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Abstract. Alzheimer’s disease (AD) is a neurodegenerative disorder affecting tens of millions of people worldwide, with
women being at greater risk of developing the disease. A growing body of evidence suggests transthyretin (TTR) as an important
modulator of AD pathogenesis. Aiming at providing further insight into the potential neuroprotective role of TTR and gender
differences in AD, we crossed transgenic A�PPswe/PS1A246E mice with TTR-null mice and investigated both male and female
A�PPswe/PS1A246E/TTR+/+, A�PPswe/PS1A246E/TTR+/−, and A�PPswe/PS1A246E/TTR−/− animals for brain amyloid-
� (A�) levels and deposition. The levels of circulating TTR between non-transgenic and AD mice were evaluated. Decreased
levels of circulating TTR in AD mice as compared to non-transgenic littermates were observed in early stages of AD-like
neuropathology, but not at later stages where an opposite relationship was found. Elevated brain levels of A�42 were observed
in A�PPswe/PS1A246E/TTR+/− female mice as compared to A�PPswe/PS1A246E/TTR+/+ female littermates; no significant
differences were found among males of different TTR genotypes. We subsequently quantified the brain levels of testosterone
and 17�-estradiol in these animals and verified that A�PPswe/PS1A246E/TTR+/− female mice present reduced brain levels of
both hormones as compared to A�PPswe/PS1A246E/TTR+/+ females; no significant differences were detected among males
of different TTR genotypes. Our results provide evidence for a gender-associated modulation of brain A� levels and brain sex
steroid hormones by TTR, and suggest that reduced levels of brain testosterone and 17�-estradiol in female mice with TTR
genetic reduction might underlie their increased AD-like neuropathology.
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INTRODUCTION

Alzheimer’s disease (AD), the most common cause
of dementia worldwide, is a devastating incurable
neurodegenerative disorder. Clinically, patients ini-
tially manifest memory decline and, as the disease
progresses, other cognitive domains become severely

∗Correspondence to: Maria João Saraiva, Molecular Neurobi-
ology, IBMC, Rua do Campo Alegre, 823, 4150-180, Porto,
Portugal. Tel.: 00351 22 6074900; Fax: 00351 22 6099157; E-mail:
mjsaraiv@ibmc.up.pt.

affected. The disease is pathognomically characterized
by the occurrence of extraneuronal amyloid plaques,
consisting of aggregates of amyloid-� (A�) peptide,
and intraneuronal neurofibrillary tangles composed
of aggregates of abnormally hyperphosphorylated tau
protein. Further pathological changes include cellular
inflammatory responses and other cellular disturbances
resulting from calcium dyshomeostasis, defective pro-
teolysis, and oxidative stress [1–3]. It is noteworthy
that epidemiological and neuropathological studies
have provided evidence for gender differences in AD,
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with women being more susceptible to developing the
disease than men [4].

It is crucial to understand the molecular pathways
that lead to AD pathology. Although being the sub-
ject of very intensive research, the exact cascade(s)
of mechanisms is still unknown. Several lines of evi-
dence suggest that transthyretin (TTR), a plasma and
cerebrospinal fluid (CSF)-circulating 55 kDa homote-
trameric protein, has an important role in AD. TTR
and other few CSF proteins (such as apolipoproteins
E, J, and A1) have been shown to bind soluble A�
in vitro and to prevent A� from forming amyloid
fibers [5]. By mediating its solubility and transport,
these A� sequesters constitute potential contributors
to its clearance from the brain. Further, in vitro stud-
ies performed in our laboratory have shown that
TTR is able to proteolytically cleave A�, with the
resulting peptides being less amyloidogenic [6]. Inter-
estingly, decreased levels of TTR have been found
in the CSF of elderly AD patients [7]. Further, the
levels of TTR in the CSF of AD patients have been
shown to be inversely correlated with A� plaque bur-
den [8]. Over the last decade, data from transgenic
mouse models provided further in vivo evidence for
a role of TTR in AD, although the results have not
always been consistent. Lazarov and colleagues [9]
reported that A�PPswe/PS1�E9 mice exposed to an
enriched environment presented reduced A� levels and
amyloid deposits, this being associated with altered
expression of several genes including upregulation
of TTR. The work by Choi et al. [10] has shown
that the levels and deposition of brain A� were ele-
vated in A�PPswe/PS1�E9/TTR+/− mice compared
with their A�PPswe/PS1�E9/TTR+/+ counterparts.
Subsequently, Buxbaum and coworkers [11] have
also shown evidence for a protective role of TTR
since A�PP23/TTR−/− mice presented increased A�
deposition as compared to A�PP23/TTR+/+ ani-
mals. Moreover, A�PP23 mice overexpressing human
TTR had improved cognition and diminished lev-
els and deposition of brain A�. On the other hand,
the works by Wati et al. [12] and Doggui et al.
[13] reached different conclusions. Wati and col-
leagues [12] reported reduced total and vascular
A� burdens in Tg2576/TTR−/− mice as compared
to Tg2576/TTR+/−, and Doggui et al. [13] have
shown reduced A� plaque burden in the hippocam-
pus of TgCRND8/TTR+/− mice as compared to
TgCRND8/TTR+/+.

While compelling evidence suggests TTR as a
potentially important modulator of AD pathogen-
esis, the precise mechanisms behind TTR action

are not fully understood. Furthermore, the role of
TTR in AD in the context of the disease’s inherent
gender differences has not yet been explored. Aim-
ing at addressing this issue, we crossed transgenic
A�PPswe/PS1A246E mice [14], in which gender dif-
ferences in hippocampal A� levels and deposition
have been described [15], with TTR-null mice [16]
and investigated brain A� levels and deposition in
both male and female A�PPswe/PS1A246E/TTR+/+,
A�PPswe/PS1A246E/TTR+/−, and A�PPswe/PS1A
246E/TTR−/− littermates.

MATERIALS AND METHODS

Animals

A�PPswe/PS1A246E transgenic mice [14] were
purchased from The Jackson Laboratory. These
transgenic mice coexpress a chimeric mouse-human
amyloid-� protein precursor (A�PP) bearing a human
A� domain with mutations (K595 N and M596 L)
linked to Swedish (Swe) familial AD (FAD) pedi-
grees and human presenilin 1 (PS1) bearing a mutation
(A246E) which also causes FAD. Expression of both
transgenes is under the control of the mouse prion
protein promoter (PrP).

A�PPswe/PS1A246E/TTR mouse model was gen-
erated in our animal house by crossing A�PPswe/
PS1A246E mice (B6/C3 H background) with TTR-
null mice (TTR−/−) (SV129 background) [16].
F1 animals A�PPswe/TTR+/− and PS1A246E/TTR
+/− were crossed to obtain A�PPswe/PS1A246E/
TTR+/+, A�PPswe/PS1A246E/TTR+/−, A�PPswe/
PS1A246E/TTR−/−, and non-transgenic controls
TTR+/+, TTR+/−, and TTR−/−. The colony was
maintained on a B6/C3 H/SV129 genetic back-
ground. Hereafter, the A�PPswe/PS1A246E/TTR
colony will be referred to as AD/TTR, and the
different genotypes A�PPswe/PS1A246E/TTR+/+,
A�PPswe/PS1A246E/TTR+/−, and A�PPswe/PS1A
246E/TTR−/− referred to as AD/TTR+/+, AD/
TTR+/−, and AD/TTR−/−, respectively.

Littermate cohorts of male and female animals
were used in this study. For each gender, six groups
of animals were studied (AD/TTR+/+, AD/TTR+/−,
AD/TTR−/−, TTR+/+, TTR+/−, and TTR−/−) at
three ages (3, 6, and 10 months). Animals were housed
in a controlled environment (12-h light/dark cycle;
temperature, 22 ± 2◦C; humidity, 45–65%), with food
and water freely available. All procedures involving
animals were carried out in accordance with the Euro-
pean Communities Council Directive.
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Tissue processing

Mice were deeply anesthetized with a mixture of
ketamine and medetomidine. Blood was collected from
the inferior vena cava in syringes containing EDTA as
anticoagulant, followed by centrifugation at 1000×g
for 15 min at room temperature (RT), and plasma
samples collected and stored at −80◦C. Brains were
removed from the skull and bisected longitudinally:
each half was either immediately frozen for biochem-
ical analyses, or dissected to isolate the hippocampus
also for biochemical analyses, or fixed for 24 h at
4◦C in 10% neutral buffered formalin and then trans-
ferred to a 30% sucrose solution for cryoprotection
before cryostat sectioning for immunohistochemical
analyses.

Plasma TTR levels determination

Plasma TTR levels were quantified using Mouse
Prealbumin ELISA Kit (MyBioSource) according to
the manufacturer’s instructions. Data were expressed
in mg/mL.

Aβ immunohistochemistry

Free-floating immunohistochemistry of 30 �m-
thick cryostat coronal brain sections using a
monoclonal biotinylated A�1−16 antibody (6E10)
(Covance Research Products, Inc.) was used to deter-
mine A� plaque burden.

Briefly, free-floating brain sections were washed
twice in phosphate-buffered saline (PBS), and once in
distilled water (dH2O). In order to partially denature
amyloid, sections were then immersed in 70% formic
acid (FA) for 15 min at room temperature (RT), with
gentle agitation. After washing in dH2O and then PBS,
endogenous peroxidase was blocked by incubation in
PBS containing 1% H2O2 for 20 min at RT. Following
PBS washes, nonspecific staining was blocked with
PBS containing 10% fetal bovine serum (FBS) and
0.5% Triton X-100 for 1 h at RT. Sections were then
incubated with biotinylated 6E10 primary antibody
(diluted 1/750 in blocking buffer) overnight (O/N) at
4◦C, with gentle agitation. After PBS washing, sec-
tions were incubated in Vectastain

®
Elite ABC Reagent

(Vector Laboratories, Inc.) according to the manufac-
turer’s instructions. Sections were once more washed
in PBS, followed by development with diaminoben-
zidine (Sigma-Aldrich, Inc.). The sections were then
mounted on 0.1% gelatin-coated slides and were left to
dry O/N at RT in dust-free conditions. After dehydra-

tion, slides were coverslipped under Entellan
®

(Merck
& Co., Inc.). Sections were examined with an Olympus
BX50 light microscope.

A� plaque burden was estimated by analysing the
6E10-immunostained area fraction in the hippocam-
pus and cortex (expressed as percentage of analyzed
area). Three sections per animal were analyzed using
digitized images (Olympus DP71 microscope digital
camera) and the Image-Pro Plus programme.

Brain Aβ40 and Aβ42 levels determination

Sandwich ELISA analysis was used to determine
the levels of A� in brain extracts: detergent-soluble
and FA-soluble A�.

Each half brain was homogenized in 1 mL of 0.1%
Triton X-100 and 2 mM EDTA in 50 mM Tris-buffered
saline (TBS) (pH 7.4) with protease inhibitors (Amer-
sham Biosciences), and centrifuged at 21500 × g
for 15 min at 4◦C. The supernatant was collected,
aliquoted, and frozen at −80◦C for the analysis of the
detergent-soluble fraction of brain A�. The pellet was
then homogenized with 1 mL 70% FA in dH2O and
centrifuged as before. The supernatant was collected,
neutralized with 1 M Tris (pH 11.0) (1/20 dilution),
aliquoted and frozen at −80◦C for the analysis of the
FA-soluble fraction of brain A�. Sandwich ELISA
analyses of A�40 and A�42 in the obtained fractions
were performed using Human A�40 and Human A�42
ELISA Kits (Invitrogen) according to the manufac-
turer’s instructions. Data were expressed in pmol/g wet
tissue.

Brain testosterone and 17β-estradiol levels
determination

Brain testosterone and 17�-estradiol levels were
quantified in TBS/Triton X-100 brain extracts (pre-
pared as described in the above section) using
Testosterone EIA Kit and Estradiol EIA Kit (Cayman),
respectively, according to the manufacturer’s instruc-
tions. Data were expressed in ng/g wet tissue. Before
starting these analyses, we undertook a series of tests
to evaluate the levels of both testosterone and 17�-
estradiol in TBS/Triton X-100 brain extracts before
and after diethyl ether extraction, and verified that the
levels were similar in both conditions.

Statistical analyses

Data are expressed as mean values ± standard error
of the mean (SEM). One-way ANOVA with Bonfer-
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roni’s post test was performed using GraphPad Prism
version 5.04 for Windows, GraphPad Software, San
Diego California USA, www.graphpad.com. Values of
p < 0.05 were considered to be significant.

RESULTS

Plasma TTR levels in AβPPswe/PS1A246E/TTR
mice

The AD/TTR mouse colony was successfully estab-
lished in our laboratory, with both male and female
animals being viable and fertile.

To obtain a better knowledge of this newly estab-
lished mouse colony, we decided to quantify the
levels of circulating TTR by performing sandwich
ELISA analysis of plasma samples. We analyzed male
and female littermate cohorts of both non-transgenic
(TTR+/+ and TTR+/−) and transgenic (AD/TTR+/+
and AD/TTR+/−) mice, aged 3, 6, and 10 months.
For all three age groups analyzed, we confirmed that
the genetic reduction of TTR in both non-transgenic
TTR+/− and AD/TTR+/− heterozygous mice trans-
lates in phenotypically reduced levels of circulating
TTR (data not shown). Notably, we verified that,
at 3 and 6 months of age, both male and female
AD/TTR+/+ mice present reduced levels of circulating
TTR as compared to non-transgenic TTR+/+ litter-
mates, the reduction being statistically significant for
male mice aged 3 months and for female mice aged
6 months (Fig. 1A, B). Strikingly, we obtained dif-
ferent results for the age of 10 months, as both male
and female AD/TTR+/+ mice present increased lev-
els of circulating TTR as compared to non-transgenic
TTR+/+ littermates, the difference being significant
for female animals (Fig. 1C). While comparing the
levels of circulating TTR between male and female
mice, our results revealed increased levels in male
animals (both TTR+/+ and AD/TTR+/+) as com-
pared to their female littermates (Fig. 1A–C). With
regard to heterozygous mice, we also observed ele-
vated levels of circulating TTR in male mice as
compared to female littermates (data not shown). How-
ever, differences in circulating TTR levels between
non-transgenic and AD mice were not observed (data
not shown). The results of this study provide evidence
for: i) altered circulating TTR levels in AD/TTR+/+
mice as compared to their non-transgenic TTR+/+
littermates; ii) gender differences in the levels of cir-
culating TTR.

Fig. 1. Plasma TTR levels in male and female non-transgenic
TTR+/+ and transgenic AD/TTR+/+ littermate mice. Plots show
quantification of circulating TTR levels by ELISA for the ages of 3
(A), 6 (B), and 10 months (C). Error bars represent SEM. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. (n = 6–10 animals/
group).

www.graphpad.com
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Fig. 2. A� plaque burden in male and female transgenic AD/TTR+/+, AD/TTR+/− and AD/TTR−/− littermate mice. Photomicrographs
illustrate immunohistochemical analysis of brain A� plaques using the 6E10 antibody, and plots show plaque burden estimation for the ages of
6 (A, B), and 10 months (C, D). Scale bar, 250 �m. Error bars represent SEM. *p < 0.05; **p < 0.01; ****p < 0.0001. (n = 4 animals/group).

Aβ plaque burden in AβPPswe/PS1A246E/TTR
mice

To evaluate the onset of A� deposition in the
AD/TTR colony, we analyzed male and female lit-
termate cohorts of AD/TTR mice aged 3, 6, and 10
months by performing immunohistochemical analyses
using the 6E10 antibody. We verified that both male and
female AD/TTR mice bear A� plaques from as early
as 6 months of age (Fig. 2A, C).

In order to investigate the influence of TTR on
A� deposition, A� plaque burden was estimated at
the ages of 6 and 10 months in male and female lit-
termate cohorts of AD/TTR+/+, AD/TTR+/−, and
AD/TTR−/− animals. As it can be seen in Fig. 2,
the plaque burden increases with age in all groups of
animals analyzed, with females presenting the most
dramatic changes. At 6 months of age (at the begin-

ning of deposition) (Fig. 2A, B), a trend for increased
A� plaque burden in female animals compared to
their male counterparts is observed, and at 10 months
(Fig. 2C, D) this gender difference becomes signif-
icant. No significant differences were found in A�
plaque burden among the male and female different
TTR genotypes (Fig. 2B, D). Taken together, the results
show clear gender differences in A� plaque burden in
this mouse model, with female mice being particularly
affected, and suggest that TTR does not exert signif-
icant influence on A� plaque burden in this mouse
model.

Brain Aβ levels in AβPPswe/PS1A246E/TTR mice

In order to assess the effect of TTR on brain
A� levels, male and female littermate cohorts of 6-
and 10-month-old AD/TTR+/+, AD/TTR+/−, and
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AD/TTR−/− animals were used. A� levels in detergent
and FA extracts of hemibrains of these animals were
quantified using sandwich ELISA analysis. As shown
in Fig. 3, the levels of A�40 and A�42 in both detergent
(Fig. 3A, B, E, F) and FA (Fig. 3C, D, G, H) extracts
clearly increase with age in all groups of animals exam-
ined, with FA extracts presenting the most dramatic A�
levels elevations. Our data also noticeably show that,
at both 6 and 10 months of age, female mice, indepen-
dently of their TTR genotype, present elevated levels
of both detergent- and FA-soluble A�40 and A�42 as
compared to their male counterparts (Fig. 3A–H). No
significant differences among the different TTR geno-
types were observed in male mice of the different ages
in brain levels of both detergent- and FA-soluble A�40
and A�42. On the contrary, female mice heterozygous
for TTR (AD/TTR+/−) present elevated brain lev-
els of detergent- and FA-soluble A�42 as compared
to AD/TTR+/+ female littermates at the ages of 6
(Fig. 3B) and 10 months (Fig. 3H), respectively. Taken
together, these results clearly show gender differences
in A� levels, and suggest that TTR influences brain
A� levels (in particular A�42) in a gender-dependent
manner, with female mice being more affected by TTR
genetic reduction.

Brain testosterone and 17β-estradiol levels in
AβPPswe/PS1A246E/TTR mice

Given our evidence that female mice are par-
ticularly affected by TTR genetic reduction with
regard to increased brain A�42 levels, we decided
to focus on the age of 10 months (the analyzed
time point with more pronounced AD-like neu-
ropathology) and evaluate whether this gender-specific
alteration could be related to altered brain levels of sex
steroid hormones. We addressed this issue by quan-
tifying the levels of testosterone and 17�-estradiol
in brain extracts of 10-month-old male and female
AD/TTR+/+, AD/TTR+/−, and AD/TTR−/− mice.
We also quantified the levels of these sex steroid hor-
mones in brain extracts of non-transgenic TTR+/+,
TTR+/−, and TTR−/− littermate mice. As it can be
seen in Fig. 4, mice in a full TTR genetic background
do not exhibit differences in brain levels of testos-
terone and 17�-estradiol, regardless of gender, or being
non-transgenic or AD. It is clear that TTR reduction
and/or abolition influences both hormone levels, with
differences being found not only among the male and
female different TTR genotypes, but also between male
and female mice of the same genotype. Thus, TTR
reduction/abolition positively correlates with lower

brain hormone levels, in particular, in female mice.
Consequently, lower brain hormone levels are gen-
erally found in female mice relative to males of the
same genotype. The main exceptions in this positive
correlation between reduced/absent TTR levels and
reduced brain hormone levels are found among AD
animals. One of the exceptions concerns AD male mice
which do not present significant differences in the lev-
els of brain testosterone (Fig. 4C) and 17�-estradiol
(Fig. 4D) among the different TTR genotypes. The
other exception involves AD/TTR−/− females which,
in the absence of TTR, do not exhibit decreased brain
17�-estradiol levels. Taken together, these results sug-
gest that TTR modulates brain sex steroid hormones in
a gender-dependent manner, with female mice being
more affected by the genetic reduction of TTR.

DISCUSSION

This work presents, for the first time, evidence for
a gender-dependent modulation of AD pathogenesis
by TTR. Further, it brings to light the importance of
analyzing questions concerning AD considering the
disease’s inherent gender differences [4, 17].

There are several epidemiological [18–29] and
neuropathological [30-33] studies which have been
providing compelling evidence that women are at
greater risk of developing AD and a more severe
pathology than men. It has been suggested that this
increased vulnerability to AD in women is most likely
associated with the abrupt loss of estrogens and pro-
gesterone at menopause, in contrast with the much less
dramatic age-related fall in testosterone that occurs in
men [4, 17].

Although transgenic mice represent a powerful and
widely used research tool in AD [34], only a few studies
have documented gender differences in AD transgenic
mouse models. Three different mouse models have
been described as exhibiting gender differences in the
degree of AD-like neuropathology [15, 35, 36]. Female
mice from Tg2576 [35], and 3×Tg-AD [36] strains
present increased levels of brain A� and increased A�
plaque burden as compared to age-matched male mice,
as well as female mice from the strain (albeit in a dif-
ferent genetic background) used in the current studies,
the A�PPswe/PS1A246E mice [15].

Prior to the studies on the role of TTR in this
AD mouse model which was crossed with TTR-null
mice [16] (AD/TTR), we evaluated the levels of cir-
culating TTR in both non-transgenic and transgenic
littermates of the different TTR genotypes. Our results
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Fig. 3. Brain A� levels in male and female transgenic AD/TTR+/+, AD/TTR+/− and AD/TTR−/− littermate mice. Plots show quantification
of brain A� levels by ELISA for the ages of 6 (A–D), and 10 months (E–H): A, E, Levels of detergent-soluble A�40; B, F, Levels of detergent-
soluble A�42; C, G, Levels of FA-soluble A�40; D, H, Levels of FA-soluble A�42. Error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001. (n = 5, 6 animals/group).
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Fig. 4. Brain testosterone and 17�-estradiol levels in male and female non-transgenic TTR+/+, TTR+/− and TTR−/−, and transgenic
AD/TTR+/+, AD/TTR+/− and AD/TTR−/− littermate mice aged 10 months. Plots show quantification of brain testosterone and 17�-estradiol
levels by EIA: A) Levels of brain testosterone in non-transgenic mice; B) Levels of 17�-estradiol in non-transgenic mice; C) Levels of testos-
terone in transgenic mice; D) Levels of 17�-estradiol in transgenic mice. Error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001. (n = 4, 5
animals/group).

revealed a striking reduction of circulating TTR lev-
els in both male and female AD/TTR+/+ aged 3
and 6 months mice as compared to non-transgenic
TTR+/+ animals, whereas AD/TTR+/+ animals aged
10 months presented increased levels of circulating
TTR as compared to their non-transgenic TTR+/+ lit-
termates. These results suggest a relationship between
decreased circulating TTR levels and early stages
of AD-like neuropathology. The inverse relationship
observed at 10 months of age suggests the existence
of a potential compensatory mechanism. Further, this
study revealed increased levels of circulating TTR in
both non-transgenic and AD male mice as compared
to their female littermates. We suggest that increased
levels of circulating TTR in AD male mice might con-
fer further protection against AD-like neuropathology
when compared to AD females. The altered circulating
TTR levels in AD/TTR+/+ mice versus non-transgenic
TTR+/+, and in male mice versus female animals
might be the result of altered regulation of TTR gene

expression and/or TTR protein degradation. Evalua-
tion of TTR levels in the CSF of these animals, and
studies such as transcriptomics/proteomics in liver
and choroid plexus (which are the main sources of
TTR in the plasma and CSF, respectively) are critical.
These studies will generate important clues regarding
the mechanisms associated with altered TTR levels
between genders and between non-transgenic and AD
animals.

By analyzing brain A� plaques, we verified that the
onset of A� deposition in the AD/TTR colony estab-
lished in our laboratory is at around 6 months of age in
both male and female mice, which is earlier than the age
of 9 months previously described for this model [14,
15]. This discrepancy is most probably due to differ-
ences in the genetic background of the colonies. While
our colony has been maintained on a B6/C3 H/SV129
background, the colonies investigated by Borchelt et al.
[14] and Wang et al. [15] were maintained on B6/C3 H
and B6 backgrounds, respectively. It is also important
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to mention that even standard housing conditions in
different laboratories can lead to phenotypic varia-
tions. Other studies have also used transgenic mouse
models on mixed backgrounds to evaluate the role of
genetic manipulations of the TTR gene in AD-like
neuropathology [10, 13].

Our study singles out from the previous ones
[10–13] as it is the first to address the role of TTR
in AD analyzing male and female mice separately.
Although A� plaque burden estimation (through semi-
quantitative immunohistochemical analysis) suggests
that, in this mouse model, TTR does not exert sig-
nificant influence in the levels of A� deposition, the
results of the quantification of brain A� levels (through
ELISA analysis) clearly revealed significant alter-
ations in the levels of A�42—a highly neurotoxic A�
species [37, 38]—in female animals. Thus, we found
elevated levels of detergent-soluble A�42 in 6-month-
old AD/TTR+/− and AD/TTR−/− female mice and of
FA-soluble A�42 in 10-month-old AD/TTR+/− female
animals as compared to age-matched AD/TTR+/+
female littermates, which argues in favor of a neu-
roprotective role of TTR in AD. Since no significant
differences in brain A� levels were found among male
mice of the different genotypes, we suggest that TTR
influences brain A� levels but in a gender-associated
manner.

With the aim of gaining insight into the pos-
sible mechanisms underlying the observed gender-
dependent modulation of brain A� levels by TTR, we
quantified the levels of testosterone and 17�-estradiol
in brain extracts of both non-transgenic and transgenic
10-month-old male and female littermates of the differ-
ent TTR genotypes. It is noteworthy that mice in a full
TTR genetic background do not present differences in
brain levels of both hormones, regardless of gender,
or being non-transgenic or AD. A recent study done
in rat also showed no gender differences in the levels
of sex steroid hormones measured in different brain
areas of adult animals [39]. Our results clearly show
that TTR reduction/abolition influences brain levels of
testosterone and 17�-estradiol, and that this influence
is gender-dependent. This is the first study providing
evidence for a role of TTR as a potential modula-
tor of brain sex steroid hormone levels. Other studies
have shown that sex steroid hormones themselves can
regulate de expression levels of TTR, and suggest a
positive correlation between sex steroid hormone lev-
els and TTR levels [40–42]. Our work also provides
evidence for this positive correlation, in particular, in
female mice. We suggest that CSF-circulating TTR
(synthesized and secreted by the CP) might be able

to modulate brain sex steroid hormone levels in dif-
ferent brain areas through receptor(s)-binding and/or
internalization [43–47], followed by activation of yet
unknown signaling pathways.

An increasing number of studies have been provid-
ing evidence for neuroprotective actions of sex steroid
hormones in AD. Both estrogen and testosterone neu-
roprotective actions consist in conferring increased
neuronal resistance against AD-related brain insults,
as well as directly preventing accumulation of A�.
Testosterone neuroprotection can be achieved both
directly by activation of androgen pathways and indi-
rectly by aromatization to estradiol and triggering of
protective estrogen pathways [4]. We observed that
AD/TTR+/− female mice present reduced levels of
both brain testosterone and 17�-estradiol as compared
to AD/TTR+/+ females, whereas AD male mice of
the different TTR genotypes do not exhibit altered lev-
els of these hormones. Given the well-recognized role
of sex steroid hormones in AD neuroprotection, our
data suggest that the increased AD-like neuropathol-
ogy (i.e., increased brain levels of FA-soluble A�42)
observed in female mice as a result of genetic reduc-
tion of TTR might, in part, be explained by the reduced
levels of brain testosterone and 17�-estradiol.

The detrimental effects of the genetic reduction
of TTR found especially in AD/TTR+/− female
mice were not always observed in AD/TTR−/−
animals. In fact, AD/TTR−/− female mice exhibit
neither increased levels of brain FA-soluble A�42,
nor decreased levels of brain 17�-estradiol. One can
hypothesize that AD mice bearing homozygous dele-
tion of the TTR gene might undergo transcriptional
remodeling through which compensatory mechanisms
may occur, overcoming the deleterious effects of the
total lack of TTR in the pathogenesis of AD. For
instance, studies in non-transgenic TTR-null mice have
described a few alterations resulting from the lack of
TTR such as elevated levels of noradrenaline in the
limbic forebrain [48], and elevated levels of neuropep-
tide Y (NPY) in the peripheral and central nervous
systems [49]. Overall, the reason for AD/TTR−/−
female mice not to present increased brain levels of
FA-soluble A�42 might lie on compensatory mech-
anisms including neuroprotection by non-decreased
brain 17�-estradiol levels.

In the course of preparing this manuscript, a study
was published showing a negative correlation between
serum TTR levels and AD, as human serum TTR
levels were shown to be decreased in AD patients
as compared to non-demented controls. Further, non-
demented men were shown to exhibit elevated levels
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of circulating TTR when compared to non-demented
women. This difference, however, was not observed in
the AD case [50]. Our studies in a transgenic mouse
model of AD have reached similar results, except that
we have also found elevated levels of circulating TTR
in AD male mice as compared to AD female litter-
mates. It is essential to further investigate the role of
TTR in AD using larger male and female cohorts of
non-demented and AD patients, and also mild cogni-
tive impairment patients to address the early stages of
this disease.
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from IBMC for the help with mouse tissue processing.

Authors’ disclosures available online (http://www.j-
alz.com/disclosures/view.php?id=926).

REFERENCES

[1] Goedert M, Spillantini MG (2006) A century of Alzheimer’s
disease. Science 314, 777-781.

[2] Hardy J, Selkoe DJ (2002) The amyloid hypothesis of
Alzheimer’s disease: Progress and problems on the road to
therapeutics. Science 297, 353-356.

[3] Pimplikar SW, Nixon RA, Robakis NK, Shen J, Tsai LH
(2010) Amyloid-independent mechanisms in Alzheimer’s
disease pathogenesis. J Neurosci 30, 14946-14954.

[4] Pike CJ, Carroll JC, Rosario ER, Barron AM (2009) Protective
actions of sex steroid hormones in Alzheimer’s disease. Front
Neuroendocrinol 30, 239-258.

[5] Schwarzman AL, Gregori L, Vitek MP, Lyubski S, Strittmat-
ter WJ, Enghilde JJ, Bhasin R, Silverman J, Weisgraber KH,
Coyle PK et al. (1994) Transthyretin sequesters amyloid beta
protein and prevents amyloid formation. Proc Natl Acad Sci
U S A 91, 8368-8372.

[6] Costa R, Ferreira-da-Silva F, Saraiva MJ, Cardoso I (2008)
Transthyretin protects against A-beta peptide toxicity by pro-
teolytic cleavage of the peptide: A mechanism sensitive to the
Kunitz protease inhibitor. PLoS ONE 3, e2899.

[7] Serot JM, Christmann D, Dubost T, Couturier M (1997)
Cerebrospinal fluid transthyretin: Aging and late onset
Alzheimer’s disease. J Neurol Neurosurg Psychiatry 63, 506-
508.

[8] Merched A, Serot JM, Visvikis S, Aguillon D, Faure G, Siest
G (1998) Apolipoprotein E, transthyretin and actin in the CSF
of Alzheimer’s patients: Relation with the senile plaques and
cytoskeleton biochemistry. FEBS Lett 425, 225-228.

[9] Lazarov O, Robinson J, Tang YP, Hairston IS, Korade-Mirnics
Z, Lee VM, Hersh LB, Sapolsky RM, Mirnics K, Sisodia SS
(2005) Environmental enrichment reduces Abeta levels and
amyloid deposition in transgenic mice. Cell 120, 701-713.

[10] Choi SH, Leight SN, Lee VM, Li T, Wong PC, Johnson JA,
Saraiva MJ, Sisodia SS (2007) Accelerated Abeta deposition
in APPswe/PS1deltaE9 mice with hemizygous deletions of
TTR (transthyretin). J Neurosci 27, 7006-7010.

[11] Buxbaum JN, Ye Z, Reixach N, Friske L, Levy C, Das P, Golde
T, Masliah E, Roberts AR, Bartfai T (2008) Transthyretin
protects Alzheimer’s mice from the behavioral and biochem-
ical effects of Abeta toxicity. Proc Natl Acad Sci U S A 105,
2681-2686.

[12] Wati H, Kawarabayashi T, Matsubara E, Kasai A, Hirasawa T,
Kubota T, Harigaya Y, Shoji M, Maeda S (2009) Transthyretin
accelerates vascular Abeta deposition in a mouse model of
Alzheimer’s disease. Brain Pathol 19, 48-57.

[13] Doggui S, Brouillette J, Chabot JG, Farso M, Quirion R (2010)
Possible involvement of transthyretin in hippocampal beta-
amyloid burden and learning behaviors in a mouse model of
Alzheimer’s disease (TgCRND8). Neurodegener Dis 7, 88-
95.

[14] Borchelt DR, Ratovitski T, van Lare J, Lee MK, Gonzales
V, Jenkins NA, Copeland NG, Price DL, Sisodia SS (1997)
Accelerated amyloid deposition in the brains of transgenic
mice coexpressing mutant presenilin 1 and amyloid precursor
proteins. Neuron 19, 939-945.

[15] Wang J, Tanila H, Puolivali J, Kadish I, van Groen T (2003)
Gender differences in the amount and deposition of amyloid
beta in APPswe and PS1 double transgenic mice. Neurobiol
Dis 14, 318-327.

[16] Episkopou V, Maeda S, Nishiguchi S, Shimada K, Gaitanaris
GA, Gottesman ME, Robertson EJ (1993) Disruption of the
transthyretin gene results in mice with depressed levels of
plasma retinol and thyroid hormone. Proc Natl Acad Sci U S A
90, 2375-2379.

[17] Gillies GE, McArthur S (2010) Estrogen actions in the brain
and the basis for differential action in men and women: A
case for sex-specific medicines. Pharmacol Rev 62, 155-
198.

[18] Andersen K, Launer LJ, Dewey ME, Letenneur L, Ott A,
Copeland JR, Dartigues JF, Kragh-Sorensen P, Baldereschi M,
Brayne C, Lobo A, Martinez-Lage JM, Stijnen T, Hofman A
(1999) Gender differences in the incidence of AD and vascular
dementia: The EURODEM Studies. EURODEM Incidence
Research Group. Neurology 53, 1992-1997.

[19] Bachman DL, Wolf PA, Linn R, Knoefel JE, Cobb J, Belanger
A, D’Agostino RB, White LR (1992) Prevalence of dementia
and probable senile dementia of the Alzheimer type in the
Framingham Study. Neurology 42, 115-119.

[20] Brayne C, Gill C, Huppert FA, Barkley C, Gehlhaar E,
Girling DM, O’Connor DW, Paykel ES (1995) Incidence of
clinically diagnosed subtypes of dementia in an elderly popu-
lation. Cambridge Project for Later Life. Br J Psychiatry 167,
255-262.

[21] Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA,
Mayeux R, Myers RH, Pericak-Vance MA, Risch N, van
Duijn CM (1997) Effects of age, sex, and ethnicity on the asso-
ciation between apolipoprotein E genotype and Alzheimer
disease. A meta-analysis. APOE and Alzheimer disease meta
analysis consortium. JAMA 278, 1349-1356.

[22] Fratiglioni L, Launer LJ, Andersen K, Breteler MM, Copeland
JR, Dartigues JF, Lobo A, Martinez-Lage J, Soininen H,
Hofman A (2000) Incidence of dementia and major sub-
types in Europe: A collaborative study of population-based
cohorts. Neurologic Diseases in the Elderly Research Group.
Neurology 54, S10-S15.

[23] Fratiglioni L, Viitanen M, von Strauss E, Tontodonati V, Her-
litz A, Winblad B (1997) Very old women at highest risk of



S.M. Oliveira et al. / Transthyretin Modulation of Brain Aβ Levels 439

dementia and Alzheimer’s disease: Incidence data from the
Kungsholmen project, Stockholm. Neurology 48, 132-138.

[24] Hagnell O, Ojesjo L, Rorsman B (1992) Incidence of dementia
in the Lundby Study. Neuroepidemiology 11(Suppl 1), 61-66.

[25] Jorm AF, Korten AE, Henderson AS (1987) The prevalence
of dementia: a quantitative integration of the literature. Acta
Psychiatr Scand 76, 465-479.

[26] Letenneur L, Commenges D, Dartigues JF, Barberger-Gateau
P (1994) Incidence of dementia and Alzheimer’s disease in
elderly community residents of south-western France. Int J
Epidemiol 23, 1256-1261.

[27] Molsa PK, Marttila RJ, Rinne UK (1982) Epidemiology of
dementia in a Finnish population. Acta Neurol Scand 65, 541-
552.

[28] Rocca WA, Amaducci LA, Schoenberg BS (1986) Epidemiol-
ogy of clinically diagnosed Alzheimer’s disease. Ann Neurol
19, 415-424.

[29] Ruitenberg A, Ott A, van Swieten JC, Hofman A, Breteler
MM (2001) Incidence of dementia: Does gender make a dif-
ference? Neurobiol Aging 22, 575-580.

[30] Barnes LL, Wilson RS, Bienias JL, Schneider JA, Evans DA,
Bennett DA (2005) Sex differences in the clinical manifesta-
tions of Alzheimer disease pathology. Arch Gen Psychiatry
62, 685-691.

[31] Buckwalter JG, Sobel E, Dunn ME, Diz MM, Henderson VW
(1993) Gender differences on a brief measure of cognitive
functioning in Alzheimer’s disease. Arch Neurol 50, 757-760.

[32] Corder EH, Ghebremedhin E, Taylor MG, Thal DR, Ohm TG,
Braak H (2004) The biphasic relationship between regional
brain senile plaque and neurofibrillary tangle distributions:
Modification by age, sex, and APOE polymorphism. Ann N
Y Acad Sci 1019, 24-28.

[33] Henderson VW, Buckwalter JG (1994) Cognitive deficits of
men and women with Alzheimer’s disease. Neurology 44, 90-
96.

[34] Morrissette DA, Parachikova A, Green KN, LaFerla FM
(2009) Relevance of transgenic mouse models to human
Alzheimer disease. J Biol Chem 284, 6033-6037.

[35] Callahan MJ, Lipinski WJ, Bian F, Durham RA, Pack A,
Walker LC (2001) Augmented senile plaque load in aged
female beta-amyloid precursor protein-transgenic mice. Am J
Pathol 158, 1173-1177.

[36] Hirata-Fukae C, Li HF, Hoe HS, Gray AJ, Minami
SS, Hamada K, Niikura T, Hua F, Tsukagoshi-Nagai H,
Horikoshi-Sakuraba Y, Mughal M, Rebeck GW, LaFerla FM,
Mattson MP, Iwata N, Saido TC, Klein WL, Duff KE, Aisen
PS, Matsuoka Y (2008) Females exhibit more extensive amy-
loid, but not tau, pathology in an Alzheimer transgenic model.
Brain Res 1216, 92-103.

[37] Bitan G, Kirkitadze MD, Lomakin A, Vollers SS, Benedek
GB, Teplow DB (2003) Amyloid beta -protein (Abeta) assem-
bly: Abeta 40 and Abeta 42 oligomerize through distinct
pathways. Proc Natl Acad Sci U S A 100, 330-335.

[38] Butterfield DA, Bush AI (2004) Alzheimer’s amyloid beta-
peptide (1-42): Involvement of methionine residue 35 in the
oxidative stress and neurotoxicity properties of this peptide.
Neurobiol Aging 25, 563-568.

[39] Konkle AT, McCarthy MM (2011) Developmental time
course of estradiol, testosterone, and dihydrotestosterone
levels in discrete regions of male and female rat brain.
Endocrinology 152, 223-235.

[40] Amtul Z, Wang L, Westaway D, Rozmahel RF (2010) Neu-
roprotective mechanism conferred by 17beta-estradiol on the
biochemical basis of Alzheimer’s disease. Neuroscience 169,
781-786.

[41] Quintela T, Alves CH, Goncalves I, Baltazar G, Saraiva MJ,
Santos CR (2008) 5Alpha-dihydrotestosterone up-regulates
transthyretin levels in mice and rat choroid plexus via an
androgen receptor independent pathway. Brain Res 1229, 18-
26.

[42] Quintela T, Goncalves I, Baltazar G, Alves CH, Saraiva
MJ, Santos CR (2009) 17beta-estradiol induces transthyretin
expression in murine choroid plexus via an oestrogen receptor
dependent pathway. Cell Mol Neurobiol 29, 475-483.

[43] Divino CM, Schussler GC (1990) Transthyretin receptors on
human astrocytoma cells. J Clin Endocrinol Metab 71, 1265-
1268.

[44] Divino CM, Schussler GC (1990) Receptor-mediated uptake
and internalization of transthyretin. J Biol Chem 265, 1425-
1429.

[45] Santos SD, Lambertsen KL, Clausen BH, Akinc A, Alvarez
R, Finsen B, Saraiva MJ (2010) CSF transthyretin neuropro-
tection in a mouse model of brain ischemia. J Neurochem 115,
1434-1444.

[46] Sousa MM, Norden AG, Jacobsen C, Willnow TE, Chris-
tensen EI, Thakker RV, Verroust PJ, Moestrup SK, Saraiva
MJ (2000) Evidence for the role of megalin in renal uptake of
transthyretin. J Biol Chem 275, 38176-38181.

[47] Sousa MM, Saraiva MJ (2001) Internalization of transthy-
retin Evidence of a novel yet unidentified receptor-associated
protein (RAP)-sensitive receptor. J Biol Chem 276, 14420-
14425.

[48] Sousa JC, Grandela C, Fernandez-Ruiz J, de Miguel R, de
Sousa L, Magalhaes AI, Saraiva MJ, Sousa N, Palha JA (2004)
Transthyretin is involved in depression-like behaviour and
exploratory activity. J Neurochem 88, 1052-1058.

[49] Nunes AF, Saraiva MJ, Sousa MM (2006) Transthyretin
knockouts are a new mouse model for increased neuropeptide
Y. FASEB J 20, 166-168.

[50] Han SH, Jung ES, Sohn JH, Hong HJ, Hong HS, Kim JW,
N DL, Kim M, Kim H, Ha HJ, Kim YH, Huh N, Jung MW,
Mook-Jung I (2011) Human Serum Transthyretin Levels Cor-
relate Inversely with Alzheimer’s Disease. J Alzheimers Dis
25, 77-84.


