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Abstract

Apolipoprotein E (apoE) synthesized in liver and brain plays a key role in both cholesterol
transport and Alzheimer's disease (AD): apoE-knockout mice develop hypercholesterolemia and
atherosclerosis and cannot support AD amyloid deposition. The ApoE4 allele is the strongest
genetic risk factor for late-onset AD, and apoE4 protein preferentially catalyzes amyloid-beta (AB)
peptide fibrillization in vitro and amyloid plaque deposition in vivo. Circulating apoE may also
have the potential to draw AP from the brain and reduce amyloid deposition. We used parabiosis
to determine how circulating apoE impacts brain amyloid deposition and blood cholesterol levels
in transgenic mice carrying AD-promoting APP and PS1 human transgenes—either with or
without the endogenous mouse apoE gene. ApoE transferred through the joined circulations from
WT to parabiosed APP*/* PS1*~ apoE-KO mice prevented hypercholesterolemia and reduced
already low brain amyloid deposition. The findings indicate that apoE synthesis in the brain itself
is necessary for amyloid accumulation. Furthermore, plasma apoE can both normalize cholesterol
levels in apoE-KO mice and act as a peripheral sink to induce net efflux of Ap peptide from the
brain. The therapeutic implication is that inhibiting Alzheimer's disease neuropathology may be
accomplished by either reducing apoE in the brain or increasing apoE in the blood.
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INTRODUCTION

Amyloid deposits composed primarily of amyloid-beta (AB) peptide are a key feature of
Alzheimer's disease (AD) and are associated with the neuronal degeneration that underlies
clinical dementia. AB's central role in the Alzheimer's pathogenic pathway was
demonstrated by the identification of familial AD-causing mutations in the amyloid
precursor protein (APP) gene, which affect the production and/or structure of Ap (15).

Several other proteins are also found in AD amyloid deposits, some of which have been dem
onstrated to bind to AB and promote amyloid filament formation. The best characterized of
these amyloid promoters (pathological chaperones) are al-antichymotrypsin (ACT) and
apolipoprotein E (apoE). We and others have shown that both of these proteins promote
efficient AB polymerization in vitro and in transgenic mouse models of AD
(1,2,6,12,16,18,21-23,27,28,30,31,34,37,38). Of particular importance is that the apoE4
isoform shows greater amyloid-promoting activity than apoE3, and apoE2 is protective.
Thus, the amyloid-promoting abilities of different isoforms of apoE can explain why human
apoE4 and E2 carriers are at three times higher and two times lower risk, respectively, of
developing AD symptoms and amyloid pathology (17,29,35,36).

Both ApoE and ACT levels are increased in the blood of AD patients (3,19,20), and apoE
has been shown to shuttle AR across the blood-brain barrier in both directions (7,24).
Therefore, apoE in the circulation may influence amyloid deposition and associated AD
pathology in the brain. In this article, we used the technique of parabiosis to determine
whether apoE in the peripheral circulation plays a pathogenic or protective role in AD
amyloid deposition.

Surgical parabiosis can be used to fuse the peripheral circulations of two animals and allow
the exchange of circulating cells and molecules (13,25). We employed this technique to
investigate the effect of circulating apoE on two processes—brain amyloid deposition and
blood cholesterol homeostasis—in a transgenic model of Alzheimer's disease. Each
parabiosed mouse pair consisted of one that was transgenic for two Alzheimer's-promoting
human genes (APPV717F and PS1M146Ly and lacked the mouse apoE gene. The other mouse
had the same two FAD transgenes but retained the mouse apoE gene.

Comparison of parabiosed and control mice allowed us to determine whether the
pathological chaperone apoE can be derived from the blood or must be synthesized within
the brain itself to promote amyloid deposition—or alternatively, whether circulating apoE
can act as a peripheral sink, drawing A from the brain and thereby reducing amyloid
accumulation.

MATERIALS AND METHODS

Parabiosis

Procedures were approved by the Institutional Animal Care and Use Committee in
compliance with the Guide for the Care and Use of Laboratory Animals. Animals were
housed in shoe box cages with static microisolator tops under climate-controlled conditions
on a 12-h light/12-h dark cycle, fed Harlan Teklad Global Diet #2018 and tap water ad
libitum. The animal facility maintains a specific pathogen-free status based on a sentinel
system.

Six-week-old siblings of the same sex were selected for parabiosis. Both animals were
transgenic for APP (PDGF-hAPPV717F human mutant amyloid precursor protein) and PS1
(PDGF-hPS1IM46L  hyman mutant presenilin-1); one parabiont was apoE*/~, the other was
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apoE~/~. Animals were anesthetized with ketamine 100 mg/kg, xylazine 20 mg/kg, and
acepromazine 3 mg/kg, placed in a parallel orientation, and a left lateral incision was made
on one mouse while a right one was made on the partner mouse, extending from the base of
the ear toward the middle of the femur of the extended pelvic extremity. The incision
included skin and muscle along thorax and abdomen. Starting at the last rib, the opening was
extended into the abdominal cavities to accomplish convergence. The peritonea and muscle
layers of the two animals were joined by simple interrupted suture with 4-0 PDS®
(polydioxanone) and the skin closed via stainless steel clips. The animals were allowed to
recover in a warm, clean environment before being transferred into the husbandry area.
Prophylactic antibiotic treatment (enrofloxacin, 5 mg/kg) was started 1 day prior to surgery
and continued for 3 days. All animals received analgesic/anti-inflammatory treatment (acetyl
salicylic acid 5 mg/kg) for 14 days.

Immunohistochemical Procedures

RESULTS

At 7 months, parabiosed mice were fasted overnight, anesthetized with Nembutal (0.1 mg/g
body weight) and blood was collected by cardiac puncture, immediately supplemented with
0.1% (w/v) EDTA, and centrifuged (2000 x g, 15 min). Total plasma cholesterol was
measured with a colorimetric assay (Infinity Cholesterol Reagent procedure 401, Sigma).
The animals were intracardially per-fused with 0.9% NaCl (25 ml) followed by 50 ml 4%
paraformaldehyde in 1x Sorenson's phosphate buffer. Brains were sequential immersed in
cryo-protecting sucrose (10%, 20%, and 30%) and sectioned (25 m) by sledge microtome.
The mounted brain sections were processed through antigen retrieval in prewarmed 25 mM
citrate buffer (pH 7.3) at +82°C for 5 min and further processed as previously described
(28). Sections were incubated with primary antibodies against AB (6E10, diluted 1:5000,
Signet and rAB40, diluted 1:3000, QCB) and apoE (AB947, diluted 1:5000, Chemicon)
overnight at +4°C. Immunostaining was visualized with anti-rabbit 1gG or anti-mouse 1gG
(1:300) and a NovaRED substrate kit (Vector). For each mouse, data were collected from
three equally spaced coronal tissue sections for both dorsal hippocampus and overlying
parietal cortex (bregma —1.30 to —2.30 mm) using a Nikon Eclipse E1000 microscope with a
Retiga 1300 CCD (Qimaging) with a Qimaging RGB LCD-slider. Thioflavine S-staining
was performed and visualized with a Nikon BV-2B fluorescence filter cube. Customized
software, written in Visual Basic 6.0 (Microsoft) utilizing Auto-Pro function calls (Image
Pro Plus, Media Cybernetics) was used to segment and quantify images (5). Ap deposition
was calculated as percent area of interest (=area stainedy/area measuredy;) from no less
than seven microscope fields. Results were analyzed using a two-tailed, unpaired Student's £
test with Welch's correction.

Apolipoprotein E Is Transferred to the Blood of Parabiosed apoE-KO Mice But Does Not
Enter the Brain

Plasma apoE quantitation by western blot analysis verified that apoE from the

APP** PS1*/= apoE*/~ donor parabionts entered the APP*/* PS1*/~ apoE-KO parabionts
and reached a level of 5% of that found in nontransgenic mice (Fig. 1). This rather low
steady-state level of apoE protein in the blood of the recipient mice is likely due to the
incoming apoE being quickly sequestered by lipoprotein particles from the blood in the
apoE-KO mice, leading to lower steady-state levels of apoE. This conclusion is supported by
PCR analysis of lymphocyte DNA, which showed nearly equal amounts of apoE DNA in the
blood of the parabiosed apoE-KO mice compared to their apoE-containing “donor” partners
(Fig. 1B).
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Further analysis showed that circulating apoE does not easily cross the blood—brain barrier
to reach the brain parenchyma, thereby limiting its potential to directly impact AD
neuropathology. As expected from previous studies, apoE immunoreactivity was detected in
virtually all amyloid plaques of parabiosed APP*/* PS1*/~ apoE*/~ (Fig. 1C, D) and in
astrocytes even in both transgenic and nontransgenic mice (Fig. 1E, F). However, despite the
transfer of parabiosed apoE through the blood, the brains of recipient APP*/* PS1*/~ apoE-
KO mice showed only minor apoE-immunoreactive staining in the choroid plexus (compare
Fig. 1G to control Fig. 1H) and none in the parenchyma (Fig. 1G).

Apolipoprotein E Transferred Through Parabiosis Prevents Hypercholesterolemia in apoE-

KO Mice

While parabiotically transferred apoE failed to reach the brain, it did have a pronounced
effect in the circulation. Mice with targeted disruption of the mouse-apoE gene develop
severe hypercholesterolemia and atherosclerosis (25,32). Accordingly, the unoperated
APP** PS1*/~ apoE-KO mice used in these experiments showed elevated levels of serum
cholesterol compared to nontransgenic, wild-type mice and PS1*/~ APP*/* mice with the
endogenous murine apoE gene (Table 1). Nontransgenic mice had 105 + 6 mg/dl (7= 19) of
total cholesterol in their plasma, while APP*/* PS1*/~ transgenic mice with only one copy of
apoE (APP** PS1*/~ apoE*/") had 79 + 6 mg/dl (7= 8). In contrast, total cholesterol was
approximately four times higher in APP*/* PS1*/~ apoE-KO mice (392 + 121 mg/dl, 7= 3)
and five times higher in apoE-KO mice lacking APP expression (501 + 39mg/dl, 7=13). In
APP** PS1*/= apoE-KO mice that had been parabiosed with a partner harboring even one
copy of the murine apoE gene, cholesterol levels in the apoE knockout mice were reduced
almost to normal (125 mg/dI for a 5-month APP*/* PS1*/~ apoE-KO mouse and 87 mg/dl
for a 7-month APP*/* PS1*/~ apoE-KO mouse, Table 1). This result dramatically
underscores the role of apoE in preventing hypercholesterolemia and, of course, confirms
that the parabiosis had indeed transferred physiologically functional apoE to the apoE-KO
recipient mice.

Apolipoprotein E That Is Exclusively Present in the Peripheral Circulation Is Unable to
Promote Brain Amyloid Deposition

Immunohistochemical analysis of total Ap immunoreactivity in brain sections after 7
months of parabiosis revealed only minor differences between the parabiosed apoE-KO
partners and their genetically identical nonparabiosed controls in either the cortex or the
hippocampus (Fig. 2). This result indicates that apoE present in the peripheral circulation is
not sufficient to promote an increase in total brain Ap deposition in the apoE-KO mice.

There also was no statistically significant difference in A burden in cerebral cortex of the
parabiosed “donor” apoE*/~ mice compared to their nonparabiosed controls and only a
slightly reduced level (p= 0.043) of AP deposition in the hippocampus of the parabiosed
apoE*/~ mice—as though transferring apoE to the KO recipient diminished the effective
level of this pathological chaperone in the donor. This finding also serves as an essential
internal control, indicating that the parabiosis procedure itself was not responsible for the
large reduction in amyloid deposition in the apoE “recipient” animal.

Amyloid Plaque Number Is Reduced in Parabiosed Mice Lacking apoE

There is far more B-sheet structure in the amyloid deposits in APP*/* PS1*/~ mice
expressing endogenous apoE compared to their apoE-KO counterparts (5), indicating that
filamentous amyloid formation requires apoE. However, this structural difference is not
associated with a quantitative difference in the overall Ap-immunoreactive burden in old
mice, which is equal in AD mice with and without apoE. To compare the levels of mature,
compact, amyloid in our parabiosed mice pairs and their respective nonparabiosed controls,
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thioflavin S staining was performed. No statistically significant difference in the percent
area of thioflavin S staining was found between parabiosed APP*/* PS1*/~ apoE*/~ “donor”
mice and nonparabiosed control mice of the same genotype (Fig. 3, top). In contrast, only
small amounts of compact amyloid were found in apoE-KO mice, confirming that the
deposition of compact amyloid requires apoE. The few detectable plaques were counted at
400x magnification. Remarkably, even though apoE-KO mice develop few amyloid plaques,
this number was further reduced in APP** PS1*/~ apoE-KO mice that had been parabiosed.
Both the hippocampal and cortical regions showed a significant difference between
parabiosed APP*/* PS1*/~ apoE-KO mice (hippocampus 17.2 + 5.4, 1= 6; cortex 13.0 + 3.0,
n = 6) and nonparabiosed APP*/* PS1*/~ apoE-KO mice (hippocampus 28.3 + 3.0, 1= 3;
cortex 20.7 £ 5.2, n= 3) in the number of plaques per brain section (Fig. 3, bottom). Thus,
the amyloid plague numbers were 53% and 112% higher for the hippocampus and the
cerebral cortex, respectively, in nonparabiosed apoE-KO mice versus parabiosed apoE-KO
mice. apoE in the parabiosed circulation appears to reduce plaque numbers, perhaps by a
sequestration process.

DISCUSSION

It has long been debated to what extent blood-derived proteins contribute to AD pathology.
Many experiments have shown that, in the brain, expression of Ap and the amyloid-
promoting proteins apoE and ACT facilitate plague deposition in transgenic mouse models
of AD. However, these proteins are also produced outside the brain and some are present in
large concentrations in the blood, implicating a possible hematogenous origin for
amyloidogenic proteins in AD. The frequent presence of cerebral amyloid angiopathy in AD
brain is also consistent with vascular involvement in the disease process, and it has been
suggested that altered permeability of the blood-brain barrier may increase influx and efflux
of amyloidogenic proteins such as apoE and Ap. It is therefore important to determine if
amyloid deposits in the brain are derived, at least in part, from circulating proteins or solely
from proteins produced locally in the brain. Moreover, determining the contribution of
peripheral proteins to AD pathology might aid the development of therapeutic agents.

Here we show that parabiosis is a viable method for determining whether a given protein in
the blood, in this case apoE, is involved in AD amyloidosis. The free exchange of blood
between parabiosed animals was demonstrated by PCR analysis. The “recipient” apoE-KO
mouse contained two classes of lymphocytes in approximately equal numbers—
lymphocytes with intact apoE genes from the “donor” and lymphocytes with the apoE-
disrupting neo cassette from the “recipient.” Although the steady-state levels of apoE protein
in the recipient mice was relatively low, the transferred apoE was easily sufficient to clear
lipoprotein particles and reverse the hypercholesterolemia that is characteristic of these
mice. In sum, physiologically functional apoE was transferred to the recipient mouse by
parabiosis.

In AD, the onset and extent of amyloid deposition is strongly influenced by apoE gene
dosage. Knocking out both mouse apoE genes greatly slows and anatomically redistributes
total AP deposition in the brain; knocking out a single apoE gene has an intermediate effect
(1,2,16,28). Furthermore, almost no filamentous amyloid, characteristic of the cores of
mature plaques, is detectable in the absence of apoE (5,16,34,37). Collectively, the data
show that apoE is a “pathological chaperone” that is essential for p-sheet amyloid
deposition. It was therefore reasonable to anticipate that even a small amount of apoE
transferred by parabiosis to an apoE-KO mouse could, if it entered the CNS, significantly
promote amyloid pathology. The present experiments confirm the requirement for apoE in
amyloid deposition and extend this result by showing that the apoE must be synthesized
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locally in the brain. ApoE introduced into the circulation of APP-PS-apoE-knockout mice
during 7 months of parabiosis failed to enter the brain and promote amyloid deposition.

While brain apoE clearly serves as a promoter of Ap fibrillization, there is also evidence that
peripheral apoE may promote AP clearance in certain situations. Such a “peripheral sink
hypothesis” was initially introduced to explain the ability of intravenous injections of high-
affinity AP antibody (passive vaccination against Ap) to sequester soluble AB in the
periphery, thereby draining AP from the brain and reducing amyloid load in APP transgenic
mice (8,9,11). A similar role of apoE as an AB-binding, a peripheral sink has been proposed
and might apply in the parabiosis experiment. For example, intravenous injections of AB,
which would normally be quickly cleared by the liver, were not detectably cleared in apoE-
KO mice (17), while both anti-Ap antibodies and apoE were found to sequester AB in a
dialysis system (10). Furthermore, transgenic mice experiments suggest that human apoE
can shift the equilibrium of AP between different compartments and favor transport of AB
out of the brain (7). With respect to the results presented here, the transfer of apoE via
parabiosis could similarly shift the Ap equilibrium towards efflux from the brain, thereby
reduced the already very low level of filamentous amyloid in the recipient apoE-KO mice by
50%, as we observed.

The ability of circulating apoE to reduce AD amyloid deposition may be due to its ability to
directly bind AB (as discussed above), but apoE may also work indirectly by influencing
cholesterol metabolism. The hypercholesterolemia characteristic of apoE-knockout mice is
clearly not, by itself, sufficient to promote amyloid deposition, as evidenced by the lack of
amyloid in the brains of these mice (18,40). However, hypercholesterolemia is a definite risk
factor the developing AD (18,31), increasing plasma cholesterol by diet in APP/apoE* mice
increases amyloid deposition, while decreasing plasma cholesterol by statins reduces
amyloid deposition (4). Thus, the amyloid-reducing effect of circulating apoE may arise
from its dual role as both an Ap-binding and a cholesterol-transport protein.

Here, we have shown that parabiosis can be successfully employed as a means to investigate
the role of circulating proteins in the pathogenesis of a neurodegenerative disease. Our
major findings confirm that apoE is a potent amyloid-promoting protein (there are almost no
amyloid plaques in the apoE-knockout AD mice) and, most important, show that the apoE
must be synthesized in the brain to promote amyloid pathology. That is, the apoE transferred
by parabiosis proved unable to enter the brain and promote plaque development. However,
the data also demonstrate that apoE in the blood may act as a peripheral sink that can
indirectly reduce filamentous amyloid levels in the brain by either favoring the efflux of AR
into the periphery or possibly by reducing the levels of amyloid-promoting cholesterol.
These findings reinforce the idea that agents that are able to either strongly sequester and
clear soluble AR monomers in the periphery, such as apoE, Ap antibodies, or other high-
affinity AP binders could become useful AD therapeutics (26).

Alternatively, agents that decrease amyloid-promoting apoE in the brain without reducing
plasma apoE, or that block the interaction between apoE and A, could be very effective
inhibitors of amyloid filament formation and deposition, without inducing
hypercholesterolemia as a side effect. For example, the 12-28 fragment of Ap
corresponding to the amino acid sequences to which apoE binds can serve as a decoy
peptide that prevents the binding of apoE to AP and its catalysis of Ap into neurotoxic
species (14,21,22,23). This approach has been successfully extended in vivo by preparing a
version of AP 12-28 that has a better plasma half-life and is nonfibrillogenic/nontoxic. This
therapeutic peptide could be peripherally introduced into a transgenic APP mouse, where it
effectively entered the brain and prevented/reversed oligomer formation, amyloid
deposition, and cognitive decline (32,33,39).
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sum, apoE is both an essential catalyst of Ap polymerization and deposition in the brain
d a peripheral sink, able to sequester AB and aid its removal from the blood. Promising

therapies for AD are being developed that take advantage of these dual roles of apoE.
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Figure 1.

Apolipoprotein E transfer in parabiosed mice. (A) Apolipoprotein E can be detected in
plasma of parabiosed apoE-KO (lane 7) but not in a apoE-KO mouse that has not been
parabiosed (lane 5). Lane 6 shows a parabiosed partner that is heterozygous for the apoE
gene. Lanes 1-4 are 10-fold dilutions of plasma from a nontransgenic mouse. (B) PCR
analysis of apoE DNA in blood. Parabiosed APP*/* PS1*/~ apoE~~ and

APP** PS1+/~ apoE*/~ mice show an equal extent of murine apoE and neo DNA in blood
cells, indicating successful and efficient white blood cell transfer between parabiosed
partners. Immunocyto-chemistry shows that apoE is present in amyloid plaques of
parabiosed APP*/* APP*/* apoE*/~ mice (C and high power D) as well in astrocytes of
nontransgenic control animals (E, F). In APP*/* PS1*/~ apoE~'~ control mice, no apoE
immunoreactivity is detected (H), but parabiosed mice of the same genotypes present with a
small amount of staining in choroid plexus, but none in the brain parenchyma (G).
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Figure 2.

Ag-immunoreactive (6E10) staining in parabiosed or control APP*/* PS1*/~ apoE~~ and
APP** PS1*/= apoE*/~ mice. Both parabiosed and nonparabiosed APP*/* PS1*/~ apoE*/-
mice show an abundance of amyloid plaques particularly in the cortex (A, C). The AB
staining in APP*/* PS1*/~ apoE~/~ mice shows essentially only diffuse deposition and is
extensive in the hippocampus (B, D). The total AR immunostaining is unaffected by
parabiosis (2.2 + 0.5; n= 6) in the cerebral cortex (E), but modestly reduced in parabiosed
APP** PS1*/= apoE*/~ mice in the hippocampus, compared to unoperated mice (7= 3) (F).
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Figure 3.
Thioflavine S tissue staining of filamentous Ap. Top: There is no statistically significant

difference in thioflavine S staining, by densitometric analysis, in APP*/* PS1*/~ apoE*/~
between parabiosed (7= 6) and control (7= 3) mice in either the hippocampus or cerebral
cortex. Bottom: The number of plaques counted per brain section in parabiosed

APP** PS1*/~ apoE~/~ (n= 6) mice is significantly smaller than that of nonparabiosed
control (7= 3) mice of the same genotype in both hippocampus and cerebral cortex.
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Table 1

Apolipoprotein E (apoE) Derived From the Blood Through Parabiosis Restores Hypercholesterolemia in Ap-
Producing apoE Knockout Mice

Genotype Age Total Cholesterol (mg/dl) n

Control
Nontransgenic 7 months 105+ 6 15
PS17"-,APP*"* apoE*/- 7 months 73+8 7
PS1*~ APP*"* apoE*/~ 7 months 79+6 8
PS1*=, APP** apoE "~ 7 months 392 +£121 3
ApoE~~ 7 months 501 + 39 13

Parabiosed pairs
la. PS1*~ APP*/*.apoE*~ 5 months 118 1
1b. PS1*~,APP** apoE™~ 5 months 125 1
2a. PS1*~ APP*"* apoE*~ 7 months 87 1
2b. PS1*~, APP** apoE~~ 7 months 86 1
3a. PS1*/~, APP*/* apoE*~ 7 months 106 1
3b. PS1*/~, APP*/* apoE~~ 7 months 90 1
4a. PS1*~ APP*"* apoE*~ 5 months 89 1
4b. PS1*~, APP** apoE~~ 5 months 90 1
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