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Abstract Among the dementias, Alzheimer’s disease
(AD) is the most commonly diagnosed, but there are still
no effective drugs available for its treatment. It has been
suggested that metallothionein-3 (MT-3) could be some-
how involved in the etiology of AD, and in fact very
promising results have been found in in vitro studies, but
the role of MT-3 in vivo needs further analysis. In this
study, we analyzed the role of MT-3 in a mouse model of
AD, Tg2576 mice, which overexpress human Amyloid
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Precursor Protein (hAPP) with the Swedish mutation.
MT-3 deficiency partially rescued the APP-induced mor-
tality of females, and mildly affected APP-induced changes
in behavior assessed in the hole-board and plus-maze tests
in a gender-dependent manner. Amyloid plaque burden
and/or hAPP expression were decreased in the cortex and
hippocampus of MT-3-deficient females. Interestingly,
exogenously administered Zn;MT-3 increased soluble
Af40 and AP42 and amyloid plaques and gliosis, partic-
ularly in the cortex, and changed several behavioral traits
(increased deambulation and exploration and decreased
anxiety). These results highlight that the control of the
endogenous production and/or action of MT-3 could rep-
resent a powerful therapeutic target in AD.

Keywords Alzheimer’s disease - Tg2576 -
Metallothionein - Behavior - Amyloid plaques - Gliosis -
Metals - Survival - Body weight

Introduction

Reflecting an ageing population, for most societies
dementia is becoming a major health burden, representing
high economic and quality-of-life costs. Alzheimer disease
(AD) is far and away the most frequently diagnosed
dementia and its pathognomonic signs include the presence
of extracellular amyloid plaques (aggregated [-amyloid
(Af) peptide) and intracellular neurofibrillary tangles
(hyperphosphorylated tau protein deposits), which are
commonly associated with marked oxidative stress and
inflammation as well as synaptic loss and neuronal death of
the affected brain regions [53]. The Ap peptide, in its many
possible forms (monomers, oligomers, fibrils, amyloid
plaques, etc.), is considered the main causative agent of
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AD pathology, and results from the sequential proteolytic
processing of the amyloid precursor protein (APP) by f-
and y-secretases through the “amyloidogenic pathway”
[27].

It is widely accepted that Ap, particularly in aggregated
or fibrillar forms, triggers pro-inflammatory reactions of
microglia and astrocytes, which usually surround the
amyloid deposits [42]. Moreover, both A accumulation
and Ap-triggered inflammatory response have been found
to enhance the generation of free radicals and oxidative
damage and hence the subsequent increase in the levels of
lipidic, protein, and DNA oxidative stress markers and
antioxidant enzymes present in AD brains and animal
models of the disease [40, 92]. While an essential role for
Af in the pathogenesis of AD is unquestionable, particu-
larly given the genetic underpinnings of a subset of cases,
experimental evidence suggests that other factors, such as
bio-metals, trigger Aff pathogenicity and downstream AD
pathology [1, 12]. Zn, Cu, and Fe binding to Af results in
its aggregation and precipitation and accordingly their
levels have been found to be consistently increased within
Af plaques [29, 91]. It seems plausible that a number of
metal-binding proteins could have a role in AD patho-
physiology, and indeed the metallothionein family may
have a prominent role according to previous studies.

Metallothioneins (MTs) are low-molecular-weight
(6-7 kDa), cysteine-rich proteins with high metal content
(Zn(IT), Cu(I)), which are subdivided into four subfamilies
(MT-1-MT-4) in mammals; MT-1 and MT-2 are present in
most tissues including the central nervous system (CNS)
and are highly inducible by Zn, inflammation, and oxida-
tive stress, whereas MT-3 and MT-4 are found primarily in
the CNS and the stratified squamous epithelia, respectively
[66, 100, 103, 104]. MT-3, originally named Growth
Inhibitory Factor or GIF, was first identified in the brain by
Uchida and coworkers and was proposed to be a major
factor underlying Alzheimer disease; they found decreased
levels of MT-3 in AD brains and demonstrated that MT-3
could inhibit neuronal growth and survival in vitro in the
presence of AD brain extracts [98]. Whether MT-3 levels
are decreased in AD is still debated [2, 9, 16, 21, 36, 43, 65,
96, 102, 105], whereas an inhibitory role of MT-3 on
neuronal survival seems a consistent finding in the pres-
ence of AD brain extracts [41, 86, 89], and it may be the
case with extracts from other species as well [11]. This has
prompted speculation that MT-3 could interact with partner
proteins to elicit its survival and/or other effects, and
indeed a number of partners have been suggested [31, 32,
56, 59, 74]. In contrast, in the absence of brain extracts in
culture, MT-3 is in fact a neuroprotective factor [25, 26, 36,
73, 76, 97]. On the other hand, MT-3 has prominent
inhibitory effects on neuronal sprouting in vitro [26, 97]
and in vivo [19].
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MT-3 is mainly a neuronal protein but also an astrocytic
protein in some conditions [68]. Its concentration is par-
ticularly high in the presynaptic vesicles of zinc-enriched
neurons where it could have a role in synaptic Zn(Il) reg-
ulation [22, 34, 68]. It is secretable [97], and in vitro
studies on cultured cortical neurons demonstrate that it
alleviates the neurotoxic effects of Aff probably by a metal
swap between Zn;MT-3 and soluble and aggregated
Cu(Il)-Af;_40 leading to suppression of reactive oxygen
species (ROS) caused by the redox cycling of Cu(I)-Af
[51, 73, 80]. Yet, MT-3 in fact can cause Af} aggregation
upon cysteine oxidation in Zn,MT-3 and subsequent Zn>"
release, moreover causing the formation of amyloid-type
fibrils in contrast to amorphous Af40_4, aggregates formed
by the addition of Zn** [30, 94]. Thus, MT-3 appears
capable of modulating the metal-dependent aggregation
pathway of Af, the metal-catalyzed radical production, and
the final nature of the Af} aggregates.

In summary, whether MT-3 will be a beneficial factor in
AD neuropathology in vivo is unclear. To give insight in
this matter, we have produced double transgenic mice
presenting AD pathology (Tg2576 mouse AD model) in
addition to MT-3 deficiency, and moreover we have stud-
ied the effect of chronic injection of Zn;MT-3 to Tg2576
mice. The results strongly suggest that attention must be
paid to the role MT-3 in the human disease.

Materials and methods
Animals

The parental strains used in this study were mice deficient
for MT-3 [34], kindly provided by Dr. Richard Palmiter,
and the Tg2576 AD mouse model which expresses the
human APPgos harboring the Swedish K670N/M671L
mutations under the control of the hamster prion protein
promoter [47] (Taconic Europe).

A double crossing strategy was designed to produce the
desired transgenic mice in the same genetic background. In
the first crossing, Tg2576 mice were crossed with MT3KO
mice. From the resultant offspring (APP™"/MT3™~ and
APPY=/MT3%7), the APPT were selected and back-
crossed again with MT3KO mice to obtain the four
genotypes that were used for the experiment: WT (APP~'~/
MT3"7), MT3KO (APP~"/MT3~'7), APPWT (APP™~/
MT3"7) and APPMT3KO (APP™~/MT377); the total
number of mice per group engaged at weaning was 60, 81,
85, and 77, respectively (Fig. 1c). These initial large
groups were needed because significant mortality is caused
by the APP transgene. Depending on the behavioral, his-
tological, or molecular analysis to be carried out and of the
age of the animals, the number of mice per group differs.
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Fig. 1 MT-3 deficiency
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Behavioral analysis of young mice was carried out in a
reduced single set of mice born only a few days apart to
maximize homogeneity; those of old age were carried out
in several separate sets of mice (since they were born over
several months apart) keeping strictly the same environ-
mental conditions, normally with all surviving mice, and
then pooled. Genotype was determined by PCR (APP
primers: 5'-gtg gat aac ccc tec cce age cta gac ca-3’, 5'-ctg
acc act cga cca ggt tct ggg t -3’ and 5'-tgg tgg tag ttg ggg
tca gc -3’; MT-3 primers: 5'-cct agc acc cac cca aag agc
tg-3', 5'-ggt cct cac tgg cag cag ctg ca -3’ and 5'-ggc tet atg
gct tat gag geg ga -3').

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.

Complementing the experiment, a group of ten APPWT
females was chronically administered with Zn;MT-3. Mice
were injected subcutaneously once a week for 19 weeks
(from 44 weeks of age until killing) with a dose of

Oy [40 |Gy [+O |Ox |+O

81 74

81

162 141 303

Oy [40 | Oy [1O | Oy |+O

67

54 pg/animal/week. Behavioral tests, killing, and the rest of
the analysis were performed in parallel with the rest of the
cohort. We did not include a group of mice injected with
vehicle since the amount of mice engaged in the experiment
did not recommend further splitting groups. It is unlikely
though that a s.c. injection per week could have any signif-
icant effect on APP processing and plaques, considering that
all the mice from weaning were subjected to substantial
handling procedures (weighing, behavioral analysis, etc.)
that were as stressful as the s.c. injection procedure might be.

Animals were killed by decapitation and the brain
quickly removed on ice. The right hemisphere was dis-
sected into cortex, hippocampus, cerebellum, and rest of
the brain, frozen with liquid nitrogen, and stored at —80 °C.
The left hemisphere was immersed in 4 % paraformalde-
hyde (PFA) and stored in 70 % ethanol at 4 °C.

Behavioral characterization

Mice were tested in the Hole Board (HB) and the Plus
Maze (PM) paradigms at 4-5 and 14 months of age to
assess activity, exploratory behavior, and anxiety as pre-
viously described [66]. Gender differences in emotional
behavior have been widely described, and, particularly in
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the PM paradigm, it is generally accepted that females’
behavior is mainly driven by activity, whereas male
behavior is more characterized by anxiety [38], thus
making it imperative to separate the behavioral assessment
of both genders.

Sensorimotor reflexes were evaluated at 11 and
14 months of age to assess the balance, reflexes, and
strength of mice with a battery of tests. Briefly, to assess
balance and general motor function, a horizontal flat rod
(easy task) and a cylindrical rod (difficult task) (1 cm wide/
diameter x 50 cm long and 40 cm from floor) were used.
In both tests, mice were placed in the center of the rod for
20 s and the distance covered as well as the latency to fall
were measured. Each animal was tested twice in each rod
with 10-s inter-trial period. The forepaw grip capacity and
strength were assessed in the coat hanger test that consists
of a horizontal bar (1.8 mm diameter x 40 cm length)
flanked by two diagonal bars (1.8 mm diameter x 22 cm
length and inclined 35°) made of steel and placed at a
height of 70 cm from the cushion-covered floor. For the
first two trials, mice were placed in the center of the hor-
izontal bar for 5 s and the ability of the animal to remain
suspended by the forepaws was measured (prehensile
ability test). For the last (3rd) trial, mice were placed in the
center of the horizontal bar for 60 s, the distance covered
and the latency to fall were measured (strength test).

Finally, spatial memory and learning were evaluated at
13 months of age in a subgroup of 25 females using the
Morris Water Maze (MWM) as described in the companion
paper (Manso et al., this volume).

Immunohistochemistry (IHC)

Fixed brains were paraffin-embedded and cut sagittally in
8-um-thick sections for assessing the amyloid plaque load
(primary antibody:4G8-Apf17_54 1:5,000, Signet; secondary
antibody:anti-mouse IgG biotin conjugate 1:400, Sigma)
and astrogliosis (primary antibody:anti-GFAP 1:900,
DakoCytomation; secondary antibody:biotinylated anti-
rabbit IgG 1:300, Vector Laboratories) surrounding the
plaques in cortex and hippocampus using standard proce-
dures. For quantification, three non-consecutive sections
per mouse were used. Photographs of cortex and hippo-
campus were taken with a Nikon Eclipse 400 microscope
(4x). Images were transformed to a gray scale (8 bits) and
analyzed using Scion Image software that computes, after
the selection of a threshold, the area (number of positive
pixels) and mean grey value (range from 1-white- to
256-black-) of the current selection. These measures were
used to calculate the percentage of total area occupied by
specific signal (area occupied by positive pixels/total area
of the selection) x 100 and the volume in arbitrary units
(AU) (area x mean grey value).
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Protein extraction

Frozen cortex samples were weighed with a precision scale
and fractionated using the high-fidelity extraction proce-
dure described by Lesné et al. [64] that separates proteins
in known cellular compartments (i.e., soluble/extracellular,
cytoplasmic, membrane-associated, and insoluble-enriched
protein fractions; the latter fraction was not used due to
methodological problems) and allows quantifying and
comparing four independent pools (fractions A-D) of
transgene-derived AfS species apart from the total cortex
homogenates. 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 NacCl,
2 mM EDTA, 3 % SDS, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 % deoxycholate and protease inhibitor
cocktail (Sigma-Aldrich).

All homogenates and fractions were stored at —80 °C.
Protein concentration was estimated with the BCA protein
assay according to the manufacturer’s instructions (Pierce).

Recombinant human MT-3 expression and purification

A pet-3d (Novagen) plasmid encoding for human MT-3
sequence was used for recombinant protein expression.
Expression in Escherichia coli strain BL21(DE3)pLys and
purification was performed as described previously [37]. The
purity and correctness of the masses of the expressed proteins
were confirmed by SDS-PAGE upon cysteine modification
with monobromobimane [72] and ESI-MS analysis,
respectively. The fully Zn(II)-loaded form Zn;MT-3 was
prepared by metal reconstitution [99]. Zinc-to-protein ratios
were determined by measuring protein concentration
photometrically in 0.1 M HCI (g50 = 53,000 M~' cm™")
and metal content by flame atomic absorption spectroscopy
(SpectrAA-110, Varian Inc.). Cysteine-to-protein ratios
were determined via photometric sulthydryl groups (CysSH)
quantification upon their reaction with 2,2-dithiopyridine in
0.2 M sodium acetate/1 mM EDTA (pH 4) using &343 of
7,600 M~ cm™! [79] and that of zinc by flame atomic
absorption. In all cases, a zinc-to-protein ratio of 7.0 + 0.3
and a CysSH-to-protein ratio of 20 + 2 (MT-3 contains a
total of 20 Cys residues) were obtained.

Western blotting

APP and APP fragments were assessed in cortex and hip-
pocampus homogenates by WB using the 6E10 antibody
(Afi_16 1:2,000, Signet) essentially as described elsewhere
[64]. Briefly, samples were run on NuPage NOVEX
Invitrogen bis—Tris 4-12 % 20-well gels at 130-160 V for
1 h. Membranes were blocked and finally developed with
ECL reagent (Amersham). Images were captured and



Characterization of the role of metallothionein-3 in an animal model

3687

quantified using Bio-Rad Laboratories’ software Quanti-
tyOne ChemiDoc.

Only the specific bands that were present exclusively in
the APP+ genotypes were quantified, i.e., APP/soluble
APPo (x90 kDa, 6E10 recognizes both of them and gel
resolution is insufficient to obtain separated bands), a
14-kDa band that is considered by some authors as an
oligomeric form of Af (trimer) [64], c-terminal fragment
(CTF-) (~12 kDa, this band was also recognized using
an anti-C-ter specific antibody; data not shown) and Af
(~4 kDa). To minimize loading differences, all the bands
analyzed were corrected by f-actin.

Enzyme-linked immunosorbent assay (ELISA)

Determination of Af_49 and Af3;_4, content in cortex and
hippocampus homogenates was done using a Sandwich
ELISA commercial kit (Invitrogen) according to the man-
ufacturer’s instructions. Absorbance at 450 nm was
measured with Labsystems Multiskan Bichromatic micro-
titer plate reader.

Inductively coupled plasma-mass spectrometry
(ICP-MS)

Determination of Cu, Mn, Fe, and Zn in the cortex of
14-month-old mice was done at the Servei d’Analisi Qui-
mic of the UAB. Briefly, samples were wet digested with
HNO; at 60 °C and further diluted into HNO5 1 %. ICP-
MS was performed using an Agilent 7500ce spectrometer
and samples were introduced using a glass nebulizer at a
flow of 0.85 l/min.

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
gender analysis was done. Survival was analyzed using the
Kaplan—Meier survival test, using genotype as a factor with
four levels (WT, MT3KO, APPWT, APPMT3KO). The
rest of the data was analyzed using the generalized linear
model (GLZ) and generalized estimated equations (GEE)
for repeated measures (i.e., body weight or acquisition in
the MWM). In both cases, APP and MT-3 were used as
factors with two levels each: APP4+ and APP— for APP
and MT3WT and MT3KO for MT-3. In addition, in GEE
analysis, “time” was used as a within-subject factor. In
parameters such as amyloidosis, which is not present in
APP— genotypes, only APP+ genotypes were analyzed,
using MT-3 as grouping factor. The Zn;MT-3 chronic
administration experiment was analyzed using GLZ and
Zn;MT-3 injection as main factor. Very occasionally, some

animals were excluded from statistical analysis because its
value was extreme according to SPSS criteria. Statistical
significance was defined as p < 0.05 and marginal signif-
icance as p < 0.1.

Results

MT-3 deficiency rescues APP-induced mortality
but not body weight loss in a gender-dependent manner

According to the literature, the expression of hAPP transgene
increases mortality in both males and females, with the for-
mer being more conspicuously affected (x60-70 % and
~25 %, respectively) (Fig. 1a). Consistent with previous
studies, APP+ genotypes had lower body weights than their
APP— controls throughout the period studied (Fig. 1b). No
significant effect due to MT-3 absence was observed neither
in males’ survival (Fig. 1a) nor in both genders’ body weight
(Fig. 1b); however, MT-3 deficiency clearly tended to pre-
vent hAPP-induced mortality in females (p = 0.054)
(Fig. 1a). Weekly injection of Zn;MT-3 protein to a sub-
group of APPWT females from week 44 until killing did not
significantly affect survival or body weight (Fig. 1a, b).

Analysis of the Mendelian distribution of the pups that
were born was as expected, and there were no underrep-
resented genotypes (Fig. 1c), hence ruling out the
occurrence of hAPP-induced intrauterine or perinatal
(before weaning) mortality in this crossing.

Tg2576 behavioral phenotype is influenced by MT-3
deficiency and chronic Zn;MT-3 injection

Activity, exploratory behavior, and anxiety

As previously described, APP+ genotypes from both sexes
and ages (4-5 and 14 months of age) clearly tended to be
hypoactive compared to controls as suggested by the
decreased number of rearings (Fig. 2c) and deambulations
(Fig. 2d) in the HB and the lower number of entries in the
closed arms of the PM (Fig. 3b). However, high variability
precluded statistical significance in some of these param-
eters and only the number of rearings (Fig. 2c) and the
number of entries in the closed arms (Fig. 3b) of young
males and old females and the number of deambulations
(Fig. 2d) of old females reached significance.

Regarding exploratory activity (number and time of
head dipping in the HB), it was consistently increased in
APP+ genotypes at both ages tested (Fig. 2a, b), although
the effect, at least in young mice, was more obvious in
APP+ females.

As expected, anxiety levels of APP+ genotypes were
decreased compared to controls as evidenced by the
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increased number of entries (Fig. 3a), time spent (Fig. 3c¢),
percentage of entries (Fig. 3e), and percentage of time
spent (Fig. 3f) in the open arms of the maze. However, this
effect was only clearly noticeable in young mice and
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<« Fig. 2 Hole-board test (HB) at 4-5 and 14 months of age. Explor-

atory behavior (a, b) and activity (c, d) were evaluated with the HB at
4-5 (young) and 14 (old) months of age. The number (a) and time
(b) of head dipping (HD) were increased in both genders of APP+
mice, indicating an increased exploratory behavior of APP+ mice
compared to controls. MT-3 absence in APP— decreased young
males’ exploratory behavior and increased that of old females, while
interestingly in young APP+ females MT-3 deficiency partly
prevented from the hAPP-induced increases in exploratory activity
(a, b). Chronic injection of Zn;MT-3 significantly increased explor-
atory activity (a, b). The number of rearings (c¢) and deambulations
(d) tended to be decreased in APP+ genotypes from both sexes and at
both ages, but MT-3 deficiency had no effect on mice activity.
Chronic Zn;MT-3 injection significantly increased vertical and
horizontal activity of APPWT females (c, d). Data represents
mean £ SEM (n = 6-16 and 9-27 for young and old mice,
respectively), and they were analyzed using GLZ with hAPP and
MT-3 deficiency or Zn;MT-3 injection as factors.‘p < 0.05 vs.
APP—;*p < 0.05 vs. MT3WT;*p < 0.05 significant interaction
between both factors;Yp < 0.01 vs. APPWT

tended to disappear in most of the parameters assessed in
the old ones, perhaps due to the advanced age of testing.

MT-3 effects on behavior were complex and gender-
and genotype-dependent. Thus, while MT-3 deficiency in
APP— mice had no effect on activity (Figs. 2c, d, 3b), it
tended to decrease and increase exploratory behavior of
males and females, respectively (Fig. 2a, b). Gender also
affected anxiety levels of young MT-3-deficient mice in a
inverse manner, with females more anxious and the
opposite for males. In old APP— mice, MT-3 deficiency
showed similar effects for females but not for males
(Fig. 3).

A different pattern emerged in APP+ mice, with some
aspects of the behavioral phenotype significantly reversed
by the absence of MT-3. For instance, MT-3 deficiency
decreased the exploratory activity of young APP+ females
(Fig. 2a, b), increased the activity in the HB (Fig. 2d), and
diminished the anxiety levels of old males and females
(Fig. 3a, c, e, f).

On the other hand, chronic injection of Zn;MT-3 into
APP+ females significantly increased their activity in the
HB (Fig. 2c, d) although not in the PM (Fig. 3b), increased
their exploratory activity (Fig. 2a, b) and decreased their
anxiety levels (Fig. 3a, c, d, e, f) compared to age-matched
APPWT females.

Sensorimotor reflexes

Motor coordination and strength were evaluated in 11- and
14-month-old mice using a battery of three tests. At
11 months of age, the sensorimotor reflexes (balance,
prehensile reflex, and strength) of mice from both genders
were not affected either by hAPP transgene presence or by
MT-3 absence (Fig. 4); however, MT-3 null males covered
significantly less distance during the strength test compared
to controls (not shown).
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Fig. 3 Plus-Maze test (PM) at 4-5 and 14 months of age. The
number of entries (a) and time spent (c) in the open arms (OA) of the
PM, together with the percentage of entries [(n° entries OA/n° entries
OA + n° entries closed arms, CA) x 100] (e) and the percentage of
time spent in the OA [(time spent OA/time spent OA 4 time spent
CA) x 100] (f) of the PM were increased in APP+ genotypes,
specially at young ages evidencing its less anxious phenotype. MT-3
absence tended to increase anxiety of young females (¢, f) and
decreased it in young males (a). Interestingly, in old APP+ mice,
MT-3 absence significantly prevented from the decreased anxiety

With further aging, the sensorimotor abilities of all
genotypes tended to worsen, especially at the horizontal
cylindrical rod (Fig. 4b) and the prehensile (Fig. 4c) and
strength tests (Fig. 4d), although no changes could be
observed in easier tasks such as the horizontal flat rod
(Fig. 4a). At 14 months of age, MT-3-deficient females
showed higher latencies to fall both in the prehensile test
(Fig. 4c) and the strength test (Fig. 4d) than their age-mat-
ched controls. This trend was also apparent in the latency to
fall from the cylindrical rod of APP— females (Fig. 4b), but
noteworthy in APP+- females MT-3 deficiency decreased the
latency to fall, and the same tendency was observed in males.
No significant differences between males’ genotypes were
observed in any of the other parameters measured (Fig. 4).

Chronic injection of Zn;MT-3 significantly increased
the distance covered during the flat rod equilibrium test
(data not shown) and decreased the latency to fall from the

levels observed in APPWT mice (a, c—f). Chronic Zn;MT-3 injection
significantly decreased anxiety levels compared to APPWT females
(a, c—f). The number of entries in the CA (b) was used as an activity
measure; in line with HB results, APP+ mice tended to be
hypoactive, and neither MT-3 absence nor Zn;MT-3 chronic injection
affected this parameter. Data represents mean + SEM (n = 6-16 and
9-27 for young and old mice, respectively), and they were analyzed
using GLZ with hAPP and MT-3 deficiency or Zn;MT-3 injection as
factors. ‘p < 0.05 vs. APP—; *p < 0.05 vs. MT3WT; *p < 0.05
significant interaction between both factors; vp < 0.01 vs. APPWT

cylindrical rod (Fig. 4b) compared to controls, with no
differences in the rest of variables measured (Fig. 4).

Spatial learning and memory

At 13 months of age, a cohort of 25 females was tested in
the MWM. In the first phase of the test, the hidden platform
test, all genotypes learned how to locate the submerged
platform using external cues as evidenced by the decreased
escape latencies through the training period (p < 0.001)
(Fig. 5a), the increased percentage of time spent in the
target quadrant (TQ) (Fig. 5c) and the increased number of
target crossings (Fig. 5e). Nevertheless, no differences due
to hAPP presence or MT-3 absence could be observed.
When challenged to learn a new platform location in phase
two, the four genotypes did not significantly differ either in
the spatial memory and learning process (Fig. 5b) or in the
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<« Fig. 4 Sensorimotor reflexes at 11 and 14 months of age. The motor

coordination (balance, prehensile reflex) and strength of mice from
both sexes at 11 (11 mo) and 14 (14 mo) months of age was assessed
using a battery of tests: the horizontal flat rod (a), the horizontal
cylindrical rod (b), and the coat hanger test (¢, d). In all tests, both the
distance covered during the test and the latency to fall were measured
but only the latter is shown. When the balance of the mice was tested
in a flat rod (easy task) (a) all animals performed almost perfectly and
no differences between genotypes could be observed at any age in any
gender. When tested in the cylindrical rod (difficult task) (b), 11-mo.
mice from both sexes showed no differences between genotypes.
With further aging, mice balance tended to worsen and latencies to
fall decreased. Noteworthy, the increased latency to fall observed in
APPWT females compared to controls was prevented by MT-3
deficiency. On the other hand, Zn;MT-3 chronic injection signifi-
cantly decreased the latency to fall. In the prehensile (c¢) and the
strength test (d), no differences between genotypes could be observed
in the 11-mo. mice, 14-mo. males, and Zn;MT-3-injected females;
however, in 14-mo. females, MT-3 absence significantly increased the
latency to fall. Data represents mean = SEM (n = 5-15 and 10-38
for 11-mo. and 14-mo. mice, respectively), and they were analyzed
using GLZ with hAPP and MT-3 deficiency or Zn;MT-3 injection as
factors. ‘p < 0.05 vs. APP—; *p < 0.05 vs. MT3WT; *p < 0.05
significant interaction between both factors; vp < 0.02 vs. APPWT

all genotypes showed similar escape latencies the first
testing day (day 15); interestingly, MT3KO females
showed increased escape latencies compared to controls on
the second day of testing (day 16), perhaps reflecting an
inability of this group to change the search strategy.

MT-3 deficiency decreases amyloid plaque load
whereas chronic injection of Zn;MT-3 increases plaque
load and the associated astrocytosis

The amyloid plaque load of the 14-month-old mice was
evaluated by IHC using 4G8 specific antibody (Fig. 6a, b). In
general, MT-3 deficiency tended to decrease the amyloid
plaque load in the hippocampus of both female and male mice,
although statistical significance was only reached for the Af
staining intensity of the hippocampus of females (Fig. 6a). In
the cortex, no significant differences were observed.

The chronic injection of Zn;MT-3 to APPWT females
notably increased the amyloid burden in the cortex com-
pared to APPWT controls as evidenced by the increased
percentage of area occupied by plaques and the increased
volume (Fig. 6b). In contrast, hippocampal amyloid burden
was not significantly affected by Zn;MT-3 injection, and, if
anything, it tended to be decreased (p = 0.065 for the
staining intensity) (Fig. 6a).

Amyloid plaques are commonly associated with gliosis,
hence, IHC using anti-GFAP antibody was next assayed to
evaluate astrocytosis (Fig. 6¢c, d). The most consistent
results were obtained in the cortex, where GFAP staining
was clearly increased in APP+ mice, and the chronic
injection of Zn;MT-3 further increased it (Fig. 6d); MT-3
deficiency did not modify the phenotype of APP+ mice,
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Fig. 5 Morris Water Maze at
13 months of age. Spatial
memory and learning of
13-month-old females was
assessed in the MWM. Despite
that the mice learned through
the training period of both the
first and the second phase, no
differences in the latency to
reach the hidden platform (a, b),
the percentage of time spent in
the TQ (retention) (¢, d), and the
number of target crossings

(e) were evident among
genotypes. The visible platform
test (f), which is better solved
with a stimulus—response
strategy rather than a spatial
one, evidenced that MT-3
deficiency, at least on the
second day of training,
significantly increased escape
latency. The dotted line in
graphs ¢ and d represents the
percentage of time, that by
chance and not because of a
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but it tended to decrease GFAP staining of female APP—
mice. The results for the hippocampus were less clear-cut
since basal hippocampus GFAP immunostaining is already
very high in control mice; yet, an increase of GFAP
immunostaining was seen in APP+ male mice, and the
injection of Zn;MT-3 increased GFAP staining (Fig. 6c¢).

MT-3 absence decreases hippocampal Af precursor
protein (APP) in females only, while Zn;MT-3
injection increases APP proteolytic fragments

To characterize APP and its proteolytic fragments in the
hippocampus, total homogenates from female mice were
analyzed by WB (Fig. 7a, b) and ELISA (Fig. 7c). MT-3
deficiency significantly decreased the APP levels without
affecting Af, CTF-f and the putative 14-kDa oligomer levels
(Fig. 7a, b). The ELISA confirmed the WB results (Fig. 7c).
Male hippocampi were also analyzed but MT-3 deficiency
had no effect on the endpoints examined (data not shown).
The analysis of Zn;MT-3-injected APP+ females
showed that the levels of the different APP fragments were
increased compared to non-injected females (Fig. 7a, b);

further analysis by ELISA indicated that Af; 4, was
probably the primary form increased by Zn;MT-3 chronic
injection (Fig. 7c).

MT-3 absence decreases cortical Aff precursor protein
(APP) in females only, while Zn;MT-3 injection
decreases APP and CTF-f

Consistent with hippocampal results, total cortex homoge-
nates from APPMT3KO females showed decreased levels of
APP, and in addition they also showed a trend for decreased
CTF-f levels compared to APPWT females (Fig. 8a, c). No
significant differences between genotypes could be observed
when the different cortical fractions were analyzed by WB,
although APP and CTF-f levels tended to be decreased in the
extracellular-enriched fraction (p = 0.092 and p = 0.059,
respectively) and CTF-f also in the membrane-associated
enriched protein fraction (p = 0.060) (data not shown).
Afi_40 and ApP,_4 showed opposite tendencies in the
membrane-associated enriched protein fraction as analyzed
by ELISA (Fig. 8e), perhaps explaining the lack of differ-
ences observed in the analysis of Aff by WB.
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Fig. 6 Amyloid plaque burden and concomitant astrocytosis. Amy-
loid plaque content (a, b) and the concomitant astrocytosis (¢, d) of
14-month-old mice were evaluated in hippocampus (a, ¢) and cortex
(b, d) using two measures: the percentage of area occupied by specific
immunostaining (left) and the intensity of staining (volume, right). In
the hippocampus (a), MT-3 deficiency significantly decreased the
amyloid staining intensity in females and the same trend could be
observed in the percentage of area occupied by plaques and also in
males’ measures. Zn;MT-3 chronic administration had no significant
effect on hippocampus amyloidosis. In the cortex (b), MT-3 absence
had no significant effect in any gender or measure but the trends were
similar to the observed in the hippocampus. Zn;MT-3 chronic
injection notably increased amyloid burden compared to controls. No

WB analysis of total cortical homogenates from males
showed no differences due to MT-3 deficiency in any of the
quantified bands (data not shown); nevertheless, MT-3
absence increased CTF-f levels in the membrane-associated
enriched protein fraction and tended to increase putative
trimers and Af monomers (p = 0.095 and p = 0.054
respectively) (Fig. 8b, d). No differences could be observed
in the other fractions analyzed (data not shown).

On the other hand, the injection of Zn;MT-3 to
APPWT females significantly decreased APP levels

@ Springer

28000
21000
7000
-0

(swinjoA) Buluieys

v 0

][%]I]
\

* .

.
APP-  APP+ APP-  APP+

differences or even decreased hippocampal astrocytosis (c) levels
were found in APP+ females compared to controls. APP+ males, in
contrast, presented increased astrocytosis levels although only the
volume reached significance. MT-3 deficiency had no effect in any
gender. Zn;MT-3 chronic injection significantly increased GFAP
levels. In the cortex (d), both genders presented increased plaque-
associated GFAP levels, however, no differences due to MT-3
absence were evident. Zn;MT-3 chronic administration significantly
increased astrocytosis compared to controls. Results are mean =+ -
SEM (n = 9-12), and they were analyzed using GLZ with hAPP and
MT-3 deficiency, MT-3 deficiency or Zn;MT-3 injection as factors.
*p < 0.05 vs. APPWT mice; ®*p < 0.05 vs. APP— mice Yp < 0.02
vs. APPWT

compared to controls in total cortex (Fig. 9a, d) and in the
extracellular (Fig. 9b, e) and the cytoplasmic-enriched
protein fractions (Fig. 9c, f). Moreover, it also decreased
CTF-f levels in total cortex (Fig. 9a, d) and the extra-
cellular-enriched protein fraction (Fig. 9b, e). Further
analysis of the membrane-associated enriched protein
fraction by ELISA showed that chronic injection of
Zn;MT-3 significantly increased Afj;_4, levels and also
the sum of both monomeric species (Afj_49 + AB1_42)

(Fig. 9g).
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Fig. 7 Analysis of APP and its proteolytic fragments in the
hippocampus of female mice. Total hippocampal homogenates were
analyzed by WB and ELISA to further characterize APP and its
proteolytic fragments. Representative WB band pattern (a) obtained
with 6E10 antibody. b MT-3 absence decreased APP levels but not its
proteolytic fragments while Zn;MT-3 injection increased all APP-
derived fragments without affecting APP levels. ELISA analysis
(¢) evidenced that MT-3 injection significantly increased Af;_4»
levels despite the same trend was observed for Af; 4. Data
represents mean = SEM (n = 10-22) and was analyzed using GLZ
with MT-3 deficiency or Zn;MT-3 injection as factors. *p < 0.005
vs. APPWT mice Yp < 0.02 vs. APPWT

MT-3 deficiency tends to increase Cu levels
in both genders

Metal content was analyzed in total cortical homogenates
by ICP-MS in aged mice (14 months old) from both
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Fig. 8 Analysis of APP and its proteolytic fragments in the cortex.
Total cortical homogenates and different cortical fractions were
analyzed by WB using 6E10 antibody. Representative WB pattern
(a) of females’ total cortical homogenate and (b) of male’s
membrane-associated enriched protein fraction. ¢ MT-3 absence
significantly decreased APP and CTF-f levels in females’ total
cortical homogenates. d MT-3 absence significantly increased CTF-f8
levels in males’ membrane-associated enriched protein fraction.
e Females’ membrane-associated enriched protein fraction analysis by
ELISA revealed no differences between genotypes in any Af specie.
Data represents mean + SEM (n = 8-10), and was analyzed using
GLZ with MT-3 deficiency or Zn;MT-3 injection as factors.
*p < 0.02 vs. APPWT

genders (Fig. 10). Neither hAPP presence nor MT-3
absence, nor Zn;MT-3 injection exerted any significant
effect on females’ metal content, although MT-3 absence
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tended to increase Cu levels (p = 0.085) and Zn,MT-3
injection tended to increase Mn (p = 0.072), Fe
(p = 0.093), and Zn (p = 0.067) levels compared to con-
trols. Similarly, hAPP presence had no significant effect on
males’ cortical metal content; MT-3 deficiency signifi-
cantly increased Cu levels compared to controls although
no effects could be observed in the other metals analyzed.
Interestingly, MT-3 deficiency tended to decrease Zn levels
in the presence of hAPP transgene but had no effect in its
absence (p = 0.057).
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Statistical GLZ combined analysis using APP, MT-3
and sex as factors revealed that females presented higher
Mn and Zn levels than males (p < 0.02).

Discussion
The role of MT-3 in AD pathogenesis has long been con-

troversial. Despite originally reported to be down-regulated
in AD patients [95, 98, 105], no differences and even
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increased levels of MT-3 have also been found in AD
patients as well as in mouse models of the disease [2, 15,
16, 36, 43]. In vitro data supports a neuroprotective role of
MT-3 against Af-induced neurotoxicity [30, 51, 52, 73]
with metal swap between Zn;MT-3 and AfS-Cu(Il) as the
underlying mechanism [73]. Recent in vivo data also
supports a protective role of MT-3 against Af toxicity in

<« Fig. 10 Total Mn, Fe, Cu, and Zn content are not dramatically

affected by hAPP presence, MT-3 absence and Zn;MT-3 injection.
Total cortex homogenates from the 14-month-old mice from both
sexes were analyzed by ICP-MS. No differences between genotypes
were found in females, neither by hAPP presence, nor by MT-3
absence, nor by Zn;MT-3 injection. In males, MT-3 deficiency
significantly increased Cu levels but had no effect in the rest of metals
assessed. hAPP presence did not significantly affect metal content in
this gender either. Results are pg of metal/g of tissue (mean = SEM;
n = 9-10), and they were analyzed using GLZ with hAPP and MT-3
deficiency as main factors. *p < 0.05 vs. MT3WT mice

Drosophila [48], however the role of MT-3 in AD mice
models is still unknown.

In the current study, we report for the first time in a
transgenic (Tg) AD mouse model, the Tg2576, the
involvement of MT-3 in AD progression. hAPP-induced
lethality, a widely described phenomenon in hAPP Tg
mice [8, 14, 33, 49, 82, 88], tended to be reduced in
females when MT-3 was absent, suggesting a detrimental
role of MT-3 isoform rather than a neuroprotective one at
least in this gender. Since MT-3 effects have been
reported to be dependent on the injury severity [17] and
mortality was more severe in males, it is possible that in
this context the MT-3 effect was blunted. However, body
weight, which as expected was significantly reduced in
APP+ genotypes from both genders (average 20-30 %
reduction) [93], was not affected by MT-3. While the
precise mechanisms are unclear, several reports support a
role of reactive oxygen species in hAPP-induced mortality
since SOD1 overexpression dramatically decreases mor-
tality of APP mice [14, 49]. On the other hand, increased
Cu bioavailability has also been shown to have a bene-
ficial effect on life span in hAPP Tg mice [82]. Brain Cu
levels in several of these models are found to be
decreased [69, 70, 82] and this could be impairing SOD1
activity and other Cu (and Zn)-dependent enzymes thus
promoting mortality [8]. Interestingly, but at odds with
previous reports [34, 35], in our experiment, brain Cu
levels of MT3KO genotypes from both genders tended to
be increased compared to controls and could be modu-
lating and normalizing SODI1 activity hence preventing
premature death [8]. Moreover, considering the affinity
and high metal-binding capacity and plasticity of the Zn-
MT-3 isoform [78] it could be speculated that in MT-3
null mice bio-metals would be more bioavailable [83] and
this could also be beneficial for preventing APP-induced
lethality. Of notice SOD1 overexpression [10] but not
increased Cu bioavailability [8, 88] protected against
hAPP-related lower body weights suggesting different
mechanisms underlying survival and body weight that
could explain the lack of effect of MT-3 deficiency in the
body weight observed in our experiment.
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Increased Cu bioavailability in APP models has also
been found to significantly reduce amyloid burden [8, 82],
and in fact in our study cortical amyloid burden (measured
by IHC) tended to be reduced in MT-3-deficient mice, and
this reduction was also observed in the hippocampus
although only females reached statistical significance.
MT-3 concentration is particularly high in the presynaptic
vesicles of zinc-enriched neurons of the cerebral cortex and
hippocampus [34], with CA3 neurons of the hippocampus
expressing the highest MT-3 levels [68]. The histochemi-
cally reactive Zn pool contained in these synaptic vesicles
is the one thought to predominantly contribute to amyloid
deposition [63] and even though under steady-state con-
ditions MT-3 is not critical for the regulation of this pool
[34] in stimulated conditions MT-3 has been proposed to
have a role in synaptic Zn regulation and more concretely
in its recycling [6]; moreover, the response of mice defi-
cient for ZnT3 transporter, thus devoid of synaptic Zn, to
kainic acid is comparable to that of ZnT3KO 4 MT3KO
mice, suggesting that both ZnT3 and MT-3 function in the
same pathway [22]. Since double Tg mice expressing
hAPP and deficient for ZnT3 transporter present reduced
levels of amyloid plaques [63] it is conceivable that MT-3
deficient mice in this context also present reduced amyloid
burden. Analysis of amyloidosis by WB showed that in
both regions assessed APP levels were decreased in MT-3
deficient females. Changes in APP levels modify the
available substrate for o- and f-secretase proteolytic
cleavage, however, CTF-f§ levels were only decreased in
the cortex of MT3KO females while no differences in
CTF-f or in the Af monomer were evident in hippocam-
pus. No consistent effects due to MT-3 absence could be
observed on amyloidosis in the male mice, perhaps
reflecting a lower or even blunted effect of MT-3 in this
gender as happened with survival.

Exogenous administration of MT-3 has been shown to
exert a number of effects in the CNS in mouse models of
brain injury where the blood-brain barrier (BBB) has been
disrupted [17, 46, 81]. Noteworthy, the BBB of Tg2576
mice has been reported to be severely compromised in the
vicinity of the amyloid plaques [28, 58], thus allowing the
access of Zn;MT-3 to CNS. Chronic administration of
Zn;MT-3 to Tg2576 females had no effect on survival or
body weight (probably because these are early events and
Zn;MT-3 administration began at 11 months of age),
however, it markedly influenced amyloidosis and inflam-
mation. In hippocampus, Zn;MT-3 injection increased
oligomer (putative trimers) CTF-f and Af levels without
altering APP synthesis, suggesting that Zn;MT-3 might be
modifying secretase activity; as BACE can be modulated
by copper/copper chaperones [4] the Zn;MT-3 effect on
secretase activity might be related to the modulation of the
metal binding properties of secretase. Accordingly, ELISA
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data showed increased levels Af1_4, in Zn;MT-3-injected
females, nevertheless no significant differences in amyloid
plaque content (measured by IHC) could be observed.
Several authors suggest that, in vivo, Af|_4, trimers may
be critical for the formation of higher-order non-fibrillar
assemblies while dimers may follow a different pathway
and may represent critical nucleation steps towards fibril-
lization and amyloid plaque formation [71] hence
supporting the existence of separate and distinct aggrega-
tion pathways [77]. Interestingly, in vitro studies using
cortical cultures exposed to Af [51] found that MT-3
protected from Af neurotoxicity and proposed that it may
antagonize Aff neurotoxic activity by abolishing the for-
mation of fibrillar, SDS-insoluble aggregate forms and
enhancing the formation of the amorphous, SDS-soluble
Af aggregate forms [51]. In this scenario, MT-3 would
increase the SDS-soluble Af pool by enhancing the for-
mation of amorphous SDS-soluble Af aggregates but
without necessarily modifying amyloid burden [73].
Moreover, the increased levels of Af;_4, (more prone to
aggregate) or even MT-3 itself, might be favoring the
oligomeric pathway over the fibrillization pathway, thus
resulting in increased levels of Af_4, trimers in the AP-
PWT-injected females. Conversely, in cortex, chronic
Zn;MT-3 injection markedly increased the cortex amyloid
plaque content and decreased APP and CTEF-f levels
without affecting Aff monomers or oligomers compared to
non-injected APPWT females. Interestingly, when Af
levels were measured by ELISA in the membrane-associ-
ated protein enriched fraction (that probably contains the
less soluble pool of Af}), Zn;MT-3 administration signifi-
cantly increased Af;_4o and of Af_40 + Af 4 levels.
Data obtained supports the notion that in the cortical
region, the plaque formation pathway is favored over the
oligomeric one since both the less soluble pool of A and
the amyloid burden are increased while the oligomeric
forms are unaffected by Zn;MT-3 injection. Taken toge-
ther, these data suggest that the effect of MT-3 is gender-
and region-dependent. Moreover it suggests that MT-3
effect on amyloid deposition is likely to be independent
from its effect on APP synthesis and processing.

The Tg2576 behavioral phenotype has been widely
characterized, and there is divergent data reported for
several behavioral traits. According to our previous reports,
in general APP4 genotypes were hypoactive, had
increased exploratory activity and were less anxious than
their age-matched controls. However, due to the advanced
age of testing some of these traits, i.e., anxiety, they had
faded with aging. MT-3 deficiency did not dramatically
affect any of these behavioral traits, but notably, Tg2576
behavioral phenotype was significantly influenced by MT-3
absence in some parameters. For instance, MT-3 absence
significantly reduced the anxiety levels of old APP+ mice.



Characterization of the role of metallothionein-3 in an animal model

3697

On the other hand, chronic injection of Zn;MT-3 notably
increased activity and exploratory activity and decreased
anxiety levels compared to controls. Whether these effects
are because MT-3 (absence/injection) is somehow exacer-
bating Tg2576 phenotype (less anxiety, increased
exploratory activity) or because it is delaying age-related
cognitive decline on APPWT mice we cannot know. The
general motor condition of Tg2576 mice has also been
described to be impaired even at early ages [5, 54, 55],
however some authors report no differences in the Tg2576
and other AD models even at old ages [60, 61, 67]. In line
with the latter reports, in our experiment general motor
condition (balance, prehensile reflex and strength) was not
affected by hAPP presence not even after widespread
deposition of Af. MT-3 absence had no consistent effect in
males at any age or in 11 months old females, however in
14 months old females it improved prehensile reflex and
strength while in the APP4-, as happened in other neuro-
degenerative scenarios, such as the G93A SODI model of
Amyotrophic Lateral Sclerosis, it worsened the balance
[85]. Paradoxically, chronic injection of Zn;MT-3 also
impaired balance. Finally, impaired cognition has also been
widely described in the Tg2576 and other AD mouse
models [24, 84]; nevertheless when 13 months old females
were tested in the MWM, no differences between geno-
types emerged due to hAPP presence, in agreement with
other reports [44]. Noteworthy, the low percentage of time
that mice spent in the target quadrant, especially when the
platform was re-located in a new position, suggests poor
spatial retention perhaps related with the advanced age of
the subjects tested. Similarly, MT-3 deficiency had no
effects in spatial learning and memory [34, 57], however it
impaired visible platform escape latency. Our results sup-
port that there is no obvious relationships between amyloid
deposits and behavioral changes [45] and that age-related
decline could be masking hAPP and/or MT-3 effects.
Aging, the main risk factor for AD, is invariably
accompanied by depletion of sex steroids which have been
shown to significantly contribute to AD risk in both women
and men [101]. In general, epidemiological evidence sup-
ports an increased prevalence and severity of AD in women
[3, 7, 90] Several AD mouse models, including the Tg2576
mice, also show prominent gender differences that can
eventually be explained by sex hormones differences [13,
18, 20, 87]. Noteworthy, experiments crossing Tg2576
mice with mice lacking ZnT3 evidenced that with aging,
females showed higher levels of synaptic zinc as well as
increased levels of insoluble Aff and amyloid plaques than
males, and these differences between genders disappeared
when ZnT3 transporter was absent, suggesting that syn-
aptic Zn and its recycling, a process in which MT-3 has
been suggested to be involved, have a crucial role in
amyloid deposition [62]. Indeed several studies evidence

that MT-3 is modulated by sexual steroids [23, 75] and
suggest a relation between MT-3, Zn content and sex
hormones [50]. Altogether our results showing clear gen-
der-dependent changes are consistent with previous studies
in both human and AD mouse models which demonstrate
sexual dimorphism and a participation of sexual steroids in
modulating several aspects of AD pathology.

Taken together we have demonstrated for the first time
in a Tg AD mouse model that MT-3 is able to alter the
Tg2576 phenotype in several aspects such as mortality and
behavior in a gender-dependent manner. Moreover, we
have also evidenced a complex effect (gender-, region- and
severity-dependent) of MT-3 on the amyloid cascade that
could be modulating the different aggregation pathways of
Af. These results highlight that the control of the endog-
enous production and/or action of MT-3 could represent a
powerful therapeutic target in AD.
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