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Abstract Alzheimer’s disease (AD) is by far the most
commonly diagnosed dementia, and despite multiple
efforts, there are still no effective drugs available for its
treatment. One strategy that deserves to be pursued is to
alter the expression and/or physiological action of endog-
enous proteins instead of administering exogenous factors.
In this study, we intend to characterize the roles of the
antioxidant, anti-inflammatory, and heavy-metal binding
proteins, metallothionein-1 + 2 (MT1 + 2), in a mouse
model of Alzheimer’s disease, Tg2576 mice. Contrary to
expectations, MT1 + 2-deficiency rescued partially the
human amyloid precursor protein-induced changes in
mortality and body weight in a gender-dependent manner.
On the other hand, amyloid plaque burden was decreased in
the cortex and hippocampus in both sexes, while the
amyloid cascade, neuroinflammation, and behavior were
affected in the absence of MT1 + 2 in a complex manner.
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These results highlight that the control of the endogenous
production and/or action of MT1 + 2 could represent a
powerful therapeutic target in AD.
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Introduction

Alzheimer’s disease (AD) is the most commonly diagnosed
dementia, and is clinically defined by a progressive loss of
cognitive functions and neuropathologically characterized
by the presence of extracellular deposits of aggregated
f-amyloid (Ap) peptide (senile/amyloid plaques) and
intracellular deposits of hyperphosphorylated tau protein
(neurofibrillary tangles). This spectrum of pathology is
usually accompanied by pronounced inflammation, oxida-
tive stress, and neuronal death of the affected brain regions
[10, 46].

Although inflammatory changes are observed through-
out the AD brain, it is widely accepted that Af, particularly
in aggregated or fibrillar forms, triggers pro-inflammatory
reactions of microglia and astrocytes that are usually in
close proximity to the senile plaques [37]. One of the
effects derived from Af accumulation and Ap-triggered
inflammatory response that has been found in AD brains,
and animal models of the disease, is the excessive gener-
ation of free radicals and subsequent increased levels of
several lipid, protein and DNA oxidative stress markers,
together with increased levels of antioxidant enzymes [35,
73]. Moreover, oxidative stress and Af are closely related
to each other since Af induces oxidative stress in vitro and
in vivo, and at the same time oxidative stress increases the
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production of Af [73]. Another important source of oxi-
dative stress is transition metals such as Cu or Fe that
together with Zn have been found to be altered in the AD
brain where they may influence the synthesis and pro-
cessing of APP and also induce Af aggregation and
precipitation in a pH-dependent manner [13, 15].

Clioquinol (CQ) and PBT-2, which bind metals with
weak reversible affinity and help in the restoration of
physiologic metal levels in specific cellular compartments,
are examples of novel metal-based therapies that have
already reached clinical trial [11] and highlight the
potential role of the natural antioxidant and metal-binding
proteins metallothioneins (MTs) in modulating the pro-
gression of AD.

Metallothioneins are low-molecular-weight (6-7 kDa),
cysteine-rich proteins with high metal content that are
subdivided into four subfamilies (MT1-MT4) in mammals
[75]. While MT1 and MT2 are present in most tissues,
MT3 and MT4 are found primarily in the central nervous
system (CNS) and the stratified squamous epithelia,
respectively [30, 62, 67]. Although the primary biological
role of MTs remains unknown, there is mounting evidence
to suggest that MTs are essential proteins that confer a
survival advantage in situations of biological stress or
cellular damage [27, 56, 57, 80]. Indeed, from a physio-
logical point of view, it is noteworthy that most, if not all,
pro-oxidant and/or inflammatory conditions induce
MTI1 + 2 synthesis [3, 36, 69].

MTI1 + 2 levels have been found to be consistently
upregulated in several human neurodegenerative diseases
including Alzheimer’s disease [57, 79]. Moreover,
MT1 + 2 are also upregulated in different AD mouse
models, including Tg2576 mice, which show a prominent
up-regulation of these proteins in the vicinity of the amy-
loid plaques [21]. Recent in vitro studies in cultured rat
cortical neurons show that MT2 reduces Af-induced
changes in ionic homeostasis and the subsequent neuro-
toxicity by a metal swap between Zn;MT2 and Cu-Ap
[28]; such an attenuation of Af neurotoxicity has been
confirmed independently [48], but a former study did not
find any anti-Af effects of human MT2A on rat embryonic
cortical neurons, in contrast to MT3 [45]. The reasons for
such discrepancies with in vitro studies are unclear. In an
eye model of Af42-induced toxicity in Drosophila, it has
been demonstrated that zinc or copper ions exacerbate eye
damage, while metallothioneins decrease it [43]. Moreover,
preliminary studies from our laboratory, where we
administered MT2 to old Tg2576 mice, indicate that MTs
might modulate the amyloid pathology as well as other Af-
related aspects of this AD model [57]. Apart from the
expected actions related to their anti-inflammatory, anti-
oxidant and metal-binding properties, MTs have been
found to interact with transthyretin (TTR) [59], a
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homotetrameric protein that plays a critical role in modu-
lating Af in vitro and in vivo by sequestering it and
preventing its aggregation [71]. While the literature pro-
vides support for a potential involvement of the MT family
in the pathogenesis of AD, there are many deficits in our
understanding of how MTs may function. Therefore, in the
present study we developed a double transgenic mouse line
that develops AD-like pathology in addition to having a
deficiency in MT1 and MT2, in order to assess the role of
MTs in different aspects of AD pathology.

Materials and methods
Animals

The parental strains used in this study were mice deficient
for both MT1 and MT2 (MT1 + 2KO) proteins [60] (The
Jackson Laboratory, Bar Harbor, ME, USA) and the AD
mouse model Tg2576, which expresses the human APPgos
harboring the Swedish K670N/M671L mutations under the
control of the hamster prion protein promoter [42] (Taconic
Europe A/S; Ry, Denmark).

To produce the desired transgenic mice, a double
crossing strategy was designed in order to obtain all the
animals of the experiment in the same genetic background.
In the first crossing, Tg2576 mice were crossed with
MTI1 + 2KO mice. From the resultant offspring (APP~~/
MT1 + 27~ and APPY7/MT1 + 2*7), the APP" were
selected and backcrossed again with MT1 + 2KO mice to
obtain the four genotypes that were used for the experi-
ment: WT (APP~/"/MT1 + 27/7), MT1 + 2KO (APP~'~/
MT1 + 27/7), APPWT (APP™"/MTI + 2*7) and AP-
PMT1 + 2KO (APP™"/MT1 + 27/7); the total number of
mice per group engaged at weaning was 110, 80, 66, and
86, respectively (Fig. 1). These initial large groups were
needed because significant mortality is caused by the APP
transgene and analyses were to be carried out in young and
old mice. Genotype was determined by PCR.

After weaning at 3 weeks of age, the animals were
housed with free access to food and water in a 12-h dark—
light cycle under constant temperature. All mouse care and
experimental procedures were approved by the Ethics
Committee in Human and Animal experimentation from the
Autonomous University of Barcelona. Body weight and
mortality were monitored regularly from weaning until
killing at approximately 14 months of age. Animals were
killed by decapitation and the brain quickly removed on ice.
The right hemisphere was dissected into cortex, hippo-
campus, cerebellum, and rest of the brain, frozen with liquid
nitrogen, and stored at —80 °C. The left hemisphere was
immersed in 4 % paraformaldehyde (PFA) and stored in
70 % ethanol at 4 °C. A small cohort of animals were killed
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Fig. 1 MT1 + 2-deficiency reduces APP-induced changes in mor-
tality and body weight in females. Survival (a) and body weight (b) of
173 females (left) and 169 males (right) was followed up from
weaning to killing. Mice carrying the hAPP transgene showed
increased mortality rates and lower body weights than their APP—
controls as revealed by Kaplan—-Meier and generalized estimated
equations (GEE) tests, respectively. This phenotype was reversed in
part by MT1 + 2-deficiency in females. a Filled diamond, p < 0.001
APP— versus APP+; plus, p < 0.005 APPWT versus APPMT1 +

at 5 months of age and the right hemispheres were dissected
into prefrontal cortex and rest of the cortex and hippo-
campus, frozen with liquid nitrogen, and stored at —80 °C.

Behavioral characterization

Mice were tested at 4-6 months of age and at 10 months of
age to characterize their behavioral phenotype. Exploratory
activity and anxiety were evaluated with the Hole Board
and the Elevated Plus Maze tests as described elsewhere
[4] and spatial memory and learning were assessed with the
Morris Water Maze (MWM). Briefly, the MWM consists
of a propylene round pool (120 cm diameter x 60 cm
deep) virtually divided in four equal quadrants with a

2KO. b Filled diamond, p < 0.001 APP— versus APP+; plus,
p <0.05 APPWT versusAPPMT1 + 2KO. ¢ Xz analysis of the
offspring genotyped at weaning revealed a less than expected ratio for
APP+ pups, particularly for APPWT mice (expected APP+ pups:
171 vs. 152 born; expected APPWT pups: 85.5 vs. 66 born;
*Xz =422, p <0.05 with 1 degree of freedom), again suggesting
an hAPP-induced intrauterine/perinatal mortality that was partially
prevented by the absence of MT1 + 2

removable platform that can be adjusted at different heights
(8-cm diameter). It contains water at 22 °C & 1 made
opaque by the addition of non-toxic liquid latex (Latex
Compound Espaiola S.A, Barcelona, Spain) and different
cues placed in the pool and in the curtain that surrounds it.
In the first phase, mice were challenged to escape from the
pool by finding a hidden platform (submerged 1 cm below
opaque water) using cues as spatial references. Animals
were freely allowed to explore the pool for 60 s and after
that, in case they failed to find the hidden platform, they
were guided to it and required to remain on it for 15 s.
Animals were trained for 8 non-consecutive days with four
trials per day and the escape latency (time required to
localize the hidden platform) in each trial was recorded.
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During this phase, several probe trial tests were carried out
consisting of removing the platform and measuring the
time the mice spent in the target quadrant (TQ) of the pool
(the one with the hidden platform) looking for the platform.
In the second phase, the reversal test, mice were challenged
to re-learn a new platform location (3 days, four trials per
day) and escape latency was measured in each trial. For the
third phase (2 days, four trials per day) a big black cue was
placed on top of the platform to make it visible above water
level and escape latency was measured in each trial.

Protein extraction

Frozen prefrontal cortex samples from young (5 months
old) mice and frozen cortex and hippocampus samples
from old (14 months old) mice were processed using
slightly different protein extraction protocols. Frozen pre-
frontal cortex samples from young mice were weighed with
a precision scale and homogenized by sonication on ice
(1:5 w/v) in PBS (pH 7.4) supplemented with protease
(Roche; Basel, Switzerland) and phosphatase (Sigma-
Aldrich; St. Louis, MO, USA) inhibitor cocktails. Frozen
hippocampus samples were weighed with a precision scale
and homogenized by sonication in 50 mM Tris—HCI (pH
7.6), 0.01 % NP-40, 150 mM NaCl, 2 mM EDTA, 3 %
SDS, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 %
deoxycholate and protease inhibitor cocktail (Sigma-
Aldrich). Total homogenate samples were stored at
—80 °C. Old mice cortical samples were also fractionated
using the high-fidelity extraction procedure described by
Lesné et al. [55] that separates proteins in known cellular
compartments and allows quantifying and comparing four
independent pools (fractions A-D) of transgene-derived
Af species. Protein concentration from all homogenates
and fractions were estimated with the BCA protein assay
according to the manufacturer’s instructions (Pierce,
Thermo Fisher Scientific Inc; Rockford, IL, USA).

Western blotting

Western blot was utilized to assess APP, Af, and other APP-
derived proteolytic fragments such as CTF-f (6E10, Af_je,
1:2,000, Signet, Dedham, MA, USA; WO2—Af5_g—1:50,
in-house antibody), astrocytosis (anti-glial fibrillary acidic
protein—GFAP—1:40,000, DakoCytomation, Denmark
A/S) and microgliosis (anti-ionized calcium binding adaptor
molecule 1—Ibal—1:3,000, Wako Pure Chemical indus-
tries, Osaka, Japan). Monoclonal anti-f-Actin (1:5000,
Sigma) was used as loading control. Samples were run on
NuPage NOVEX Invitrogen (Carlsbad, CA, USA) bis—Tris
4-12 % 20-well gels at 130-160 V for 1 h. Membranes
were heated for 5 min in PBS, blocked in TBST (0.01 %
Tween, 5 % skim milk powder), and incubated with the
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different antibodies (6E10 and Ibal: overnight at 4 °C;
GFAP and Actin: 1 h room temperature, RT). Blots were
rinsed in TBST and then incubated in secondary antibody
1 hRT (6E10, WO2 and Actin: polyclonal rabbit anti-mouse
Ig/HRP 1:5,000, DakoCytomation; GFAP and Ibal: goat
anti-mouse IgG biotin conjugate 1:10,000 and 1:5,000,
respectively, Sigma) followed by further rinsing. Mem-
branes were developed with ECL reagent (Amersham, GE
Healthcare, Buckinghamshire, UK) and images were cap-
tured and quantified using the Bio-Rad Laboratories
(Hercules, CA, USA) software QuantityOne ChemiDoc.

Enzyme-linked immunosorbent assay (ELISA)

Determination of Af_4o and Af_4, in prefrontal cortex
total homogenates from young mice was done using a
double-antibody capture ELISA DELFIA® (PerkinElmer,
Waltham, MA, USA). Briefly, plates were coated with
monoclonal antibody (mAb) G210 (for Af_49) or mAb
G211 (for AP _4), blocked with 0.5 % (w/v) casein/PBS
buffer (pH 7.4) and then biotinylated mAb WO2 was added
to the wells. Bound antibody was detected with streptavi-
din-labeled Europium (Perkin Elmer) and analyzed with
Wallac Victor 2 1420 Multilabel Plate Reader (PerkinEl-
mer) with excitation wavelength at 340 nm and emission
wavelength at 613 nm.

In 14-month-old mice, total homogenates determination
of Af1_40 and Af_4> was done using a Sandwich ELISA
commercial kit (Invitrogen) according to the manufac-
turer’s instructions. Absorbance at 450 nm was measured
with a Labsystems Multiskan Bichromatic (Helsinki, Fin-
land) microtiter plate reader.

Inductively coupled plasma-mass spectrometry
(ICP-MS)

Determination of Cu, Mn, Fe, and Zn content in the pre-
frontal cortex of young mice was carried out at The Mental
Health Research Institute, as described by Cherny et al. [26].
Determination of old mice cortical metal content was
done at the Servei d’Analisi Quimic (SAQ) of the UAB.
Briefly, samples were digested with HNO; at 60 °C and
further diluted in HNO3 1 %. ICP-MS was performed using
an Agilent 7500ce spectrometer and samples were intro-
duced using a glass nebulizer at a flow of 0.9 I/min.

Immunohistochemistry (IHC)

Fixed brains were paraffin-embedded and cut sagittally in
6-8-um-thick sections for assessing the amyloid plaque load
(primary antibody: 4G8—Ap7_24—1:5,000, Signet; sec-
ondary antibody: anti-mouse IgG biotin conjugate 1:400,
Sigma) and astrogliosis (primary antibody: anti-GFAP 1:900,
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DakoCytomation; secondary antibody: biotinylated anti-rab-
bit IgG 1:300, Vector Laboratories, Inc., Burlingame, CA,
USA) surrounding the plaques in cortex and hippocampus of
aged mice using standard procedures. For quantification, three
non-consecutive sections per mouse were used. Two measures
were taken in each region, the area occupied by specific signal
(plaques or astrocytes) and the intensity (volume) of the spe-
cific signal were assessed and the mean values used for
statistical analysis. Photographs of the cortex and hippocam-
pus were taken with a Nikon Eclipse 400 (Nikon Corporation,
Tokyo, Japan) microscope (4x), and the images were trans-
formed to a gray scale and were analyzed using Scion image
(Scion Corporation, Frederick, MD, USA) software.

RNase protection assay (RPA)

Cortex and hippocampus samples from young mice were
used to extract total RNA and analyzed for different
mRNA species by RPA using a host response multi-probe
set that included the inflammation markers: ICAM, iNOS,
A20, Mac-1, EB22/5, GFAP, and L32 (loading control) as
previously described [58].

Statistical analysis

Data was analyzed using the Statistical Package for Social
Sciences (SPSS) version 17.0. Males and females were
analyzed separately and only exceptionally combined gen-
der analysis was done. Survival was analyzed using the
Kaplan—Meier survival test, using genotype as a factor with
four levels (WT, MTI1 + 2KO, APPWT, APPMTI1 +
2KO). The rest of the data was analyzed using generalized
linear model (GLZ) and generalized estimated equations
(GEE) for repeated measures (i.e., body weight or acquisi-
tion in the MWM). In both cases, APP and MT were used as
factors with two levels each: APP+4 and APP— for APP and
MTWT and MTKO for MT. In addition, in GEE analysis,
“time” was used as a within-subject factor. In parameters
such as amyloidosis, which is not present in APP— geno-
types, only APP+ genotypes were analyzed, using MT as a
grouping factor. Very occasionally, one animal per group
was eliminated because its value was extreme according to
SPSS criteria. Statistical significance was defined as
p < 0.05 and marginal significance as p < 0.1.

Results

MT1 + 2 deficiency rescues APP-induced mortality
and body weight loss in a gender-dependent manner

As expected, the expression of the human amyloid pre-
cursor protein (hAPP) transgene increased mortality, with

the effects more conspicuous in males (=75 %) than in
females (x40 %) (Fig. 1a). The absence of MTI1 + 2
proteins showed a gender-specific effect in partially
preventing the mortality in APP+ females but not in
males (Fig. la). MT1 + 2-deficiency did not affect the
survival of APP— mice (Fig. la). Interestingly, analysis
of the Mendelian distribution of the mouse litters at
weaning suggested the existence of perinatal mortality
since APP+ mice were born at a less-than-expected
ratio, with the APPWT pups the more affected group
(Fig. 1c).

In agreement with the survival data, APP+ mice body
weight was lower than that of APP— throughout the
examined period, and MTI 4 2-deficiency partially
reversed the phenotype in females (Fig. 1b).

MT1 + 2-deficiency partially reverses the behavioral
phenotype of Tg2576 mice

Deambulations, exploratory behavior, and anxiety were
evaluated with the Hole-board (HB) and the Plus-Maze
(PM) tests (Figs. 2, 3). Young APP+ males and old APP+
mice from both genders tended to be hypoactive in the HB,
as evidenced by the decreased number of deambulations
compared to APP— mice, while the opposite was observed
in young females (Fig. 2c). Exploratory behavior (head
dipping) in the HB was similarly increased in both genders
of APP+ mice (Fig. 2a, b). Finally, APP+4 mice were also
significantly less anxious in the PM than their littermate
controls, as evidenced by the increased time and number of
entries in the open arms of the maze (Fig. 3a, c, e, f) and
the decreased time spent in the closed ones (Fig. 3d).
MT1 + 2-deficiency did not dramatically affect these
behavioral phenotypes either in the presence or absence of
the APP transgene (Figs. 2, 3). It did, however, signifi-
cantly reverse the hypoactivity (Fig. 2c) as well as the
diminished anxiety levels (Fig. 3b, e) of young APP+
males.

In the MWM test, when challenged to locate a sub-
merged platform using external cues as reference, APP+
females showed impaired spatial memory and learning
(Fig. 4a), and impaired retention during the probe trial
tests (Fig. 4b). MT1 + 2-deficiency had no effect in any
of these tests (Fig. 4a, b). When animals were challenged
to learn a new location, there were no significant differ-
ences between genotypes in any of the variables measured
(not shown). Finally, in the visible platform test (Fig. 4c),
where mice have to switch to a stimulus-response strat-
egy, all genotypes showed similar escape latencies except
for APPWT females, which demonstrated increased
escape latencies compared to their controls, perhaps
reflecting an inability of this group to change the search
strategy.
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Fig. 2 MT1 + 2-deficiency partially reverses hAPP-induced changes
of behavior in the Hole-board test. a, b Exploratory behavior and
¢ activity were evaluated with the Hole-board (HB) at 4 (young) and
10 (old) months of age. a The number of head dips and b time of head
dipping were increased in both genders of APP+ mice, suggesting an
increased exploratory behavior of APP+ mice compared to controls.
¢ On the other hand, the number of deambulations tended to be
decreased in APP+ genotypes, except for young APP+ females,
hence suggesting hypoactivity. The absence of MT1 + 2 did not
consistently affect exploratory behavior (a, b) but it did, however,
significantly reverse the hypoactivity observed in young APP+ male
mice (c). Data represents mean = SEM (n = 9-28 and 5-20 for
young and old mice, respectively), and they were analyzed using the
generalized linear model (GLZ) with hAPP and MT1 + 2 deficiency
as factors. Filled diamond, p < 0.01 versus APP— mice; spade,
p < 0.04 significant interaction between both factors

MT1 + 2-deficiency reduces amyloid plaque load
in cortex and hippocampus but has no effect
on the associated astrocytosis

The amyloid plaque load of 14-month-old mice was eval-
uated by IHC. The results indicate that in the hippocampus,
both sexes had similar amyloid load (Fig. 5a), while in the
cortex, females tended to have a higher load than males
(Fig. 5b); in both brain areas, MT1 + 2-deficiency clearly
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tended to decrease either the percentage of area occupied
by plaques and/or the staining intensity (volume). Since the
trends were similar, these values were transformed to
percentage of the mean value of control mice (APPWT)
(Fig. 5c, d) and a combined statistical analysis using MT,
sex, and age as factors was carried out. With these nor-
malized data, the results confirm that, especially in females
(Fig. 5), MT1 + 2 deficiency significantly reduced the
amyloid burden in both regions assessed, although mar-
ginal significance only was reached in some of the
parameters measured (p = 0.062 and 0.065 for area
occupied by plaques in the hippocampus and staining
intensity in the cortex, respectively).

Amyloid plaques typically induce gliosis, so we next
assayed astrocytosis by GFAP IHC (Fig. 5e). In the hippo-
campus, which has a high baseline of GFAP immunostaining
in control mice, no effects of the amyloid plaques were
evident, while MT1 + 2-deficiency, if anything, tended to
increase GFAP staining in males regardless of the presence
of plaques (p = 0.075) (data not shown). In contrast, in the
cortex a prominent, plaque-associated GFAP staining was
demonstrated in both sexes, but no significant differences
due to MT1 + 2 absence could be observed (Fig. 5e).

APP and its proteolytic fragments are increased
in the hippocampus of females deficient for MT1 + 2

For further characterization of the amyloid content, total
hippocampal homogenates were analyzed by western blot
(WB) to assess the amount of APP and its proteolytic
fragments (Fig. 6a). While no statistically significant dif-
ferences between genotypes were found in males (not
shown), the levels of APP, c-terminal fragment (CTF)-f
and monomeric forms of Af were increased in AP-
PMTI1 + 2KO females compared to APPWT females
(Fig. 6b). Further analysis by ELISA (only females were
analyzed) revealed that Aff;_4o was the primary form
affected, showing a significant increase in mice deficient
for MT1 + 2 (Fig. 6¢).

APP and its proteolytic fragments are increased
in the cortex of males deficient for MT1 + 2

APP and its proteolytic fragments were studied by WB in
total cortical homogenates as well as in the four indepen-
dent cellular pools (fractions A-D) described by Lesné
et al. [55]. In contrast to the hippocampus, in the cortex
MT1 + 2-deficiency had a significant effect in males
(Fig. 7a—d) rather than in females (Fig. 7e). However, a
14-kDa band, perhaps representing an oligomeric trimer of
Af3, was significantly decreased in the extracellular protein-
enriched fraction of APPMT1 + 2KO females compared
to controls (Fig. 7f).
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activity measure. As expected, and in line with HB results, APP+

In males, the absence of MT1 + 2 proteins significantly
increased both CTF-f and the putative Af trimer in total
cortical homogenates (Fig. 7a, ¢) and the latter also in the
membrane-associated protein-enriched fraction (Fig. 7b,
d), while no differences in full-length APP or A could be
detected in these pools and in any of the other assessed
fractions (not shown).

APP-induced microgliosis but not astrocytosis is
prevented by the absence of MT1 + 2

To further characterize the inflammatory response, hippo-
campal and cortical homogenates were analyzed by WB
using anti-GFAP (astrocytes) and anti-ibal (microglia)
antibodies (Fig. 8a). In general, the presence of hAPP sig-
nificantly increased both astrocytosis and microgliosis
compared to APP— genotypes, an effect that was somewhat
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animals from both sexes were less anxious (a, ¢, e, f) and tended to
hypoactivity (b), and the absence of MT1 + 2 partly prevented these
behaviors in young males (b, e). Data represents mean £ SEM
(n = 9-28 and 5-20 for young and old mice, respectively), and they
were analyzed using GLZ with hAPP and MT1 + 2 deficiency as
factors. Filled diamond, p < 0.03 versus APP— mice; star, p < 0.04
versus MTWT mice; spade, p < 0.025 significant interaction between
both factors

more prominent in males (Fig. 8) than in females (not
shown). It is noteworthy that while the absence of MT1 + 2
had no effect on astrocytosis (Fig. 8a, b), it significantly
prevented the APP-induced microgliosis (Fig. 8a, c).

Cortical metal content of old mice does not appear to be
critically affected by the presence of APP
or the absence of MT1 + 2

Total cortical homogenates were used to assess the man-
ganese (Mn), copper (Cu), iron (Fe), and zinc (Zn) content
by ICP-MS (Fig. 9). In general, female metal levels were
higher than those of males in old mice (p < 0.05).
Analysis of metal levels in females revealed that Zn
levels were decreased in APP+ genotypes compared to
controls while the other metals assessed were not affected
by the presence of hAPP. The ablation of MT1 + 2 did not
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Fig. 4 MT1 + 2-deficiency reverts APP-associated inability to
switch from a spatial to a stimulus—response strategy. Spatial memory
and learning of 6-month-old females were assessed in the Morris
Water Maze (MWM). a In the hidden platform phase, APP+ females
showed impaired learning and memory as evidenced by the increased
escape latencies. b APP+ females also showed impaired retention as
evidenced by the decreased percentage of time spent in the target
quadrant (TQ) during the probe trial tests. The dotted line in this
graph represents the % of time, that by chance and not because of a
learning process, mice can spend in the TQ. No differences due to
MTI1 + 2 deficiency were observed in any of these parameters.
¢ When tested in the visible platform test, which in contrast to the
hidden platform phase is best solved using a stimulus-response
strategy rather than a spatial one, APPWT females showed higher
escape latencies than the rest of the genotypes including APPMT1 +
2KO females. Data represents mean + SEM (n = 6-9), and they
were analyzed using either repeated measures using the GEE in a or
day-by-day analysis using the generalized linear model (GLZ) in b:
open diamond, p < 0.04, filled diamond, p < 0.05 versus APP—
mice. In the visible platform test (c), genotype was used as a factor
using the GLZ: plus, p < 0.001 versus APPMT1 + 2KO mice
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significantly affect metal content in this gender. In males,
hAPP presence had no significant effect on any of the
metals assessed although it clearly tended to increase Cu
levels (p =0.054). MTI1 + 2 absence significantly
decreased Cu and Zn levels and the same trend was
observed in Fe levels (p = 0.078), with the effect more
prominent in the APP+ mice.

Changes in APP processing and inflammatory
responses occur as early as 5 months of age
in APP+ mice

A subset of male and female mice were killed at 5 months
of age to assess the amyloid content by WB and ELISA,
the inflammatory response by RNase protection assay
(RPA) (Fig. 10), and the metal content by ICP-MS (Fig. 9).

The levels of APP and its proteolytic fragments were
assessed in the prefrontal cortex by WB (Fig. 10a), and
while no differences in full-length APP were found due to
the absence of MT1 + 2, CTF-f levels were decreased in
both APPMT1 + 2KO males and females compared to
controls (Fig. 10b). While monomeric Aff was not detect-
able using WB, we also analyzed our samples using
ELISA, where we demonstrated that only Afj;_4, levels
were increased in APP+ mice compared to APP— mice at
this age (Fig. 10c). MT1 + 2 deficiency had no significant
effect on Af levels.

A set of host response genes were assayed by RPA to
evaluate the inflammatory response in the cortex
(Fig. 10d). In female mice, there was no difference
resulting from either APP presence or MT absence (not
shown). In males, however, the response was affected by
both factors (Fig. 10e). On the one hand, APP+ males had
higher mRNA levels of iNOS, A20, MAC-1 and GFAP
compared to APP— controls and on the other hand males
deficient for MT1 + 2 proteins showed increased mRNA
levels of iNOS, MAC-1, EB22, and GFAP compared to
males heterozygous for MT1 + 2. It is noteworthy that the
absence of MT1 + 2 prevented APPMT1 4 2KO males
from the APP-induced increases in MAC-1 mRNA levels.

Metal analysis (Fig. 9) revealed that, in contrast to old
mice, the levels of all metals examined (Mn, Fe, Cu, and
Zn) were increased (p < 0.02) in the young male mice
compared to the age-matched females. In females, neither
hAPP presence nor MT1 + 2 absence had a significant
effect on metal content, although Mn tended to be
increased in APP+4 genotypes (p = 0.051). Likewise,
MT1 + 2 deficiency had no effect on metal content in
males but hAPP presence significantly decreased Mn and
Fe levels in APP+ genotypes. Analysis of data comparing
young with old mice using GLZ with APP, MT, and age as
factors revealed that, as expected, metal content was
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Fig. 5 APPMTI1 + 2KO mice present a lower amyloid plaque load
in cortex and hippocampus than APPWT mice. The area occupied by
plaques (left side) and the staining intensity (i.e., volume, right side)
of Af immunostaining (IHC) of females and males were analyzed in
hippocampus (a) and cortex (b). Females had a higher amyloid load
than males in the cortex but not the hippocampus. In both sexes and
brain areas, APPMT1 + 2KO mice tended to have a lower load than
APPWT mice. In order to compare results from both sexes, the data
was transformed to a percentage of the mean value of the control
group (APPWT) (¢, d). In the hippocampus (c), the absence of
MT1 + 2 significantly decreased the amount of staining and the trend

affected by age. However, the age effect was different
depending on the metal, gender, and even genotype
(age x APP interactions) of mice. In general terms, Fe and
Cu levels increased with age, Zn decreased with age and
Mn increased in females and decreased in males (Fig. 9).

Discussion

Probably the most striking result of this study is that con-
trary to expectations [31, 82, 83], MTI + 2 isoforms
appear to be detrimental factors, albeit only in females,
regarding the survival of Tg2576 mice. APP-induced
lethality is a phenomenon widely described in the literature
in different AD models including Tg2576 mice, that may
occur as adults but also before weaning [8, 19, 32, 44, 65,

was similar for the percentage of area occupied by plaques
(p = 0.062). In the cortex (d), MT1 + 2 deficiency significantly
decreased the percentage of area occupied by plaques and the same
trend could be observed in the amount of staining (p = 0.065).
Evaluation of the associated astrocytosis by GFAP IHC in the cortex
(e) revealed a clear hAPP-induced astrocytosis that was not affected
by MTI1 + 2 deficiency (area occupied by GFAP, left; staining
intensity, right). Results are mean = SEM (n = 7-10), and they were
analyzed using GLZ with MT, sex, and age as factors. Inverse
triangle, p < 0.05 versus females; plus, p < 0.05 versus APPWT
mice; filled diamond, p < 0.001 versus APP— mice

70]. The APP mice show an average 10-20 % reduction in
their body weight, consistent with their decreased life span
and with no differences in food and water intake [74]. In
line with these studies, when genotyped immediately after
weaning, the APP+ genotypes, and more specifically the
APPWT mice, were clearly underrepresented in our study,
strongly suggesting that either intrauterine or early post-
natal hAPP-induced mortality was indeed occurring, and
that MT1 + 2 have a detrimental role when the hAPP
transgene is expressed. This early negative effect of
MT1 + 2 appears to be more prominent in female mice.
The survival of the mice into adulthood followed the same
trends, with a large mortality in the APP+ mice that was
partially reversed by MT1 + 2-deficiency in females only.
Mortality was much more severe in males, and it is feasible
that in such a context MT1 + 2-deficiency cannot make a
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difference. In agreement with the survival data, MT1 + 2
deficiency partially protected against the APP-related
lower body weights in females but not in males. In contrast,
no effect of MTI1 + 2-deficiency on survival or body
weight was seen in APP— mice.

The mechanisms underlying mortality in APP mice are
not well understood. Early experiments demonstrated that
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<« Fig. 6 Increased APP, CTF-f and Af; 40 in the hippocampus of

MTI1 + 2 null females. Total hippocampal homogenates were
assayed by WB and ELISA to further characterize the amyloid
content. a Representative band pattern of the WB obtained with 6E10
antibody. Only the specific bands (only present in APP+ genotypes)
were quantified, i.e., full-length APP (~90 kDa), CTF-f (~ 12 kDa)
and Af (~4 kDa). b MT1 + 2 deficiency significantly increased the
levels of full-length APP and all its proteolytic fragments. ¢ ELISA
analysis evidenced that MT1 4 2 deficiency significantly increased
Af_40 levels but not Af|_4. Data represents mean £ SEM
(n = 12-15). Plus, p at least <0.04 versus APPWT mice

SOD1 could dramatically decrease the mortality of APP
mice [19, 44]. SOD is a major antioxidant protein, and thus
it was then proposed that reactive oxygen species could be
a major mechanism of the hAPP-induced mortality. The
prosurvival role of MTs was also attributed to their anti-
oxidant effects [31, 82, 83], and indeed we also observe a
tendency for increased mitochondrial damage in the brains
of old MT1 + 2 KO mice (unpublished data), and thus the
role seen in APP+4 female mice was unexpected. Never-
theless, one study demonstrated that TNFa-induced
mortality was dramatically reduced in MT-1 + 2KO mice
[77], indicating that the roles of MTs on survival will
depend on the context.

One obvious possibility to explain the phenotype of
APPMT1 + 2KO versus APPWT mice is the alteration of
the amyloid cascade, since amyloidosis and oxidative stress
are closely related [7]. At 5 months of age, prior to amyloid
deposition, WB analysis evidenced a reduction of CTF-f
levels in the cortex of APPMT1 + 2KO mice in both
genders without affecting APP and Ap levels, suggesting
that at this age MT-1 + 2 absence could be affecting the
p-secretase pathway. At 14 months of age, when the
amyloid pathology is firmly established in both hippo-
campus and cortex, a complex pattern of effects emerged,
eventually with a region- and gender-dependent effect of
MTI1 + 2 deficiency on amyloidosis. Thus, in both the
hippocampus and the cortex, MTI 4+ 2 deficiency
decreased the amyloid load (as measured by IHC) in both
male and female APP+ mice. Consistent with these data,
we previously demonstrated that exogenous administration
of Zn;MT?2 tended to increase the amyloid plaque burden
in the hippocampus of old Tg2576 mice [57]. Interestingly,
when the precursor protein APP and its proteolytic frag-
ments in the hippocampus were analyzed by WB,
MT1 + 2 absence instead increased full-length APP, CTF-
f, and Af levels in females only; ELISA analysis revealed
that it was the Af;_4o form that was most affected. More
APP protein means more substrate for o- and f-secretase
proteolytic cleavage, thus leading to the observed increases
in CTF-f and Af monomer. Yet, that does not fit well with
the observed decrease of amyloid plaques in the hippo-
campus. This apparent contradiction might be reconciled
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Fig. 7 Increased CTF-f and Af trimeric forms in the cortex of
MT1 + 2 null males. a, b Representative WB band pattern obtained
with 6E10 antibody in total cortical homogenates and fraction C
(membrane-associated protein enriched fraction), respectively, of
male mice. Apart from the specific bands mentioned in Fig. 6, a
14-kDa band, that by its size could represent a trimer of Af}, was also
quantified. MT1 + 2 deficiency in APP+ male mice significantly

considering the importance of the type of Aff monomer that
predominates. Although Af; 40 and to a lesser extent
Api_4, were increased in the APPMTI + 2KO female
mice, the Aff;_4>/AB_49 ratio tendency was the opposite,
and small alterations in this ratio dramatically affect
aggregation kinetics since Afj_4o has been claimed to be
anti-amyloidogenic [29, 47, 52]. Our results suggest that

14kDa CTFp  Ap

increased CTF-f and putative Af trimer levels in total cortical
homogenates (c), and Af trimer levels in Fraction C (d). Analysis of
female mice total cortical homogenates (e) showed no differences
between APP+ genotypes, while in the extracellular protein enriched
fraction (f) the 14-kDa band was significantly decreased by MT1 + 2
deficiency. Data represents mean & SEM (n = 8-13). Plus, p at least
<0.03 versus APPWT mice

MT-1 + 2 absence could be shifting the balance of Af_4o/
APq_40 toward a less amyloidogenic composition and thus
preventing plaque formation in hippocampus. Moreover,
since Af_40 has also been suggested to exert antioxidant
effects [2, 5], the increased levels of Af;_49 of APPMTI1 +
2KO females could explain at least in part their increased
survival.
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Fig. 8 APP-induced microgliosis is prevented by MT1 + 2 absence
in males. Total cortex and hippocampus homogenates were assayed
by WB. a Representative WB obtained with anti-GFAP and anti-Ibal
antibodies in cortex; anti-actin antibodies were used for loading
controls and data normalization. b APP+ males showed significantly
higher GFAP levels (reflecting astrocytosis) than APP— genotypes in
both hippocampal (left) and cortical (right) homogenates. However,
no effect due to MT1 + 2 absence was observed in GFAP levels in

Paradoxically, no effects of MT1 + 2-deficiency were
observed in the amyloid cascade (as measured by WB) in
the hippocampus of APP+ male, while the opposite was
seen in the cortex: clear signs of increased levels of pro-
teolytic fragments of APP in males but not in females.
Further analysis of different cortical compartments (extra-
cellular, cytoplasmic, and membrane) did not clarify this
complex pattern. Yet, a putative trimeric form of Af (14-
kDa band) was detected in the cortical homogenates but not
in hippocampus and it differed in APPMTKO mice com-
pared to APPWT mice, increased in the membrane-
enriched protein fraction of males and decreased in the
extracellular-enriched protein fraction of females. Trimers
have been proposed as the fundamental Af assembly unit
in vivo [55] and the main toxic species of Af [78], and
perhaps this could also be related to the lower mortality of
the APPMTKO female mice. Incidentally, some of the
beneficial effects of increased copper bioavailability (see
below for further discussion) could be related to a specific
decrease of Af trimers [24].
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none of the regions assessed. ¢ Similarly to astrocytosis, Ibal levels
were also increased by hAPP presence compared to controls
(reflecting microgliosis), but in this case, MTI1 + 2 deficiency
significantly prevented this effect. Data represents mean + SEM
(n = 9) and was analyzed using GLZ with APP and MT deficiency as
main factors. Filled diamond, p < 0.001 versus APP—; spade,
p < 0.04 significant interaction between factors

Another putative mechanism set in motion by MT1 + 2
deficiency is an altered inflammatory response in the brain
[63]. At 5 months of age, the APP+ male mice already
showed signs of neuroinflammation in the cortex, which
was confirmed in old mice. MT-1 4 2 deficiency per se
had a significant increasing effect, particularly in microg-
lia/macrophages activation markers, at both ages.
Remarkably, this upregulated microglial activation was not
further increased by the concomitant expression of hAPP,
in contrast to what happens in APPWT mice. It is therefore
tempting to suggest that this heightened inflammatory
response is somehow related to the lower amyloid plaque
burden observed in APPMT1 + 2KO mice. It is difficult to
clarify the nature of such a relationship, since one could
consider that the reduction in plaques seen in APPMT1 +
2KO mice could be due to the increased microglia/
macrophage activation and subsequent Af clearance, or
alternatively microglia activation could be blunted because
of a previous decrease in plaque formation. One way or
another, it is noteworthy to comment that changes in
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Fig. 9 Total Mn, Fe, Cu, and Zn content are not critically affected by
hAPP presence and MT1 + 2 absence. Prefrontal and total cortical
homogenates from 5- and 14-month-old mice (young and old,
respectively) were analyzed by ICP-MS. In general, metal content
was higher in old females (leff) than in males (right), and that despite
statistically significant differences were observed, the effects of hAPP
and MT1 + 2 deficiency were modest. Results are pg of metal/g of
tissue (mean = SEM; n = 5-8 and 9-12 for young and old mice,
respectively), and they were analyzed using GLZ with APP and MT
deficiency as main factors. Filled diamond, p < 0.05 versus APP—
mice; star, p < 0.05 versus MTWT mice

microglia activation may be relevant for understanding
the premature death as suggested by the increased mor-
tality found in studies with impaired microglial recruitment
[32].

There is compelling evidence relating AD pathology
with metals such as Zn, Cu, and Fe, which have been
reported to participate in Aff aggregation [14] and in ROS
production [7]. As expected, both aging and hAPP presence
affected metal content, albeit changes were modest. Perhaps
the only remarkable effect of MT1 + 2 deficiency is a
decrease of Cu and Zn levels in aged APP+ male mice,
which might have contributed to the lower amyloid plaques
load of the APPMT1 + 2KO mice. Despite these decreased
metal levels, it could be speculated that they would be more
bioavailable considering the very high affinity of Zn and Cu
for MTs [38]. Experiments with transgenic mice expressing
hAPP show a beneficial effect of increased Cu bioavail-
ability on life span, either by supplementing it with the diet
[8, 70] or by using genetically modified mice [65]. Of
notice, increased Cu bioavailability may be linked to
decreased Af trimers [24]. Also, increased Zn bioavail-
ability has been proven to be beneficial in other situations,
e.g., after TNFa-induced lethal shock [77].

Although there are inconsistencies in the literature, a
number of behavioral traits have been shown to be altered
in AD mouse models including Tg2576 mice. Noteworthy,
gender differences in several of these paradigms have been
described in this model and also in wild-type animals [34,
50]. In general, APP+ genotypes tended to be hypoactive
and less anxious compared to controls regardless of age
and gender [66], which we also found in all cases except
young female mice for deambulations. MT1 + 2 defi-
ciency did not consistently affect the behavior of mice in
the HB and PM tests, but nevertheless it tended to reverse
the effect of hAPP on activity and on anxiety (significant in
young males). Impaired cognition has also been widely
described in the Tg2576 and other AD mouse models [25,
66] although not all authors have been able to demonstrate
cognitive impairment [40]. In our experiments, APP+
females showed impaired spatial learning and memory and
subsequent retention in the MWM. MT1 + 2 absence had
no effect on these parameters but, interestingly, it reverted
the inability of APP+ females to switch from a “spatial
strategy”, appropriate for the hidden platform task, to the
“stimulus—response strategy” needed for ensuing visible
platform testing [49]. Taken together, this suggests that
MTI + 2 absence could be delaying or even preventing
some of the hAPP-induced changes in behavior. Whether
the underlying mechanisms could be related with those
discussed above remains to be established. Importantly, it
has been demonstrated that there is no obvious relationship
between amyloid deposits and behavioral changes [41].
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Fig. 10 Amyloidosis and inflammatory response in young mice.
a Representative WB band pattern obtained with WO2 antibody in
prefrontal cortex homogenates from 5-month-old mice. b WB analysis
showed no differences between genotypes in the APP content but
decreased levels of CTF-ff in MT1 + 2 null mice from both genders,
perhaps suggesting a decreased f-secretase activity. Although by WB
the monomeric forms of Afi could not be detected, ELISA analysis
(c) revealed that at 5 months of age, Af;_40 but not Af|_4, levels were
already increased in APP4 compared to APP— mice, although no
differences due to the absence of MT1 + 2 could be observed at that

Age is the main risk factor for AD and one consequence
of normal aging is depletion of sex steroids, which have
been shown to significantly contribute to AD risk in both
women and men [76]. In general, epidemiological evidence
supports an increased prevalence and incidence of AD in
women [1]. Moreover, AD pathology and AD-related
cognitive decline have also been shown to be greater in
females than in males [6, 72]. Despite several prospective
studies have supported the concept that estrogen-based
hormone therapy (HT) could effectively reduce the risk of
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age. d RNase protection assay (RPA) of prefrontal cortex mRNA
hybridized with a set of host response genes. e Quantification of these
hybrids in males showed that both hAPP presence and MT1 + 2
absence altered the mRNA levels at this early age, suggestive of an
increased inflammatory response. Data represents mean + SEM
(n = 4-6) and was analyzed using GLZ. Plus, p < 0.05 versus APPWT
mice; filled diamond, p < 0.001 versus APP— mice; star, p < 0.05
versus MTWT mice; spade, p < 0.05 significant interaction between
both factors

AD and improve age-related deficits in cognition [20],
findings from the Women’s Health Initiative Memory
Study (WHIMS), the most exhaustive clinical evaluation of
HT, failed to confirm these results, and moreover associ-
ated HT with increased AD risk [33]. Female and male
brain demonstrate different vulnerabilities to CNS disor-
ders, including AD [16], which might be due to sexual
dimorphisms during development as well as to adult sex
differences in hormones [76]. Both estrogens and andro-
gens exert general neuroprotective actions relevant to
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several neurodegenerative conditions, some in a sex-spe-
cific manner, and regulate key processes implicated in AD
pathogenesis [76]. For instance, immune and inflammatory
responses are affected by sex steroids, which could be
modulating the production of inflammatory and immuno-
regulatory cytokines such as IL-6 [51], a major regulator of
MT1 + 2 [53, 64]. Interestingly, several AD mouse mod-
els, including the Tg2576 mice, reproduce these sexual
differences, e.g., increased amyloid plaque load and overall
higher Af4o in females compared to age-matched males
[17]; worse cognitive performance in females than in males
at determinate ages [23]; increased amyloid pathology and
worse cognitive performance after ovariectomy/orchiec-
tomy and improvement of these parameters when estrogens/
androgens were administered [22, 68]. The mechanisms
underlying this sexual disparity are still unclear, but it has
been suggested that differences in the stress response [23]
and differences in the accumulation of synaptic Zn with
aging [54], could partly explain these divergences. In
addition, it has been suggested that MTs had an intimate
intracellular relationship with estrogenic activity [18, 81].
Moreover, testosterone and estrone have been reported to
increase MT1 + 2 and Zn levels in brain and cerebellum
[9] and MT1 + 2 levels in several organs including the
brain, have been reported to be increased in females versus
males suggesting sexual dimorphism in the regulation and
distribution of this protein [12, 39, 61]. Taken all together,
these results strongly suggest that sexual dimorphism
occurs in both human and AD mouse models and that sexual
steroids have a central role in modulating several aspects of
AD pathology, and could explain the differences between
genders observed in this study.

In summary, we have demonstrated that MTI1 + 2
effectively alters the amyloid cascade, survival, body
weight, and behavior in a complex manner in a mouse
model of AD. Contrary to expectations, MT1 + 2 may in
fact be detrimental to some extent. Considering their metal-
binding capabilities, these results may provide some insight
into the mechanisms underlying the effects of metal-based
approaches to the treatment of AD, such as clioquinol and
PBT2, which are thought to redistribute metals from
extracellular collections and restore intracellular metal
reserves where depleted [11].
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