in	glial	cells	
might	be	limited	and	further	investigation	for	LRP2	protein	
expression	was	needed.

LPS	 decreased	 LRP2	 mRNA	 expression	 in	 cultured	
astrocytes	 (Fig.	 1)	 and	 LPS	 and	 ATRA	 increased	 LRP2	
expression	 in	 BV-2	 cells	 (Fig.	 3).	Although	 transcription	
factor	binding	sites	that	are	important	for	LRP2	expression	
have	been	 identified	 [42],	 little	 is	known	about	 regulation	
of	LRP2	mRNA	expression	[1].	Increased	LRP2	expression	
was	observed	in	neurons	associated	with	AD	that	accumulate	
ApoE	[13].	 It	was	 reported	 that	oxidative	stress	 increased	
LRP2	 expression	 in	 renal	 proximal	 tubular	 cells	 [43] and 
LPS	 stimulation	 increased	 intracellular	 reactive	 oxygen	
species	 (ROS)	 production	 in	 microglia	 [44].	 Therefore,	

Fig. 3	 Expression	of	LRP2	mRNA	in	BV-2	cells	treated	with	LPS	or	
ATRA.	BV-2	 cells	were	 treated	with	 various	 concentrations	 of	LPS	
(A) and ATRA (B)	for	24	h.	The	expression	of	mRNAs	of	LRP2	and	
18S	 rRNA	were	 assessed	 by	 realtime	 RT-PCR	 procedure.	 Data	 are	

mean ±	S.D.	of	repeated	3–9	experiments.	**p <	0.01,	significantly	dif-
ferent	from	control	(CTL)	by	Dunnet	multiple	comparison	procedure.	
##p <	0.01,	significantly	different	from	control	(CTL)	by	Student’s	t test
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In	 the	 endocytosis	 of	microbeads,	 no	 reports	 indicated	
direct	interaction	with	LRP2.	It	has	been	reported	that	LRP2	
binds	to	retinol	binding	protein	and	might	be	associated	with	
the	metabolism	 of	 vitamin	A	 [56].	 LRP2	was	 reported	 in	
macrophages	to	be	a	scavenger	receptor	endocytosing	LDL	
[57].	Intracellular	domain	of	LRP2	was	cleaved	and	translo-
cated	into	nuclear,	and	might	interact	with	some	transcrip-
tion	factors	and	regulate	the	expression	of	target	genes	[3].	
Therefore,	LPS-	and	ATRA-increased	LRP2	expression	in	
BV-2	cells	might	be	involved	in	endocytosis	through	other	
related	molecules.	 In	 our	 previous	 study,	 LPS	 and	ATRA	
increased	 transglutaminase	 2	 expression	 and	 endocytosis	
of	 microbeads	 in	 BV-2	 cells	 [in	 press].	 It	 was	 suggested	
that	LPS-increased	transglutaminase	2	expression	might	be	
involved	in	endocytosis	of	microbeads	[38].

Abnormal	accumulation	and	aggregation	of	Aβ	in	brain	
is	 a	 characteristic	 pathology	 in	AD,	 and	 it	 is	 reported	 in	
sporadic	AD	 that	Aβ	production	 rate	 is	not	different	 from	
healthy	brain	while	Aβ	clearance	 is	 impaired	 [58].	There-
fore,	to	elucidate	the	mechanism	of	Aβ	uptake	in	astrocytes	
and	microglia	would	be	important	for	inhibition	of	Aβ	accu-
mulation.	Several	candidate	molecules	for	Aβ	uptake	were	
reported;	LRP,	receptor	of	advanced	glycation	end	product	
(RAGE),	 CD36	 and	 CD47	 [59].	 LRP1	 in	 astrocytes	 and	
microglia	 is	known	 to	mediate	 the	uptake	of	Aβ	 [60,	61].	
In	the	present	study,	the	changes	in	LPR2	expressions	after	
LPS	and	ATRA	treatments	had	same	direction	of	changes	in	
the	uptake	of	Aβ	in	both	cultured	astrocytes	and	BV-2	cells.	
LRP2	 knockdown	 by	 siRNA	 in	 BV-2	 cells	 abolished	 the	
LPS-	 and	ATRA-increased	 endocytosis	 of	Aβ.	 Therefore,	
not	only	LRP1	but	also	LRP2	might	be	associated	with	Aβ	
transport	and	clearance	by	microglia.

It	was	reported	in	kidney	that	LRP2	might	play	a	signifi-
cant	role	as	a	renal	reabsorption	receptor	for	the	uptake	of	
insulin	[29].	However,	none	was	known	about	the	roles	of	
LRP1	and	LRP2	in	insulin	transport	into	brain.	The	results	
of	present	study	suggested	 that	LRP2	might	be	associated	
with	 endocytosis	 of	 insulin	 in	 astrocytes	 and	 microglia,	
similar	to	Aβ	uptake.	It	has	been	reported	that	LRP1	in	neu-
rons	interacts	with	insulin	receptor	and	is	involved	in	glu-
cose	transport	[62].	The	concentration	of	insulin	in	human	
cerebrospinal	fluid	was	about	1	pM	[63].	Increase	of	insulin	
levels	augmented	 insulin	resistance	[64] and insulin resis-
tance	might	be	associated	with	the	pathogenesis	of	AD	[65].	
Endocytosis	of	insulin	via	LRP2	in	microglia	might	control	
the	extracellular	insulin	levels	in	brain.

In	 conclusions,	 LRP2	 expression	 in	 astrocytes	 and	
microglia	might	be	related	to	endocytosis	activity.	Interest-
ingly,	activation	by	LPS	caused	opposite	effects	on	LRP2	
expression	 and	 endocytosis	 activities	 between	 astrocytes	
and	 microglia.	 In	 addition,	 both	 LPS,	 an	 activator,	 and	
ATRA,	 an	 inhibitor,	 of	 inflammatory	 responses	 of	 glial	

might	 be	 a	 regulated	 source	 of	 RA	 for	 the	 brain	 because	
the	expression	of	retinal	dehydrogenase,	an	enzyme	for	RA	
synthesis,	 in	astrocytes	changed	according	to	 the	RA	con-
centration	 [52].	 Different	 changes	 of	 LRP2	 expression	 in	
astrocytes	and	microglia	by	ATRA	might	be	associated	with	
ATRA	concentration	containing	in	the	medium	or	using	as	
the	 treatments	 in	 the	 present	 study.	 Further	 investigation	
was	needed	for	the	mechanisms	of	changes	in	LRP2	expres-
sion	by	ATRA.

ATRA	had	an	anti-inflammatory	function,	decreasing	the	
activation	of	astrocytes	and	microglia	to	inhibit	the	produc-
tion	of	nitric	oxide	(NO)	and	inflammatory	cytokines	[53].	
It	was	also	known	that	ATRA	had	direct	effects	on	neuro-
genesis	 to	 induce	 the	differentiation	of	neuronal	 stem	cell	
[50].	Therefore,	ATRA	might	be	a	putative	candidate	drug	
for	the	treatment	of	patients	with	AD.	The	concentration	of	
RA	was	 reported	as	about	15	µM	in	human	serum,	5	µM	
in	rat	serum,	and	0.04–0.75	µM	in	rat	tissues	[54].	There-
fore,	 the	concentration	of	ATRA	used	in	the	present	study	
could	occur	in	vivo.	In	our	preliminary	experiments,	1–10	
µM	ATRA	decreased	LPS-induced	NO	production	 in	 cul-
tured	 astrocytes	 and	 BV-2	 cells	 consistent	 with	 previous	
research	 [41].	 It	 was	 suggested	 that	ATRA	 might	 inhibit	
LPS-induced	 NF-κB	 activation	 [55].	 However,	 both	 LPS	
and	ATRA	increased	LRP2	expression	in	BV-2	cells	in	the	
present	study	(Fig.	3).	The	regulation	of	LRP2	mRNA	might	
be	associated	with	transcriptional	factor	other	than	NF-κB	
and/or	other	mechanisms	might	be	involved.

In	the	endocytosis	assay	of	microbeads,	Aβ	and	insulin,	
LPS	decreased	the	uptake	of	Aβ	and	insulin	in	cultured	astro-
cytes	and	LPS	and	ATRA	increased	the	endocytosis	activity	
in	BV-2	cells	correlated	with	LRP2	expression	(Figs.	1,	2,	
3 and 4).	In	addition,	LRP2	knockdown	by	siRNA	in	BV-2	
cells abolished the LPS- and ATRA-increased endocytosis 
of	microbeads,	Aβ	 and	 insulin	 (Fig.	 5).	 Therefore,	 LRP2	
might	be	involved	in	the	endocytosis	activity	in	microglia	
and	related	in	astrocytes.

Fig. 4	 Uptake	of	microbeads,	Aβ	and	insulin	in	BV-2	cells	treated	with	
LPS	or	ATRA.	BV-2	cells	were	treated	with	0.1	µg/mL	LPS	or	1.0	µM	
ATRA	for	24	h.	(A)	The	uptake	of	fluorescent	microbeads	for	1	h	was	
evaluated.	The	graph	shows	level	of	fluorescence	per	cell.	The	photo-
graph	shows	representative	phase	contrast	and	fluorescent	 images	at	
each	same	site.	(B)	The	uptake	of	Aβ	for	6	h	was	evaluated	by	immu-
nostaining.	The	graph	shows	level	of	fluorescence	per	cell.	The	pho-
tograph	shows	representative	phase	contrast	and	fluorescent	images	at	
each	same	site.	(C)	The	uptake	of	insulin	for	30	min	was	evaluated.	
The	numbers	of	FITC-conjugated	insulin-positive	cells	and	total	cells	
were counted (n =	179–1433).	The	graph	shows	the	ratio	of	FITC-pos-
itive	cells	per	total	cells.	The	photograph	shows	representative	phase	
contrast	and	fluorescent	images	at	each	same	site.	Scale	bar	=	30	μm.	
Data are mean ±	S.D.	 of	 repeated	 3–5	 experiments:	 **p <	0.01,	 sig-
nificantly	 different	 from	 control	 (CTL)	 by	 Tukey-Kramer	 multiple	
comparison	procedure.	##p <	0.01,	significantly	different	from	control	
(CTL) by Student’s t test
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cells	 increased	LRP2	expression	and	endocytosis	 in	BV-2	
cells.	LRP2	expression	and	its	regulations	in	glial	functions	
would	be	complicated.	LRP2	expression	might	be	associ-
ated	with	AD	pathology	 through	 the	regulation	of	Aβ	and	
insulin	levels	 in	brain	and	glial	function;	however,	further	
investigation	was	needed	 to	 enclose	 the	 roles	 of	LRP2	 in	
AD	pathology.
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