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Apolipoprotein E ablation decreases synaptic vesicular zinc

in the brain
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Abstract Both apolipoprotein E (apoE) and zinc are
involved in amyloid f§ (Af) aggregation and deposi-
tion, in the hallmark neuropathology of Alzheimer’s
disease (AD). Recent studies have suggested that
interaction of apoE with metal ions may accelerate
amyloidogenesis in the brain. Here we examined the
impact of apoE deficiency on the histochemically
reactive zinc pool in the brains of apoE knockout mice.
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While there was no change in total contents of metals
(zinc, copper, and iron), the level of histochemically
reactive zinc (principally synaptic zinc) was signifi-
cantly reduced in the apoE-deficient brain compared to
wild-type. This reduction was accompanied by
reduced expressions of the presynaptic zinc trans-
porter, ZnT3, as well as of the J-subunit of the adaptor
protein complex-3 (AP36), which is responsible for
post-translational stability and activity of ZnT3. In
addition, the level of histochemically reactive zinc was
also decreased in the cerebrovascular micro-vessels of
apoE-deficient mice, the site of cerebral amyloid
angiopathy in AD. These results suggest that apoE
may affect the cerebral free zinc pool that contributes
to AD pathology.

Keywords Alzheimer’s disease -
Amyloid f§ - Metal - Zinc transporters

Introduction

The brain is the second most abundant tissue for
apolipoprotein (apoE) after liver. In the normal brain,
apoE is generated primarily by astrocytes and
microglia, while neurons express little (Boyles et al.
1985; Nakai et al. 1996). In humans, apoE is found as
three isoforms (apoE2, apoE3, and apoE4) that differ
by single amino acid substitutions. ApoE3 is the most
common isoform, while apoE4 expression is the most
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detrimental to brain health for several disease states
(Zhao et al. 1993; Bales et al. 2009). The genetic dose
of apoE4 is the strongest risk factor for the incidence
of sporadic Alzheimer’s disease (AD) (Saunders et al.
1993).

The oligomerization and deposition of amyloid-f
(Ap) in the brain is centrally involved in AD (Bu
2009) but the cause for the age-dependent aggrega-
tion of this ubiquitously-expressed peptide remains
unknown. Mounting evidence indicates that apoE is
involved in AD pathogenesis. ApoE that binds to Af§
with high affinity (Strittmatter et al. 1993; Sanan
et al. 1994; Nislund et al. 1995) is enriched in
parenchymal or cerebrovascular amyloid deposits and
in neurofibrillary tangles in the brains of AD patients
and of amyloid-f protein precursor (APP) transgenic
mice that serve as a model for AD (Namba et al.
1991; Wisniewski and Frangione 1992; Strittmatter
et al. 1993; Benzing and Mufson 1995). Genetic
ablation of apoE leads to a reduction in Af deposi-
tion, despite unchanged Af generation, in APP-
transgenic mice (Bales et al. 1997, 1999; Holtzman
et al. 2000). The interactions of apoE with APP/AfS
via its receptors modulate Aff processing, clearance
and degradation in the brain (Zhao et al. 1993;
Koistinaho et al. 2004; Offe et al. 2006; Deane et al.
2008; Jiang et al. 2008).

Extracellular zinc (Zn>") concentrations may be a
critical factor for AD pathogenesis. Zn>" is markedly
enriched in amyloid plaques (Lovell et al. 1998; Lee
et al. 1999; Suh et al. 2000; Miller et al. 2006),
consistent with the Zn®*" inducing A aggregation
(Bush et al. 1994; Miura et al. 2000; Yang et al.
2000). Meanwhile, Zn>*_chelators resolubilize Ap
aggregates (Cherny et al. 1999) and attenuate amy-
loid load in Tg2576 APP-transgenic mice (Cherny
et al. 2001; Lee et al. 2004a, b; Adlard et al. 2008).
Deposition of amyloid plaques in AD brain occurs
along with the distribution of synaptic zinc (Stolten-
berg et al. 2007; Deshpande et al. 2009), which is the
free zinc pool sequestered within synaptic vesicles
and is released upon synaptic activity (Palmiter et al.
1996; Frederickson et al. 2005). Genetic ablation of
zinc transporter-3 (Slc30a3/ZnT3), which concen-
trates Zn>" into synaptic vesicles, decreases total
brain zinc levels by ~20%, and markedly attenuates
the deposition of amyloid plaques and cerebral
amyloid angiopathy (CAA) in Tg2576 mice (Lee
et al. 2002; Friedlich et al. 2004). Furthermore, a
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growing body of evidence has supported the chemical
interaction between Af and Zn>". The three histidine
residues (H6, H13, and H14) within the hydrophilic
N-terminal of A8 mediate the affinity for Zn** (Bush
et al. 1993; Atwood et al. 1998; Syme and Viles
2006; Danielsson et al. 2007) with a stoichiometry of
Zn”:Aﬁ of 1-3:1 (Clements et al. 1996; Atwood
et al. 2000). Other carboxylate side chain amino
acids, aspartic acid (D1) and glutamic acid (E11) also
can bind Zn** (Mekmouche et al. 2005; Syme and
Viles 2006; Zirah et al. 2006; Danielsson et al. 2007).
The Zn**-bridges between the histidine residues
within different A molecules leads to amorphous
Af aggregates (Miura et al. 2000; Syme and Viles
2006), which is relatively soluble and stable (Kozin
et al. 2001). These findings implicate free zinc, in
particular synaptic zinc, in amyloid pathogenesis.

Therefore, most amyloid plaques contain both
Zn** and apoE (Fig. 1), consistent with the amphi-
pathic chemical structure of Af that supports metal
ion as well as lipid binding. There are several metal-
binding moieties at the hydrophilic N-terminal of Af;
(Bush et al. 1993; Atwood et al. 1998), while the
C-terminus binds lipoproteins such as apoE by
hydrophobicity (Kontush 2005). The various apoE
isoforms have interactions with Zn>* that are in
concordance with the predicted loss of affinity that is
a consequence of the Arg—Cys substitutions (Miyata
and Smith 1996; Moir et al. 1999). Cys being a strong
ligand for Zn”>", and Arg not being a ligand for Zn>",
the affinity for Zn®" is predicted to be greatest for
apoE2 and weakest for apoE4. This likelihood is
supported by the effects of apoE isoforms in protect-
ing cells from Zn*"-induced neurotoxicity (Miyata
and Smith 1996) and by protecting Af from zinc-
induced precipitation (Moir et al. 1999). ApoE2
preferentially binds Zn** so preventing Af-oligo-
merization and aggregation (Moir et al. 1999). In
contrast, because apoE4 has the lowest affinity of the
isoforms for metal ions, Af is more readily able to
interact with the surrounding metals to be oligomer-
ized and aggregate. However, although zinc is
significantly elevated in the serum of AD patients
who carry the genetic allele (¢4) for apoE4 (Gonzdlez
et al. 1999), to date the impact of apoE expression on
brain Zn>" biochemistry is unknown.

The aim of this study is to test whether apoE
expression impacts upon the histochemically reactive
zinc pool in the brain, a fraction of total tissue zinc
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Fig. 1 Co-localization of apoE and Zn>* in amyloid pathol-
ogy. Histofluorescently reactive zinc and apoE were detected in
parenchymal (arrowheads) and cerebrovascular (arrows)
amyloid deposits. Brain tissue of Tg2576 APP-transgenic
mouse at the age of 21 months was stained with TSQ (blue

that is implicated in amyloid precipitation. In the
brains of mice lacking the gene for apoE, histoflu-
orescent synaptic zinc, representative of intracerebral
free zinc pool, was significantly decreased in con-
junction with decreased expression of ZnT3. In
addition, levels of histochemically reactive zinc in
the cerebrovasculature were diminished in apoE-
deficient mice.

Materials and methods
Animal studies

Studies were performed in accordance with the
Guidelines of the Asan Institute for Life Sciences
for Experimental Animal Care and Use.

Mice homozygous for the Apoe™ V"¢ mutation
(Strain name: B6.129P2-Apoe™ Y"“/T) (The Jackson
Laboratory; Bar Harbor, ME) were crossed with
C57BL/6 mice and the resulting heterozygous mice
were interbred to produce apoE wild-type (apoE™™)
and apoE-deficient (apoEil ) mice in Asan Institute

fluorescence) and doubly immuno-stained with anti-Af (4G8)
(red fluorescence) and anti-apoE (green fluorescence) antibod-
ies, and then photographed at intervals between the stains. The
same section was finally histochemically stained with Congo
red (dark red). Magnification x400; scale bar, 50 pm

for Life Sciences, Asan Medical Center (Seoul,
Korea).

Tissue preparations

Brains were removed and divided into two hemi-
spheres. The right hemispheres were snap-frozen in
liquid nitrogen and the left hemispheres were
processed for further metal or protein assays.

For histological evaluation, five coronal sections
(12 pm thick) of the right hemisphere, which were
taken every 12 pm from bregma-1.3 mm using a
cryostat (HMS550; Microm International GmbH,
Walldorf, Germany), were mounted on gelatin-coated
slide glasses.

Measurement of total contents of metals
by inductively coupled plasma mass spectroscopy
(ICP-MS)

Tissues (brain, liver, heart, and blood plasma) were
weighed, lyophilized, and then transported to The
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Mental Health Research Institute of Victoria (Victo-
ria, Australia), where the metal contents were
analyzed by ICP-MS. The tissues were digested in
ultrapure HNOs5 (Aristar, BDH, Poole, UK) by
heating, and then dried by evaporation. After an
appropriate dilution with 1% HNOj;, three replicates
per tissue sample were analyzed using an Ultramass
700 spectrophotometer (Varian, Victoria, Australia)
that was calibrated using 1% HNO; containing Cu, Fe
and Zn at 5, 10, 50, and 100 ppb, with 89Y as the
internal standard for all isotopes of Cu, Fe and Zn.

Zinc specific fluorescent staining
and measurement of the free zinc

We stained brain sections with a zinc-specific fluo-
rescent dye, N-(6-methoxy-8-quinolyl)-p-toluenesul-
fonamide (TSQ, 4.5 uM in 140 mM sodium barbital
and 140 mM sodium acetate buffer, pH 10.0; Molec-
ular Probes, Eugene, OR) for 90 s (Lee et al. 2002,
2004a, b). After a dipping in normal saline (0.9%
NaCl solution, pH 7.2), the fluorescent sections were
examined and photographed under a fluorescence
microscope (UV-2A filter: dichroic, 400 nm; excita-
tion, 330-380 nm; barrier, 420 nm) (Eclipse 80i;
Nikon, Tokyo, Japan) with a digital camera (DS-Fil/

/4

apoE 8

apoE

Hippocampus

Fig. 2 apoE expression influences histochemically reactive
zinc in the brain. Brain sections from apoE'H * or apoE_/ -
mice were stained with TSQ at the age of 6 or 12 months. a—f
TSQ-fluorescence was attenuated throughout the whole brain
containing cortex (a and b) or hippocampus (c—f) in apoE "~
mice (b, d, and f) compared to apoE™* mice (a, ¢, and e) at
the age of 12 months. mol. dentate molecular layer, gr. dentate
granular layer, h. dentate hilus. mf. mossy fiber. Scale bars,
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DS-U2; Nikon) and the manufacturer’s imaging
capture program (NIS-Elements F; Nikon).

We quantified the level of TSQ-fluorescence in the
defined regions of interest (ROIs) in the hippocampal
mossy fiber region (asterisked area in Fig. 2), the area
which contains the high concentration of synaptic
zinc, and in longitudinally dissected blood vessels
with diameter of 30-80 um (arrows in Fig. 4).
Fluorescence intensity was determined with a com-
puter-assisted image analysis program (Image-Pro;
Media Cybernetics, Silver Spring, MD). After sub-
traction of background fluorescence (taken at an area
outside of tissue section), the level of free zinc was
expressed as percent TSQ-fluorescence intensity
relative to that in normal wild-type mice sections
(defined as a value of 100%).

Fluorescent immunohistochemistry

For immunohistochemical staining, we used the
following primary antibodies; mouse anti-Aff anti-
body (4GS, dilution 1:800; Signet, Dedham, MA),
rabbit anti-ZnT3 antibody (1:50) (Cole et al. 1999),
mouse anti-synaptophysin antibody (SYP, 1:100;
Sigma, St. Louis, CA) and mouse anti-smooth muscle
actin antibody (1:200; Chemicon, Temecula, CA).

G 6 month 12 month
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o
o

80
60
40
20

TSAQ fluorescence
(% Relative)

0
apoE™ apoE™ apoE™*apoE™”
(n=286) (n=25) (n=7) (n=5)

200 pm (a—d) and 50 um (e and f). g Quantification of synaptic
zinc in the mouse brain at the age of 6 or 12 months. Bars
denote the relative intensity of TSQ-fluorescence measured in
the mossy fiber regions (asterisked areas in e and f) in both
hippocampi of five brain sections, which were taken every
100 pm from bregma +4.3 mm (mean £ SEM). Asterisk
denotes significant difference between two genotypes of mice
(* P <0.05)
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Frozen brain sections were fixed with 4% (w/v)
paraformaldehyde [in phosphate buffered saline
(PBS), pH 7.4]. After incubation in blocking buffer
(3% normal donkey serum and 0.3% Triton X-100 in
PBS), the sections were immunologically reacted
with the primary antibody, and then with Alexa Fluor
488- or 555-conjugated secondary antibody (1:1000;
Invitrogen, Carlsbad, CA). The stained tissues were
examined and photographed under a fluorescence
microscope (Eclipse 80i).

Immunoblot analysis

The brain tissues were homogenized in PRO-
PREP™ protein extraction solution (iNtRON, Seoul,
Korea). After sonicating and boiling in sample buffer
(62.5 mM Tris, pH 6.8, 2% SDS, 10% glycerol,
0.01% bromophenol blue, 5% mercaptoethanol,
50 mM dithiothreitol), proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto polyvi-
nylidene difluoride membranes (Immobilon-PSQ
Transfer Membrane; Millipore). The membrane blots
were blocked with 5% skim milk and 1% bovine
serum albumin (BSA; Amresco, Solon, OH) in TBST
buffer (pH 7.4; 20 mM Tris—Cl, 150 mM NaCl,
0.01% Tween 20) and then reacted with primary
antibody [goat anti-apoE (dilution, 1:1000; Santa
Cruz, Santa Cruz, CA), goat anti-ZnT1 (1:1000;
Santa Cruz), rabbit anti-ZnT3 (1:2500), mouse anti-
synaptophysin (SYP, 1:1000; Sigma), goat anti-AP34
(1:2500; Lifespan, Seattle, WA), or mouse anti-
p-actin (1:4000; Sigma) antibody]. After washing
with TBST, blots were incubated with horseradish
peroxidase-conjugated secondary anti-rabbit, -goat,
or -mouse antibody. Finally, proteins were visualized
using enhanced chemiluminescence reagents (Immo-
bilon Western Chemiluminescent HRP Substrate;
Millipore, Billerica, MA) under a chemiluminescence
imaging system (KODAK Image Station 4000MM
Pro.; Carestream Health, Rochester, NY).

Statistical analysis

All values are presented as mean =+ standard error of
the mean. Differences between apoE-wild-type and
-deficient mice were determined by the unpaired #-test
with a two-tailed P value. A P value less than 0.05 was
considered significant.

Results

Metal content in the apoE-wild-type
and -deficient mice

Metal analysis for iron (Fe), zinc (Zn) and copper
(Cu) were performed in four tissues (brain, liver,
heart, and blood plasma) from apoE-wild-type and
apoE-deficient mice (Table 1) at the age of 6 months.
Total levels of metals vary with different tissues, but
the abundance was in the order of Fe > Zn > Cu for
each tissue. However, there was no significant
difference in the level of iron, zinc or copper in all
tissues between apoE-wild-type and -deficient mice.

Decreased level of cerebral free zinc
in the apoE-deficient mice

Since apoE binds transition metal ions (Miyata and
Smith 1996; Moir et al. 1999), we hypothesized that the
ablation of apoE might alter the fraction of free zinc in
the brain. To differentiate free Zn*" from total zinc in
the brain, we stained brain sections with TSQ, which is
a well-characterized fluorophore for exchangeable
Zn>" (Lee et al. 2002). TSQ detected exchangeable
Zn** in amyloid plaques, where it colocalized with
apoE (Fig. 1). In comparison to wild-type tissue,

Table 1 Metal contents in various tissues of apoE-wild-type
(apoE™™) and knock-out (apoE~) mice at the age of
6 months (pg/g of wet tissue; n = 25, each)

Tissue  Metal Genotype P value®
apoEJr/ + apoEf/ -
Brain Cu 3.81 + 0.05* 372 £0.05 0.271
Fe 17.12 £ 024 1659 £0.25 0.124
Zn 14.63 £ 0.18 1473 £0.25 0.761
Liver Cu 4.82 £ 0.18 4.62 £0.19 0.448

Fe 84.45 £+ 4.86
Zn 28.83 £ 0.30

84.12 £ 531 0.958
27.84 £ 0.39  0.051

Heart Cu 6.58 £ 0.10 6.64 £0.08 0.642
Fe 8134 £ 157 8555+196 0.100
Zn 16.51 £ 024  16.64 £0.26 0.725
Plasma Cu 6.35 £0.23 6.83 £0.26 0.166
Fe 38.85 £2.03 3874 £3.15 0977

Zn 1332 £ 0.57 13.01 £ 0.58 0.696

# Differences between two genotypes of mice were
determined by the unpaired t-test with two tailed P value

% Mean = SEM
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TSQ-fluorescence was significantly diminished in
apoE-deficient cortex and hippocampus (Fig. 2a—d).
This is consistent with the expression of apoE increas-
ing the histochemically reactive zinc pool in the brain.
Synaptic Zn>" constitutes 20-30% of total brain
zinc and is the most abundant pool of free zinc in this
tissue, especially in the mossy fiber region (Cole et al.
1999; Lee et al. 2002). Therefore, we measured TSQ-
fluorescence in the defined ROI in the hippocampal
mossy fiber region (mf in Fig. 2). At the age of
6 months, the level of synaptic Zn”" is decreased by
11.5% in apoE-deficient mice compared to wild-type
mice (88.5 £ 3.4% vs. 100.0 £ 3.8%, P < 0.05)
(Fig. 2e). At the age of 12 months, the contribution
of apoE to synaptic Zn®" is significantly greater
(15.2%; 84.8 £ 8.2% vs. 100.0 & 2.5%, P < 0.05).

Altered expression of ZnT3 protein
in apoE-deficient mice

We next examined whether the decrease in histo-
chemically reactive zinc in apoE-deficient brain

+/+

ApoE” i

ApoE

G

SYP

B-actin

L ol

. - VoEl 2 5]
- F 3 | B
[ 2 it - oY
Pl g 2

Fig. 3 Expressions of ZnT1, ZnT3, AP3J, and synaptophysin
in the brains of apoE™" or apoE™'~ mice at the age of
12 months. a, b Brain sections containing cortex (Ctx) and
hippocampus (Hip) were immunofluorescently stained with
anti-ZnT3 antibody (magnification, 40x). ¢, d High power
magnification (100x) of dentate gyrus in hippocampus regions
that were immunostained with anti-ZnT3 antibody. mf. mossy
fiber, mol. dentate molecular layer, gr. dentate granular layer,
h. dentate hilus. e, f High power magnification (400x) of
synaptophysin-immunostained hippocampal dentate hilar
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could be due to altered the levels of ZnT1 or ZnT3,
which are responsible for Zn>" efflux from cells or
sequestration of Zn>* in synaptic vesicles, respec-
tively (Palmiter and Huang 2004), and synapto-
physin, a marker of presynaptic terminals.
Immunohistofluorescent staining revealed that the
ablation of apoE led to the reduced expression of
ZnT3 protein, in parallel with the reduction of
synaptic zinc. Anti-ZnT3 immunoreactivity was sig-
nificantly attenuated throughout the whole brain of
the apoE-knockout mice compared to wild-type mice
(Fig. 3a—d). Moreover, western blot assay detected a
~21% decrease in ZnT3 expression (Fig. 3g, h). In
contrast, there was no difference in expression of
ZnT1 between two genotypes of mice (Fig. 3g).
Because ZnT3 is present in the membrane of synaptic
vesicles, degeneration of nerve terminals can poten-
tially result in losses of ZnT3 and synaptic zinc.
Despite the an earlier report that apoE deficiency
resulted in the loss of synaptophysin-immunoreactive
nerve terminals in the mouse brain at this age
(Masliah et al. 1995), the immunoreactive expression

ApoE**  ApoE™ H
— +/+ -
ApoE : [ ApoE B Apoc
T s - Oﬂ g 100 * *
—— 2% 80
ZNT3 o —— o =
; g 60
- o D
AP3Q - - v O ©
©o R
5~ 20
o
0
ZnT3 AP3d

regions (arrows in insets). Scale bars, 250, 50, and 25 pm.
g Representative immunoblots of brain lysates for apoE, ZnT1,
ZnT3, AP34, synaptophysin (SYP) or f-actin. h Densitometric
quantifications of ZnT3 and AP3¢ protein expression. The
optical density of ZnT3 or AP3J immunoreactivity (n = 4
samples) was normalized to that of f-actin as an internal
control, and then values relative to wild-type mice were
depicted as bars (mean £+ SEM). Asterisks represent significant
differences between two genotypes of mice (P < 0.05, n = 4
animals for each genotype)
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levels of synaptophysin were unchanged in our
apoE-knockout mice (Fig. 3e—g). These results sug-
gest that the reduced level of histochemically reactive
zinc in the brains of apoE-knockout mice is respon-
sive to the down-regulated expression of ZnT3, but
not due to synaptic degeneration.

The J-subunit of adaptor protein complex (AP30)
is responsible for the post-translational stability and
activity of ZnT3 in synaptic vesicles (Salazar et al.
2004). AP36-deficient mocha mice are devoid of both
ZnT3 and synaptic zinc in their brains (Kantheti et al.
1998). Therefore, we determined the expression level
of AP30 in the apoE-knockout mice (Fig. 3g, h).
Western blot assay indicated a significantly reduced
level of AP35 (—18.3%, P < 0.05) in apoE-deficient
mice compared to wild-type mice. Therefore, apoE
expression may modulate the levels of ZnT3 and
synaptic zinc via alteration of AP3¢ activity.

Histochemically reactive free zinc pool
in the cerebrovasculature

Apart from plaques, we found zinc-specific TSQ-
fluorescence and apoE-immunoreactivity to be colo-
calized also in the cerebrovascular amyloid pathology
of aged Tg2576 mice (Fig. 1). As Zn*>" (Friedlich et al.
2004) as well as apoE (Fryer et al. 2003) have both been
implicated in the formation of CAA, we examined
whether apoE ablation also affects histochemically
reactive free zinc levels in cerebral blood vessel walls.

TSQ-staining confirmed the presence of intense
zinc-specific fluorescence in cerebral blood vessels of
wild-type mice and the intensity of TSQ-fluorescence
was significantly attenuated in apoE-null mice by ~ 8
(92.0 £ 2.1% vs. 100.0 + 2.0%, P < 0.01) and 11%
(89.1 £ 3.6% vs. 100.0 & 2.3%, P < 0.05), at the
ages of 6 and 12 months, respectively (Fig. 4),
similar to the decrease in synaptic zinc associated
with apoE ablation (Fig.2). In contrast, ZnT3
immunoreactivity was not detected in cerebral blood
vessels (Fig. 5), as described previously (Friedlich
et al. 2004). We previously demonstrated that the
cerebrovascular zinc pool reflects the exchange of
Zn*" released from ZnT3-containing synaptic bou-
tons with the cerebrovascular wall (Friedlich et al.
2004). Thus, apoE may affect the deposition of free
zinc in the cerebrovascular wall by modulating the
expression of ZnT3 in the parenchymal synaptic
terminals.

Discussion

This study demonstrates that apoE expression indi-
rectly elevates the free zinc pool in the brain. While we
initially considered that the free zinc level might be
increased in apoE-deficient mice because of the loss of
metal-chelating apoE, the levels of histochemically
reactive free zinc actually diminished throughout the
cortex and hippocampus (Fig. 2). The loss of histo-
chemically reactive zinc was associated with
decreased expression of ZnT3 (Fig. 3). Therefore,
apoE appears to elevate the intravesicular levels of free
zinc by promoting the expression of ZnT3 protein.
Notably, total zinc remained unchanged in all apoE-
null tissues tested, including brain (Table 1). Since the
vesicular Zn*" pool represents about 20-30% of total
cerebral zinc (Cole et al. 1999; Lee et al. 2002), and
since ablation of apoE is associated with an 11.5%
decrease in the vesicular Zn*" pool (Fig. 4e), the
anticipated decrease in total cerebral zinc in the apoE-
null tissue was ~2.3-3.5% at the age of 6 months.
Based upon the variance in the zinc levels in our
samples (Table 1), our study was more than ade-
quately powered to detect such a difference. There-
fore, it is possible that apoE plays a role in the
presentation of free zinc to synaptic vesicles, and in the
absence of apoE, Zn”* collects in a non histochem-
ically-reactive form in the neuronal soma or else-
where, so that there is no net loss of total tissue zinc.

Upon synaptic activity, Zn®" is released into
synaptic cleft, where most of it enters post-synaptic
neurons to modulate synaptic transmission or is
reabsorbed into presynaptic neurons and recycled
(Frederickson et al. 2005), but some drains into brain
vessels via the interstitial and perivascular basement
membranes (Friedlich et al. 2004; Carare et al. 2008).
In Fig. 5 and in our previous report (Friedlich et al.
2004), we found no ZnT3 in the cerebrovasculature,
and that ZnT3 ablation alone lowers histochemical
zinc in the cerebrovascular wall (Friedlich et al.
2004). These findings suggest that the histofluores-
cent zinc in this tissue is not in vesicles, and that its
drop must be caused by ZnT3 acting at a distance;
probably through the release of zinc that migrates in
the interstitial spaces to the cerebrovasculature. Thus,
neuronal zinc in the brain parenchyma may commu-
nicate with the cerebrovasculature through this route,
which is likely how Zn*" accumulates within CAA in
AD and in APP-transgenic mice (Suh et al. 2000;
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Fig. 4 Histochemically reactive zinc in cerebral blood vessel
walls. a-h Longitudinally dissected blood vessels (arrows)
were fluorescently stained with TSQ in the identical brain areas

of apoE wild-type (apoE™""; a—c) and knock-out (apoE~'~;

d-f) mice at the age of 12 months. The intensity of
TSQ fluorescence in vessel walls (arrows) as well as the
parenchyma (asterisks) was attenuated in apoE_/_ mice as

Friedlich et al. 2004). In the current study we find that
apoE ablation causes about 10% decrease in histo-
chemical zinc in the cerebrovasculature (Fig. 4), in
parallel with a 20% decrease in ZnT3 expression in
the brain parenchyma (Fig. 3). The most likely
explanation for the decrease in histochemical zinc
in the cerebrovasculature of the apoE ™~ mice is
therefore the drop in ZnT3 expression, although other
explanations, such as loss of Zn*" coordination by
apoE present in the cerebrovasculature cannot be
excluded. Our previous studies have shown that ZnT3
expression contributes 20% to the histochemically
reactive free zinc pool of the cerebrovascular wall
(Friedlich et al. 2004). Therefore, apoE accounts for
~40% of the cerebrovascular wall Zn>" that is
associated with ZnT3 expression.
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compared to apoE™'* mice. Scale bar, 50 pm. g Comparison of
histofluorescent zinc in the cerebral blood vessels at the age
of 6 or 12 months. Bars denote the relative intensity of
TSQ-fluorescence measured in longitudinally dissected blood
vessels (mean £ SEM, n = 100 vessels per animal). Asterisks
denote significant difference between two genotypes of mice
(* P <0.01 and ** P < 0.05)

Genetic ablation of either ZnT3 (Lee et al. 2002;
Friedlich et al. 2004) or apoE (Fryer et al. 2003) both
cause marked (&~ 80%) decreases in amyloid pathol-
ogy in APP transgenic mice. Could apoE ablation
rescue amyloid pathology in transgenic mice by
lowering “amyloidogenic” Zn*" originating from
ZnT3-mediated release? Our data indicate that apoE
expression can account for as much as 40% of
potentially amyloidogenic Zn>" in the cerebrovascu-
lature (Fig. 4), but only 11.5-15.2% of synaptic
amyloidogenic Zn** (Fig. 2). Therefore, the most
likely hypothesis is that synaptic Zn>* could mediate
some but not all of the amyloidogenic effects of
apoE. Since ablation of either apoE or ZnT3
abolishes amyloid pathology, it appears that each
factor is necessary but not sufficient to cause the
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ZnT3/SMA/DAPI

Fig. 5 Absence of ZnT3 in the cerebrovascular walls.
Although ZnT3 immunoreactivity (green fluorescence) is
present in the hippocampal mossy fiber region (mf. in a) of
apoE wild-type mice, the blood vessels with the immunoreac-
tivity for a-smooth muscle actin (SMA) (arrows; red fluores-
cence) lack ZnT3 throughout the brain, including hippocampus
(a) or cortex (b). DAPI (4',6-diamidino-2-phenylindole; blue
fluorescence) stained nuclei in the neurons. mf. mossy fiber, gr.
dentate granule layer, mol. dentate molecular layer. Scale bar,
50 um

pathology. Our current data are consistent with an
interplay between subpopulations of apoE and syn-
aptic Zn>" whose interaction causes pathology.
Although the fraction of histochemical zinc in the
mossy fibers mediated by apoE seems modest
(=~ 15%), we argue that the additive effect of such a
decrease over time is sufficient to contribute to Af
deposition. Since abnormal zinc homeostasis persists
for many years in the evolution of AD pathology,
even a small change of exchangeable zinc levels
would influence the aggregation of Af. Moreover, the

difference is significantly exaggerated by age (from
11% at 6 months to 15% at 12 months).

There is no obvious mechanistic explanation for
how apoE might modulate ZnT3 expression in the
brain. Because ZnT3 resides in the synaptic vesicle
membrane of nerve terminals (Cole et al. 1999;
Palmiter and Huang 2004; Frederickson et al. 2005),
we needed to exclude synaptic degeneration as an
explanation for ZnT3 and synaptic Zn>" loss. We
found no differences in synaptic integrity between
our apoE-deficient and wild-type control mice, as
determined by immunohistochemistry and western
blot analysis for synaptophysin (Fig. 3). While these
findings are at variance with those of Masliah et al.
(1995), they are in agreement with the findings of
Anderson et al. (1998) who also found no difference
in synaptophysin and microtubule-associated protein
2 levels, markers for synaptic and dendritic densities
respectively, between apoE knockout mice and wild-
type controls. By contrast, in the brains of apoE-
deficient mice, there was the significant reduction in
the expression level of AP35 (~x18.3%) (Fig. 3).
AP36 is critical to the post-translational stability and
activity of ZnT3 in synaptic vesicles (Salazar et al.
2004). The mocha mice with the AP34§-null mutation
are devoid of both ZnT3 and synaptic zinc in their
brains (Kantheti et al. 1998). We have previously
reported that estrogen alters the ZnT3 and synaptic
zinc levels in mouse brain, via changing AP36
expression (Lee et al. 2004b). Therefore, the mech-
anism of apoE-mediated ZnT3 expression could be
dependent on AP3 activity.

Since apoE isoforms have differential binding
interactions with Zn>" that are in concordance with
their risk for AD, we hypothesize that the expression
of the different apoE isoforms will increase the free
zinc pools that we have described here in concor-
dance with that risk (i.e. E4 > E3 > E2). Testing this
in experimental systems will be challenging, since the
pool of amyloidogenic extracellular Zn*" is a minor
fraction of total zinc in the brain, and the differential
influence of the isoforms on this pool is likely to be
subtle, in alignment with the many years that it takes
for their expression to modulate amyloid pathology in
humans.
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