Hanafy et al. Fluids and Barriers of the CNS (2023) 20:85 Fluids and Barriers of the CNS
https://doi.org/10.1186/512987-023-00492-7

Check for
updates

Local perfusion of capillaries reveals disrupted
beta-amyloid homeostasis at the blood-brain
barrier in Tg2576 murine Alzheimer’s model

Amira Sayed Hanafy"?', Alf Lamprecht? and Dirk Dietrich'

Abstract

Background Parenchymal accumulation of beta-amyloid (Af) characterizes Alzheimer's disease (AD). AR
homeostasis is maintained by two ATP-binding cassette (ABC) transporters (ABCC1 and ABCB1) mediating efflux,
and the receptor for advanced glycation end products (RAGE) mediating influx across the blood-brain barrier (BBB).
Altered transporter levels and disruption of tight junctions (TJ) were linked to AD. However, AB transport and the
activity of ABCC1, ABCB1 and RAGE as well as the functionality of TJ in AD are unclear.

Methods ISMICAP a BBB model involving microperfusion of capillaries, was used to assess BBB properties in acute
cortical brain slices from Tg2576 mice compared to wild-type (WT) controls using two-photon microscopy. TJ integrity
was tested by vascularly perfusing biocytin-tetramethylrhodamine (TMR) and quantifying its extravascular diffusion as
well as the diffusion of FM1-43 from luminal to abluminal membranes of endothelial cells (ECs). To assess ABCC1 and
ABCBT activity, calcein-AM was perfused, which is converted to fluorescent calcein in ECs and gets actively extruded
by both transporters. To probe which transporter is involved, probenecid or Elacridar were applied, individually or
combined, to block ABCCT and ABCBT, respectively. To assess RAGE activity, the binding of 5-FAM-tagged AB by ECs
was quantified with or without applying FPS-ZM1, a RAGE antagonist.

Results InTg2576 mouse brain, extravascular TMR was 1.8-fold that in WT mice, indicating increased paracellular
leakage. FM1-43 staining of abluminal membranes in Tg2576 capillaries was 1.7-fold that in WT mice, indicating
reduced TJ integrity in AD. While calcein was undetectable in WT mice, its accumulation was significant in Tg2576
mice, suggesting lower calcein extrusion in AD. Incubation with probenecid or Elacridar in WT mice resulted in

a marked calcein accumulation, yet probenecid alone had no effect in Tg2576 mice, implying the absence of
probenecid-sensitive ABC transporters. In WT mice, A accumulated along the luminal membranes, which was
undetectable after applying FPS-ZM1. In contrast, marginal AR fluorescence was observed in Tg2576 vessels, and
FPS-ZM1 was without effect, suggesting reduced RAGE binding activity.

Conclusions Disrupted TJ integrity, reduced ABCC1 functionality and decreased RAGE binding were identified as BBB
alterations in Tg2576 mice, with the latter finding challenging the current concepts. Our results suggest to manage
AD by including modulation of TJ proteins and AB-RAGE binding.
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Introduction

Alzheimer’s disease (AD) is a progressive neurological
disorder distinguished by deterioration of memory and
cognitive functions. Clinically, AD can be sporadic or
familial, accounting for 95% and 5% of the cases, respec-
tively [1]. Familial AD is predisposed by mutations often
reported in amyloid precursor protein (APP), preseni-
lin 1 (PSENI) and presenilin 2 (PSEN2) genes [2], while
sporadic AD develops in the elderly as a consequence of
lifestyle and/or other concomitant diseases. The accu-
mulation of parenchymal beta-amyloid (AP) plaques is
considered the anatomical hallmark of AD brains, fol-
lowed by intraneuronal neurofibrillary tangles. Under
physiological conditions, the sequential cleavage of APP
by B-secretase then y-secretase produces A protein [3].
The generated AP is released to the extracellular space
and is shuttled across the blood-brain barrier (BBB) from
brain to blood and vice versa by a group of receptors
and carriers, which coordinate in order to maintain Af
homeostasis and brain levels [3]. While the role of Af in
physiological conditions is not fully understood, a recent
study showed that the levels of soluble Ap,_,,, are asso-
ciated with normal cognitive function and brain volume
[4], emphasizing the importance of homeostatic control
of AP levels in the brain.

The transporters involved in AP clearance to the blood
stream include some ATP-binding cassette (ABC) trans-
porters such as ABCB1 (P-glycoprotein) and ABCC1
(multidrug resistance protein-1) efflux pumps. While
ABCBL is located in the luminal membranes (facing the
blood side), ABCC1 is found on both the luminal and
abluminal membranes. Therefore, ABCB1 mediates the
clearance of AP that was initiated by low-density lipopro-
tein receptor-related protein-1 (LRP1) on the abluminal
vascular membranes [6]. Uptake of A into brain paren-
chyma is mediated by the receptor for advanced glycation
end products (RAGE) [7], while its efflux to the blood cir-
culation is mediated by LRP1 [7]. However, it is notewor-
thy that some in vitro studies showed that LRP1 mediates
the uptake of AP to the brain as well [8, 9]. Binding of
advanced glycation end products and other ligands to
RAGE induces NF-«B proinflammatory pathway and
activates MAP kinases among other functions that are
reviewed elsewhere [10]. It is noteworthy that Ap is also
produced in peripheral tissues including the liver, skeletal
muscles and arteries [11]. Maintaining A homeostasis in
the brain relies on the equilibrium between Ap influx and
efflux across the BBB. Increased expression and/or activ-
ity of AP influx transporters or decreased expression and/
or activity of A efflux pumps could progressively lead to

AP parenchymal accumulation, initiating a cascade of AD
pathogenic events.

The BBB is formed by cerebral endothelial cells (ECs)
interconnected by the protein complexes: tight junctions
(T]) and adherens junctions. The combined surface area
of ECs ranges from 12 to 18 m? in adult humans, ren-
dering the BBB the largest tissue-blood exchange inter-
face [12]. It has been increasingly evident that there is
a robust correlation, and possible causation, between
AD and the BBB integrity, which was reviewed else-
where [13]. A number of AD-related changes of the BBB
have been reported [14] including degeneration of ECs,
reduced capillary length, serum leakage, altered level and
activity of some BBB transporters, and disruption or mis-
alignment of some TJ.

As the transport of A across the BBB is a major event,
many studies proposed the occurrence of endothe-
lial injury in AD. In one study, it was found that AP,_ 4,
oligomers induced the downregulation of some TJ pro-
teins through RAGE-mediated mechanisms [15], while
AB-RAGE interactions involving intracellular calcium
mediated the disrupted expression of ZO-1, a TJ pro-
tein, in another study [16]. Moreover, it was found that
incubating bEnd.3 cells with Ap,_,,, oligomers decreased
the levels of three TJ scaffold proteins; claudin-5, occlu-
din and ZO-1, and significantly upregulated RAGE
protein levels [17]. It was also suggested that Ap might
get entrapped in the vascular walls during its clearance
across the BBB [18] or that AP gets deposited in the
periarterial interstitial fluid [19]. Collectively however,
previous studies mainly assessed gene or protein expres-
sion rather than activity of transporters. Therefore, it is
of great importance to functionally study AP efflux (via
ABCBI and ABCC1) and AP influx (via RAGE) at the
BBB of AD brains. It is also essential to study the func-
tionality of T] in terms of limiting the paracellular diffu-
sion (through the intercellular gap of ECs) and diffusion
along the outer leaflet of endothelial membranes from
the luminal to the abluminal side.

Experimental animal models have been developed
to study several forms of AD [20]. One of these is the
transgenic mouse line Tg2576 [21], which is considered
a familial mouse model expressing the human Swed-
ish APP mutation (B6;SJL-Tg(APPSWE)2576Kha). In
the Tg2576 model, AP,_,, and AB,_,; levels are signifi-
cantly higher than Af,_,, levels, which aligns with AD
pathology in humans with PSENI and PSEN2 genetic
mutations [21]. After 9 months of age, AP parenchy-
mal and vascular deposits are evident and are accompa-
nied by learning and memory impairments. Vascular A
deposits are associated with neighboring vessels, where
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the endothelium is lost, partially or completely, and the
basal membrane undergoes splitting to accommodate
the deposits [22]. After 12 months, all phenotype char-
acteristics are manifested such as widespread Af plaques,
gliosis and progressive cognitive impairment [21]. There-
fore, we chose Tg2576 mice (14—18 months old) as an AD
model to study functional alterations of the BBB and Af
handling by ECs. After 15 months of age, it was reported
that females develop 3 times more plaques than males,
and that the levels of AB,_,, and AP,_,, are profoundly
higher than in males [23]. To eliminate sex differences on
cerebral amyloidopathy, we conducted the study exclu-
sively in male mice.

The variation of the experimental approaches to study
the BBB in relation to AD pathogenesis often leads to
inconclusive, even contradictory, results [24]. Recently,
we developed ISMICAP, a novel in situ microperfusion-
based brain slice model [25]. It allows direct introduc-
tion of tracers and molecules of interest into cerebral
vasculature in acute brain slices by micro-impalement of
venules, while monitoring their subcellular interaction
with ECs in real-time using high-resolution two-photon
(2P) microscopic imaging. Acute brain slices are pre-
pared immediately from freshly harvested brains. They
are maintained in adequately oxygenated buffers and
remain vital for a few hours. The slices are not further
processed, for example in slice cultures. This procedure
was developed in the 1950s by Henry Mcllwain [26] to
study metabolism and electrophysiological properties,
and it has been adopted in many applications to this day.
In this study, we applied ISMICAP to Tg2576 transgenic
mice and obtained a detailed functional characterization
of the BBB in the context of an AD mouse model. Com-
pared to wild-type (WT) mice, we were able to identify
significant BBB alterations in brain slices of Tg2576 mice.

Methods
Animals
Male transgenic Tg2576 (wt/tg) mice express-
ing the human Swedish APP mutation (B6;SJL-

Tg(APPSWE)2576Kha) were purchased from Taconic
Biosciences (Rensselaer, NY, USA). The mice were
within 14-18 months old throughout all experiments.
Age-matched WT Tg2576 (wt/wt) mice were obtained
as a control. All experiments were conducted in accor-
dance with the guidelines of the University of Bonn
Medical Centre Animal-Care-Committee. According
to the ARRIVE guidelines, all efforts were exhausted to
minimize pain and suffering and to reduce the number
of animals used. Animals were allowed water and food
ad libitum, provided with nesting material and housed
under alternating 12:12 h light/dark cycles (light-cycle
7am-7pm) at 2212 °C and 55+ 10% humidity.
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Manufacturing of injection-pipettes

Custom-made pipettes were prepared as previously
described [25]. Briefly, they were pulled from GB150F-
8P glass capillaries using a P87 horizontal puller (Sutter
Instruments). Then, the pipette tips were beveled at an
angle of 45° using a 1300 M Micropipette Beveller (World
Precision Instruments). Pipette tips were screened on
a MF-900 microforge (Nashirigi) and only those with
openings<3 pm in diameter and debris-free were kept
and used in experiments. After beveling, pipettes were
kept for up to 4 weeks in air-tight containers.

Preparation of acute brain slices

After anesthetizing with isofluorane inhalation, mice
were decapitated, brains were collected and immediately
submerged in ice-cold modified artificial cerebrospinal
fluid (mACSF) containing (in mM) 87 NaCl, 2.5 KCl,
1.25 NaH,PO,, 7 MgCl,, 0.5 CaCl,, 25 NaHCO;, 25 glu-
cose, and 75 sucrose (saturated with 95% O,/5% CO,).
Horizontal cortical acute slices (300 um) were obtained
using a HM650 V vibratome (Thermo Fisher Scientific).
The slices were kept in mACSF at 35 °C for 30 min then
they were transferred to standard artificial cerebrospi-
nal fluid (SACSF) containing (in mM) 124 NaCl, 3 KCl,
1.25 NaH,PO,, 2 MgCl,, 2 CaCl,, 26 NaHCO,, 10 glu-
cose (saturated with 95% O,/5% CO,). Throughout the
experiments, the slices were kept at room temperature in
SACSF (saturated with 95% O, / 5% CO,) at an equilib-
rium pH of 7.4. The slices were used for up to 6-8 h fol-
lowing their preparation.

Experimental setup and intravascular perfusion

The ISMICAP experimental setup was constructed as
previously detailed [25]. In brief, brain slices were placed
in a submerged chamber, continuously perfused with
aerated sACSE, of a 2P laser scanning microscope from
Scientifica (2PIMS-PMT-20) or Bruker Scientific (Olym-
pus BX51WT) equipped with a chameleon vision II laser
(Coherent) and coupled with Scanimage r3.8 or Prairie
View 5.4 software for scanning and acquisition, respec-
tively. The wavelength, laser power and detector gain
values in each experiment were optimized with respect
to the fluorophore used. Within each slice, thin-walled
venules (30-50 um in diameter) were optically located
and considered appropriate for impalement. Perfusion
pipettes, containing 5 pl of the test fluorophore, were
clamped to a micromanipulator (Luigs & Neumann) con-
nected to a pressure pump (ALA Scientific Instruments).
After puncturing the venular membrane with the pipette
tip, a pressure of 100 mmHg was applied to flush the vas-
culature with the fluorophore solution and maintained
throughout the experiment.
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Biocytin tetramethylrhodamine assay
Biocytin-tetramethylrhodamine (TMR, Sigma-Aldrich)
was diluted in sACSF to 100 uM and perfused into corti-
cal vessels. Z-stacks (plane distance 1 um) of capillaries
were recorded 5 and 30 min after starting pressure appli-
cation at A, 820 nm. The distance between the impale-
ment point and the imaged capillaries was 100-120 um.
Spatial fluorescence profiles of regions of interest (ROIs)
perpendicular to capillaries were determined using
Image] [27] and normalized to the respective maximal
intravascular fluorescence. To assess the integrity of TJ,
the extravascular fluorescence intensities within 10 um in
a 3-um distance of either side of capillaries were quan-
tified at 5 and 30 min, normalized to the respective
intravascular fluorescence and averaged. All measured
intensities were background corrected.

FM1-43 assay

FM1-43 (Thermo Fisher Scientific) at a concentration
of 40 uM in sACSF was intravascularly perfused for
10 min. Z-stacks and single plane images of capillaries
were acquired 2 and 10 min after pressure application at
840 nm. All imaged capillaries were within 50-100 pm
distance from the impalement point. Spatial fluorescence
profiles were determined as previously described. Fluo-
rescence intensities within the luminal (lumen side) and
abluminal (brain side) walls of ECs in capillaries were
quantified at 10 min by manually outlining the ROIs. The
abluminal fluorescence was normalized to the luminal
one for the respective EC. All fluorescence values were
background corrected.

Calcein-AM uptake assay

Calcein-AM (Thermo Fisher Scientific) was prepared in
sACSF to a working concentration of 20 pM and per-
fused intravascularly for 30 min. Calcein-AM, a non-flu-
orescent membrane-permeable molecule, is converted to
fluorescent membrane-impermeable calcein by cytoplas-
mic esterases of ECs. As calcein-AM is non-fluorescent,
TMR (100 uM) was added to the perfused solution to
evaluate the impalement quality. Z-stacks were recorded
at 0, 15 and 30 min at 920 nm. To achieve efflux protein
inhibition, the slices were preincubated for 30 min with
1 uM Elacridar (ELA, Tocris Bioscience) or 0.6 mM pro-
benecid (PRO, Tocris Bioscience) solutions in sACSE,
individually or combined. During perfusion and imaging,
the slices were constantly perfused with the respective
inhibitor(s) solution. Dose-response experiments were
conducted in slices preincubated with either ELA (0.2,
0.6 and 1 uM), PRO (0.2, 0.6 and 1 mM) or a mixture of
both. To quantify calcein accumulation at 30 min, ROIs
were carefully selected to contain the cytoplasm of ECs in
capillaries, while the respective fluorescence intensities at
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2 min were subtracted to eliminate inter-recording varia-
tions. All measurements were background corrected.

Beta-amyloid uptake assay
Beta-amyloid (AP) monomers were prepared by dis-

solving  fluorescent =~ 5-FAM-Amyloid  B-Protein
(1-42) trifluoroacetate salt (Bachem) in ice-cold
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) (Sigma-

Aldrich) to the concentration of 100 uM [28]. The solu-
tion was incubated at room temperature for 1 h then on
ice for 1 h and finally aliquoted. The excess HFIP was
allowed to evaporate overnight and the aliquots were
stored at —80 °C. Before experiments, aliquots were
reconstituted in DMSO (0.7% final DMSO concentra-
tion) and diluted in SACSF to 3.5 pM AP solution. To
ensure that only AR monomers were perfused, the solu-
tion was kept on ice and filtered with 0.45 um syringe
filter directly before impalement. The AP solution was
perfused intravascularly for 30 min, then flushed out
with sACSF (for 30 s). To inhibit RAGE receptor, the
slices were preincubated for 30 min in 10 uM FPS-ZM1
(Merck Chemicals GmbH). AP was flushed out with
FPS-ZM1 (30 s) in experiments involving RAGE inhibi-
tion. Overlays of single-plane images of fluorescence and
laser DIC scans were recorded at 810 nm. For compara-
bility, the depth of all imaged capillaries and venules was
kept between 20 and 40 pm, while the distance between
the analyzed capillaries and impalement point was
50-100 pum. For fluorescence quantification in the lumi-
nal membranes of ECs, we used straight-line ROIs across
vascular walls, which were carefully positioned not to
include tissue autofluorescent aggregates. All intensities
were background corrected.

Data processing and statistical analysis

Unless otherwise specified, all images were raw data
without denoising or smoothing. For better visualiza-
tion, red, green, yellow and royal look-up tables (LUT)
in Image] were used whenever relevant. Royal is a color
map, coding low-intensity pixels ‘blue’ and high-inten-
sity pixels ‘white’ Data are presented as mean=+standard
error of the means (SEM). The number of analyzed ROIs
(ngop) was specified in the figure legends. According to
the number of groups/variables, either one-way ANOVA,
two-way ANOVA or two-tailed unpaired Student’s ¢-test
were used. Pairwise multiple comparisons were corrected
for using Tukey’s post hoc test (for two-way ANOVA) or
Holm-Sidak post hoc test (for multiple ¢-tests). Differ-
ences were considered statistically significant at P<0.05.
All statistical tests applied were two-sided. Statisti-
cal analysis was performed using GraphPad Prism 9.0.2
(GraphPad Software, CA, USA).
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Results

Tight junctions in Tg2576 cortical capillaries are
considerably disrupted

We tested the integrity of TJ in the cortical capillaries of
AD Tg2576 mouse brain. Normally, TJ restrict the pas-
sive diffusion of molecules through the intercellular cleft
between adjacent ECs [25]. Hence, applying a fluorescent
tracer intravascularly and quantifying its extracellular
fluorescence in the vicinity of capillaries represent a read-
out of the leakiness of TJ [25].

A venule (30-50 um in diameter) was located within
the cortex and pierced with a glass pipette containing the
fluorescent tracer, which was flushed into the vascula-
ture via applying pressure on the back of the pipette [25].
Upon intravascular perfusion of TMR, rapid filling of the
vascular system was observed in WT and Tg2576 mice
within 5 min and the perfusion was continued for 30 min
(Fig. 1la). We measured the extravascular fluorescence
surrounding capillaries that were at least 100-120 pm
distant from the impalement point (Fig. 1b,c). The inten-
sity of extravascular fluorescence was quantified within a
length of 10 pm in 3-pm distance of either side of capil-
laries at 5 and 30 min post perfusion. In WT mice, only
2.0410.3% (n=8) of the intraluminal fluorescence was
observed around capillaries at 30 min (Fig. 1b,d). In
contrast, the extravascular fluorescence in Tg2576 mice
within 5 min rose to 2.0+0.3% (n=8), and increased to
3.6£0.3% after 30 min (Fig. 1c,d, significantly different
from WT mice, Student’s ¢-test, P<0.05).

Next, we investigated the diffusion of FM1-43 styryl
dye within the lipid membranes of ECs from the lumi-
nal side to the abluminal side. Typically, the proteins of
T] have extra- and intramembranous components. The
intramembranous component is embedded into the
lipid bilayers and undergoes protein-protein cis assem-
bly via the interactions between transmembrane heli-
cal domains [29] and strongly limits the diffusion from
luminal to abluminal compartments along the membrane
[25]. The extramembranous component on the oppos-
ing membranes interact to fully seal the intercellular
gaps, thus limiting paracellular diffusion. When applied
to the lumen of the vascular system, FM1-43 initially
labels the luminal membranes of ECs and reveals a retic-
ular staining pattern outlining the membranes and bor-
ders of ECs [25], which could be clearly most detected in
venules (Fig. 2a). FM1-43 only very slowly bypasses the
TJ barrier and accumulates in abluminal membranes of
ECs [25]. In the WT mice of the present study, which
were much older than those used in our previous study
(18-month-old versus 1-month-old), we also initially
(2 min) observed only the staining of luminal membranes
(Fig. 2b). After 10 min, a slight staining of the abluminal
membrane of ECs was visible (Fig. 2b). In contrast, the
staining of the abluminal membrane in Tg2576 mice
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already appeared after 2 min (Fig. 2c) and reached sig-
nificantly higher levels of 0.13+0.02 and 0.22+0.03 after
10 min in WT and Tg2576 mice, respectively (Fig. 2c,d,
n=8 each group, Student’s ¢-test, P<0.05). This appar-
ently accelerated diffusion of FM1-43 from the luminal
to abluminal sides indicates the reduced integrity of the
intramembranous component of TJ [25].

Functionality of ABC efflux transporters is altered in
Tg2576 brains

The activity of two ABC efflux transporters, ABCB1
(P-glycoprotein) and ABCC1 (multidrug resistance pro-
tein-1), was assessed. Normally, calcein-AM does not
accumulate in ECs due to the active extrusion by efflux
pumps. While calcein is a substrate for ABCB1, both cal-
cein and calcein-AM are substrates for ABCC1 [30]. Cal-
cein accumulation can only be detected in the ECs lining
vascular walls after blocking ABCB1 or ABCC1 by ELA
and PRO, respectively (Fig. 3a). The accumulation of fluo-
rescent calcein increased in a concentration-dependent
manner with ELA and PRO (Fig. 3b). The concentration
dependence was consistent with the reported IC50 val-
ues of ELA (0.19 uM) [31] and PRO (0.5-0.8 mM) [32]
for ABCB1 and ABCCI, respectively, and supported the
importance of these transporters in removing calcein
from ECs under control conditions. Under control con-
ditions (absence of inhibitors) in WT mice, calcein was
almost undetectable in ECs after 10 min as observed
previously [25]. In contrast, we observed a moderate but
significantly higher accumulation of calcein after 10 min
perfusion in Tg2576 mice; suggesting that AD mice show
a lower basal activity of calcein extrusion compared to
WT mice (Fig. 3¢,d).

We employed the inhibitors PRO and ELA at sub-
maximal blocking concentration of 0.6 mM and 1 pM,
respectively, to probe which type of ABC transporter
may be affected. When adding either PRO or ELA to the
WT group, we observed a marked and strong increase in
the accumulation of calcein fluorescence in ECs (Fig. 3e,
see supplementary information). In contrast, PRO had
almost no effect in Tg2576 mice but ELA led to a signifi-
cant accumulation of fluorescence in ECs (Fig. 3c,e, two-
way ANOVA, P<0.05). This inhibitor-induced increase
in fluorescence is proportional to the number of calcein
molecules trapped in ECs and, conversely, a measure of
the number of calcein molecules which were extruded
by the ABC transporter before blocker application per
10 min. Thereby, as a first approximation, this increase is
proportional to the reduction in calcein efflux rate caused
by the transporter inhibitors.

In order to reveal the effect of genotype on calcein
accumulation, per treatment, the mean calcein accu-
mulation under ‘no blocker’ condition was subtracted
from each of the mean values corresponding to each
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Fig. 1 The extracellular diffusion of TMR is significantly increased in Tg2576 than wild-type mice. a, Maximum intensity projections (MIPs) of TMR-perfused
vascular tree in the cortices of WT mice (top) and Tg2576 mice (bottom) mice 5 and 30 min after impalement. b, A single frame of a capillary in a wild-type
cortical slice at 5 and 30 min (left) and the corresponding spatial fluorescence profiles (right) of a line profile normalized to the intravascular fluorescence.
The analyzed line profiles (grey, 10-um thick) were within 10 um in a 3-um distance to the sides. The extravascular fluorescence was 1.3+0.03% at 30 min
(the dashed bar region was averaged for quantification, see inset). ¢, A single frame of a capillary in Tg2576 cortex recorded at ts and t5, (left) and the cor-
responding spatial fluorescence profiles (right) of a line profile. After 30 min, the extravascular fluorescence rose to 4.2 +0.04% (the dashed bar region was
averaged for quantification, see inset). d, Quantification of extravascular fluorescence intensities within the specified ROls across capillaries, 100-120 um
away from the impalement point, in WT and Tg2576 mice at 30 min. Data are represented as mean + SEM. All intensities were background corrected and
normalized to the intravascular fluorescence. The asterisk denotes a statistically significant difference (Student's t-test, *P < 0.05). Data were obtained from
10 injections/4 animals (Ngo; WT mice =8, ngp, 192576 mice =8)
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Fig. 2 FM1-43 probe diffuses at a faster rate from the luminal to abluminal walls of endothelial cells in Tg2576 mouse brain tissue. a, MIPs of venules per-
fused with FM1-43 for 10 min in WT and Tg2576 mouse brains demonstrating the outlined ECs across the walls. b, A capillary in aWT cortical slice perfused
with FM1-43 at 2 and 10 min (left) and the corresponding spatial fluorescence profiles (right) of a line profile (grey line, 5-um thick) across the capillary
wall normalized to the intravascular fluorescence. After 2 min, only the luminal membrane is stained (i), while the labeling of the abluminal membrane
(ii) can be detected after 10 min. The LUT ‘royal’is a color map that codes low-intensity pixels ‘blue’and high-intensity pixels as ‘white’ ¢, A capillary in a
Tg2576 cortical slice recorded at t, and t; (left) and the corresponding spatial fluorescence profiles (right) of a line profile normalized to the intravascular
fluorescence. The labelling of the abluminal membrane can be detected at as early as 2 min after starting the FM1-43 perfusion, which intensifies over
time (ii). d, Quantified fluorescence intensities within the abluminal membranes of capillaries in WT (ng=8) and 192576 (ng=8) mice. After 10 min, the
diffused FM1-43 to the abluminal membranes in Tg2576 mice was 1.7-fold higher than in WT mice (Student’s t-test, *P < 0.05). The measured intensities
were background-corrected and normalized to the corresponding luminal fluorescence intensities. Data are represented as mean + SEM, obtained from
17 injections/5 animals

blocker treatment (within the same genotype, Fig. 3f). values, Fig. 3f). A direct statistical comparison of mean
To estimate the reliability of those new mean values, values based on their SEM was performed using a mul-
we used rules of error propagation to calculate the new tiple ¢-tests approach followed by Holm-Sidak post hoc
SEM values (which are plotted along with the mean test. This analysis clearly showed that PRO-sensitive
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Fig. 3 The endothelial efflux systems in Tg2576 mice are significantly hindered. a, Cross-sectional views of cortical vessels perfused with calcein-AM for
10 min under control conditions (left) and simultaneous inhibition of ABCC1 and ABCB1 transporters with 0.6 mM PRO and 1 uM ELA, respectively (right).
Without blockers, no calcein accumulation was detected in endothelial cells (arrow heads, left), while it was observed after applying PEO and ELA (arrow
heads, right). b, Dose-response curve showing the concentration-dependent accumulation of calcein 30 min after applying PRO or ELA. The ‘control’
datapoint denotes calcein accumulation in absence of both blockers. ¢, MIPs of capillaries recorded at 10 min demonstrating calcein accumulation under
control conditions as well as inhibition of ABCC1, ABCB1 or both by 0.6 mM PRO, 1 uM ELA or a mixture of both, respectively, in WT mice (top row) and
Tg2576 mice (bottom row). In WT mice capillaries, no calcein accumulation could be observed under control conditions, therefore the capillary’s lumen
was manually outlined (dashed ROI) using simultaneously perfused TMR. Arrowheads denote extravascular autofluorescent aggregates in aged mice. d,
Calcein accumulation in ECs at 10 min in absence of blockers in Tg2576 mice was significantly higher than that in WT mice (ngo, WT mice =5, ngo, 192576
mice=5, *P<0.05). e, Quantification of calcein accumulating at 10 min in WT and Tg2576 mice in absence and presence of ABCC1 and ABCB1 blockers.
A similar pattern of calcein accumulation was observed within both WT and Tg2576 mice groups. Compared to control conditions, applying PRO led to
insignificant calcein accumulation, while applying ELA or ELA+PRO mixture resulted in significantly increased calcein accumulation. Data, presented as
mean + SEM, were obtained from 24 injections/6 animals (ngp, = 5 for all groups, two-way ANOVA, *P < 0.05, ns; insignificant difference, see supplemen-
tary information for details). f, Inhibitor-induced increases in calcein fluorescence with respect to control (no blockers) conditions. PRO-sensitive ABC
transporters were almost absent in Tg2576 mouse brains, while ELA-sensitive extrusion remained unchanged (multiple t-tests, *P < 0.05, ns; insignificant
difference).

ABC transporters were almost absent in Tg2576 mouse fluorescence levels observed when applying them indi-
brain tissue (P<0.05), while ELA-sensitive extrusion was  vidually. This supra-additive effect could be explained by
unchanged. We noticed in WT mice that the combined the higher calcein levels reached upon combined inhibi-
application of PRO and ELA increased calcein fluo- tor application (Fig. 3c,d). If calcein reaches higher lev-
rescence in ECs more than the sum of the elevations in  els within ECs, for instance by applying ELA, a larger
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fraction of intracellular binding sites of ABC transport-
ers, in particular PRO-sensitive binding sites, will be
bound by calcein which will result in an elevated efflux
rate of PRO-sensitive transporters. The additional appli-
cation of PRO will then lead to an enhanced reduction
in efflux rate and a larger increase in fluorescence than
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observed if PRO was applied under baseline conditions
(i.e. without ELA).

We observed an even more pronounced supra-additive
effect upon combined application of PRO and ELA in the
Tg2576 group (Fig. 3f). This was unexpected as PRO was
ineffective under baseline conditions, suggesting that ECs
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(See figure on previous page.)

Fig. 4 Beta-amyloid uptake in capillaries and venules of Tg2576 mice is significantly decreased. a, Single frames of capillaries 30 min after perfusing
5-FAM-tagged AR monomers in WT and Tg2576 murine vasculature with/without inhibiting RAGE transporter by 10 uM FPS-ZM1. All images are displayed
in parallel as fluorescence scan, laser DIC scan and an overlay of both. In WT mice, AB fluorescence is localized at the luminal walls (arrow heads) under
control conditions, which significantly decreased after RAGE inhibition by FPS-ZM1 (see b). In Tg2576 mice, negligible AR uptake was noted under both
experimental conditions (see b). An example of line profiles used for analysis is shown (grey line, 3-um thick). Asterisks signify ECs, while yellow arrows
refer to autofluorescence commonly found in aged tissue. b, Quantification of luminal fluorescence intensities in capillaries under control conditions
(Ngoy WT mice =14, ngp, 92576 mice = 16) and RAGE inhibition (ngo WT mice =11, ng, 792576 mice=12) represented as mean = SEM (two-way ANOVA,
*P<0.05; ns, insignificant, see supplementary information). ¢, Single frames of venules after perfusing 5-FAM-tagged AB monomers for 30 min under
control conditions and after preincubation with 10 uM FPS-ZM1 in WT and Tg2576 murine vasculature. In WT mouse brain tissue under no-blocking
condition, AR fluorescence is localized within the luminal walls (arrow heads), which significantly decreased upon inhibiting RAGE with FPS-ZM1 (see
d). Significantly lower AR uptake was recorded in Tg2576 venules, which remained unaltered after applying FPS-ZM1 to block RAGE (see d). An example
of the analyzed line profile is indicated (grey line, 3-um thick). Similarly, ECs are marked by asterisks, while yellow arrows indicate autofluorescence. d,
Quantification of luminal fluorescence in venules under no-blocking condition (ngo, WT mice =13, ngo, 192576 mice=19) and RAGE inhibition (ngo WT
mice=7, Npo 192576 mice =14) represented as mean = SEM. (two-way ANOVA, *P<0.05; ns, insignificant, see supplementary information). Data were

collected from 10 injections/4 animals

in the AD group may lack PRO-sensitive transporters.
The supra-additive effect of combined inhibitor applica-
tion may imply that PRO-sensitive extrusion mechanisms
are present but with altered properties in the AD group.
For instance, a strong decrease in their affinity for calcein
may render them ineffective for extrusion under baseline
conditions when calcein concentrations in ECs are low,
and let them noticeably participate in calcein extrusion
only when calcein levels are strongly elevated by ELA
application.

Reduced binding of beta-amyloid to luminal membranes
of endothelial cells in Alzheimer’s Tg2576 brains

To assess the potential uptake of Ap monomers by ECs,
we perfused the vasculature with fluorescently tagged AP
solution (3.5 pm, 5-FAM-tagged) for 30 min, then briefly
with sACSF (for 30 s) for flushing to reveal fluorescent
AP interacting with ECs by 2P imaging. Ap monomers
bind to RAGE, which is expressed in the luminal mem-
branes of ECs.

To identify ECs, we scanned the fluorescence along
with a transmitted light (laser) DIC channel revealing
the vascular cells in the acute brain slice (Fig. 4a,c). In
WT mice, we observed a thin line of green fluorescence
along the luminal membranes of capillary ECs (Fig. 4a),
while the cytoplasm and abluminal cell membranes of
ECs were not stained. It is noteworthy that the luminal
and abluminal membranes can be distinguished only at
the cell bodies of ECs (i.e. where the nucleus is located),
as they nucleus separates the two membranes by several
micrometers. Therefore, it is concluded that Ap mono-
mers were bound solely to the luminal membranes. The
luminal line of fluorescence was significantly weakened
when the slices were incubated and perfused with FPS-
ZM1 (10 pM) (Fig. 4a,b). Line profiles were drawn across
ECs to quantify luminal fluorescence intensities, which
were background corrected using the parenchymal fluo-
rescence value across the respective line profile.

FPS-ZM1 blocks the binding of AB to the V-domain
of RAGE (K; = 25 nM) [33]. Similarly, 5-FAM-tagged Af

bound to ECs lining venules and this binding was signifi-
cantly antagonized by FPS-ZM1 as well (Fig. 4c,d, two-
way ANOVA, P<0.05, see supplementary information).
In Tg2576 capillaries and venules, we did not observe A}
fluorescence of the luminal membranes of ECs and FPS-
ZM1 was without effect (Fig. 4b,d, two-way ANOVA,
P<0.05, see supplementary information), suggesting that
AP does not, or only minimally, bind to ECs or RAGE in
Tg2576 mice.

Note that fluorescent parenchymal aggregates were
recorded in all acquisitions even before 5-FAM-tagged
AP application (asterisks, Fig. 4a,c), and likely represent
autofluorescence in cells containing lipofuscin accumula-
tion naturally occurring with ageing [34].

Discussion

In this study, we characterized the BBB in Tg2576 AD
mouse line in comparison with age-matched controls.
Our findings demonstrated a significant disruption of
TJ as evidenced by increased TMR leakage to paren-
chyma and faster FM1-43 diffusion from the luminal to
abluminal endothelial membranes (Fig. 5). A previous
study showed parenchymal extravasation of Texas red-
labelled bovine serum albumin after systemic adminis-
tration in Tg2576 mice [35] even before forming senile
plaques, while the BBB permeability was unchanged in
APP/PS1 mice [36] and 3xTg-AD mice [37]. Expression
studies in different in vitro and in vivo models showed
that some TJ proteins are downregulated in AD includ-
ing claudin-5, occludin and ZO-1, as reviewed elsewhere
[38]. The conflicting results of BBB permeability in AD
could be resulting from the used model, age group, brain
region and/or experimental tracer. For example, it is
commonly believed that the BBB is disrupted in epilepsy
[39]. However, hippocampal tissue from chronic epilep-
tic humans and status epilepticus mouse model exhibited
a well-maintained BBB permeability to two differently
sized tracers, TMR and Alexa488 labelled-bovine serum
albumin, compared to WT samples when assessed with
ISMICAP [25].
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Fig. 5 Schematic representation of the healthy blood-brain barrier (top) compared to pathological blood-brain barrier alterations identified in Alzheim-
er's Tg2576 mouse brain (bottom) in the current study along with the associated experimental observations

ABCC1 and ABCBI are involved in regulating Af lev-
els in the brain. AP,_,, and AP,_,, are substrates for
ABCBI [40], which plays a pivotal role in AP clearance.
ABCBI and LRP1 orchestrate AP clearance to the blood
stream, where LRP1 mediates the uptake of AP from the
parenchyma to the abluminal membranes [5]. Decreased
ABCBI expression was previously reported as a com-
mon AD manifestation [41] and restoring its function
in isolated capillaries of Tg2576 brains in fact reduced
AP levels [42]. ABCC1 is localized on both the lumi-
nal and abluminal membranes of ECs and it is involved
in AP clearance as well [43]. In ABCC1 knockout mice,
AB,_ 4, and AP, levels were 12-fold and 14-fold higher
than in control mice, respectively [43]. However, little
is known about how ABCCI is involved in AD patho-
genesis. Here we show, for the first time, that the efflux
activity of ABCC1 transporter is remarkably altered in

Tg2576 brain tissue, as demonstrated by the significant
calcein accumulation in ECs without applying any ABC
blockers (Fig. 5), while the activity of ABCB1 transporter
was unchanged. Interestingly, calcein accumulation in
ECs of Tg2576 brain when ABCB1 and ABCC1 were
blocked was higher than the sum of their individual inhi-
bition. This supra-additive effect might be resulting from
altered ABCC1 properties or lack thereof. It is also sug-
gested that when endothelial calcein accumulation is low
under control condition, there is little binding of calcein
to ABCCI. Another potential explanation is that ABCC1
is localized in a submembranous compartment and gets
rapidly recruited to the plasma membrane, similar to the
delivery of glutamate receptors in neurons, only when
calcein levels increase/other transporters are recruited.
RAGE is a multi-ligand receptor that plays significant
roles in maintaining the equilibrium of AP. It has been
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reported that RAGE levels increase in brain endothelium
leading to AP deposition in AD patients [6, 44]. FPS-
ZM1 antagonizes RAGE in brain endothelium, decreas-
ing the influx of circulating AB,_,, and AP, _ 4, in Tg2576
mice [33]. Perfusing fluorescent-tagged AP in WT mice
resulted in their binding to the luminal membranes of
ECs, while the cytoplasm and abluminal membranes
remained unstained. The reason could be that AP uptake
into the cytoplasm is too slow to be recorded within the
experimental time (30 min) or that strong AP extru-
sion mechanisms at the abluminal membranes exist. In
Tg2576 mice, the luminal binding of Ap monomers was
significantly lower than that in WT mice (Fig. 5). This
finding may suggest a potential decline of RAGE activity
in Tg2576 brain, as evident by the lack of inhibitory effect
of FPS-ZM1 on the binding of AP to RAGE. However,
it does not entirely negate that RAGE could be overly
expressed. For example, it is possible that RAGE could
be saturated by endogenous AP in Tg2576 brain tissue,
which could also explain why RGAE inhibition had no
effect on tagged-Ap luminal binding. It could be that the
binding of AP to RAGE is extended and decreases only
minimally over several hours. It is suggested that the
binding sites of RAGE are either less frequent or irrevers-
ibly blocked by endogenous Ap. In a previous study, the
in vivo uptake of circulating radiolabeled Ap was quanti-
fied by homogenizing the entire hemisphere [45]. Given
that AP binding to RAGE is reversible, this technique
does not differentiate between unidirectional and bidi-
rectional transport. As the whole brain tissue is homog-
enized, it is not possible to define whether the assayed
Ap is localized within microvessels, transcytosed into the
parenchyma, endocytosed by ECs or only bound to the
luminal membranes.

It is noteworthy that there is an interplay between T]
disruption, decreased ABCC1 activity and altered RAGE
activity in Tg2576 mice. Disruption of T] proteins was
linked to AP accumulation via different mediating mech-
anisms. Using an in vitro murine endothelial bEnd.3
model, AP,_,, oligomers induced the downregulation
of occludin, claudin-5 and ZO-1 via RAGE-mediated
autophagy as evidenced by the increased LC3-II/B-
actin ratio and decreased p-mTOR/mTOR ratio [15]. In
another study, ZO-1 expression was disrupted in bEnd.3
cells via AB-RAGE interactions involving increased intra-
cellular calcium levels [16]. In the 5xFAD AD animal
model, it was found that the capillaries near AB depos-
its in the brain parenchyma appeared disrupted or cut
[16]. In human postmortem cortical tissue, the capillaries
adjacent to AP parenchymal deposits exhibited a remark-
able loss of occludin, claudin-5 and ZO-1 associated with
clusters of NOX-2-positive microglia [46]. Therefore,
multi-targeted therapeutic approaches to manage AD
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could have superior potentials over those targeting a sin-
gle pathogenetic pathway.

Disease-modifying therapeutics for AD manage-
ment have been primarily focusing on Ap, especially
in phase II and phase III clinical trials [47]. So far, only
two disease-modifying treatments have been granted
accelerated FDA approvals, which are the monoclonal
antibodies aducanumab [48] and lecanemab [49]. Adu-
canumab reduces AP levels by binding to AP aggregates
[50], while lecanemab binds to soluble AB photofibrils
in early AD [51]. Our findings, coupled with ISMICAP
potentials, identified alternative innovative therapeu-
tic strategies. One potential therapeutic pathway could
be to correct for the compromised integrity of TJ in AD
by enhancing the expression of T] proteins using gene
therapy or tissue engineering. For instance, hippocam-
pal transplantation of endothelial progenitor cells in an
APP/PS1 mouse model upregulated several T] proteins,
namely claudin-5, ZO-1 and occludin, which significantly
enhanced cognitive and memory functions [52]. Inter-
estingly, suppression of claudin-5 and occludin via siR-
NAs lowered AP,_ 4, levels in the brain of Tg2576 mice
in another study [53]. How TJ proteins should be mod-
ulated to manage AD is yet to be closely investigated.
Despite the extensive research on T] modulators, they
should be cautiously approached. To this day, new ways
by which T7J proteins interact are being discovered. It has
been increasingly evident that T] are highly dynamic and
adaptive to different pathophysiological demands. Inter-
fering with how ‘tight’ the TJ are in AD context, while
being potentially effective in AP clearance, may result in
disturbing the homeostasis of other molecules, posing
unexpected outcomes. In addition, the duration of action
of T] modulators should be considered in order to avoid
complications due to sustained and/or uncontrolled TJ
opening. For instance, the knockdown of claudin-5 in
mice for 2 weeks resulted in lethal neuroinflammation
[54]. Moreover, a previously examined therapeutic path-
way was inducing the overexpression of ABCB1, which
promoted AP clearance in Tg2576 AD model [42]. How-
ever, here we identified a decreased activity of ABCCI,
while that of ABCB1 was unaltered in Tg2576 mice.
Therefore, it is suggested that restoring ABCC1 function-
ality could be therapeutically promising, which has not
been investigated yet to our knowledge.

It has been reported that inhibiting RAGE helps to slow
down AP accumulation and decreases cognitive deterio-
ration. Azeliragon, a small orally bioavailable molecule,
was investigated as RAGE inhibitor, where it was found to
lower total AP brain concentration and improve cognitive
functions [55]. However, phase III clinical trial investigat-
ing Azeliragon (NCT02080364) was recently terminated
because of lack of efficacy. In this study, we show that
inhibiting RAGE was ineffective in lowering the luminal



Hanafy et al. Fluids and Barriers of the CNS (2023) 20:85

Ap binding, which could be attributed to RAGE satura-
tion by endogenous A in Tg2576 mouse brain. Dissoci-
ating endogenous AP from RAGE could have therapeutic
potentials and help to normalize AP homeostasis in AD
brain tissue.

Abbreviation

2P Two-photon

ABC ATP-binding cassette

AD Alzheimer’s disease

APP Amyloid precursor protein

AB Beta-amyloid

BBB Blood-brain barrier

DMSO Dimethy! sulfoxide

ECs Endothelial cells

ELA Elacridar

HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol
LRP1 Low-density lipoprotein receptor-related protein-1
LUT Look-up table

mACSF  Modified artificial cerebrospinal fluid
PRO Probenecid

PSEN1 Presenilin 1

PSEN2 Presenilin 2

RAGE Receptor for advanced glycation end products
ROIs Regions of interest

SACSF Standard artificial cerebrospinal fluid
SEM Standard error of the means

T Tight junctions

TMR Biocytin-tetramethylrhodamine

WT Wild-type
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