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and autoregulated manner to allow for its own paracellular clearance
across the BBB, and that therapeutic strategies aimed at targeting
claudin-5 and occludin at the BBBmay provide a novel means to treat
AD. In addition, our findings add considerable weight to the “amyloid
sink hypothesis” that has been associated with recent clinical trials using
anti-Ab antibodies.
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RESULTS

Soluble Ab size-selectively diffuses across the paracellular
pathway of cerebral microvascular endothelial cells in vitro
Whereas transcellular receptors in brain endothelial cells have been im-
plicated in Ab entry and clearance across the BBB, the potential for Ab
movement along paracellular routes has not been explored in detail.
Using small interfering RNAs (siRNAs) designed to target claudin-5
and occludin, twomajor tight junction components sealing the paracel-
lular gap, we assessed the movement of small soluble Ab species across
monolayers of mouse brain endothelial cells (Bend.3 cell line). First, we
found that siRNAs directed against the transcripts of each protein
caused potent target suppression in brain endothelial cells (Fig. 1, A
and B) without affecting the levels of the intracellular ZO-1 protein
(fig. S1), and this was accompanied by a significant decrease in trans-
endothelial electrical resistance (TEER) (Fig. 1C). Next, we examined
the effect of claudin-5 and occludin knockdown on the paracellular dif-
fusion of fluorescein isothiocyanate (FITC)–labeledAb(1–40) across in-
tact brain endothelial cell monolayers (Fig. 1D). The addition of
fluorescently labeled Ab(1–40) to the apical aspect of cells showed that
this molecule was able to move across the paracellular pathway, and its
rate of diffusion was enhanced when both claudin-5 and occludin were
suppressed (Fig. 1D). In addition, when FITC–Ab(1–40) was added to
the basolateral aspect of cells, it diffused along its own concentration
gradient, and this was enhanced when both claudin-5 and occludin
were suppressed (Fig. 1E). Similarly, enhanced diffusion of Ab(1–42)
(fig. S2) and a metabolically inert polar molecule, inulin (fig. S3), both
conjugated to FITC, was observed when claudin-5 and occludin levels
were modulated. Furthermore, isolation and transfection of primary
mouse brain endothelial cells with claudin-5 and/or occludin siRNAs
decreased TEER and enhanced the basolateral-to-apical movement
of FITC–Ab(1–40) (fig. S4). This increase in FITC–Ab(1–40) diffusion
after tight junction protein suppression was retained after the silencing
of the transcellular Ab receptor LRP1 (fig. S4).

Because wild-type Ab can readily self-associate to form oligomers
and aggregates, we next applied a design Ab monomer, in which Phe
at position 19 is replaced by Pro (F19P) and which shows little or no
propensity for aggregation (17). Furthermore, to assess potential size
selectivity after claudin-5 and occludin down-regulation, we also used
a dityrosine cross-linked dimer [Ab(1–40)DiY] (18). Intriguingly, whereas
the Ab(1–40)F19P monomer diffused across the paracellular path-
way of endothelial cells in a process regulated by the levels of claudin-5
and occludin, the Ab(1–40)DiY dimer did not diffuse to the same ex-
tent (Fig. 1F). These results indicate the presence of a size-selective
tight junction in vitro that was permeable to molecules of about 4.3 kD
but not 8.7 kDwhen claudin-5 and occludin levels were simultaneously
decreased. In addition, diffusion of Ab(1–40)F19P across brain mi-
crovascular endothelial cell monolayers was even enhanced when phys-
iological nanomolar amounts of the monomer peptide were used (see
fig. S5).
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RNAi-mediated suppression of claudin-5 and occludin
size-selectively modulates the BBB in vivo
Because simultaneous down-regulation of claudin-5 and occludin could
enhance the flux of Ab monomers but not dimers across brain endo-
thelial cells in vitro, this size selectivity led us to examine the effects of
claudin-5 and occludin cosuppression on BBB permeability in vivo.We
began by intravenously injecting siRNAs directed against claudin-5 and
occludin transcripts in wild-type mice. Given the differing half-lives of
claudin-5 (about 30 hours) and occludin proteins (about 60 hours),
the siRNA injections were staggered by 24 hours to allow for simulta-
neous cosuppression of transcripts and proteins in brain capillary
enriched fractions (fig. S6). Indeed, cosuppression of claudin-5 and oc-
cludin resulted in a decreased concentration of these tight junction com-
ponents in themicrovasculature of the brain (Fig. 2, A to C) and caused
an increased extravasation of the magnetic resonance imaging (MRI)
contrast agent gadolinium–diethylenetriamine pentaacetic acid (Gd-
DTPA; about 800 daltons) (Fig. 2D).

Whereas we have previously shown that in vivo suppression of
claudin-5 transcripts at the BBB in mice causes a size-selective increase
in BBB permeability to molecules below about 1 kD (19), we wanted to
ascertain whether cosuppression of claudin-5 and occludin could fur-
ther increase this size selectivity in a manner similar to that already
observed in vitro. After perfusion of mice with a biotinylated dextran
(3 kD MW), we observed increased extravasation at the BBB when
claudin-5 and occludin were cosuppressed (Fig. 2E, top). However, per-
fusion of a biotinylated dextran of 10 kDMWdid not show any signs of
extravasation (Fig. 2E, bottom), indicating a role for claudin-5 and
occludin in mediating size-selective diffusion across the paracellular
pathway of the BBB. Enhanced extravasation of 3-kD biotin-dextran
was also observed after administration of claudin-5 and occludin siRNAs
in the amyloid precursor protein/presenilin 1 (APP/PS1) mouse model
of AD (fig. S7). In addition, cosuppression of these two tight junction
components did not seem to have a deleterious effect on any peripheral
organs after perfusion with biotin-dextran (fig. S8).

Down-regulation of claudin-5 and occludin enhances
paracellular clearance of Ab from the brains of Tg2576 mice
and improves cognitive function
Because we observed an increase in Ab flux when claudin-5 and occlu-
din were cosuppressed in vitro and a size-selective increase in BBB per-
meability after claudin-5 and occludin suppression in wild-type mice,
we were stimulated to assess the effects of tight junction protein mod-
ulation on Ab transport in a murine model of AD, namely, the Tg2576
mouse that overexpresses a doublemutant form of humanAPP leading
to increased brain Ab levels and impaired cognitive function. Having
shown that intravenous injection of claudin-5 and occludin siRNAs
allowed for tight junction protein suppression in vessels of Tg2576
mouse brains (Fig. 3A), we chronically administered (once every 21 days
for a period of 9 months) young Tg2576 mice with siRNAs targeting
occludin and claudin-5 and collected blood at 72 to 96 hours after in-
jection. A sustained increase in Ab(1–40) was observed in plasma
samples isolated from claudin-5 and occludin (C/O) siRNA–treated
compared to nontargeting (NT) siRNA–treated animals (Fig. 3B).
Whereas plasma levels of Ab(1–40)were somewhat lower than has been
previously reported (20), we ensured that all samples were simulta-
neously analyzed on the same enzyme-linked immunosorbent assay
(ELISA) plates. To examine the effects of increased brain-to-blood Ab
movement on cognitive function in these animals, we used the T-maze
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Fig. 1. Down-regulation of claudin-5 and occludin (C/O) in mouse brain endothelial cells allows size-selective movement of Ab(1–40) peptides
across cell monolayers. (A) Western blot of claudin-5 and occludin protein levels 72 hours after siRNA transfection (C/O, claudin-5 and occludin siRNAs).

(B) Densitometric analysis of relative protein levels normalized to aNT siRNA sample at each time point (unpaired Student’s t test: **P≤ 0.01; data aremeans ±
SEM, n = 3 separate cell transfections). (C) TEER measurements across brain endothelial cell monolayers after treatment with NT siRNA, claudin-5 siRNA,
occludin siRNA, or C/O siRNAs [one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test for multiple comparisons: *P ≤ 0.05 compared
to siNT treatment; 95% confidence interval; data are means ± SEM, n = 3 separate cell transfections]. (D) Schematic diagram of FITC–Ab(1–40) application to
the apical chamber of a Transwell plate and its movement across brain endothelial cell monolayers (left). FITC–Ab(1–40) peptide was applied to the apical
chamber of a Transwell plate 72 hours after siRNA treatment of brain endothelial cells, and its movement across cell monolayers was monitored by fluo-
rescence spectrophotometry over the course of 2 hours (middle). The apparent permeability coefficient (Papp) was also measured for all siRNA treatments
(one-way ANOVA followed by Bonferroni’s post hoc test for multiple comparisons: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, all compared to siNT treatment; 95%
confidence interval; data are means ± SEM, n = 3 separate cell transfections) (right). (E) Schematic diagram of FITC–Ab(1–40) application to the basolateral
chamber (left), movement of FITC–Ab(1–40) from the basolateral to the apical chamber (middle), and Papp for movement of FITC–Ab(1–40) from the baso-
lateral to the apical chamber (right). (F) Comparison of apparent permeability coefficients (Papp) for synthetic Ab(1–40)F19Pmonomer andAb(1–40)DiY dimer
after apical application and movement across brain endothelial cell monolayers.
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test of hippocampal spatial memory (21). Mice receiving the combined
claudin-5 and occludin siRNAs displayed significantly increased
alternating behavior (mean, 68.51%) compared to NT siRNA–treated
animals (mean, 62.54%) (Fig. 3C). At the end of this experiment and
after perfusion of mice to clear systemic Ab, we analyzed the levels of
Ab(1–40) in the brains. We observed a significant decrease in the levels
of Ab(1–40) in the brains of mice receiving the combined siRNAs com-
pared to control animals (Fig. 3D). In a second ADmousemodel, name-
ly, double transgenic APP/PS1 mice, plasma Ab(1–40) levels were
elevated after claudin-5 and occludin cosuppression, with plaque num-
ber unchangedwhen compared to control animals (fig. S9). In addition,
Keaney et al. Sci. Adv. 2015;1:e1500472 18 September 2015
in the DBA/2J mouse strain where Ab accumulates in the neural tissue
of the retina with age (22), we observed a similar decrease in Ab(1–40)
levels in the retina after suppression of claudin-5 and occludin (fig. S10).

Because changes in the levels of the transcellular Ab receptors, LRP1
and RAGE, can also alter Ab transport across the BBB (6), we sought to
assess whether claudin-5 and occludin cosuppressionmay indirectly af-
fect LRP1/RAGE levels and account for increased plasma Ab(1–40)
levels. We found no significant differences in the expression pattern
of these proteins in brain vascular fractions (Fig. 4A), in total brain
fractions (Fig. 4B), or in liver fractions (the site of systemic Ab clearance;
Fig. 4C). Furthermore, the brain and liver levels of apolipoprotein E
Fig. 2. In vivo cosuppressionof claudin-5 andoccludin andassessment of BBBpermeability in claudin-5 andoccludin (C/O) siRNA–treatedmice. (A)
Transcript levels of claudin-5 and occludin asmeasuredbyRT-PCR inbrain capillary fractions isolated fromanimals treatedwith nontargeting (NT) siRNAor

C/O siRNAs (n = 3 to 4 animals per treatment; data are means ± SEM). (B) Western blot of claudin-5 and occludin protein levels in brain capillary fractions
isolated from NT siRNA– or C/O siRNA–treated animals. (C) Densitometric analysis of claudin-5 and occludin protein levels in brain capillary fractions
isolated from NT siRNA– or C/O siRNA–treated animals (unpaired Student’s t test: **P ≤ 0.01; data are means ± SEM, n = 4 to 5 animals per treatment).
(D) Contrast-enhanced MRI and bolus chase analysis of clearance rates of Gd-DTPA (742 daltons) in hippocampal regions after tail-vein injection of the
contrast agent in animals treatedwithNT siRNAor C/O siRNAs (unpaired Student’s t test: **P≤ 0.01; data aremeans± SD, n=4animals per treatment). (E) Top:
Animals treatedwithNT siRNA, claudin-5 siRNA, occludin siRNA, or C/O siRNAswere given a transcardial perfusion of 3-kD (left) or 10-kD (right) biotin-dextran,
and brain sections were stained with isolectin IB4 and streptavidin-Cy3 (scale bars, 50 mm). Bottom: Streptavidin-Cy3 fluorescence measurements relative to
NT siRNA control (one-way ANOVA followedby Bonferroni’s post hoc test formultiple comparisons: *P< 0.05, siC/O versus siNT; 95% confidence interval; data
are means ± SEM, n = 3 to 4 animals per treatment).
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(ApoE), which is involved in Ab transport and clearance (23), and APP
were unchanged between the siRNA treatment groups. These results
suggest that enhanced Ab(1–40) plasma levels in siRNA-treated
Tg2576 mice are a direct result of claudin-5 and occludin suppression.
In addition, these chronic injections of siRNA in mice did not induce
changes in BBB permeability to large plasma proteins such as immuno-
globulins (fig. S11). At the termination of this experiment, no histo-
pathological evidence of toxicity was observed when the peripheral
organs of these animals were examined (fig. S12).

Reduced claudin-5 and occludin in aged Tg2576 mouse
brains in response to soluble Ab
Given that aberrant tight junction protein expression has previously
been described in clinical AD samples (14) and in AD mouse models
(15, 16), we next sought to evaluate the physiological integrity of the
cerebral microvasculature because it pertained to the tight junctions
in Ab-rich environments. In this regard, measurements of TEER across
confluent monolayers of primary brain endothelial cells isolated from
aged (20 months) Tg2576 mice and age-matched wild-type controls
showed significant decreases in TEER values across cell monolayers
Keaney et al. Sci. Adv. 2015;1:e1500472 18 September 2015
derived from aged Tg2576 mouse brains (Fig. 5A). This coincided with
reduced levels of claudin-5 and occludin but no major changes in the
other tight junction proteins, ZO-1 and tricellulin, as assessed by the
Western blot (Fig. 5B). Whereas these in vitro analyses may constrain
the interpretation of the in vivo BBB, immunohistochemical analysis of
aged Tg2576 mouse brains showed that claudin-5 and occludin levels
were specifically decreased along CAA-affectedmicrovessels with intact
claudin-5 and occludin immunostaining in areas with noAb deposition
(Fig. 5C and fig. S13).

Because decreased claudin-5 and occludin along Ab-laden vessels in
aged Tg2576 mice is associated with increased BBB permeability and
RNAi-mediated cosuppression of these proteins increases soluble Ab flux
across the BBB, we next sought to determine whether soluble Ab alone
can modulate tight junction protein levels. Using the soluble Ab(1–40)
monomer and dimer peptides used previously (17, 18), we found that
increasing doses of Ab(1–40) monomers and dimers down-regulated
the levels of claudin-5 and occludin, with the levels of the intracellular
tight junction component ZO-1 remaining unchanged (Fig. 5D, top).
Whereas the addition of Ab(1–40) monomers and dimers caused a
transient and reversible decrease in claudin-5 and occludin, there was
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Fig. 3. Systemic administration of claudin-5 and occludin (C/O) siRNAs enhances the paracellular movement of amyloid-b (Ab) 1–40 from brain to
blood in Tg2576 transgenic mice. (A) Top: Immunohistochemical analysis of occludin and claudin-5 levels in brainmicrovessels after injection of siRNAs in

Tg2576mice (scale bar, 100 mm). Bottom: Quantification of claudin-5– and occludin-positive vessels in siRNA-treated Tg2576mice (unpaired Student’s t test:
*P = 0.0406 for claudin-5, **P = 0.0036 for occludin; data are means ± SEM, n = 4 to 6 animals per experimental group). (B) ELISA of plasma Ab(1–40) levels in
Tg2576mice after intravenous administration of nontargeting (NT) siRNA or C/O siRNAs (unpaired Student’s t test: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001; data are
means ± SEM, n = 4 to 6 animals per experimental group). (C) T-maze assessment of hippocampal-linked spatial memory as measured by percentage
alternation rates in NT siRNA– or C/O siRNA–treated Tg2576 mice at 6 months of age (unpaired Student’s t test: *P = 0.0403; n = 8 to 9 animals per exper-
imental group). (D) ELISAof brain/plasmaAb(1–40) ratios [pg/g soluble brainAb(1–40) per pg/ml plasmaAb(1–40)] inNT siRNA–or C/O siRNA–treated Tg2576
mice (unpaired Student’s t test: *P = 0.0159; n = 9 animals per group).
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an apparent rebound up-regulation of both occludin and ZO-1, 24 and
48 hours after treatment (Fig. 5D, bottom). Immunocytochemical anal-
ysis of claudin-5 and occludin localization showed adecrease in the punc-
tate staining of both proteins 6 and 12 hours after treatmentwithAb(1–40)
monomers and dimers (Fig. 5E). This was a transient response, with the
protein levels returning to baseline 48 hours after treatment (Fig. 5E).
The localization of ZO-1 at the tight junctions did not decrease at any
time point after treatment, and similar to the Western blot analysis,
there was an overt up-regulation in ZO-1 levels at the cell periphery
(Fig. 5E). Size-exclusion isolated Ab(1–40) monomers caused a similar
dose-dependent decrease in claudin-5 and occludin levels (fig. S14).

Given the dynamic dose- and time-dependent effects that Ab(1–40)
monomers and dimers displayed on the levels of tight junction proteins,
these results suggested that Ab peptides might have an impact on tran-
scriptional regulation of tight junction components. To our surprise,
however, we did not observe any decreases in claudin-5 or occludin tran-
scripts at any time point after treatment with Ab(1–40) monomers or
dimers (Fig. 5F). The levels of occludin transcript were up-regulated
24 to48hours after treatmentwithAb(1–40)monomersordimers,where-
as ZO-1 transcripts were significantly increased 6, 12, 24, and 48 hours
after treatment, which is reflected by the increases seen at the protein
level (Fig. 5F). Ab did not alter the viability of brain endothelial cells,
even at concentrations five times greater than thatwhich caused changes
in the levels and localization of occludin and claudin-5 (fig. S15). These
results suggest that whereas transcriptional changes may account for
Keaney et al. Sci. Adv. 2015;1:e1500472 18 September 2015
tight junction protein up-regulation at later time points, loss of tight
junction proteins after Ab exposure is likely due to posttranslational
modifications of claudin-5 and occludin that ultimately lead to their
degradation.

Ab accumulation and CAA segregates with reduced
claudin-5 and occludin at the BBB in AD patients
To assess whether the spatial relationship between Ab and the tight
junction protein changes observed in Tg2576 mice and in mouse-brain
endothelial cells pertains to human AD, we next determined the status
of claudin-5 and occludin relative to the appearance ofAb accumulation
in postmortem human brains from a neurological disease cohort.
Claudin-5 and occludin immunoreactivity was observable throughout
the brain sections analyzed from nonneurodegenerative cases such as
traumatic brain injury (contralateral to site of injury) and non-AD neu-
rodegenerative cases such as progressive supranuclear palsy, amyo-
trophic lateral sclerosis, and Lewy body dementia (Fig. 6, A and B).
However, the presence of Ab/CAA in AD cases seemed to correlate
strongly with a decrease in the vascular levels of claudin-5 and occludin
(Fig. 6, A and B).Moreover, in AD donor brains, intact claudin-5 and
occludin staining was evident in CAA-free blood vessels proximal to
Ab plaques (Fig. 6C).
DISCUSSION

The role of Ab in ADpathogenesis was first established after the discov-
ery that AD could be inherited in an autosomal dominant fashion as a
result of a mutation in the gene coding for APP (24). However, after the
recent setbacks associated with clinical trials of Ab-targeting antibodies,
it has become clear that a greater understanding of the early disease pro-
cess will be key to therapeutic strategies aimed at preventing or at least
ameliorating AD. There is now a broad consensus that AD starts many
years before memory problems become apparent, and that treatment
may be too late when patients already have dementia (25). Recent data
strongly suggest that aberrant clearance of Ab is likely to play a signif-
icant, if not central, role in late-onset AD (5). To date, much attention
has focused on understanding the transcellular movement of Ab via
LRP1 and RAGE receptors (6, 12, 13), but surprisingly, little is known
about the paracellular movement of Ab in normal, presymptomatic, or
indeed AD-affected individuals. Tight junction “dysfunction” has been
previously associated with the molecular pathology of AD (14–16);
however, the underlying role and consequences of these tight junction
changes have never been elucidated. Because claudin-5 and occludin are
major regulators of paracellular permeability between endothelial cells
of the brain vasculature (26–28), decreased levels of claudin-5 and oc-
cludin in CAA vessels of human AD and murine Tg2576 brains in re-
sponse to Ab(1–40) monomers and dimers also indicated a potential
involvement of Ab transport across the BBB. Indeed, it was apparent
that both forms of Ab(1–40) could elicit transient modulation of the
tight junction; however, using in vivo RNAi, we found that cosuppres-
sion of occludin and claudin-5 could establish a size-selective tight junc-
tion, enabling enhanced movement of Ab from brain to blood in a
murinemodel of AD. These findings suggest a counterintuitive and po-
tentially beneficial correlation between the observed down-regulation of
claudin-5 and occludin inADbrains and increasedAbmovement from
the brain to the blood. Our observations suggest a mechanism where-
by Ab-mediated decreases in claudin-5 and occludin may allow for
Fig. 4. RNAi-mediated cosuppression of claudin-5 and occludin (C/O) in
Tg2576mice does not affect the levels ofmajor Ab receptors and trans-

porters. (A)Westernblot (left) anddensitometric analysis (right) of claudin-5,
occludin, LRP1, and RAGE in brain vascular protein fractions isolated fromNT
siRNA– or C/O siRNA–treated Tg2576 mice (unpaired Student’s t test: *P ≤
0.05, **P≤0.01; data aremeans±SEM,n=3animalsper treatment). (B)Western
blot (left) anddensitometric analysis (right) ofAPP, LRP1,RAGE, andApoE in total
brain protein fractions isolated from siRNA-treated Tg2576 mice (data are
means ± SEM). (C) Western blot (left) and densitometric analysis (right) of
APP, LRP1, RAGE, andApoE in liverprotein fractions isolated fromsiRNA-treated
Tg2576 mice (data are means ± SEM).
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