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Abstract
Amyloid-β (Aβ) deposition in the brain vasculature results in cerebral amyloid angiopathy (CAA),
which occurs in about 80% of Alzheimer’s disease (AD) patients. While Aβ42 predominates
parenchymal amyloid plaques in AD brain, Aβ40 is prevalent in the cerebrovascular amyloid.
Dutch mutation of Aβ40 (E22Q) promotes aggressive cerebrovascular accumulation and leads to
severe CAA in the mutation carriers; knowledge of how DutchAβ40 drives this process more
efficiently than Aβ40 could reveal various pathophysiological events that promote CAA. In this
study we have demonstrated that DutchAβ40 show preferential accumulation in the blood-brain-
barrier (BBB) endothelial cells due to its inefficient blood-to-brain transcytosis. Consequently,
DutchAβ40 establishes a permeation barrier in the BBB endothelium, prevents its own clearance
from the brain and promotes the formation of amyloid deposits in the cerebral microvessels. The
BBB endothelial accumulation of native Aβ40 is not robust enough to exercise such a significant
impact on its brain clearance. Hence, the cerebrovascular accumulation of Aβ40 is slow and may
require other co-pathologies to precipitate into CAA. In conclusion, the magnitude of Aβ
accumulation in the BBB endothelial cells is a critical factor that promotes CAA; hence, clearing
vascular endothelium of Aβ proteins may halt or even reverse CAA.
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Introduction
Progressive accumulation of amyloid beta (Aβ) proteins in the brain microvasculature leads
to cerebral amyloid angiopathy (CAA) 1, which is responsible for a large proportion of
cerebral hemorrhages occurring in non-hypertensive individuals 2. The CAA is closely
associated with the Alzheimer’s disease (AD); about 80% of AD patients manifest CAA 3.
Although causatively linked, AD and CAA differ in Aβ accumulation patterns.
Histopathological examination of AD human brains suggests that the regions harboring
cerebrovascular amyloid are usually devoid of plaques, whereas the brain regions rich in
parenchymal amyloid plaques show very little vascular amyloid 4. Moreover, parenchymal
amyloid plaques mostly contain Aβ42, whereas the cerebrovascular amyloid deposits
primarily contain Aβ40 5. A high Aβ40:42 ratio triggers the formation of vascular amyloid
over parenchymal plaques 6, while an increase in Aβ42 redirects Aβ deposition from the
vasculature to the parenchyma 7–8.

The impact of aberrant Aβ40:42 ratios on the cerebrovascular amyloid accumulation was
further resolved in patients and transgenic animals carrying such mutations as Dutch,
Indiana, Italian, and London. Indiana and London mutations cause elevated Aβ42 levels that
result in a lower Aβ40:42 ratio, less pronounced vascular amyloid, and significant Aβ
accumulation in the brain parenchyma 9–11. Alternatively, patients and transgenic mice with
Dutch or Italian mutations show a higher Aβ40:42 ratio and manifest a severe form of
CAA 12–13. Individuals carrying Dutch mutation consistently develop hereditary cerebral
hemorrhage with amyloidosis-Dutch type (HCHWA-D) and suffer cerebral hemorrhagic
stroke often leading to death at an early age 12. On the other hand, humans and transgenic
mice carrying Swedish and Flemish mutations have elevated levels of both Aβ40 and
Aβ42 14 and show parenchymal as well as vascular amyloid deposition 15–17.

These observations suggest a strong causative relationship between the cerebrovascular
accumulation of Aβ40 and CAA. The DutchAβ40 that differs from Aβ40 by a single point
mutation at position 22 (E→Q) shows aggressive cerebrovascular accumulation and stands
at the extreme end of the CAA spectrum. In this study, utilizing Aβ40, and DutchAβ40 as
model proteins, we isolated the physiological processes that differentially regulate the
deposition of these Aβ proteins in the cerebral vasculature.

Materials and methods
Synthesis of Aβ proteins

The human Aβ proteins with and without fluorescein label was synthesized in Mayo
Proteomics Core using the procedures described previously 18 and their weights were
confirmed by electrospray ionization mass spectrometry (Sciex API 165; Applied
Biosystems/MDS Sciex, Foster City, CA).

Radioiodination of Aβ40 or DutchAβ40
Five hundred micrograms of Aβ40 or DutchAβ40 was labeled with carrier-free Na125I,
using the chloramine-T procedure as described previously 19. Purity of the radiolabeled
proteins was determined by trichloroacetic acid (TCA) precipitation. The specific activity of
the proteins thus obtained was determined at 4.0 ± 0.1 μCi/μg. No significant difference was
observed between the specific activities of 125I-Aβ40 and 125I-DutchAβ40.

Plasma and cerebrovascular pharmacokinetics of 125I-Aβ40 and 125I-DutchAβ40
The plasma pharmacokinetics and the cerebrovascular accumulation of 125I-Aβ40 or 125I-
DutchAβ40 were determined as follows. The femoral vein and artery of each rat was
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catheterized under general anesthesia (isoflurane = 1.5% and oxygen = 4 l/min). A bolus
injection (50 μCi) of 125I-Aβ-40 or 125I-DutchAβ40 was administered in the femoral vein
and the blood (20 μl) was sampled from the femoral artery at several intervals over the
ensuing time period. At the end of 15 min, an aliquot of 131I-BSA (50 μCi) was injected into
the femoral vein to serve as a measure of residual plasma volume (Vp; μl/g). The intact 125I-
Aβ-40, 125I-DutchAβ40, or 131I-BSA concentration in the plasma was assayed following
TCA precipitation using a two-channel gamma counter (Cobra II, Packard). The measured
activity was corrected for the background and crossover of 131I activity into the 125I channel.
The residual brain region plasma volume (Vp, μl/g) is calculated as:

(1)

where qp is the 131I-BSA content (cpm) of tissue. Cv is the 131I-BSA concentration (cpm/ml)
in plasma, W is the dry weight (g) of the brain region, and R is the wet weight/dry weight
ratio for rats of a defined age group. From the total 125I-Aβ content (qt) (cpm) of the brain
region, the amount that enters the cerebral vasculature (q) (cpm/g) is calculated as:

(2)

where Ca is the final 125I-Aβ concentration (cpm/ml) in plasma.

The plasma concentrations of 125I-Aβ40 or 125I-DutchAβ40 obtained at various time points
were fitted to the following model using iterative reweighting (WinNonlin® Professional,
version 5.2, Mountain view, CA).

(3)

where C(t) = plasma concentration of 125I-Aβ40 or 125I-DutchAβ40 (μCi/ml); A and B are
the intercepts; and α and β are the slopes of the biexponential curve. Plasma
pharmacokinetic parameters such as the maximum plasma concentration (Cmax), plasma
clearance (CL), the steady state volume of distribution (Vd), and area under plasma
concentration curve (AUC) were also determined.

The kinetics of 125I-Aβ40 or 125I-DutchAβ40 distribution to the cerebral vasculature was
further elucidated by dynamic single photon emission tomography (SPECT). Each WT
mouse was maintained under general anesthesia during the induction (4% isoflurane + 2
liters/min oxygen in the induction chamber) and injected with 1 mCi of 125I-Aβ40 or 125I-
DutchAβ40. The imaging of the animals continued under general anesthesia (2% isoflurane
+ 2 liters/min oxygen using nose cone) every 15 sec for 20 min on the X-SPECT pre-clinical
imaging system (Gamma Medica, Northridge, CA). The images thus obtained were analyzed
using PMOD Biomedical Image Quantification and Kinetic Modeling Software (PMOD
Technologies, Switzerland).

The extent of 125I-Aβ40 or 125I-DutchAβ40 distribution to brain vasculature at various time
points was determined by:

(4)
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In vitro BBB model
Primary bovine brain microvascular endothelial (BBME) cells were obtained frozen from
the Cell Applications Inc. (San Diego, CA). The cells were cultured on the Transwell® filter
membranes (Costar, Cambridge, MA) or on 6-well plates coated with 0.01 % rat tail
collagen (type 1) followed by 0.01 % bovine fibronectin for 12–14 days. A well formed
polarized monolayer was selected based on high transendothelial electrical resistance
(TEER) values (>200 ohms) measured using Millicell-ERS fitted with ‘chopstick’ electrodes
(Millipore Corp., Bedford, MA).

125I-Aβ40 or 125I-DutchAβ40 permeability across the polarized BBME cell monolayer
To determine L-A transport, a 0.5 ml aliquot of the donor solution containing 35 nCi of 125I-
Aβ40 or 125I-DutchAβ40 in HBSS-HEPES (donor solution) was added to the luminal side
and a 1.5 ml aliquot of fresh HBSS-HEPES (receiver solution) was added to the abluminal
side. To measure the A-L transport, 1.5 ml donor solution containing 125I-Aβ protein was
added to the abluminal compartment and 0.5 ml receiver solution was added to the luminal
compartment. The Transwells® were then incubated at 37 °C or at 4 °C upon continuous
shaking at 80 rpm. Samples (20μl) from the receiver solution were obtained at 0, 15, 30, 45,
60 and 90 min and an equal volume of fresh HBSS-HEPES solution was added. The amount
of intact and degraded 125I-Aβ40 or 125I-DutchAβ40 protein in the samples was assayed in
the gamma counter (Cobra II; Amersham Biosciences Inc., Piscataway, NJ) after TCA
precipitation. The flux and apparent permeability of 125I-Aβ40 or 125I-DutchAβ40 across
the BBME cell monolayer was calculated from the following equations:

(5)

(6)

where M is the cumulative amount of 125I-Aβ protein in the receiver solution at time t (min);
A is the diffusion surface area (cm2); Papp is the apparent permeability (cm/min); Cd is the
initial concentration of the 125I-Aβ in the donor solution.

To evaluate the effect of counter current L-A transcytosis on the A-L clearance across the
BBB, equal concentration of 125I-Aβ40 or 125I-DutchAβ40 was added to both the luminal
and abluminal sides of BBME cell monolayer. Samples were taken from the luminal and
abluminal sides at predetermined time points (30, 60 and 90 min) and assayed for
radioactivity.

Accumulation of F-Aβ40 and F-DutchAβ40 in BBME cell monolayer
These studies were conducted in polarized BBME cell monolayers grown on permeable
Transwell® filters as well as on non-permeable collagen coated 6-well plates. After pre-
incubating the monolayer with HBSS-HEPES at 37 °C for 30 min, 15 μg/ml of F-Aβ40 or
F-DutchAβ40 in HBSS-HEPES was added to either luminal or abluminal side of the
monolayer and incubated for 1 hour at 37 °C. The experiment was terminated by washing
the monolayers with ice-cold PBS and then the cellular fluorescence was detected by flow
cytometry or laser confocal microscopy.

Mathematical BBB model
Based on the knowledge gained from the above in vivo and in vitro experiments, and from
the literature, a BBB model that describes the steady-state transport of Aβ proteins was

Agyare et al. Page 4

Mol Pharm. Author manuscript; available in PMC 2014 May 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



constructed (Fig. 5). Endowed with experimentally measurable and predicted (those that are
not experimentally accessible) kinetic parameters, the model is expected to elucidate factors
responsible for differences in the transport behavior of Aβ40 and DutchAβ40.

Results
Plasma Pharmacokinetics and Cerebrovascular uptake of 125I-Aβ40 and 125I-DutchAβ40

Following IV bolus administration in rats, both 125I-Aβ40 and 125I-DutchAβ40 exhibited
biexponential plasma disposition (Fig. 1A). The transfer rate constant of 125I-Aβ40 from
plasma to the tissue compartment (K12) was significantly greater than that of 125I-
DutchAβ40 (Table 1). However, no significant difference in the tissue to plasma rate
constants (K21) was observed between 125I-Aβ40 and 125I-DutchAβ40. In addition, the
plasma elimination rate (K10) of 125I-Aβ40 was significantly greater than that of 125I-
DutchAβ40. The volume of distribution of 125I- DutchAβ40 was three-fold higher than that
of 125I-Aβ40, whereas 125I-Aβ40 demonstrated a significantly lower clearance and larger
area under the curve (AUC) compared to 125I-DutchAβ40 (Table 1). The cerebrovascular
accumulation of 125I-Aβ40 in various brain regions was found to be significantly greater
than that of 125I-DutchAβ40 (Fig. 1B).

Kinetics of 125I-Aβ40 and 125I-DutchAβ40 distribution to cerebral vasculature
The affinity of 125I-Aβ40 and 125I-DutchAβ40 to cerebrovascular endothelium as well as
their distribution to the cerebral vasculature following IV bolus administration in mice was
determined by dynamic SPECT imaging. The plasma to brain partitioning within 15 sec of
IV bolus injection showed that 125I-DutchAβ40 (filled square, Fig. 2) has higher affinity to
cerebrovascular endothelium than 125I-Aβ40 (open square, Fig. 2). However, the
cerebrovascular distribution of 125I-DutchAβ40 (filled circles, Fig. 2) at later time points
was substantially lower than that of 125I-Aβ40 (open circles, Fig. 2).

Transcytosis of 125I-Aβ40 and 125I-DutchAβ40 across the BBB in vitro
The L-A and A-L permeabilities of 125I-Aβ40 across BBME cell monolayer at 37 °C are not
significantly different from each other, whereas permeability of DutchAβ40 in L-A direction
was significantly lower than that in A-L direction (Fig. 3 A).

At 4 °C, where most of the active transport processes are inhibited, the L-A and A-L
permeabilities of both 125I-Aβ40 and 125I-DutchAβ40 decreased significantly compared to
those at 37 ° (Fig. 3 A). Moreover, the difference between L-A and A-L permeabilities
of 125I-DutchAβ40 observed at 37 °C diminished at 4 °C (Fig. 3 A).

The degradation of 125I-Aβ40 and 125I-DutchAβ40 in the endothelial cells following
transcytosis in L-A or A-L directions was similar (Fig. 3 B). However, it is interesting to
note that both proteins degraded more following the transcytosis in A-L direction than in L-
A direction (Fig. 3 B).

Accumulation of F-Aβ40 and F-DutchAβ40 in BBME cell monolayer
The Z-series images of BBME cell monolayers treated with fluorescein labeled Aβ40 (F-
Aβ40) and DutchAβ40 (F-DutchAβ40) on the luminal side demonstrated substantially
greater accumulation of DutchAβ40 (Fig. 4 II) in the endothelial cells than F-Aβ40 (Fig. 4
I).

The uptake of F-DutchAβ40 and F-Aβ40 by the BBME cell monolayers grown on non-
permeable versus permeable supports was measured using flow cytometry. No difference
was observed between the uptake of F-Aβ40 and F-DutchAβ40 by the BBME cell
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monolayer grown on non-permeable support (Fig. 4 III). However, the BBME cells grown
on permeable filters internalized F-DutchAβ40 twice as much as that of F-Aβ40 in the L-A
direction, but showed no such difference in the A-L direction (Fig. 4 IV).

Predictions from the BBB mathematical model
Calculations performed using the BBB model (Fig. 5) predicted higher endothelial cell
accumulation of DutchAβ40 than Aβ40. Furthermore, a decrease in the rate of vesicular
fusion (k2) that facilitate exocytosis to the abluminal side was shown to be responsible for
greater DutchAβ40 accumulation within the cell, particularly at the basement membrane
interface (yellow arrow), and also in the basement membrane (orange arrow) (Fig. 6 A).
Additionally, the model has shown that the endothelial accumulation of DutchAβ40 is very
sensitive to changes in k2. A decrease in k2 value promoted enhanced accumulation in the
endothelial cells (Fig. 6 B).

Propensity of 125I-DutchAβ40 to accumulate in the abluminal compartment
Clearance of 125I-Aβ40 or 125I-DutchAβ40 from the abluminal side in the presence of
countercurrent L-A transport was studied in vitro. Same concentration of 125I-Aβ40 (2.5
μCi/ml) or 125I-DutchAβ40 (1.9 μCi/ml) was added to both luminal and abluminal
compartments of BBME cell monolayers and the changes in luminal and abluminal
concentrations were determined overtime. The 125I-Aβ40 concentration decreased with time
on the abluminal side (Fig. 7 A) and a similar increase in the luminal 125I-Aβ40
concentration was observed (Fig. 7 B). In case of 125I-DutchAβ40, the abluminal
concentration increased (Fig. 7 A) and a corresponding decrease in the luminal
concentration was noted (Fig. 7 B).

Discussion
The current understanding of CAA, albeit sketchy, indicates that Aβ42 initiates the
formation of amyloid deposits in the cerebral vasculature 20, but Aβ40 predominates Aβ42
in these deposits 12. In an attempt to explain how Aβ isoforms and mutations contribute to
differences in the magnitude and patterns of cerebrovascular amyloid accumulation,
researchers have weaved a web of hypotheses. Many of these hypotheses were framed to fit
the downstream histopathological changes observed in AD transgenic animals and in
patients. Without experimental verification, such phenomenological observations may
muddle the cause and effect relationship and frustrate attempts towards identifying the
fulcrum of pathological events that drive the disease process.

The pivotal role of BBB in CAA pathogenesis has been well documented. Pervading the
enormous plasma and brain interface, the BBB not only regulates Aβ40:42 ratios but also
maintains dynamic equilibrium between brain and plasma Aβ levels through a spectrum of
kinetic interactions with Aβ proteins that may involve a battery of receptors, transporters
and enzymes 21. Cerebrovascular accumulation of Aβ proteins is most likely triggered when
the interactions with this physiological apparatus go awry. From this vantage point, using
Aβ40 and DutchAβ40 as model proteins, we highlighted such processes that when perturbed
promote abnormal amyloid accumulation in the cerebral vasculature.

It has been hypothesized that the accelerated accumulation of DutchAβ40 in the cerebral
vasculature compared to native Aβ40 is due to its low systemic clearance 22–23; higher
transcytosis in the blood-brain direction 24; and/or impaired efflux in the brain-blood
direction 25. A thorough analysis of 125I-DutchAβ40 and 125I-Aβ40 plasma
pharmacokinetics in rats (Fig. 1A) showed that the volume of distribution and plasma
clearance (a product of plasma elimination rate constant and volume of distribution) of 125I-
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DutchAβ40 were respectively three-fold and two-fold greater than that of 125I-Aβ40 (Table
1). These pharmacokinetic parameters suggest rapid elimination of 125I-DutchAβ40 from
the systemic circulation and/or extensive tissue distribution. Upon further analysis, the
plasma elimination rate constant of 125I-DutchAβ40 was found to be lower than that of 125I-
Aβ40 (Table 1). Hence, it follows from the data that the rapid systemic clearance of 125I-
DutchAβ40 is due to its extensive tissue distribution. Surprisingly, however, the distribution
of 125I-DutchAβ40 to the vasculature was significantly lower than that of 125I-Aβ40 in
various brain regions (Fig. 1 B).

To resolve this paradox, we conducted dynamic SPECT imaging on mice within 20 min of
injecting them with 125I-DutchAβ40 or 125I-Aβ40. These early time scans, which reveal
initial interactions of 125I-labeled proteins with BBB endothelial cells, have demonstrated
that 125I-DutchAβ40 (Fig. 2, closed square) partitions from plasma to cerebral vasculature
more readily than 125I-Aβ40 (Fig. 2, open square). Nevertheless, the higher affinity of
DutchAβ40 to the vascular endothelium did not translate into greater accumulation in the
cerebral vasculature (Fig. 2, closed circles). Such an intriguing trend could be due to lower
blood-to-brain permeability of DutchAβ40 at the BBB and/or higher efflux from brain-to-
blood. It is very difficult to evaluate the contribution of each of these processes in vivo;
hence, in-vitro studies were performed in the BBME cell monolayers to further resolve
Aβ40 and DutchAβ40 transport mechanisms across the BBB.

The in vitro permeability studies indicated that the lower cerebrovascular accumulation of
intravenously administered 125I-DutchAβ40 compared to that of 125I-Aβ40 is due to its
lower L-A permeability (Fig. 3 A). However, these studies could not adequately explain the
abnormal accumulation of DutchAβ40 in the cerebral vasculature. Hence we probed various
steps involved in the transcytosis of Aβ40 and DutchAβ40 across the BBB to isolate the
events that promote aggressive DutchAβ40 accumulation in the cerebral vasculature.

The L-A and A-L transcytosis of Aβ40 and DutchAβ40 across the BBB is expected to
proceed in three stages: a) receptor mediated uptake on the luminal or abluminal side; b)
cytoplasmic transit without degradation; and c) exocytosis on the opposite side. Owing to
similar A-L permeabilities (Fig 3 A) and lack of significant differences in the degradation
during transcytosis (Fig 3 B), we primarily focused on the L-A permeability differences
between Aβ40 and DutchAβ40. The lower L-A permeability of DutchAβ40 could be due to
modest uptake by the endothelial cells and/or inefficient transcytosis across the BBB. The
manner in which these two events contribute to lower L-A permeability of DutchAβ40 was
evaluated in structurally distinct BBME cell monolayers developed in our laboratory: a) the
BBME cell monolayer constructed on an impermeable barrier (collagen coated 6-well plate),
which restricts transcytosis, and b) the monolayers grown on a permeable barrier
(Transwell® filter membrane) that allows transcytosis. Flow cytometry analysis indicated
that the endothelial cells grown on 6-well plates internalized F-DutchAβ40 and F-Aβ40 to a
similar extent (Fig. 4 III), but the BBME cell monolayers grown on permeable Transwell®

filter supports showed significantly greater accumulation of F-DutchAβ40 than F-Aβ40
(Fig. 4 I, II and IV). These results implicate inefficient transcytotic events that transport
internalized DutchAβ40 to the abluminal side as the primary reason for its accumulation in
the endothelium.

In addition to the receptor-mediated uptake, the L-A transcytosis of Aβ proteins is
accomplished by the vesicular diffusion across the cytosol 26–27 and exocytosis to the
abluminal side via the fusion of Aβ carrying vesicles with the abluminal membrane, which
in turn could be receptor-mediated or achieved through the biophysical interactions of the
vesicles with the abluminal membrane. The quantitative BBB model (Fig. 5) developed in
this study has predicted that the lower L-A transcytosis of DutchAβ40 (Fig. 3) may be due
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to inefficient exocytosis on the abluminal side, which could promote accumulation in the
endothelial cells (Fig. 6).

The impact of greater endothelial cell accumulation of DutchAβ40 on its clearance from the
brain was tested in vitro. Both luminal and abluminal sides of the BBME cell monolayer
were maintained at the same concentrations of either 125I-DutchAβ40 or 125I-Aβ40 and the
change in protein concentrations on the abluminal side was monitored. In such a
system, 125I-DutchAβ40 accumulated but 125I-Aβ40 levels depleted with time on the
abluminal side (Fig. 7 A).

These observations suggest that by accumulating in the cerebrovascular endothelium,
DutchAβ40 could impair its own clearance from brain-to-blood and elicit HCHWA-D.
Since the endothelial cell accumulation of native Aβ40 and its ability to aggregate in the
basement membrane is not as robust as that of DutchAβ40, the Aβ40 may require
accomplices such as apoE to chaperone its accumulation in the endothelium28, and the
assistance of more amyloidogenic Aβ42 to form cerebrovascular amyloid deposits29. It can
also be inferred from these studies that the accumulation of amyloid proteins in the
cerebrovascular endothelium is the earliest pathological event that triggers CAA. The
vascular wall damage, although easy to visualize and study, is most likely a much later
event. Therefore, strategies aimed at clearing vascular endothelium of Aβ proteins may have
the most chance of success in treating CAA.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
125I-DutchAβ40 pharmacokinetics are characterized by higher plasma clearance and lower
brain accumulation than 125I-Aβ40. (A) Plasma pharmacokinetics following IV bolus (50
μCi) injection of 125I-Aβ40 and 125I-DutchAβ40 in 24-week-old Sprague-Dawley rats. The
lines indicate the fit of a two compartment pharmacokinetic model (Equation 3) to the
plasma concentration-time data. (B) Accumulation of 125I-Aβ40 and 125I-DutchAβ40 in the
cerebral vasculature fifteen minutes after the IV bolus administration. Data are mean ± S.D.
(n = 5)
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Figure 2.
Greater affinity to the blood-brain-barrier endothelium but lower cerebrovascular
permeability of 125I-DutchAβ40 compared to 125I-Aβ40 in mice. Distribution of 125I-Aβ40
and 125I-DutchAβ40 to the cerebral vasculature within 10 min of intravenous bolus (1 mCi)
administration as determined from the dynamic single photon emission computerized
tomography (SPECT/CT). Although partitioning of 125I-DutchAβ40 to cerebral vasculature
(first data point) is greater than that of 125I-Aβ40, the permeability (slope) is actually lower.
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Figure 3.
Lower luminal-to-abluminal permeability but similar abluminal-to-luminal permeability
of 125I-DutchAβ40 compared to 125I-Aβ40 in vitro. (A) Apparent permeability of 125I-Aβ40
and 125I-DutchAβ40 across polarized BBME cell monolayers in luminal-to-abluminal (L-A)
and abluminal-to-luminal (A-L) directions at 37 °C and 4 °C. Data are presented as mean ±
SEM (n = 4). Student’s t-test was used to compare various groups. ***p < 0.001, 125I-Aβ40
(L-A) at 4 °C versus at 37 °C; **p < 0.01, 125I-DutchAβ40 (L-A) at 4 °C versus at 37
°C; †††p < 0.001, 125I-Aβ40 (A-L) at 4 °C versus at 37 °C or 125I-DutchAβ40 (A-L) at 4 °C
versus at 37 °C; ‡p < 0.05, 125I-DutchAβ40 (L-A) at 37 °C versus 125I-Aβ40 at 37 °C (L-A).
(B) Degradation, assayed by TCA precipitation method, of 125I-Aβ40 and 125I-DutchAβ40
proteins following the transcytosis across the BBME cell monolayer in either L-A or A-L
direction at 37 °C.
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Figure 4.
Endothelial Accumulation of F-DutchAβ40 compared to that of F-Aβ40 is higher in the
luminal-abluminal direction but similar in the abluminal-luminal direction. Confocal (Z-
stack) images showing the accumulation of fluorescein labeled Aβ (F-Aβ) proteins in
polarized bovine brain microvascular endothelial (BBME) cell monolayers grown on a
Transwell inserts. (I) Accumulation of F-Aβ40 in X-Y (transversal), X-Z (vertical), and Y-Z
(vertical) planes following 60 min incubation on the luminal side; (II) Uptake of F-
DutchAβ40 in X-Y, X-Z, and Y-Z planes following 60 min incubation on the luminal side;
(III) Flow cytometry histograms showing similar uptake of F-Aβ proteins in the BBME cells
grown on a non-permeable barrier, (A) untreated BBME cells; (B) uptake of F-Aβ40; (C)
uptake of F-DutchAβ40; (IV) Accumulation of F-Aβ40 or F-DutchAβ40 following the
transcytosis (60 min) in luminal-to-abluminal (L-A) and abluminal-to-luminal (A-L)
directions across the BBME cell monolayer grown on a permeable Transwell® filter support.
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Figure 5.
Description of the blood-brain-barrier model. (1) L-A transcytosis; (2) Transendothelial
channels that allow macromolecular diffusion from the blood to tissues or in the reverse
direction. However, such channels are rarely formed in cerebrovascular endothelium and
hence are ignored in the model; (3) A-L transcytosis. z, position along the z-axis; z = 0,
position along the z-axis at the interface of basement membrane and the abluminal surface;
LC, thickness of the basement membrane; LE, thickness of the endothelial cell; kCA, Aβ
partition coefficient between the abluminal compartment and the basement membrane; kCE,
Aβ partition coefficient between the basement membrane and the endothelial cell membrane
abutting the basement membrane; Vmax,3 and km,3, Michaelis-Menten parameters describing
receptor-mediated internalization of Aβ proteins at the abluminal surface of the endothelial
cell; k4, rate constant due to the fusion of Aβ-carrying vesicles with the luminal membrane;
kEL, Aβ partition coefficient between blood and the luminal surface of the endothelial cell;
Vmax,1 and km,1, Michaelis-Menten parameters describing receptor-mediated internalization
of Aβ proteins at the luminal surface of the endothelial cell; and k2, rate constant for the
fusion of Aβ-carrying vesicles with the abluminal membrane; DC, Aβ effective diffusion
coefficient in the basement membrane; DE, Diffusion coefficient of Aβ carrying vesicles in
the endothelial cell.
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Figure 6.
Blood-brain-barrier model predictions. (A) Differential concentration profiles of Aβ40 (red)
and DutchAβ40 (blue) in the basement membrane (z: 0–40 nm) and endothelial cell (z: 40–
340 nm), predicted based on the parameter estimates described in the supplemental
information. Confocal images: (i) DutchAβ accumulation within the cell (yellow arrow), and
particularly at the basement membrane interface (orange arrow). (ii) Aβ40 distributes more
uniformly within the endothelial cell than DutchAβ40 with fewer hyper intensity regions
and shows meager accumulation in the basement membrane. (B) Predicted effects of
changes in abluminal (k2) exocytosis rate on the endothelial cell accumulation of
DutchAβ40. When the k2 value was varied from 0.02 (red) to 0.006 (green) min−1 at 0.002
min−1 intervals, the endothelial accumulation of DutchAβ40 increased significantly.
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Figure 7.
Net abluminal accumulation of 125I-DutchAβ40 but luminal accumulation of 125I-Aβ40 was
observed after the initiation of their bidirectional transport with the same luminal and
abluminal concentrations. Net accumulation of 125I-Aβ40 or 125I-DutchAβ40 in the (A)
abluminal or (B) luminal compartments separated by the bovine brain microvascular
endothelial (BBME) cell monolayer. The data are mean ± SEM (n = 4).
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Table 1

Plasma pharmacokinetic parameter estimates for 125I-Aβ40 and 125I- DutchAβ40 in 24-week-old Sprague-
Dawley rats after IV bolus injection.

Parameters 125I-Aβ40 125I-DutchAβ40 p

Cmax (μg/ml) 1.09 ± 0.02 0.27 ± 0.01 *

K10 (1/min) 0.16 ± 0.02 0.07 ± 0.01 *

K21 (1/min) 0.24 ± 0.03 0.13 ± 0.32 n.s

K12 (1/min) 0.44 ± 0.03 0.32 ± 0.01 *

AUC (min*μg/ml) 5.33 ± 0.45 2.54 ± 5.01 *

CL (ml/min) 18.76 ± 1.60 39.44 ± 0.01 *

Vd (ml) 310. ± 5.65 1101 ± 9.45 ***

Data are mean ± S.D (n = 5).

Statistical significance indicated by

***
p < 0.001,

*
p < 0.05 (Student’s test).

n.s; nonsignificant, p > 0.05.
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