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Alzheimer’s disease (AD) is a devastating neurodegenerative disease and is associated with blood-brain
barrier (BBB) disruption. AD mice and cell culture models play an essential role in understanding AD
pathogenesis and validation of therapeutic reagents. One of the commonly used AD mice is the 5 x FAD
mouse and previous studies have shown that BBB leakage occurs at 9 months of age in the mice.
However, it remains unknown whether disrupted BBB also occurs in young animals and whether AD-
caused BBB impairment can be replicated and further corrected in a cell culture model. Here, we
examine BBB breakdown in the 5 x FAD mouse model at different ages including both pre-symptomatic
and post-symptomatic ages and test an in vitro BBB model established with the 5 x FAD primary cerebral
Exosomes endothelial cells. Moreover, with the BBB in vitro model, we also examined the therapeutic effect of
Neural stem cells human neural stem cells (NSCs)-derived exosomes on AD-caused BBB leakage. Our result indicated that
iPSC BBB breakdown in the 5 x FAD mice occurred at 4 months of age, which could be mimicked with an
in vitro BBB model. Importantly, we further demonstrated that treatment of the in vitro BBB model with
NSCs-derived exosomes reversed AD-caused BBB deficiency. The information should be useful for re-
searchers to determine which ages of the AD mice should be employed in specific in vivo and in vitro
studies and the data also suggest that AD-caused BBB disruption can be corrected at least by NSC-derived
exosomes.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and the most common cause of dementia. AD is associated
with impaired blood-brain barrier (BBB) [1], increased oxidative
stress and neuroinflammation [2], mitochondria dysfunction [3]
and impaired proteostasis [4], resulting in accumulation of mis-
folded proteins including senile (AB) plaques and neurofibrillary
tangles in the brain. Indeed, BBB dysfunction has been causally
linked to AD pathogenesis [5]. However, the mechanisms under-
lying early BBB disruption in AD remain elusive, and to date, there
are few therapeutic options to treat AD-induced BBB leakage
effectively.

The BBB is a highly specialized endothelial cell (EC) membrane
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that lines cerebral microvessels, representing the interface between
neural cells and circulating cells of the immune system [1]. The
intact barrier of EC is essential for normal blood vessel and brain
function. However, accumulating data have suggested that BBB is
impaired in both AD patients and AD mouse models. In AD mouse
studies, impaired BBB has been shown by capillary leakages of
blood-derived fibrinogen, IgG, albumin and intravenously admin-
istrated substances, such as Evans blue [6].

The 5 x FAD mouse model has increasingly been using in
various AD studies due to its relatively earlier appearance of AD
related cognitive dysfunction and neuropathological alterations [7],
when compared to other AD mouse models. Previous data have
shown that BBB is disrupted in this mouse model at least at 9—10
months of age [8], while the neurodegenerative and behavioral
changes occur at 4—5 months in 5 x FAD mice [7]. It remains un-
known whether BBB leakage in the AD mouse occur at an early age,
such as before 9 months. In this study, we examine BBB breakdown
in 5 x FAD mice at both pre-symptomatic and post-symptomatic
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ages and also test an in vitro BBB model derived from the 5 x FAD
primary ECs. Moreover, with the BBB in vitro model, we examined
the therapeutic effect of human neural stem cells (NSCs)-derived
exosomes on treating AD-caused BBB leakage.

2. Materials and methods
2.1. Animals

The 5 x FAD mouse and the wild-type (WT) mouse breeding pairs
were on a B6SJLF1/] genetic background and were purchased from
Jackson laboratory. Mice were housed in a standard light/dark cycle.
All experimental procedures involved in using animals were
approved by the Institutional Animal Care and Use Committee at the
University of South Dakota and were in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals.

2.2. Analysis of BBB permeability in vivo

For evaluation of BBB permeability, the intraperitoneal in-
jections of sodium fluorescein (NaFl, Sigma Aldrich) 10 mg in 0.1 ml
sterile saline and Evans blue (Sigma Aldrich) 800 pl of 1% (w/v)
were used [9]. Cardiac blood was collected immediately before
perfusion into heparin coated tubes. The serum was stored
at —80 °C until processing. Mice were perfused with PBS and the
brain were collected and stored at —80 °C until processing. For NaFl
analysis, protein was precipitated from serum samples with 1:3
trichloroacetic acid (20% TCA). Brain samples were first centrifuged
at 1000xg for 5 min, after which the resulting supernatant was
diluted 1:10 in 20% TCA. All samples were centrifuged at 10,000xg
for 20 min to remove precipitated protein. The supernatant was
removed and diluted with equal volumes of borate buffer (0.05 M,
pH 10), resulting in a final concentration of 10% TCA and 0.025 M
borate buffer. Samples were analyzed on a 2030 multilabel reader
(PerkinElmer Life and Analytical Sciences) using an excitation
wavelength of 485 nm, and emission wavelength at 535 nm. Evans
blue test was performed according to published methodology [10].
Briefly, both brain and serum samples were precipitated in 50% TCA
and the clarified lysates diluted 1:3 in 95% ethanol with readings at
620 nm excitation/680 nm emission.

2.3. Primary culture of murine brain microvascular ECs

[solation of primary brain microvascular ECs was performed
according to the published protocol with little modification [11].
Briefly, 10 adult AD or WT mice at either 2—3 months or 5 months
of age were sacrificed. The meninges-free forebrains were trans-
ferred to a 50 ml Falcon tube filled with 13.5 ml of DMEM. The
tissues were digested with a mixture of 0.6 ml collagenase CLS2
(10 mg/ml in DMEM) and supplement with 0.2 mg DNAse for 1 h at
37 °C on an orbital shaker at 180 rpm. Tissue suspensions were
centrifuged at 1000xg for 10 min at 4 °C. BSA-DMEM (20% w/v) was
used to remove myelin. The pellet was add in 9 ml DMEM and 1 ml
collagenase/dispase mixed with 0.1 mg DNAse and then digested
for 1 h at 37 °C on an orbital shaker at 180 rpm. The digested cell
suspensions were centrifuged at 1000xg for 10 min at 4 °C and
resuspended the pellet in 2 ml of DMEM followed by Percoll
gradient centrifugation. Collecting about 12 ml of the interphase
with cells was made, which was then centrifuged at 1000xg for
10 min at 4 °C. This was followed by resuspending cells in endo-
thelial cell medium and seeding the cells in Collagen IV coated cell
culture plates (0.2 ml of medium per 1 cm? surface) or in permeable
cell culture inserts (0.8 x 103/well, CELLTREAT Scientific Products).
Cells were incubated at 37 °C and 5% CO, incubator. Medium were
changed every two to three days.

2.4. Isolation of exosomes from iPSCs-derived neural stem cell
cultures

WT NSCs derived from human iPSCs [12] were cultured in
neural progenitor cell medium (STEMCell Technologies). The cell
culture media were changed every other day. Exosomes from cul-
ture medium were collected according to published protocol [13].
Briefly, the culture medium was collected by centrifugation at
300xg for 5min. Supernatants were collected and centrifuged first
at 1500 rpm (300xg) for 15 min and then at 2500 rpm (1000xg) for
15 min to remove cellular debris. Exosomes were collected by ultra-
centrifugation at 100,000xg for 70 min at 4 °C using a Beckman
SWA4I1Ti Rotor. Pellets were washed with PBS and subjected to an
additional centrifugation at 100,000xg for 1 h at 4 °C. Exosomes
were aliquoted and stored at —80 °C until use.

2.5. EC treatments and in vitro BBB permeability assay

The culture inserts were incubated with 30 ug/ml exosomes for
48 h. The permeability was assessed using a fluorescent substance,
sodium fluorescein (NaFl, MW = 376.27 g/mol, Sigma-Aldrich),
according to published methodology [14] with little modification.
Briefly, Hank’s balanced salt sodium (HBSS) transporter buffer
supplemented with 10 mM HEPES containing 10 pug/mL of Na-Fl
was loaded onto the apical side of the insert and incubated at
37 °C for 1h. Fluorescence was measured with a multilabel plate
reader (PerkinElmer Life and Analytical Sciences) with 485 nm
excitation and 535 nm emission wavelengths.

3. Results
3.1. 5 x FAD mice showed impaired BBB at 4 months of age

Previous data have demonstrated that 5 x FAD mice show
cognitive deficiency at 4—5 months of age [7]. To determine
whether BBB impairment in the disease animals occurs at an early
age, such as before 4 months, we examined BBB permeability in AD
mice at 3 months and compared with their wild-type (WT) litter-
mates. BBB permeability in AD mice did not differ from their WT
littermates at 3 months (Fig. 1A and B). At 4 months, however, AD
mouse BBB permeability showed a significant increase when
compared to their littermates (Fig. 1C and D). Disrupted BBB in AD
mice persisted at 5 months (Fig. 1E and F). These data suggest that
BBB leakage likely occurs at a pre-symptomatic age in the mouse
model.

3.2. Mimicking BBB condition with the primary ECs in vitro

To determine whether a BBB cell culture model mimics the
in vivo condition, we isolated the primary ECs from either 2—3
months or 5 months of AD and WT brains and cultured them in
hanging cell culture inserts (Fig. 2A). After 5 days, the permeability
of the EC monolayer on the apical side of the insert was assessed by
measurement of the translocation of sodium fluorescein (NaFl)
from the apical side to the basolateral side. Our results indicated
that the permeability of AD EC monolayer isolated from 2 to 3
months of mouse brains did not differ from their WT littermate ECs
(Fig. 2B). However, the monolayer of the ECs isolated from 5
months of AD brains revealed significantly increased permeability
compared to their WT counterparts (Fig. 2C). Thus, our results
indicate that the BBB cell culture model utilized here can recapit-
ulate the in vivo condition, in which the ECs are derived from.



194 Y. Liu et al. / Biochemical and Biophysical Research Communications 525 (2020) 192—196

3m

J

N.S.

(A.U.
[ ]

-
o
n

Evans blue

06 . r
WT FAD
4m
—72.0
D. | ]
<L 15
g .
S|
n
c 05
©
>
W g ’ ’
WT FAD
5m
—25 K%k
2 [ ]
< 29
D 15 E
=]
o 4
2 10 —-¢o—
S os-
>
W o0 :

WT FAD

B

3m
£ 12
Q N.S.
(3] 1
8 14 »
s =
3 = 40l
=g
- | |
§ 094
§
BH 08 . T
WT FAD
4m
1.4+ *k*k
1
| |

— 1.21

Sodium fluorescein
U

[ ]
08 T :
WT FAD
5m
'% 1.4+ ek
R
g’T1-2-
23
~ 10
E —SmR
S 097
o]
o 08 : .
WT FAD

Fig.1. 5 x FAD mice showed increased BBB permeability at 4 months. Measured Evan Blue levels in the brain at 3 (A), 4 (C) and 5 months (E) and NaFl levels in the brain at 3 (B), 4
(D) and 5 months (F). N = 4—8. Data are shown as mean + SD. N.S,, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001.

3.3. Human NSC-derived exosomes reverse AD induced BBB
deficiency in vitro

To further examine whether treatment of AD BBB with a specific
reagent reduces AD induced BBB leakage, we tested the therapeutic
efficacy of the exosomes isolated from the human NSC cultures
induced from the WT iPSCs [12]. Incubation of ECs with NSC-
derived exosomes in the BBB cell culture system did not alter the
permeability of AD ECs isolated from young mouse (2—3 months)
brains (Fig. 3A). For the EC monolayer isolated from those 5 months
of mice, AD cells showed the similar permeability as their WT
counterparts in the in vitro BBB permeability assay (Fig. 3B), sug-
gesting reversal of AD-caused BBB deficiency by the NSC-derived
exosome treatment.

4. Discussion

Mouse models of AD play an important role in understanding
the pathogenesis of the disease and in validation of therapeutic
strategies and reagents. Owing to their relatively early onset [7],
5 x FAD mice have been widely utilized in various studies.

However, previous studies did not address when the mouse model
starts to show disrupted BBB. Here, we demonstrated that 5 x FAD
mice showed increased BBB permeability at 4 months, the earliest
age when BBB impairment occurred. Moreover, we also showed
that an in vitro BBB model established with the primary ECs isolated
from the AD or WT mouse brains were able to mimic their in vivo
permeability conditions. Importantly, we further demonstrated
that treatment of the in vitro BBB model with NSCs-derived exo-
somes reverse AD-caused BBB deficiency. These data should be
useful in guiding investigators to use appropriate ages of mice in
specific experiments. Our results also suggest that AD-caused BBB
disruption can be corrected at least by NSC-derived exosomes.

As 5 x FAD mice show reduced cognitive performance between
4 and 5 months [7] and our data reveal impaired BBB in the mice at
4 months, these data suggest that BBB leakage may precede
cognitive decline in AD mice. This is in agreement with previous
observations from a study with human subjects that disrupted BBB
is associated with more rapid cognitive decline [15]. We cannot
exclude the possibility that increased BBB permeability may occur
between 3 and 4 months, which is associated with later cognitive
decline and pathological alterations as previously described [7,8].
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Fig. 2. Mimicking BBB permeability condition with the primary ECs in vitro. A. Sche-
matic illustration of an in vitro model of BBB with the primary cerebrovascular ECs of mice.
B & C.Measured sodium fluorescein levels from the culture system derived from 2-3 (B) or
5 months (C) of mice. N = 3 for each group. Data are shown as mean + SD. N.S., no sig-
nificant difference, * p < 0.05.

Another interesting finding from this study was that the
permeability of mouse primary EC cells in the BBB cell culture
model reliably recapitulated the cells’ in vivo permeability condi-
tion. Similar to the 3 months’ AD mouse BBB, the permeability of
the ECs derived from the 2—3 months of AD brains did not differ
from that of their WT counterparts, whereas the cells derived from
5 months showed increased permeability compared to the control
cells. More importantly, AD-caused BBB deficiency can be corrected
following treatment of ECs with NSC-derived exosomes. This is in
agreement with previous studies that NSC-derived exosomes
enhance angiogenesis and functional recovery following spinal
cord injury [16]. Thus, our data support that NSC-derived exosomes
are a therapeutic reagent in effectively treating AD. Since the NSCs
we used were differentiated from the iPSCs reprogramed from
human dermal fibroblasts [12], this should have significant appli-
cation in personalized medicine and regenerative medicine.

In summary, we defined BBB breakdown in the 5 x FAD mice
occurring at 4 months of age, which can be mimicked with an in vitro
BBB model using the primary ECs isolated from the AD or WT mouse
brains. Importantly, we further demonstrated that the treatment of
the in vitro BBB model with NSCs-derived exosomes reversed AD-
caused BBB deficiency. These data provide useful information to
determine which ages of AD mice should be selected in specific
in vivo and in vitro studies, and they also suggest that AD-caused BBB
disruption can be corrected at least by NSC-derived exosomes.
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Fig. 3. Reversal of AD-caused BBB deficiency with NSC-derived exosomes in vitro.
Measured sodium fluorescein levels from the culture system derived from 2 to 3
months (B) or 5 months (C) of mouse ECs. N = 3 in each group. Data are shown as
mean + SD. N.S., no significant difference.

Sodium fluorescein
U
3

Declaration of competing interest

The authors declare no competing financial interests.

References

[1] E.Zenaro, G. Piacentino, G. Constantin, The blood-brain barrier in Alzheimer's

disease, Neurobiol. Dis. 107 (2017) 41-56.

D. Fang, Z. Zhang, H. Li, Q. Yu, J.T. Douglas, A. Bratasz, P. Kuppusamy, S.S. Yan,

Increased electron paramagnetic resonance signal correlates with mitochon-

drial dysfunction and oxidative stress in an alzheimer’s disease mouse brain,

J. Alzheimers Dis. 51 (2016) 571—580.

X. Wang, W. Wang, L. Li, G. Perry, H.G. Lee, X. Zhu, Oxidative stress and

mitochondrial dysfunction in Alzheimer’s disease, Biochim. Biophys. Acta

1842 (2014) 1240—1247.

Y. Liu, C.L. Hettinger, D. Zhang, K. Rezvani, X. Wang, H. Wang, The proteasome

function reporter GFPu accumulates in young brains of the APPswe/PS1dE9

Alzheimer’s disease mouse model, Cell. Mol. Neurobiol. 34 (2014) 315—322.

[5] A. Montagne, Z. Zhao, B.V. Zlokovic, Alzheimer’s disease: a matter of blood-
brain barrier dysfunction? J. Exp. Med. 214 (2017) 3151—3169.

[6] M.D. Sweeney, A.P. Sagare, B.V. Zlokovic, Blood-brain barrier breakdown in

Alzheimer disease and other neurodegenerative disorders, Nat. Rev. Neurol.

14 (2018) 133—150.

H. Oakley, S.L. Cole, S. Logan, E. Maus, P. Shao, ]. Craft, A. Guillozet-Bongaarts,

M. Ohno, J. Disterhoft, L. Van Eldik, R. Berry, R. Vassar, Intraneuronal beta-

amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice

with five familial Alzheimer’s disease mutations: potential factors in amyloid

plaque formation, J. Neurosci. 26 (2006) 10129—-10140.

[8] J.C. Park, S.H. Baik, S.H. Han, HJ. Cho, H. Choi, HJ. Kim, H. Choi, W. Lee,
D.K. Kim, I. Mook-Jung, Annexin A1 restores Abetal-42 -induced blood-brain
barrier disruption through the inhibition of RhoA-ROCK signaling pathway,
Aging Cell 16 (2017) 149—-161.

2

[3

[4

[7


http://refhub.elsevier.com/S0006-291X(20)30342-9/sref1
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref1
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref1
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref2
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref2
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref2
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref2
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref2
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref3
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref3
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref3
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref3
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref4
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref4
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref4
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref4
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref5
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref5
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref5
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref6
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref6
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref6
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref6
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref7
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref7
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref7
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref7
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref7
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref7
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref8
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref8
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref8
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref8
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref8

196

Y. Liu et al. / Biochemical and Biophysical Research Communications 525 (2020) 192—196

[9] JJ. Miner, B.P. Daniels, B. Shrestha, J.L. Proenca-Modena, E.D. Lew, H.M. Lazear,

[10]
[11]

[12]

[13]

MJ. Gorman, G. Lemke, R.S. Klein, M.S. Diamond, The TAM receptor Mertk
protects against neuroinvasive viral infection by maintaining blood-brain
barrier integrity, Nat. Med. 21 (2015) 1464—1472.

H.L. Wang, T.W. Lai, Optimization of Evans blue quantitation in limited rat
tissue samples, Sci. Rep. 4 (2014) 6588.

T. Ruck, S. Bittner, L. Epping, A.M. Herrmann, S.G. Meuth, Isolation of primary
murine brain microvascular endothelial cells, J. Vis. Exp. (2014), e52204.

Y. Liu, F. Qiao, P.C. Leiferman, A. Ross, E.H. Schlenker, H. Wang, FOXOs
modulate proteasome activity in human-induced pluripotent stem cells of
Huntington’s disease and their derived neural cells, Hum. Mol. Genet. 26
(2017) 4416—4428.

C. Cossetti, N. Iraci, T.R. Mercer, T. Leonardi, E. Alpi, D. Drago, C. Alfaro-Cer-
vello, HK. Saini, M.P. Davis, ]. Schaeffer, B. Vega, M. Stefanini, C. Zhao,
W. Muller, J.M. Garcia-Verdugo, S. Mathivanan, A. Bachi, AJ. Enright,

[14]

[15]

[16]

J.S. Mattick, S. Pluchino, Extracellular vesicles from neural stem cells transfer
[FN-gamma via Ifngr1 to activate Stat1 signaling in target cells, Mol. Cell 56
(2014) 193-204.

C. Puech, S. Hodin, V. Forest, Z. He, P. Mismetti, X. Delavenne, N. Perek,
Assessment of HBEC-5i endothelial cell line cultivated in astrocyte condi-
tioned medium as a human blood-brain barrier model for ABC drug transport
studies, Int. J. Pharm. 551 (2018) 281—-289.

G.L. Bowman, L. Dayon, R. Kirkland, J. Wojcik, G. Peyratout, I.C. Severin,
H. Henry, A. Oikonomidi, E. Migliavacca, M. Bacher, J. Popp, Blood-brain bar-
rier breakdown, neuroinflammation, and cognitive decline in older adults,
Alzheimers Dement. 14 (2018) 1640—1650.

D. Zhong, Y. Cao, CJ. Li, M. Li, ZJ. Rong, L. Jiang, Z. Guo, H.B. Lu, J.Z. Hu, Neural
stem cell-derived exosomes facilitate spinal cord functional recovery after
injury by promoting angiogenesis, Exp Biol Med (Maywood) 245 (1) (2020)
54—65.


http://refhub.elsevier.com/S0006-291X(20)30342-9/sref9
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref9
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref9
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref9
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref9
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref10
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref10
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref11
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref11
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref12
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref12
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref12
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref12
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref12
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref13
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref14
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref14
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref14
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref14
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref14
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref15
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref15
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref15
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref15
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref15
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref16
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref16
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref16
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref16
http://refhub.elsevier.com/S0006-291X(20)30342-9/sref16

	Disrupted blood-brain barrier in 5×FAD mouse model of Alzheimer’s disease can be mimicked and repaired in vitro with neural ...
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Analysis of BBB permeability in vivo
	2.3. Primary culture of murine brain microvascular ECs
	2.4. Isolation of exosomes from iPSCs-derived neural stem cell cultures
	2.5. EC treatments and in vitro BBB permeability assay

	3. Results
	3.1. 5 × FAD mice showed impaired BBB at 4 months of age
	3.2. Mimicking BBB condition with the primary ECs in vitro
	3.3. Human NSC-derived exosomes reverse AD induced BBB deficiency in vitro

	4. Discussion
	Declaration of competing interest
	References


