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APOE4 derived from astrocytes leads to
blood-brain barrier impairment
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Apolipoprotein E (ApoE) is a multifaceted secreted molecule synthesized in the CNS by astrocytes and microglia, and
in the periphery largely by the liver. ApoE has been shown to impact the integrity of the blood-brain barrier, and, in
humans, the APOE4 allele of the gene is reported to lead to a leaky blood-brain barrier. We used allele specific knock-
in mice expressing each of the common (human) ApoE alleles, and longitudinal multiphoton intravital microscopy, to
directly monitor the impact of various ApoE isoforms on blood-brain barrier integrity.

We found that humanized APOE4, but not APOE2 or APOE3, mice show a leaky blood-brain barrier, increased MMP9,
impaired tight junctions, and reduced astrocyte end-foot coverage of blood vessels. Removal of astrocyte-produced
ApoE4 led to the amelioration of all phenotypes while the removal of astrocyte-produced ApoE3 had no effect on
blood-brain barrier integrity.

This work shows a cell specific gain of function effect of ApoE4 in the dysfunction of the BBB and implicates astrocyte
production of ApoE4, possibly as a function of astrocytic end foot interactions with vessels, as a key regulator of the
integrity of the blood-brain barrier.
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Dysfunction of this tightly organized unit is impacted by ageing
as well as a number of neurodegenerative diseases.™

Introduction

The blood-brain barrier (BBB) is a highly selective semipermeable
barrier that allows for specific influx and efflux of nutrients and
wastes in the brain. The vascular unit within the CNS is comprised
predominantly of endothelial cells, pericytes, and astrocytes.

Apolipoprotein E (ApoE) is the most abundant apolipoprotein in
the CNS. It is produced both in the periphery and in the brain and
early studies showed that these two pools of ApoE rarely mix.?
Within the CNS, ApoE is predominantly produced by astrocytes
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with contributions also made by other glial cells, especially micro-
glia. In the periphery, ApoE is essentially produced within the
liver.®” There are three main isoforms of APOE carried by humans
with the most common being APOE3 followed by APOE4 and then
APOE2. APOE4 is the greatest genetic risk factor for developing
sporadic Alzheimer’s disease but also is associated with an in-
creased risk for atherosclerosis as well as other neurodegenerative
diseases.® APOE2 confers a protective effect against developing
Alzheimer’s disease but is associated with hyperlipoproteinaemia.?

ApoE is involved in brain vasculature regulation in both the pres-
ence and absence of overt, neurodegeneration related, pathology.’ For
example, ApoE4 is associated with reduced BBB repair following trau-
matic brain injury,'® reduced tight junction proteins in vitro," reduced
pericyte coverage of blood vessels in human post-mortem tissue,?
and increased leakage of the BBB in both mouse models and aged hu-
mans.’®* Studies in mouse models have shown that Apoe knockout
animals also present with impairments in BBB function, indicating
that it is essential for BBB formation or maintance.’ Moreover, in
the context of Alzheimer’s disease, ApoE4 is associated with in-
creased deposition of amyloid in vessel walls both in human congo-
philic amyloid angiopathy and in murine models,'® potentially
related to altered clearance mechanisms.

Astrocytes are an important part of the neurovascular unit
providing support and signals to the BBB both in health and
disease.'” They are a major source of ApoE in the CNS. We therefore
tested the hypothesis that astrocyte-derived ApoE4 would drive
ApoE-dependent BBB alterations. To assess the effect of astrocyte-
produced ApoE on BBB dysfunction, we used ALDH1L1-Cre/ERT2
BAC transgenic mice, in which the astrocyte-specific ALDH1L1 pro-
moter drives expression of an inducible Cre recombinase, crossed
with humanized floxed APOE3 or APOE4 mice, allowing for the con-
ditional knockout of ApoE from astrocytes.'®° This allowed us to
investigate whether removing astrocyte-produced ApoE would
have an effect on BBB integrity, and whether the reduction of
ApoE4 in astroglial cells could restore BBB homeostasis.

Materials and methods

Conditional humanized APOE knock-in (KI) mice® were used for the
study. These mouse lines were generated by replacing the endogen-
ous mouse gene from the initiation codon to the termination codon
by its human counterparts (APOE-E2, APOE-E3 and APOE-E4), flanking
exons 2 to 4 with LoxP sites."®'® Apoe knockout (KO) mice were also
used (The Jackson Laboratory). To generate mice with conditional
knockout of huApoE in astrocytes, APOE-KI were crossed with tamoxi-
fen inducible ALDH1L1-CRE mice (The Jackson Laboratory) for two
successive generations to obtain heterozygous ALDH1L1-Cre mice
homozygous for various APOE isoforms. Genotyping for APOE and
ALDH1L1-CRE were performed by PCR following protocols given by
The Jackson’s Laboratory (Apoe KO, ALDH1L1-CRE) or Taconic
(huAPOE). Mice are termed APOE2, APOE3, APOE4 and APOE KO
throughout the paper. Mice that have undergone flox recombination
are termed APOE3 astrocyte knockout (aKO) and APOE4 aKO. Mice
were group-housed in accredited facilities with temperature and hu-
midity controls and were under a 12-h light/dark cycle. Mice had ac-
cess to food and water ad libitum throughout all phases of the
experiments. All animal experiments were approved by the
Massachusetts General Hospital Subcommittee on Research Animal
Care following the guidelines set forth by the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

BRAIN 2022: 145; 3582-3593 | 3583

At 8-8.5 months old, mice were anaesthetized with isoflurane
(1-1.5% in oxygen) and a cranial window was implanted by remov-
ing a piece of skull above the somatosensory cortex and replacing it
with an 8 mm diameter cover glass (as described previously®°). The
cover glass was secured in place with dental cement mixed with
crazy glue which allows for long term placement of the cover glass.
After surgery, mice recovered for 3 weeks before imaging.

Mice were anaesthetized with isoflurane (1-1.5%) in oxygen and the
coverglass was cleaned with 70% ethanol. Mice were imaged on an
Olympus FluoView FV1000MPE multiphoton laser scanning system
mounted on an Olympus BX61WI microscope and an Olympus 25x
dipping objective (NA=1.05, Olympus), with the emission path
shielded from external light contamination. A DeepSee Mai Tai
Ti:sapphire mode-locked laser (Mai Tai; Spectra-Physics) generated
two-photon excitation at 800 nm, and detectors containing three
photomultiplier tubes (PMTs; Hamamatsu) collected emitted light
in the range of 380-480, 500-540, and 560-650 nm. PMTs settings re-
mained unchanged throughout the different imaging sessions, but
laser power was adjusted as needed. Immediately prior to imaging
0.1 ml fluorescein conjugated 40 kDa dextran (1.5 mg/ml) was in-
jected retro-orbitally. Two fields of view were captured every
10 min (Z-series, 508 pmx508 um, 2 pm slices, depth of 100-
200 pm) per mouse for 30 min. Mice were kept warm on a heat
pad during imaging and after imaging the mouse was allowed to re-
cover on a heating pad and then returned to its home cage.

Allimages were opened in grey scale and the intra and extravascu-
lar fluorescence intensity was measured using the NIH Image]
Integrated Density measurement function by an investigator blind
to genotype. The in vivo BBB permeability for dextran was calcu-
lated as the normalized leakage by (I —I)/Iox 100 where I, is the
fluorescence intensity within the parenchyma at time point 0 and
I, is the intensity at the measured time point for the same cerebral
region of interest.

Mice were injected intraperitoneally at ~9.75 months of age with
100 mg/kg of tamoxifen (Tam) diluted to 20 mg/ml in corn oil or
corn oil as a vehicle control. Mice were injected once per day for 4
days and were monitored. Mice were imaged for their second im-
aging session 1 week after the first day of tamoxifen injection.
The third imaging session took place 1 month after tamoxifen in-
jection and the fourth session occurred ~2 months after tamoxifen
(for five mice the final imaging session was delayed or brought for-
ward by 1 week due to COVID-19 shutdowns, mice were not imaged
further than 1 week from their intended 2 month imaging date).
Mice in which technical issues precluded further imaging were in-
cluded in analysis for all imaging sessions accomplished and were
culled and processed for biochemistry, electron microscopy and/or
RNAscope.

Mice were culled using lethal dose of isoflurane in oxygen. Blood
was collected using an EDTA-coated needle via cardiac puncture
and spun for 10 min at 1500g to obtain plasma. The mouse was
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then perfused with ice-cold phosphate-buffered saline (PBS) and
tissue collected for immunohistochemical and/or biochemical ana-
lysis. A 4 mm thick coronal slice was removed from the middle of
the right hemisphere and fixed by immersion in 4% paraformalde-
hyde in PBS for 48 h before being embedded in paraffin while a
2 mm thick coronal slice was removed from the middle of the left
hemisphere and fixed by immersion in 1% paraformaldehyde and
1% glutaraldehyde in 0.1 M sodium cacodylate before being pro-
cessed for electron microscopy. The cerebellum was removed and
snap frozen for DNA extraction while the remainder of the brain
was snap frozen and processed for RNA and protein extraction.
Due to the size of the mouse brain not all mice were processed for
all analyses and n numbers fluctuated. Graphs display each individ-
ual mouse as a data-point and thus mouse numbers per genotype
or condition are indicated by each experimental results graph.

DNA was extracted from the cerebellum using the DNeasy blood
and tissue kit (Qiagen) and its concentration measured on a
NanoDrop spectrophotometer (ThermoFisher). A small fragment
of DNA corresponding to the site of flox recombination was ampli-
fied using KAPA taq PCR master mix (Roche). The forward primer
was GGGTTACCTCCAGGAAGGAG and the reverse primer was
CTCGACCTTGTCCATGTCCT. The resulting product was run on a
2% agarose gel with ethidium bromide at 120 V in TAE buffer for
1h and imaged using UV.

Blood vessels were isolated from frozen mouse tissue as described
previously.?>*? A ~200 mg piece of forebrain was minced into small
pieces in ice cold buffer 1 Hanks Balanced Salt Solution (HBSS) with
10 mM HEPES, pH 7, and then manually homogenized using a
dounce homogenizer. The homogenate was then transferred to a
50 ml conical tube containing 20 ml of Buffer 1 and centrifuged at
2000g for 10 min at 4°C. The supernatant was discarded and the pel-
let was resuspended by shaking in 20 ml of Buffer 2 (18% dextran in
HEPES-buffered HBSS). Samples were centrifuged again at 4400g for
15 min at 4°C. Myelin was removed by carefully pouring out the
supernatant and wiping the upper part of the tube with a kim
wipe. The pellet was resuspended in 2 ml chilled 1% bovine serum
albumin (BSA) HEPES-buffered HBSS and filtered through a 20 um
mesh (Millipore). The filter was rinsed with 30ml 1% BSA
HEPES-buffered HBSS and then blood vessels were collected by
immersing the filter in a new conical containing 30 ml of the
same buffer and shaking gently before centrifuging for 10 min at
2000g at 4°C. The pellet was resuspended in 1 ml of the same buffer,
transferred to a 1.5ml Eppendorf and centrifuged at 3000g for
10 min at 4°C. The buffer was removed and RNA was extracted
from a section of forebrain using the RNeasy Mini Kit (Qiagen).

RNA was extracted from a section of forebrain using the RNeasy
Mini Kit (Qiagen) and was eluted in 80 pl of nuclease-free water.
RNA was assessed using a NanoDrop spectrophotometer
(ThermoFisher) and diluted to a standard concentration of 7.1 ng/
ul for each sample. cDNA was synthesized using the QuantiTect
Reverse Transcription kit (Qiagen) and was combined with RT?
SYBR Green Mastermix fluorescent dye (Qiagen). Primers for APOE
(QT00087297) Gapdh (QT00199388) Gtfb2 (QT00156569) and Mmp9
(QT00108815) were ordered from Qiagen. Genes of interest (APOE
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and Mmp9) were run alongside two housekeeping genes that
were used to normalize for RNA amount. The plate was covered
with a plastic seal to prevent sample evaporation and briefly spun
at ~300g to remove bubbles. The qPCR reactions were performed
using the BioRad CFX96 Real-Time Detection System. The sequence
began with a 10-min incubation at 95°C to activate the DNA poly-
merase enzyme. Fluorescence data collection then commenced
with 40 cycles of alternating 15 s at 95°C and 60 s at 60°C.

The AACT relative quantification method was used to calculate
gene expression. Two reference genes were included in the
RT?-Profiler array: GTF2B and GAPDH. The geometric mean of the
reference gene Ct values was calculated for each animal and sub-
tracted from the Ct value of each target gene, yielding ACT values.
For each gene, the average ACT value from APOE3 animals was
then subtracted from each sample’s ACT value to obtain AACT va-
lues. The relative quantification (RQ) value was calculated as
2744CT which was then log2-transformed to yield fold changes.

Four mice per experimental condition were stained for APOE mRNA
by RNAscope. RNAscope experiments were performed using the
Manual Fluorescent Multiplex kit v2 (Advanced Cell Diagnostics)
following manufacturer’s recommendations with minor adjust-
ments. Briefly for each mouse a single paraffin section was baked
onto a superfrost slide for use in APOE mRNA quantification.
Following deparaffinization, target retrieval and protease digestion,
probe hybridization was carried out at 40°C for 2 h with hs-APOE
(433091), 3-plex Positive Control Probe_Mm (320881) and Negative
Control Probe- DapB (310043). After amplification steps to obtain
the RNAscope signals, the signal was developed using TSA-cy3
(Perkin Elmer FP1170).

We then immediately performed immunohistochemistry.
Sections were permeabilized in 0.5% Triton-X for 15 min before
being blocked in 0.1% Triton-X and 5% normal goat serum for 1h
at room temperature. Primary antibodies GFAP (Millipore MAB
3402) was diluted 1:1000 in 0.05% and 2.5% normal goat serum over-
night at 4°C. Secondary was goat anti-mouse 488 (Thermo-Fisher
A11001) diluted 1:500 in 0.05% and 2.5% normal goat serum at
room temperature for 1h. Sections were then mounted using
Vectashield Antifade mounting medium with DAPI (ZG0729) cover-
slipped and imaged on an Olympus FV3000 confocal laser scanning
microscope.

Tissue slices were left in electron microscopy fix until ready to pro-
cess. Tissue sections were then rinsed in PBS and secondarily fixed
in 1% osmium tetroxide in 0.1 M sodium cacodylate overnight at
room temperature. Sections were then rinsed in 0.1 M sodium caco-
dylate before being dehydrated through ascending concentrations
of ethanol. Sections were then incubated with propylene oxide be-
fore being embedded and baked for 48 h in Poly/Bed® 812 at 60°C.
Tissue was then sectioned on an Ultracut microtrome and post-
stained with 2% uranyl acetate and lead citrate. Sections were
then examined using a Philips 208S electron microscope (Philips),
with images collected at x5000, x20 000 and x50 000 magnification.

Mouse cortical tissue was homogenized in 10 volumes by weight of
ice-cold TBS with protease and phosphatase inhibitors using a
hand-held electric homogenizer. The homogenate was then spun
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at 10000g for 10 min and the supernatant (TBS-soluble fraction)
was collected for western blot. Protein concentration was deter-
mined using a BCA assay. Total protein (5-10 ug) was loaded and se-
parated by 4-12% NuPAGE gels in MES buffer, proteins were then
separated by weight for 2h at 120 V. Proteins were electrotrans-
ferred onto nitrocellulose membrane at 30V for 1.5 h using the
XCell II"™™ Blot Module system in tris-glycine transfer buffer.
Membranes were incubated in blocking buffer (Li-Cor Biosciences)
diluted 1:1 TBS for 1 h to reduce background staining. Membranes
were then incubated with primary antibodies; rb anti-ApoE
(Novus biologicals, NBP1-31123), rb anti-MMP9 (abcam ab38898),
ms anti-GAPDH (Millipore MAB374), ms anti-Tubulin (Abcam
ab7291) diluted in blocking buffer with added 0.1% Tween-20 over-
night at room temperature while shaking. Membranes were then
washed and incubated with the appropriate 680 and 800 IR dye sec-
ondary antibodies (Li-Cor Biosciences). The membranes were im-
aged using Odyssey infrared imaging system, and analysed using
Odyssey software.

Statistical analyses were performed using GraphPad Prism 9. Data
are most often presented as mean +standard error of the mean
(SEM), where one dot is representative of one mouse. If multiple
measurements were taken for an individual mouse at a single
time point, as in the case of the leakage experiments or the electron
microcsopy, all measurements per mouse were averaged together
and then mice were compared using an ANOVA with post hoc
Tukey’s multiple comparisons test. The exception to this is
Fig. 4C where all tight junction measured were compared to show
the increased spread in APOE4 animals. Simple linear regression
analysis was used to assess intensity over time and the correlation
between gene expression.

The data that support the findings of this study are available from
the corresponding author, upon reasonable request.

Results

To assess the effect of different APOE alleles on BBB integrity we
used longitudinal in vivo multiphoton microscopy of humanized
APOE floxed knock-in (APOE4, APOE3, APOE2, as a group referred
to as APOE-KI) animals. Mice fitted with cranial windows were in-
jected intravenously with 40kDa fluorescein-labelled dextran,
which does not passively cross the BBB to measurable levels in
the APOE3 animals as shown by us and other groups.’®?* Two
z-stacks (508 pm x 508 um x ~120 pm) per mouse were taken within
3 min of injection of dextran dye as a baseline and then these same
areas were imaged every 10 min for 30 min to assess leakage over
time. Regions of interest were drawn and measured near capillaries
(diameter < 10 pm) in the brain parenchyma in the same areas in
each time point image and the intensity of each time point was
compared with the baseline image as a per cent increase in fluores-
cence intensity. Six capillaries per area were also measured for in-
tensity and width (Supplementary Fig. 1B and C) and, as expected,
showed no differences between groups in capillary width and
change in intraluminal intensity (Supplementary Fig. 1D).
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We observed an increase in the extravasation of fluorescein-
labelled 40kDa dextran in the APOE4 mice but not APOE3 or
APOE2 mice (Fig. 1A and B). We detected a progressive accumula-
tion of dextran in the brain parenchyma over the 30 min imaged
(Supplementary Fig. 1E). As matrix metallopeptidase 9 (MMP9) has
been shown to be an important mediator of ApoE-dependent BBB
deficits,"®> Mmp9 transcription level in APOE-KI animals was deter-
mined by gPCR and we found that there is a significant increase
(~30%) in Mmp9 transcript in APOE4 brains compared with APOE3
or APOE2 animals. (Fig. 1C), in accord with previous studies.’® As ex-
pected, when we quantified the amount of MMP9 protein by west-
ern blot, there was an absolute increase in MMP9 protein in
APOE4 compared with APOE2 and APOE3 animals (Fig. 1D).

Western blot analyses showed ~15% less ApoE protein in the
APOE4 animals as compared with the APOE2 and APOE3 mice. By
contrast, there was no difference in the amount of APOE mRNA
among the different APOE-KI animals, suggesting that ApoE4 pro-
tein may be degraded faster than other isoforms of the protein, in
line with previous research suggesting faster turnover of ApoE4.%*

APOE4-KI mice have a defect in BBB integrity. We considered that
this might be due to a gain of function or to a loss of function of
ApoE4 compared to ApoE2 or ApoE3. To evaluate these possibilities,
we first evaluated Apoe KO mice and found that they also showed a
leaky BBB (Supplementary Fig. 2A and B). This would be consistent
with a loss-of-function of ApoE4. We measured the amount of
Mmp9 mRNA and protein in the Apoe KO mice (Supplementary
Fig. 2C and D) and found that while there is an increase in protein
as compared with APOE3 animals there is no increase in mRNA le-
vels indicating that this increase in MMP9 protein in Apoe KO and
APOE4 mice could be due to two different mechanisms. Moreover,
Apoe KO mice lack ApoE throughout development both in the CNS
and in the periphery, and therefore the underlying molecular me-
chanisms compromising the integrity of the BBB in those animals
may also differ from APOE4 mice. Thus, to further explore the ques-
tion of whether ApoE4 leads to a gain- or loss-of-function effect on
BBB integrity, we directly tested whether suppression of ApoE4 in
astrocytes in the mature CNS increases, alleviates, or does not im-
pact BBB leakage. We expected that, if ApoE4 had a loss-of-function
effect, suppression of expression would not improve, and may even
worsen, the BBB defect. By contrast, if suppression of ApoE4 in as-
trocytes rescues the BBB defect, a gain-of-function mechanism
would be supported.

The mouse model used in the present study allows cell-type
specific inducible knockout of ApoE. Tamoxifen induces expression
of the recombinase CRE in ALDH1L1-positive astrocytes, causing
the excision of APOE’s exons 2 to 4 and preventing the expression
of ApoE in those cells.’®° This leads to the production of a DNA
fragment that is only detected by PCR after flox sites recombination
(Fig. 2A) and leads to a 40% reduction in CNS APOE mRNA levels by
qPCR and a ~50% reduction in ApoE protein levels by western blot 1
month and 2 months post-tamoxifen injection, although not at 1
week (Fig. 2B, D and E). RNAscope shows that GFAP positive astro-
cytes in the cortex of these mice no longer contain APOE mRNA
(Fig. 2C). A slight reduction of ApoE protein was also detected in
the plasma, which could either be a result of astrocyte ApoE knock-
out affecting peripheral levels or to a small decrease in hepatic pro-
duction considering that a small number of cells express both
ALDH1L1 and APOE in liver® (Fig. 2F). APOE4 and APOE3 animals
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Figure 1 ApoE4-TR mice have an impaired BBB compared with ApoE3-TR and ApoE2-TR mice. (A) Multiphoton microscopy of 40 kDa fluorescein con-
jugated dextran in 9-month-old TR-APOE2, TR-APOE3 and TR-APOE4 mice. Images are a z-projection of ~120 ym of cortex. (B) Quantification of leakage
ANOVA [F(2,27) =25.03, P <0.0001]. (C) Analysis of whole brain mRNA levels show an increase in MMP9 in APOE4 animals ANOVA [F(2,14) =9.086, P=
0.0030] and APOE mRNA levels are unchanged between the three APOE genotypes. (D) Analysis of whole brain protein levels of MMP9 show an increase
in MMP9 in APOE4 animals compared with APOE2 and APOE3 animals one-way ANOVA [F(2,9) =10.01, P=0.0052] and a decrease in APOE protein levels
in the APOE4 animals as compared with the APOE2 and APOE3 animals APOE ANOVA [F(2,9) =12.84, P =0.0023]. Post hoc test results are represented as
stars *P <0.05, *P <0.01, P <0.001, ***P < 0.0001.
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Figure 2 Tamoxifen injection induces a lasting knockout of APOE from astrocytes specifically. (A) PCR of the flox stop site indicates that CRE recom-
bination has occurred in animals that have the ALDH1L1 CRE driver and have been injected with tamoxifen. No recombination event was observed in
mice lacking the driver (ALDH1L1-Cre-) or injected with corn oil vehicle only (Tam-). (B) APOE gPCR shows a 40-50% decrease in APOE mRNA in the
brain parenchyma after knocking down APOE expressing in astrocytes compared with mice expressing APOE in all cells ANOVA [F(3,34) =16.90, P<
0.0001]. (C) RNAscope shows knockout of APOE mRNA in GFAP astrocytes in the CNS. (D) Western blot shows a 40-50% knock down of APOE protein
in astrocyte knockout mice ANOVA [F(3,35)=121.05, P <0.0001. (E) Western blot shows that APOE4 mice show no effect of tamoxifen injection on
APOE levels and that APOE aKO mice show no effect 1 week following tamoxifen injection but that by 1 month APOE protein levels are reduced by
40-50% and this is sustained at 2 months ANOVA [F(6,25) =49.36, P <0.0001. (F) Western blot shows a 15% knock down of plasma APOE protein in

APOE3 aKO and APOE4aKO mice ANOVA [F(3,13)=9.571, P=0.0013].

that have had ApoE knocked out of astrocytes are referred to as
APOE4 aKO and APOE3 aKO, respectively.

APOE4/ALDH1L1-Cre Mice and APOE3/ALDH1L1-Cre Mice were
imaged by two-photon microscopy 1 month prior and 1 week, 1
month and ~2 months post-injection with tamoxifen to under-
stand how the knock-out of astrocytic ApoE (APOE3 or 4 aKO) af-
fected the integrity of the BBB (Fig. 3A). We found that in APOE4
aKO animals the BBB was permeable to 40 kDa dextran prior to
and 1 week following tamoxifen injection but by 1 month after

tamoxifen injection this permeability decreased and the leakage
of dextran from blood vessels was similar to APOE3 mice (Fig. 3B,
CandE). Mice that did not have ApoE4 knocked out from their astro-
cytes were still permeable to dextran at 12 months of age (Fig. 3D).
APOE3/ALDH1L1-Cre mice were treated likewise and there was no
effect of ApoE3 knockout from astrocytes on BBB permeability
(Fig. 3D). The latter result suggests that the compromised BBB integ-
rity observed in Apoe KO animals is not directly dependent upon the
absence of ApoE production by astrocytes in this mouse line,
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Figure 3 Astrocyte-specific knockout of APOE4 rescues BBB impairments. (A) Timeline of in vivo studies. (B) Multiphoton microscopy or 40 kDa
fluorescein conjugated dextran in ALDH1L1CREx TR-APOE4 mice before administration of tamoxifen and 2 months post-tamoxifen injection.
Images are a z-projection of 100um of cortex. (C) Quantification of BBB leakage over time in ALDHI1L1CRExTR-APOE4 compared
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highlighting the potential complexity of ApoE associated mechan-
isms impacting the BBB.

Increases in BBB permeability of small molecules may be indicative of
defective structural elements such as tight junctions.?®?” We there-
fore assessed tight junction integrity by transmission electron mi-
croscopy on cortical sections of APOE3, APOE4, APOE3 aKO and
APOE4 aKO mice that were 2 months post-tamoxifen injection
(Fig. 4A). Small pullings part of the membranes in tight junctions
have been shown to be indicative of tight junction dysfunction®®
(Fig. 4A). We therefore measured the distance between the mem-
branes of tight junctions as well as the width of the endothelium sur-
rounding the lumen in 4-10 blood vessels per mouse. Vessels were
chosen if they were ~5-8 ym in diameter and viewed as a cross-
section perpendicular to the surface. The first 10 vessels per animal
that were found in the cortex were imaged and analysed although
not all had visible tight junctions. Where the membranes were so
close together that measurement was impossible the distance be-
tween tight junction membranes was recorded as 0. We saw a signifi-
cant increase in the distance between tight junction membranes in
the APOE4 mice as compared with APOE3 animals (Fig. 4B). This ap-
pears to be mainly driven by an aberrant opening of some tight junc-
tions while others remain intact (Fig. 4C). The APOE4 aKO mice do not
show this aberrant opening between tight junction membranes, with
similar results as APOE3 mice. We saw no differences in the thickness
of the endothelium between the mouse lines (Fig. 4D).

It has been suggested in other models that MMP9 and CYPA
mediate ApoE4-driven BBB dysfunction, and that increased MMP9
levels are associated with tight junction breakdown.***?
Interestingly APOE4 aKO animals have a decreased amount of
Mmp9 mRNA and protein down to the level of APOE3 animals.
Furthermore, increased levels of Mmp9 transcript show a positive
correlation with increased levels of APOE transcript in APOE4 ani-
mals but not APOE3 animals (Fig. 4F). At the protein level the in-
creased level of MMP9 protein in APOE4 animals is also reduced
in the APOE4 aKO animals (Fig. 4G) and again the amount of
MMP9 protein shows a positive correlation with ApoE4 expression
(Fig. 4H). Although there is no significant increase in MMP9 protein
in the APOE3 aKO animals there does seem to be a negative correl-
ation between MMP9 protein amount and ApoE3 protein amount
(Fig. 4G and H) further indicating a complex relationship between
ApOE protein isoform and MMP9.

To begin to investigate the cellular source of these differences in
MMP9 and ApoE levels we isolated blood vessels from three mice
per group and performed qPCR on these samples as well as RNA ex-
tracted from whole forebrain.?"?? We saw a dramatic enrichment in
the levels of Pecam in blood vessel preps indicating enrichment of
the endothelial cells that are found predominantly in blood vessels
in the CNS (Supplementary Fig. 4A). We also saw a ~3-fold enrich-
ment in APOE and a ~10-fold enrichment in Mmp9 in the blood

Figure 3 Continued
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vessel preps indicating that the vast majority of the Mmp9 in the
CNS is produced in the blood vessel unit and that the blood vessel
unit is enriched for cells that produce ApoE (Supplementary Fig. 4B
and C). For enrichment analysis qPCR was normalized to the average
of the whole brain APOE3 levels.

To understand the effects of ApoE aKO on transcription within
the blood vessel we normalized the gPCR for the blood vessel preps
to the level of APOE3 blood vessels. We found that there is a 30-40%
reduction in the amount of APOE mRNA in the aKO animals. As the
blood vessel extraction has been shown to contain astrocytes this is
not surprising.?> We also saw a trend (P=0.0588) towards an in-
crease in the amount of APOE mRNA in the APOE4 animals as com-
pared with the APOE3 animals, which we do not see in mRNA
extracted from whole brain (Supplementary Fig. 4D). We also saw
a 100% increase in the amount of Mmp9 produced in the blood ves-
sels of the APOE4 animals as compared with the APOE3 animals and
that this is reduced to the level of APOE3 animals in the APOE4 aKO
animals (Supplementary Fig. 4E). We performed as simple linear re-
gression to be sure that this increase is not the result of better blood
vessel isolation and found no correlation between Pecam and Mmp9
(Supplementary Fig. 4F).

Astrocyte end-feet are considered crucial to the formation and
maintenance of the BBB in part because of the many secreted fac-
tors that have been shown to modulate barrier function through
endothelial cells or tight junctions, but also due to the connection
they form between the neurons and the blood vessels.”?® Using
electron microscopy we looked at 10 capillaries per mouse and
compared the area of the end foot surrounding the vessel with
the outer vessel perimeter measured by drawing a region of interest
around the outside of the endothelial cell layer. The examiner was
masked to genotype during the image scoring process. We did not
exclude vessels where endothelial cell bodies were visible but did
exclude vessels that lay parallel to frame rather than perpendicular
(as defined as having one diameter more than twice the length of
any other diameter). Measurement of the area of the end-foot sur-
rounding the vessel showed thatin APOE4 animals there is a reduc-
tion of end-foot area and that this is returned to the level of APOE3
animals in APOE4 aKO animals (Fig. 5A). There was no difference
between groups in regard to the vessel perimeter (Fig. 5C).

Discussion

Investigating the effect of cell specific production of ApoE on the
BBB is important for our understanding the potential functions
this apolipoprotein plays in maintaining brain homeostasis. Here
we show that humanized APOE4 mice have an increased BBB per-
meability and that this leakage is rescued as early as 1 month fol-
lowing the knock-out of ApoE4 from astrocytes. Further, we
report that APOE4 mice present with disrupted tight junctions, an

with 9-month TR-APOE3 mice shows a significant leakage prior to and 1 week after tamoxifen injection. At 1 and 2 months after tamoxifen injection,
leakage was rescued down to APOE3 levels ANOVA [F(4,32)=36.01, P <0.0001]. (D) Quantification of BBB leakage 2 months after tamoxifen injection
for TR-APOE3, ALDH1L1Cre x TR-APOE3, TR-APOE4 and ALDH1L1Cre x TR-APOE4 shows that APOE4 mice show significant leakage but that APOE3,
APOE3 aKO and APOE4 aKO mice do not ANOVA [F(3,16)=36.01, P=0.0003]. (E) Accumulation of fluorescence in the brain parenchyma over time in
12-month APOE3, APOE3 aKO APOE4, and APOE4 aKO mice shows that only APOE4 mice have a slope that is significantly different from 0 [F(1,26) =
11.57, P=0.0022]. (F) We saw no differences in measured vessel width. Note, not all mice were imaged at all time points due to COVID-19 restrictions
and thus n numbers fluctuated; however, each mouse is shown as an individual point on the graph (n numbers for E: APOE3 n=6, APOE4 n=6, APOE3

aKO n=3, APOE4, aKO n=5).
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Figure 4 Tight junctions are impaired in ApoE4 mice along with MMP9 expression. (A and B) Electron microscopy analysis shows that APOE4 mice
show an increased distance (as indicated by a small line) between membranes at tight junctions (white arrows) and that this is ameliorated in
APOE4 astrocyte knockout mice both when compared at the mouse level F(3,11)=5.926 P=0.0117 and (C) the individual tight junction F(3,94) =3.314
P=0.0233. (D) However, we saw no different in the thickness of the endothelium. (E) Analysis of whole brain mRNA show that
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Figure 5 Astrocyte end-feet are impaired in APOE4 mice. (A) Analysis by electron microscopy shows that there is a decreased coverage of astrocytic
end-feet (in yellow) in APOE4 mice when compared with APOE3 mice (B) and that this is ameliorated in the APOE4 astrocyte knockout mice. F(3,11)
=5.926 P=0.0117. (C) Vessel perimeter did not differ between groups F(3,11) =0.4780 P =0.7040.

aberrant increase in MMP9 expression and reduced coverage of
blood vessels by astrocytic end-feet. These phenotypes were specif-
ically ameliorated by the knock-out of ApoE4 from astrocytes. The
present dataset is the first to show the effect of a gain-of-function
mechanism by which astrocytically produced ApoE4 appears to
negatively impact the BBB and lead to leakage of plasma constitu-
ents into the brain. This may be of particular importance in under-
standing ApoE4-associated vascular dysfunction in the context of
Alzheimer’s disease, such as the ApoE4 associated risk for
amyloid-related imaging abnormalities.?® Intriguingly, while the
current experiments clearly show rescue of the BBB phenotype at
both a structural and functional level by reducing astrocyte-
produced ApoE4, it has also been shown® (and confirmed in these
experiments) (Supplementary Fig. 2A and B) that full knockout of
Apoe from birth leads to a functional and biochemical phenocopy
of BBB leakage. Taken together, these results suggest multiple me-
chanisms by which ApoE protein or the lack of there of influences
the integrity of the BBB.

Recent research by Lanfranco et al.>* has shown that ApoE pro-
duced by astrocytes and microglia is differently glycosylated and
previous research from that group and others has shown that per-
ipherally produced ApoE also undergoes different post translation-
al modifications.® These different post-translational modifications
lead not only to differences in the size of ApoE lipoprotein particles

Figure 4 Continued

but also likely impact the types of receptors ApoE may bind to and
thus the downstream effects of those interactions.®>>*

Of particular interest is the interaction between the different
ApoE isoforms and LRP1, which has been shown to be important
in the regulation of the cyclophilin A-MMP9 pathway.*® In agree-
ment with the previous study, we show that APOE4 animals have
an increased expression of MMP9. Interestingly previous studies
have shown that a lack of ApoE binding to LRP1 leads to activation
of the cycolphillin A- MMP9 pathway and that pericyte-derived
LRP1is animportant elementin this pathway.'** Itis thusinterest-
ing thatknocking-out ApoE4 specifically in astrocytes was sufficient
to restore MMP9 mRNA and protein to similar levels seen in APOE3
mice. One possibility is that astrocyte-produced ApoE4 may interact
with LRP1 through a different mechanism to mediate BBB changes
compared to ApoE3. Cooper et al.*® recently demonstrated that
ApoE4 binds LRP1 with the greatest affinity. ApoE lipidation status
in the microenvironment of the vessel may also play a role. It has
been shown that ApoE interacts with LRP1 differently depending
on the source and the lipidation status of the ApoE molecule.®**”

It is also possible that this effect of astrocyte derived ApoE4 on
BBB dysfunction is independent of LRP1 and leads to MMP9 activa-
tion by a different pathway. Interestingly while we see a positive
correlation between ApoE4 and MMP9 at the protein level we see
a negative correlation between ApoE3 and MMP9 protein (Fig. 4H).

APOE4 animals have significantly higher expression of MMP9 compared with APOE3 animals but that knock of APOE4 from astrocytes reduces MMP9
expression to the level of APOE3 animals, APOE3 knockout has no effect F(3,32) =8.153 P=0.0004. (F) There is a correlation between APOE4 expression
and MMP9 expression (P =0.0021) but no correlation between these genes in APOE3 mice. (G) Analysis of protein whole brain by western blot shows that
there is an increase in MMP9 protein in APOE4 animals compared with APOE3 animals and that astrocyte knock out reduces the MMP9 protein levels of
APOE3 animals F(3,11) =6.115 P=0.0106. (H) There is a positive correlation at the protein level between APOE4 expression and MMP9 expression (P =
0.0018) and a negative correlation between these genes in APOE3 mice (P=0.0418).
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This is similar to the effect that we see in the Apoe KO animals
where the mRNA level is not different from APOE3 animals
(Supplementary Fig. 2C and D) but there is an increased level of
MMP9 protein compared to APOE3 animals. This highlights the pos-
sibility of multiple mechanisms of action of ApoE on MMP9 steady
state levels and presumed downstream BBB dysfunction. It is of
course possible that were we to have left these animals for longer,
BBB dysfunction would have begun to be driven by a different
mechanism similar to that seen in the Apoe KO animal.

Based on these data and work from other groups, we propose
that ApoE4 leads to an increase in MMP9 that results in degradation
of tight junction proteins.’®'*?” We postulate that the increased
MMP9 activity leads to an overall destabilization of those struc-
tures. Without astrocytic ApoE4, MMP9 levels return to normal
and tight junction integrity is restored, preventing BBB leakage.
Interestingly, Apoe KO animals also show an increase in MMP9 pro-
tein and BBB leakage. This indicates that the complete loss of ApoE
has negative consequences and suggests non-astrocyte sources of
ApoE are critical for BBB maintenance. Altogether, this supports
therapeutic strategies that target astrocytes or that convert ApoE4
to ApoeE3 or ApoeE2 may be more effective than reducing overall
ApoE levels. It is of course possible that the effect of astrocytic
ApoE4 on BBB leakiness is not due totally to an effect on tight junc-
tions but could also arise through a change in transcytosis which
has been recently found to be an important mechanism of moment
across the BBB.?®*°

Multiphoton imaging allows us to study the BBB in real time over
the course of an animal’s lifetime; however, it does have limitations
that need to be taken into consideration when assessing this study.
Most predominantly is the inflammation that will occur post-
surgery, which could lead to an increase in glial activation and
changes in brain physiology. For example, the recent paper by
Wang et al. using the same APOE-KI mice crossed with a tau model
saw an ~80% reduction in CNS APOE mRNA while we see half thatat
40%."® This could be due to a compensatory or reactive increase in
microglial APOE mRNA, a difference in APOE expression due to
mouse facility differences,*® or an increase in APOE mRNA from
other cellular sources including those that make up the vascular
unit. However, the level of knockdown of ApoE mRNA seen here
does agree with previously published datasets showing mRNA le-
vels from each cell type.” Another limitation is that this system
comprises humanized ApoE in a mouse model where the huma-
nized ApoE interacts with mouse ApoE receptors, modifiers, and li-
pidators. Mouse ApoE and human ApoE are only 71% identical and
these differences could produce effects that are not reflected in hu-
mans. However, recent human neuroimaging data'* similarly re-
ports BBB compromise in APOE4 carriers indicating insights from
this mouse model are relevant to understanding the changes con-
tributing to vascular dysfunction in patients.

In summary, these data are consistent with the hypothesis that
ApoE4 has a detrimental gain of function effect on the BBB via
astrocytic produced ApoE4. This is strong evidence that the specific
source of ApoE is important for its function, suggesting that, atleast
for astrocytic ApoE, lowering production may be beneficial to main-
tain BBB integrity in ApoE4 carriers.
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