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Abstract
Lipoprotein receptor transport across the blood-brain barrier (BBB) mediates beta-amyloid (Aβ) accumulation in the brain and
may be a contributing factor in Alzheimer’s disease (AD) pathogenesis. Lipoprotein receptors are susceptible to proteolytic
shedding at the cell surface, which precludes the endocytic transport of ligands. A ligand that closely interacts with the lipoprotein
receptors is apolipoprotein E (apoE), which exists as three isoforms (apoE2, apoE3, apoE4). Our prior work showed an inverse
relationship between lipoprotein receptor shedding and Aβ transport across the BBB, which was apoE-isoform dependent. To
interrogate this further, the current studies investigated an enzyme implicated in lipoprotein receptor shedding, matrix metallo-
proteinase 9 (MMP9). Treatment with MMP9 dose-dependently elevated lipoprotein receptor shedding in brain endothelial cells
and freshly isolated mouse cerebrovessels. Furthermore, treatment with a MMP9 inhibitor (SB-3CT) mitigated Aβ-induced
lipoprotein receptor shedding in brain endothelial cells and the brains of apoE4 animals. In terms of BBB transit, SB-3CT
treatment increased the transport of Aβ across an in vitro model of the BBB. In vivo, administration of SB-3CT to apoE4
animals significantly enhanced Aβ clearance from the brain to the periphery following intracranial administration of Aβ. The
current studies show that MMP9 impacts lipoprotein receptor shedding and Aβ transit across the BBB, in an apoE isoform-
specific manner. In total, MMP9 inhibition can facilitate Aβ clearance across the BBB, which could be an effective approach to
lowering Aβ levels in the brain and mitigating the AD phenotype, particularly in subjects carrying the apoE4 allele.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative process char-
acterized by a progressive deterioration in memory, executive
function, and behavior [1]. One of the key pathological hall-
marks of AD is the deposition of beta-amyloid proteins (Aβ) in
the brain and cerebrovasculature [2]. Prior evidence suggests
the excessive accumulation of Aβ in AD is the result of im-
paired Aβ clearance from the brain [3–5], including diminished

Aβ transport at the blood-brain barrier (BBB). It has been re-
ported that Aβ clearance across the BBB is reduced by approx-
imately 30% in AD patients [6]. Two BBB receptors that con-
tribute to the brain-to-blood elimination of Aβ are the low-
density lipoprotein receptor (LDLR) and the LDLR-related pro-
tein 1 (LRP1) [7, 8]. Proteolytic cleavage of these receptors at
the cell surface (i.e., ectodomain shedding) generates a soluble
receptor, which retains the capacity to bind ligands, but loses
the ability to internalize or transport ligands intracellularly [9,
10]. One of the more closely associated ligands of these lipo-
protein receptors is apolipoprotein E (apoE), which exists as
three isoforms in humans (apoE2, apoE3, and apoE4).
Numerous studies have acknowledged that possession of the
apoE4 allele represents the strongest genetic risk factor for late-
onset AD [11]. Our prior studies [12] and the work of others
indicate Aβ clearance from the brain is differentially regulated
by the type of apoE isoform expressed [3]. More recently, we
reported an isoform-specific effect of apoE on lipoprotein re-
ceptor shedding (LRP1 and LDLR) with a rank order of
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apoE4 > apoE3 > apoE2 [13]. Collectively, these findings
showed an inverse relationship between lipoprotein receptor
shedding in the brain and Aβ elimination across the BBB,
one that is apoE-genotype specific [13].

While our prior studies observed a correlation between
lipoprotein receptor shedding and Aβ removal from the brain,
the factors driving lipoprotein receptor proteolysis have yet to
be fully explored. One group of protease enzymes implicated
in receptor shedding is the matrix metalloproteinases (MMPs)
[14]. MMP9, in particular, has been identified as a ligand for
LRP1 [15, 16], and prior studies have suggested a role for
MMP9 in the shedding of LRP1 [17, 18]. In terms of apoE,
there has been a little investigation into the relationship be-
tween MMP9 and apoE. Recent work observed that apoE2
and apoE3, but not apoE4, control the levels of certain inflam-
matory molecules that activate MMP9 [19, 20], and these
effects were mediated through LRP1 signaling [19, 21, 22].
Given the interactions between MMP9 and the lipoprotein
receptors, the present studies investigated the role of MMP9
in lipoprotein receptor shedding and the resulting impact on
Aβ elimination across the BBB. Moreover, as our prior work
has shown apoE to be a strong mediator of these processes
[12, 13], we also examined MMP9 function in the context of
apoE genotype to further understand the influence of apoE on
the elimination of Aβ from the brain.

Materials and Methods

Materials

Primary human brain microvascular endothelial cells
(HBMEC) and associated culture reagents were purchased
from Sciencell Research Laboratories (Carlsbad, CA, USA).
Fibronectin solution, marimastat, and SB-3CT were pur-
chased from MilliporeSigma (St. Louis, MO, USA).
Fluorescein-labeled Aβ(1–42) was purchased from rPeptide
(Bogart, GA, USA). Recombinant human MMP9 was pur-
chased from ProSpec Bio (East Brunswick, NJ, USA).
Lucifer yellow dextran, unlabeled human Aβ(1–42), and the
human Aβ(1–42) and human MMP9 enzyme-linked immu-
nosorbent assays (ELISAs) were purchased from Invitrogen
Corp. (Carlsbad, CA, USA). The ELISA kits for LRP1 and
LDLRwere purchased fromCedarlane Labs (Burlington, NC,
USA). The halt enzyme inhibitor cocktails, the bicinchoninic
acid (BCA) protein assay, and the lactate dehydrogenase
(LDH) cytotoxicity assay kit were purchased from Thermo
Scientific (Waltham, MA, USA). The 24-well membrane in-
serts (translucent, 0.4 μm pore) and 24-well companion plates
were purchased from Fisher Scientific (St. Louis, MO, USA).
The stereotaxic apparatus and large probe holder were pur-
chased from Stoelting Co. (Wood Dale, IL, USA).

Animals

All animals (male and female mice, 6 months of age) were
purchased from Taconic Farms (Germantown, NY, USA) and
allowed to adapt to the vivarium for 2 weeks prior to any
experimental procedures. The apoE-targeted replacement
(apoE-TR) mice were created by gene targeting and carried
one of the three human alleles (APOE2, APOE3, or APOE4)
in place of the endogenous murine apoE gene [23], and all
mice were on a C57BL/6 background. These mice retain the
endogenous regulatory sequences required for apoE produc-
tion and express the human apoE protein at physiological
levels. Mice were housed under standard laboratory condi-
tions (23 ± 1 °C, 50 ± 5% humidity, and a 12-h light/dark cy-
cle) with free access to food and water throughout the study.
All experiments using animals were performed under proto-
cols approved by the Institutional Animal Care and Use
Committee of the Roskamp Institute.

Peptide Preparation

Using a standard process to limit aggregation, as we previously
described [24], lyophilized Aβ peptides were solubilized in
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to acquire a
monomeric/dimeric sample and minimize the formation of β-
sheet structures. Briefly, 1 mg of each lyophilized peptide was
dissolved in 1 ml of ice-cold HFIP. The peptides were allowed
to air dry in a chemical fume hood for 1 hour followed by further
drying in a speed-vac centrifuge for 30 min. The resulting clear
film was resuspended in 100% dimethylsulfoxide to a concen-
tration of 1 mM and stored at − 80 °C. Of note, all studies
involving Aβ administration used the monomeric form of Aβ.

Effect of Aβ on MMP9 Levels In Vitro

HBMEC were seeded at 50,000 cells per cm2 onto
fibronectin-coated 6-well plates. When approximately 90%
confluent, cells were treated with human Aβ(1–42) (0-
20 μM) for 48 h at 37 °C. After the incubation period, the
extracellular media was collected and assessed for MMP9
levels using an MMP9 ELISA. In addition, to assess potential
cellular toxicity, the extracellular media was probed for LDH
using an LDH cytotoxicity assay.

Effect of MMP9 on Lipoprotein Receptor Shedding
In Vitro

HBMEC were seeded at 50,000 cells per cm2 onto
fibronectin-coated 6-well plates. When approximately 90%
confluent, cells were treated with recombinant human
MMP9 (0, 50, 100, and 250 ng/ml) for 48 h at 37 °C. In a
similar manner, HBMEC were treated with human Aβ(1–42)
(2 μM) alone or in the presence of a broad spectrum MMP
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inhibitor, marimastat (1 μM), or a MMP9 inhibitor, SB-3CT
(1 μM), for 48 h at 37 °C. For both studies, following the
incubation period, the extracellular media was collected and
assessed for soluble LRP1 and soluble LDLR levels using an
LRP1 or LDLR ELISA.

Aβ Transcytosis across an In Vitro BBB Model

The in vitro model of the BBB used for these studies was
characterized by our group previously [25]. Briefly,
HBMEC were seeded at 100,000 cells/cm2 onto fibronectin-
coated (4 μg/cm2), 24-well, 0.4 μm-pore, translucent mem-
brane inserts (0.3 cm2/insert) to establish a polarized mono-
layer. The layer of cells separates this system into an apical
(Bblood^ side) and basolateral (Bbrain^ side) compartment.
Fresh media containing (2 μM) fluorescein-labeled Aβ(1–
42) was introduced to the basolateral side of the cellular mod-
el, while various concentrations of SB-3CT (0.1, 0.5, 1, 5, and
10 μM) was placed in the apical compartment. The inserts
containing SB-3CT were exposed to the wells containing
fluorescein-labeled Aβ(1–42) and incubated at 37 °C. The
basolateral compartment was sampled at time 0 to establish
the initial concentration of fluorescein-labeled Aβ(1–42).
Samples were collected from the apical compartment at 0,
30, and 60 min to assess the rate of fluorescein-Aβ(1–42)
transcytosis across the cell monolayer (basolateral-to-apical).
The apparent permeability of fluorescein-Aβ(1–42) was de-
termined using the equation, apparent permeability = 1/AC0 ×
(dQ/dt), where A represents the surface area of the membrane,
C0 is the initial concentration of fluorescein-Aβ(1–42) in the
basolateral compartment, and dQ/dt is the amount of fluores-
cein-Aβ(1–42) appearing in the apical compartment in the
given time period. The apparent permeability of fluorescein-
Aβ(1–42) in the presence of each SB-3CT concentration was
compared with control and expressed as a percentage.
Furthermore, in the same manner as the peptide studies, we
utilized a known paracellular marker, 10 kD lucifer yellow
dextran (LYD10), to monitor cellular integrity in the presence
of each SB-3CT concentration, as we previously described
[25].

Isolation of Brain Fractions

Various brain fractions, including the cerebrovasculature,
were isolated from the mouse brain tissue as characterized
and described by our group previously [13]. Briefly, fresh
mouse brains were ground in ice-cold HBSS with 6–8 passes
of a Teflon pestle in a glass Dounce homogenizer. An equal
volume of 40% dextran solution was added to the brain ho-
mogenate for a final concentration of 20% dextran and imme-
diately centrifuged at 6000 g for 15 min at 4 °C. This proce-
dure results in a pellet at the bottom of the container
(cerebrovasculature) and a compact mass at the top of the

solution (parenchyma) separated by a clear dextran interface
(soluble fraction, i.e., non-cell associated). The dextran super-
natant was collected and stored at − 80 °C until analysis. The
freshly isolated cerebrovessels were immediately collected
and used for the ex vivo studies described below.

Effect of MMP9 on Lipoprotein Receptor Shedding Ex
Vivo

Akin to the in vitro studies earlier, freshly isolated
cerebrovessels from apoE-TR mice (E2, E3, and E4) were
treated with recombinant MMP9 (0, 50, 100, and 250 ng/ml)
for 3 h at 37 °C. After the incubation period, the extracellular
media was collected and assessed for soluble LRP1 and solu-
ble LDLR levels using an LRP1 or LDLR ELISA.

Effect of MMP9 Inhibition on Lipoprotein Receptor
Shedding and Aβ(1–42) BBB Clearance In Vivo

These studies were performed using a mouse Aβ BBB clear-
ance model described by our group previously [26]. ApoE-TR
mice were administered vehicle (25% DMSO/65% PEG400/
10% water) or the MMP9 inhibitor, SB-3CT (25 mg/kg), via
intraperitoneal (i.p.) injection, consistent with prior reported
use of this drug [19, 27, 28]. Forty-five minutes after the i.p.
injection, the mice were stereotaxically injected with 3 μl of
1 mM human Aβ(1–42) bilaterally into the caudate putamen
of the brain (0.5 mm anterior to the bregma, 2 mm lateral to
the midline, and 3 mm below the surface of the skull). Ten
minutes after intracerebral administration of human Aβ(1–
42), the mice were euthanatized, and plasma samples were
collected via cardiac puncture. Additionally, the brain (minus
the cerebellum) was extracted, and all tissue samples were
immediately snap frozen in liquid nitrogen. The appearance
of human Aβ in the plasma following drug treatment was
analyzed by an ELISA for human Aβ(1–42). Moreover, to
assess the potential impact of SB-3CT or the intracranial in-
jection itself on BBB integrity, we also examined the appear-
ance of glial fibrillary acidic protein (GFAP) in the plasma,
which has been used previously as a peripheral marker of
BBB disruption [29, 30]. To assess lipoprotein receptor shed-
ding, mouse brains were processed to isolate various brain
fractions, as described above. The soluble (i.e., non-cell asso-
ciated) brain fraction was examined for mouse LRP1 and
mouse LDLR using an ELISA.

Statistics

Statistical analyses were performed using an ANOVA and
Bonferonni post hoc test.
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Results

Effect of Aβ on MMP9 Levels In Vitro

Monomeric Aβ(1–42) treatment in HBMEC resulted in a
dose-dependent increase in MMP9 levels in the extracellular
media (Fig. 1) compared with control conditions (vehicle
alone). The MMP9 levels observed with 2 μM Aβ(1–42)
were 2 times that observed for the control group, while the
highest concentration tested, 20 μM Aβ(1–42), resulted in a
7-fold increase in MMP9 levels over control. For these stud-
ies, no cellular toxicity was observed with Aβ concentrations
0 to 2 μM, as determined using a LDH cytotoxicity assay
(data not shown). A significant increase in LDH release was
observed at 20 μM Aβ, indicating potential toxicity at this
concentration.

Effect of MMP9 on Lipoprotein Receptor Shedding
In Vitro

Treatment with rhMMP9 in HBMEC increased soluble lipo-
protein receptor levels in the extracellular media compared to
control. LRP1 levels were significantly greater than control
(2-fold) upon treatment with 250 ng/mL rhMMP9 (Fig. 2a).
LDLR levels were also increased in a dose-dependent manner
in response to rhMMP9 treatment, but these values did not
reach statistical significance (Fig. 2b).

Effect of MMP9 Inhibition on Lipoprotein Receptor
Shedding In Vitro

In HBMEC, treatment with the MMP9 inhibitor, SB-
3CT, significantly lowered Aβ-induced lipoprotein recep-
tor levels in the extracellular media. Soluble LRP1 levels
were decreased by approximately 40% upon treatment
with SB-3CT (1 μM) compared with Aβ alone
(Fig. 3a). With respect to LDLR, treatment with the
broad spectrum MMP inhibitor, marimastat (1 μM), or
SB-3CT (1 μM) in HBMEC significantly reduced solu-
ble LDLR levels (both ~ 40%) compared with Aβ alone
(Fig. 3b).

*

*

*

Fig. 1 Appearance of extracellular MMP9 levels in the human brain
endothelial cells (HBMEC) upon treatment with Aβ(1–42). HBMEC
were exposed to various concentrations (0.2, 1, 2, 10, and 20 μM) of
human Aβ(1–42) for 48 h at 37 °C. Following the treatment period, the
extracellular media was collected and analyzed for MMP9 content by
ELISA. Values represent mean ± SEM (n = 3) and are expressed as pg
of MMP9 per ml of extracellular media. *P < 0.05 compared with control
as determined by ANOVA and Bonferroni post hoc test

*

Fig. 2 Appearance of extracellular soluble a LRP1 or b LDLR in the
human brain endothelial cells (HBMEC) upon treatment with recombi-
nant humanMMP9 (rhMMP9). HBMECwere treated with rhMMP9 (50,
100, and 250 ng/ml) for 48 h at 37 °C. Following the treatment period, the
extracellular media was collected and analyzed for LRP1 or LDLR con-
tent by ELISA. Values representmean ± SEM (n = 3) and are expressed as
ng of LRP1 or LDLR per ml of extracellular media. *P < 0.05 compared
with control as determined by ANOVA and Bonferroni post hoc test
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Effect of MMP9 Inhibition on Aβ BBB Clearance
In Vitro

MMP9 inhibition with SB-3CT dose-dependently enhanced
the (basolateral-to-apical) transit of monomeric Aβ(1–42)
across an in vitro model of the BBB (Fig. 4). Aβ BBB clear-
ance was increased by > 50% at 100 nM SB-3CT compared
with control, and statistically significant increases were ob-
served at SB-3CT concentrations 5 μM and higher (2.5-fold).
Moreover, to assess the potential impact of SB-3CT on BBB
monolayer integrity, we evaluated the movement of a
paracellular marker (10 kDa lucifer yellow dextran) across
the in vitro BBB model and observed no difference between
each SB-3CT group and control conditions, indicating the
barrier properties of the BBB model are maintained in the
presence of SB-3CT exposure (data not shown).

Influence of apoE on MMP9-Induced Lipoprotein
Receptor Shedding Ex Vivo

Similar to our findings in vitro, lipoprotein receptor levels in
the extracellular media were significantly elevated following
rhMMP9 exposure to freshly isolated cerebrovessels from
apoE-TR mice. In terms of apoE genotype, soluble LRP1
levels were significantly increased in apoE4 cerebrovessels
(50%) compared with apoE3 or apoE2 cerebrovessels
(Fig. 5a). Soluble LDLR levels also increased in a dose-
dependent manner with rhMMP9 treatment. An apoE-
genotype dependent effect on soluble LDLR levels was also
apparent (apoE4 > apoE3 > apoE2), but these values did not
reach statistical significance for any of the rhMMP9 concen-
trations tested (Fig. 5b).

Effect of MMP9 Inhibition on Lipoprotein Receptor
Shedding and Aβ Clearance In Vivo

In line with our findings in vitro and ex vivo, treatment with
the MMP9 inhibitor, SB-3CT, significantly reduced (> 2-fold)
soluble LRP1 and LDLR levels in the brains of apoE4-TR
animals compared with vehicle-treated apoE4-TR mice
(Fig. 6). With respect to brain Aβ elimination, apoE4-TR
mice treated with the SB-3CT showed a significant increase
in the appearance of Aβ in the plasma following intracranial
monomeric Aβ administration (2-fold) comparedwith apoE4-
TRmice treated with vehicle (Fig. 7), indicating enhanced Aβ
elimination across the BBB upon MMP9 inhibition.
Interestingly, the extent of Aβ BBB elimination in the

* *

*

*

Fig. 4 Basolateral-to-apical transcytosis of fluorescein-Aβ(1–42) across
an in vitro model of the BBB uponMMP9 inhibition. Fluorescein-Aβ(1–
42) (2 μM) was exposed to the basolateral (Bbrain^) compartment while a
MMP9 inhibitor, SB-3CT (0.1, 0.5, 1, 5, and 10 μM), was exposed to the
apical (Bblood^) compartment of the BBBmodel. Samples were collected
from the apical compartment at 0, 30, and 60 min to determine fluores-
cein-Aβ(1–42) transcytosis across the BBB model. Values represent
mean ± SEM (n = 3) and are expressed as a percentage of control.
*P < 0.05 compared with control as determined by ANOVA and
Bonferroni post hoc test

*

*
*

Fig. 3 Appearance of extracellular soluble a LRP1 or b LDLR in the
human brain endothelial cells (HBMEC) upon MMP9 inhibition.
HBMEC were treated with human Aβ(1–42) (2 μM) alone or in the
presence of a MMP inhibitor, marimastat (1 μM), or a MMP9 inhibitor,
SB-3CT (1 μM), for 48 h at 37 °C. Following the treatment period, the
extracellular media was collected and analyzed for LRP1 or LDLR con-
tent by ELISA. Values representmean ± SEM (n = 3) and are expressed as
ng of LRP1 or LDLR per ml of extracellular media. *P < 0.05 compared
with Aβ42 alone as determined by ANOVA and Bonferroni post hoc test
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apoE4-TR mice treated with SB-3CT was the same as that
observed in the apoE3-TR animals (Fig. 7). Lastly, we also
probed the plasma for the appearance of GFAP in each of the
mice from SB-3CT study in addition to age-matched naïve
mice (i.e., no intracranial Aβ injection). Moreover, as a posi-
tive comparison, we examined GFAP in the plasma of E4FAD
mice, which express five familial AD mutations (5xFAD)
alongside the targeted replacement of human apoE [31]. The
E4FAD mice have been shown to exhibit BBB dysfunction
and cerebrovascular leakiness [32]. In our studies, we did not
observe differences between any of the groups of mice in the
appearance of GFAP in the plasma, when compared with the
respective apoE3 naïve group (Fig. 8). Of note, no statistically
significant difference in lipoprotein receptor shedding or Aβ
elimination across the BBB was observed between the male
and female cohorts in these studies.

Discussion

Our previous work [12] and the reporting of others demon-
strate Aβ clearance from the brain is differentially regulated
by the type of apoE isoform expressed [3, 33]. Our findings
also suggest the effect of apoE on brain Aβ clearance may be
driven by alterations in lipoprotein receptor shedding [13]. In
these studies, we observed an isoform-specific effect of apoE

*

* *

Fig. 5 Appearance of extracellular soluble a LRP1 or b LDLR upon
treatment with recombinant human MMP9 (rhMMP9) in freshly isolated
mouse cerebrovessels. Cerebrovessels from apoE-TR mice (E2, E3, and
E4) were treated with rhMMP9 (50, 100, and 250 ng/ml) for 3 h at 37 °C.
Following the treatment period, the extracellular media was collected and
analyzed for LRP1 or LDLR content by ELISA. Values represent mean ±
SEM (n = 4) and are expressed as ng of LRP1 or LDLR per ml of extra-
cellular media. *P < 0.05 compared with each respective apoE2 as deter-
mined by ANOVA and Bonferroni post hoc test

*

*

Fig. 6 Levels of LRP1 and LDLR in the soluble brain fraction of apoE
transgenic mice following treatment with a MMP9 inhibitor, SB-3CT.
Vehicle or SB-3CT (25 mg/kg) was administered i.p. to apoE4-TR mice
and, after 45 min, human Aβ(1–42) was injected intracranially. Ten mi-
nutes after the intracerebral injection, the brains were collected and var-
ious brain fractions were isolated. LRP1 or LDLR levels in the soluble
brain fraction were determined using an ELISA. Values represent mean ±
SEM (n = 4) and are expressed as ng of LRP1 or LDLR per ml of soluble
brain material. *P < 0.05 compared with respective vehicle as determined
by ANOVA and Bonferroni post hoc test

* * *

Fig. 7 Appearance of human Aβ(1–42) in the plasma following
intracerebral Aβ(1–42) administration and treatment with a MMP9
inhibitor, SB-3CT. Vehicle or SB-3CT (25 mg/kg) was administered i.p.
to apoE4-TR and apoE3-TR mice and, after 45 min, human Aβ(1–42)
was injected intracranially. Ten minutes after the intracerebral injection,
the plasma was collected and evaluated for human Aβ(1–42) by ELISA.
Values represent mean ± SEM (n = 4) and are expressed as pg of Aβ(1–
42) per ml of plasma. *P < 0.05 compared with vehicle-treated apoE4-TR
mice as determined by ANOVA and Bonferroni post hoc test
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on lipoprotein receptor shedding (LRP1 and LDLR) with
apoE4 showing the highest levels of lipoprotein receptor shed-
ding compared with other apoE isoforms [13]. As mentioned
earlier, shedding of the soluble receptor into the extracellular
environment prevents the transport of ligands within the cell.
Collectively, our prior studies suggest apoE4 is less efficient
than other apoE isoforms in preventing lipoprotein receptor
shedding, which leads to reduced Aβ clearance across the
BBB. The purpose of the present studies was to identify the
factors driving lipoprotein receptor shedding in the brain and
to further understand the influence of apoE on these processes.

As mentioned earlier, MMP9 has a binding site on LRP1
[15, 16] and has been implicated in the proteolytic shedding of
LRP1 [17, 18]. In the present studies, treatment with recom-
binant MMP9 showed a dose-dependent increase in lipopro-
tein receptor shedding in brain endothelial cells. As our pre-
vious work suggests Aβ can also induce lipoprotein receptor
shedding [13], we investigated the potential relationship be-
tween Aβ and MMP9. Exposure of monomeric Aβ to brain
endothelial cells in vitro increased MMP9 levels in the extra-
cellular media, which is consistent with prior reports in which
Aβ treatment induced MMP9 expression and activity in
mouse cerebral endothelial cells [34] and rat brain
microvessels [35]. As a complementary approach, we also
found that treatment with the MMP9 inhibitors marimastat
and SB-3CT, mitigated the effect of monomeric Aβ on lipo-
protein receptor shedding in brain endothelial cells, suggest-
ing the effect of Aβ on lipoprotein receptor shedding may be
mediated throughMMP9. As lipoprotein receptor shedding in
the brain (and the BBB in particular) can be a major

determinant in Aβ elimination, we also investigated the effect
of MMP9 on Aβ clearance across the BBB. Modulation with
the MMP9 inhibitor, SB-3CT, facilitated the basolateral-to-
apical transit of monomeric Aβ across an in vitro BBB model
which, based on our current observations, is likely the result of
reduced lipoprotein receptor shedding, and provides further
evidence for the influence of MMP9 on Aβ removal from
the brain.

In addition to identifying an inverse relationship between
lipoprotein receptor shedding and Aβ BBB clearance, our
prior studies also observed an isoform-dependent effect of
apoE on these processes [13]. As such, in the current studies,
we examined MMP9 function in the context of apoE geno-
type. In line with our in vitro studies, rhMMP9 treatment
dose-dependently induced lipoprotein shedding in freshly iso-
lated cerebrovessels from apoE-TR animals. Moreover,
cerebrovessels from apoE4-TRmice appeared to be more vul-
nerable to MMP9 exposure as LRP1 shedding, in particular,
was significantly elevated compared with apoE2 or apoE3
cerebrovessels. To further understand the interaction between
MMP9 and apoE, we evaluated the impact of MMP9 inhibi-
tion on lipoprotein receptor shedding in apoE4-TR mice. For
these studies, we focused on apoE4-TR mice as these animals
demonstrated the greatest level of brain lipoprotein receptor
shedding in our prior work [13]. In line with our prior
reporting [13], monomeric Aβ was intracranially adminis-
tered to induce brain lipoprotein receptor shedding in
apoE4-TR mice, following treatment with the MMP9 inhibi-
tor, SB-3CT. MMP9 inhibition substantially reduced both
LRP1 and LDLR shedding in the brain compared with
vehicle-treated apoE4-TR animals. These observations coin-
cide with more broad-based investigations showing that
MMP9 inhibition in apoE4 animals preserved BBB integrity
and lessened age-related damage to the brain [19].

In conjunction with our lipoprotein receptor shedding stud-
ies, we evaluated the effect of MMP9 inhibition on Aβ elim-
ination from the brain in apoE-TR animals. Treatment with the
MMP9 inhibitor, SB-3CT, significantly improved monomeric
Aβ elimination from the brain in apoE4-TR mice compared
with vehicle-treated animals. Intriguingly, the extent of Aβ
removal from the brain in the SB-3CT-treated apoE4-TRmice
was comparable to that observed in the apoE3-TR animals. In
effect, MMP9 modulation allows an apoE4-TR mouse to
function like an apoE3-TR mouse, at least in terms of Aβ
BBB clearance. Of note, no significant difference in plasma
GFAP was observed between the apoE4 control mice and the
apoE4 SB-3CT animals, suggesting the effect of SB-3CT on
Aβ transit out of the brain in the apoE4 animals was not
driven by alterations in BBB integrity. In total, targeting the
proteolytic enzymes that impact lipoprotein receptors may
provide a novel approach to reducing Aβ burden in the AD
brain. In line with this, our prior work showed that inhibition
of another lipoprotein receptor sheddase, ADAM10 (A
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Fig. 8 Appearance of GFAP in the plasma following intracerebral Aβ(1–
42) administration and treatment with a MMP9 inhibitor, SB-3CT.
Vehicle or SB-3CT (25 mg/kg) was administered i.p. to apoE4 and
apoE3 mice, and, after 45 min, human Aβ(1–42) was injected intracra-
nially. Ten minutes after the intracerebral injection, the plasma was col-
lected and evaluated for GFAP by ELISA. Plasma was also collected
from naïve age-matched apoE3, apoE4, and E4FAD mice for GFAP
analysis. Values represent mean ± SEM (n = 4) and are expressed as ng
of GFAP per ml of plasma. *P < 0.05 compared with naïve apoE3mice as
determined by ANOVA and Bonferroni post hoc test
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disintegrin and metalloproteinase domain-containing protein
10), significantly reduced brain lipoprotein receptor shedding
in a mouse model of AD, which translated to lower Aβ levels
in the brain and a statistically significant increase in Aβ in the
plasma [36]. With respect to MMP9, it was previously shown
more broadly thatMMP9 inhibition can alleviate the cognitive
impairment induced by intracranial Aβ administration in
wild-type mice [37]. Based on our current findings, MMP9
inhibition may attenuate the effects of Aβ through increased
Aβ transit across the BBB, which could be an effective ap-
proach to lowering Aβ levels in the brain and mitigating the
AD phenotype.

Conclusions

The current studies demonstrate that MMP9 contributes to
the ectodomain shedding of lipoprotein receptors, and this
process is influenced by apoE in an isoform-dependent
fashion. As depicted in Fig. 9, we postulate these events
occur in the following manner: (1) cerebrovascular insult

increases extracellular MMP9 levels, (2) MMP9
proteolyzes the lipoprotein receptors (i.e., shedding), (3)
brain Aβ elimination is attenuated, and (4) Aβ accumu-
lates in the brain, contributing to AD pathology. In prior
work, we observed that apoE influences lipoprotein recep-
tor shedding and brain Aβ clearance in an isoform-
specific manner, and the current studies suggest the effect
of apoE on these processes may be mediated through
MMP9. We hypothesize that apoE influences lipoprotein
receptor shedding by regulating MMP9, doing so in an
isoform-specific manner (apoE3 > apoE4) (Fig. 9). At this
stage, the nature of the interaction between apoE and
MMP9 has yet to be resolved, and more work is necessary
to advance our understanding of this relationship.
Collectively, these studies may explain the elevated Aβ
levels observed in the brains of apoE4 transgenic animals
[38] and AD patients carrying the apoE4 allele [39], and
potentially offer a novel strategy for the treatment of AD.
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