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Abstract Aging is associated with a reduction in
metabolic functions, increased incidence of neurode-
generative diseases, and memory or cognitive dysfunc-
tion. With aging, a decrease in plasma estrogen levels,
related to loss of gonadal function, occurs in females.
Estrogens have neuroprotective effects and estradiol
treatment improves some aspects of neuronal homeo-
stasis affected by aging. In other way, recent studies
show that apo D can play a neuroprotective role in
some neuropathologies and during aging. The possible
relation between estradiol treatment and the expression
of apo D, during aging in the CNS, was investigated in
female rats. Our results confirm an expression of apo D
zone-dependent, in relation with aging, and an over-
expression of apo D related to ovariectomy and
estradiol treatment. This overexpression strengthens
the idea that apo D plays a neuroprotective role in the
CNS.
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Introduction

Apolipoprotein D is a small 29–32 kDa glycoprotein
primarily associated with high-density lipoproteins in
human plasma. According to its primary structure,
apo D belongs to lipocalin superfamily, whose
members bind and transport hydrophobic molecules
including cholesterol, bilirubin, porphyrin, steroid
hormones, and arachidonic acid (Rassart et al.
2000). Apo D expression has been identified in humans
as well as in other mammalian species (Boyles et al.
1990b; Patel et al. 1995; Provost et al. 1991; Seguin et
al. 1995; Smith et al. 1990). In humans, apo D is
expressed in corporal fluids (Balbin et al. 1990;
Terrisse et al. 1998), some systemic tissues (Drayna
et al. 1986; Rassart et al. 2000) as well as in the
peripheral nervous system (PNS) and the central
nervous system (CNS) (Boyles et al. 1990a; De Jonge
et al. 2003; Ganfornina et al. 2010; Navarro et al.
1998b, 2010). In the CNS, apo D expression has been
described in astrocytes, oligodendrocytes, perivascular
cells, and neurons (Boyles et al. 1990b; Del Valle et al.
2003; Hu et al. 2001; Navarro et al. 1998b, 2004,
2010; Patel et al. 1995).

Aging is a multidimensional dynamic process
affecting in a continuous and non-reversible way all
the organisms. Although some authors consider that
aging just begins in the moment of birth, other
researchers take as the starting point of aging process
once the individual has a complete development. At
this moment, catabolic processes start to be more
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intense than the anabolic ones, so the well-known
“loss of vitality” begins. CNS is widely affected by
aging at macroscopic, microscopic, and molecular
levels. Macroscopic and microscopic changes include
a noticeable reduction in brain volume and weight,
the modification of the plasmatic membrane integrity,
neuronal dead, etc. The increase in the expression of
apo D, related with aging, has been described by
several authors (Kalman et al. 2002; Loerch et al.
2008; Navarro et al. 2010). Variations in the apo D
levels were described in tumors (Diez-Itza et al. 1994;
Rassart et al. 2000; Søiland et al. 2007), neurodegen-
erative diseases, as Alzheimer’s (Belloir et al. 2001;
Navarro et al. 2001, 2003, 2004; Ordoñez et al. 2011;
Terrisse et al. 1998; Thomas et al. 2003) and
Parkinson’s diseases (Ordoñez et al. 2006), as well
as in different chemical and mechanical brain injuries
(Montpied et al. 1999; Trieu and Uckum 2000).

Although the main role of apo D in CNS is still
unknown, a neuroprotective role for this apolipopro-
tein has been postulated by different authors (Muffat
et al. 2008; Navarro et al. 2008, 2010; Ordoñez et al.
2006; Sanchez et al. 2006; Thomas et al. 2001a, b).
The increased apo D expression in the PNS has been
related to the repairing and remodeling processes
secondary to neurodegeneration (Boyles et al. 1990a;
Ganfornina et al. 2010). Apo D may serve as a lipid
carrier to and from cells and/or as a scavenger to
deleterious molecules or free radicals like lipid
peroxidation products (Ganfornina et al. 2008, 2010;
Navarro et al. 2008; Sanchez et al. 2006).

The expression of Apo D is regulated by many
biological factors. There are several response elements
in the Apo D promoter (Lambert et al. 1993), so a
great number of molecules such as sexual hormones,
glucocorticoids, interleukins, retinoic acid, are able to
modify the apolipoprotein synthesis (Do Carmo et al.
2002; Khan et al. 2003; Rassart et al. 2000).

In the mammalian brain, experimental studies and
clinical observations have demonstrated the impor-
tance of estrogens in the preservation of brain
cognitive functions, highlighting its protective effects
against neuronal damage (Alonso et al. 2008; Garcia-
Segura et al. 2001; Wise et al. 2001). When cellular
damage is induced on neuronal cultures (by serum or
growth factor deprivation, anoxia, excitotoxic or
oxidative damage), the cellular homeostasis is protected
by estrogens (Bae et al. 2000; Green and Simpkins
2000; Saravia et al. 2007). On the other hand, estrogen

replacement therapy appears to decrease the risk and/
or severity of neurodegenerative damages that accom-
pany the gonadal loss, and improve memory and
cognition in experimental subjects (Alonso et al. 2008;
Resnick and Maki 2001).

In the present paper, we studied the expression of
apo D during brain aging in ovariectomized rats and in
ovariectomized rats treated with17β-estradiol replace-
ment therapy. Two different encephalic regions were
selected in function of their contrasting resistance to
ageing: telencephalon and diencephalon. Telencephalic
region is more affected by ageing (neuronal death,
glial proliferation, neuropil, etc.) while diencephalic
region is apparently unaffected. The possible neuro-
protective role of apo D in CNS, during aging, and its
relation with hormonal therapy is also discussed.

Materials and methods

Animals

Virgin female Wistar rats (from the bioterium of the
Faculty of Medicine, University of Oviedo), weight-
ing 250–280 g (age 8–10 weeks), and maintained
under standard conditions of temperature (23±3°C)
and humidity (65±1%), and a regular lighting
schedule of 12-h light/dark cycle (0800–2,000 h)
were used. The animals were fed with a standard diet
(Panlab A04, Barcelona, Spain) and had free access to
water. All experimental manipulations were per-
formed between 0930 and 1230 h. All experimental
procedures carried out with animals were approved by
a local veterinary committee from the University of
Oviedo vivarium, and subsequent handling strictly
followed the European Communities Council Direc-
tive of 24 November 1986 (86/609/ECC).

Experimental design

Rats were ovariectomized through a midline incision
under light anesthesia by inhalation of halothane.
Ovariectomized rats were separated randomly into
three groups: ovariectomized animals (O), ovariecto-
mized animals treated with 17β-estradiol (E) and
sham surgery animals (intact) (C), and were housed
individually throughout the experiment.

Following surgery, all rats began the experimental
treatment exactly 1 week after ovariectomy to ensure

896 AGE (2012) 34:895–904



a uniform time of estrogen depletion before replace-
ment, and to recover from surgery stress. After this,
the rats were implanted subcutaneously in the
posterior neck with 90-day-release 17β-estradiol
pellets (25 μg/pellet; Innovative Research of America,
Sarasota, FL, USA) or placebos containing no
estradiol. The pellets were replaced every 90 days.
This dosing regimen results in physiological levels of
plasma estradiol that has been shown to be neuro-
protective in rats (Harukuni et al. 2001).

Groups O, E and C were divided randomly into
four subgroups (seven animals per subgroup): 6, 12,
18, and 24 (according to the month of the experimen-
tal period on which the animals were killed).
Therefore, the animals were killed when they were
approximately 8, 14, 20, and 26 months old.
Moreover, 14 animals (7O and 7C), were sacrificed
1 week after ovariectomy (age 9–11 weeks). There-
fore, the animals included in this group did not
receive any treatment. These animals were considered
O-0 month and C-0 month groups.

The stage of the estrous cycle in intact rats was
determined by daily examination of fresh vaginal
smears. Intact animals in diestrous phase were selected
for subgroups 0 and 6. After month 12 of the
experiment, none of the intact rats showed repetitive
estrous cycles; instead, 87.26% of animals showed
persistent diestrous phase.

Blood samples for the determination of 17β-
estradiol plasma concentrations were collected from
the jugular vein into heparinized tubes, centrifuged at
3,000 rpm for 20 min at 4°C and plasma was
immediately drawn off and stored frozen at −20°C
until assayed. Plasma 17β-estradiol was measured by
RIA using Immunochen kits of cover tubes (ICN
Biomedicals). The assay sensitivity was 10 pg/ml, and
the intra-assay coefficient of variation was 9.45%. All
samples were measured on the same day. The sample
was assayed in triplicate.

Once the animals were killed by bleeding, the
brains were quickly removed and the telencephalon
and diencephalon were dissected and immediately
frozen in liquid nitrogen for future experiments.

Crude extracts preparation, immunoprecipitation,
and western blot analysis

Telencephalon and diencephalon previously stored
were homogenized in lysis buffer (50 mM Tris–HCl

[pH 7.5], 150 mM NaCl, 1% Nonidet P-40 [Roche
Diagnostics, Indianapolis, IN], 0.05% sodium deoxy-
cholate, 0.1% sodium orthovanadate, 5 mM EDTA,
10% glycerol) at 4°C. The extracts were centrifuged
at 21,000×g at 4°C for 10 min and the protein content
of the supernatant was determined by the Bradford
dye-binding method (Bradford 1976).

Proteins in the crude homogenate were resolved by
SDS-PAGE (10% Tris-acrylamide-Bis) and electro-
transferred from the gel to nitrocellulose membranes
(Hybond-ECL, Amersham Pharmacia Biotech, Little
Chalfont, UK) as described by Towbin et al. (1979).
Non-specific protein binding to the nitrocellulose
membranes was reduced by preincubating the filter
in blocking buffer (TNT, 7% BSA), and the mem-
brane was then incubated overnight at 4°C with the
primary antibody against apo D (diluted 1:10,000),
antibody was a gift from Dr. Carlos López Otín,
Departamento de Bioquímica y Biología Molecular,
Universidad de Oviedo (see Diez-Itza et al. 1994;
Lopez-Boado et al. 1994; Navarro et al. 1998b, 2003,
2008, 2010). After incubation with the primary
antibody, the membranes were washed and incubated
with an antirabbit antibody coupled to HRP (sc-2004,
Santa Cruz Biotechnology; diluted 1:20,000). Finally,
all membranes were stripped and probed with a
monoclonal anti-β-actin antibody (sc-1615, Santa
Cruz Biotechnology Inc., diluted 1:2,500). Inmunor-
eactive bands were detected using an enhanced
chemiluminescence system (ECL, Amersham Phar-
macia Biotech, UK). Films were analyzed using a
digital scanner (Nikon AX-110) and NIH Image 1.57
software. The density of each band was normalized to
its respective loading control (β-actin) and repre-
sented as a percentage of control values (intact rats of
0 month, group C 0). In order to minimize inter-assay
variations, in each experiment samples from all
animal groups were processed in parallel.

Statistical analysis

Data are expressed as mean ± standard error of mean
(SEM). First, we evaluated the Gaussian distribution
of each variable. Thereafter, data were statistically
analyzed using an analysis of variance (ANOVA)
design followed by between-group comparison using
the Tukey honestly significant difference (HSD) test.
The data for month 0 were analyzed by impaired
Student’s t-test. Values of P≤0.05 were considered

AGE (2012) 34:895–904 897



significant. Statistical analysis was performed using
SPSS version15.0 for Windows.

Results

General characteristics of experimental animals

Plasma 17β-estradiol values obtained during the
study were previously published in a recent paper of
our group (Moreno et al. 2010). The plasma level of
17β-estradiol was significantly higher in groups E
and C than in group O at all time points. In addition,
plasma levels of 17β-estradiol were significantly
higher in group E than in group C at 18 and
24 months. In the C group animals, plasma levels of
17β-estradiol increased significantly at 6 months and
then decreased significantly at 24 months. In the E
group, the estradiol level did not change significantly
during the study. A significant decrease in the
estradiol level was found in group O during the first
6 months (Fig. 1).

Expression of apo D

The Western blot studies clearly demonstrated a band
of approximately 29 kDa in all cerebral extracts
analyzed, which corresponds to the molecular weight
of apo D previously described in many reports
(Balbin et al. 1990; Drayna et al. 1986; Navarro et
al. 2010).

The effects of aging on the apo D levels in the
cortex and diencephalon of the control and experi-
mental animals were studied. In the cortex of intact
rats, a significant reduction in apo D values was noted

between 0 and 6 months; the apo D level then
increased from 6 months until 12 months, and finally
a significant increase occurs from 12 months until the
end of the study at 24 months (Fig. 2). Therefore, our
data show a significant increase in the level of apo D
related with aging from the beginning to the conclu-
sion of the experimental procedure in group C.

An increase in the apo D level was noted in the
cortex of O group between 0 and 12 months. This
increase was statistically significant and was fol-
lowed by a significant diminution, in the expression
of apo D, from 12 months to the end of the study at
24 months (Fig. 2). In this group of animals, a
significant reduction for apo D level was observed
from the beginning to the conclusion of the experi-
mental procedure.

In the E group, the expression of apo D shows high
values from the beginning of the sampling (6 months)
but its level of expression decreases from this point to
the end of the study at 24 months (Fig. 2).

The amount of apo D in the cortex, between 6 and
18 months, was significantly lower in the C group
than in O and E groups but at 24 months of ageing the
expression of apo D in group C was higher than in the
other groups (O and E). The O group showed, at
12 months, the higher value for apo D but at
24 months, this group showed the lower value of
expression. In the E group, the level of apo D, at 6
and 12 months, was similar to which was obtained in
group O, but its level was increased at 18 and
24 months and showed a higher level than in O group.

In the diencephalon of intact rats, a significant
increase in apo D values was noted between 0 and
6 months. This increase was statistically significant
and was followed by a significant diminution, in the

Fig. 1 Levels of 17β-
stradiol of ovariectomized
animals (O; black bars),
sham surgery animals
(intact) (C; white bars) and
ovariectomized animals
treated with 17β-estradiol
(E; grey bars). Mean ±
standard error of the mean
for seven animals. Signifi-
cant differences are shown.
*p≤0.05 (month vs. next
month)
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expression of apo D, from 12 months to the end of the
study at 24 months (Fig. 3). Therefore, our data show
a significant decrease in the level of apo D related
with aging from the beginning to the conclusion of
the experimental procedure in group C (Fig. 3). The
diminution in the expression of apo D was also
observed in the other both groups (O and E) from the
beginning to the conclusion of the experimental

procedure (Fig. 3). This diminution, related with
ageing, was statistically significant in both groups.

The amount of apo D in the diencephalon, at the
6months, was significantly higher in the C group than in
the E and O groups. The expression of apo D is higher in
the E group than in the O along all the study. Only at
18 months, a higher level for apo D in group O was
obtained, although the difference was not statistically

Fig. 2 Apo D total protein
content in the cortex of
ovariectomized animals (O;
black bars), sham surgery
animals (intact) (C; white
bars) and ovariectomized
animals treated with estra-
diol (E; grey bars). The
histogram shows the densi-
tometric analysis of the
Western blots. Values are
means ± SEM (n=7) and
represented as the percent-
age of control values (rats of
0 month from group C).
Only significant differences
are shown. *p≤0.05 (month
vs. next month)

Fig. 3 Apo D total protein
content in diencephalon of
ovariectomized animals (O;
black bars), sham surgery
animals (intact) (C; white
bars) and ovariectomized
animals treated with estra-
diol (E; grey bars). The
histogram shows the densi-
tometric analysis of the
Western blots. Values are
means ± SEM (n=7) and
represented as the percent-
age of control values (rats of
0 month from group C).
Only significant differences
are shown. *p≤0.05 (month
vs. next month)
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significant. In conclusion, in the diencephalon of all
groups of our study a general decrease in the levels of
apo D during ageing was observed, and the lowest
values were obtained in the group C (Fig. 3).

Discussion

Adult rats are a suitable animal model for studying the
onset of aging, as has been pointed out in previous
studies. From 6months of age, rats begin to display age-
induced metabolic disturbances and various studies
have shown that estradiol administration in postmeno-
pausal or ovariectomized females has positive effects in
the CNS (Alonso et al. 2008; Foster et al. 2003; Garcia-
Segura et al. 2001). These observations indicate that
treatment with estradiol may be able to prevent age-
related effects and neurodegenerative diseases. On the
other hand, the expression of apo D increases with
normal aging in all species studied (Kalman et al.
2002; Loerch et al. 2008; Navarro et al. 1998b, 2010)
as well as with neuropathological diseases, like
Alzheimer’s dementia (Belloir et al. 2001; Ordoñez et
al. 2011; Terrisse et al. 1998) or schizophrenia
(Mahadik et al. 2002; Thomas et al. 2001a, b).
Although the specific role of this apolipoprotein is
unknown, studies in Drosophila (Muffat et al. 2008;
Sanchez et al. 2006) and mouse (Ganfornina et al.
2008) ascribe to apo D a key role in longevity
regulation and higher survival rate, taking part in the
control of lipoperoxidation. It is worthy to note the
presence of estrogen response elements (EREs) in the
promoter of apo D gene (Lambert et al. 1993) and the
fact that, in breast cancer cell cultures, estrogens
administration leads to a decrease in apo D synthesis
concomitant with an increase in cellular proliferation
(Simard et al. 1991). All these previous data make it
very interesting to study in vivo evaluation of estrogen
effect on the amount of apo D.

Our study shows a diminution of apo D levels from
0 to 6 months in the telencephalon of control animals.
During ontogenetic development, an overexpression
of apo D, at encephalic level, has been described
(Ganfornina et al. 2005; Sánchez et al. 2002). The
final processes of maturation in the cerebral cortex of
these animals can cause the apo D overexpression in
the younger animals, because the final reorganization
of this encephalic region is achieved after birth. From
6 months, an increase of apo D expression, especially

at 12 and 24 months, was found. At stage of 12 months
occurs a progressive loss of gonadal function (Iossa et
al. 1999). With aging, a proliferation of reactive glia
has been also described (Nichols 1999), which can be
responsible for most of the increase in apo D
expression. Glial cells are the main cellular type
involved in apo D synthesis (Boyles et al. 1990b;
Del Valle et al. 2003; Kalman et al. 2002; Navarro et
al. 2004; Patel et al. 1995), but the number of neurons
expressing apo D, also increases with aging (Belloir et
al. 2001; Navarro et al. 1998b, 2010; Rassart et al.
2000). Control animals of 24 months show an over-
expression of apo D similar to which is observed in
aged humans (Kalman et al. 2002; Loerch et al. 2008;
Navarro et al. 1998b, 2010). In the past years, it has
been proven that the absence of apo D reduces life
span and, in contrast, its overexpression induces the
opposite effect and increases the stress resistance
(Ganfornina et al. 2008; Muffat et al. 2008; Sanchez
et al. 2006). Other studies show that apo D can protect
nervous cells from damage (Montpied et al. 1999;
Navarro et al. 2008; Walker et al. 2006). In our
opinion, apo D can be included in a compensatory
mechanism against physiological and structural
changes inherent to aging process.

In the telencephalon of ovariectomized animals, a
similar amount of Apo D was found from 0 to
12 months, which can be caused by the alteration of
the neuroendocrine axis induced by ovariectomy. A
noticeable decrease in the level of apo D is observed
from 12 to 24 months. As discussed above, at this
stage (12 months) a progressive loss of gonadal
function occurs in normal animals (Iossa et al.
1999). With senescence, an important cognitive
decline occurs in human and other mammalian
species (Biessels et al. 2002) that is accompanied by
the decay of many physiological systems, like glucose
metabolism (De Santi et al. 1995). This process is
aggravated by the absence of steroid sexual hor-
mones (Dueñas et al. 1996; Sherwin 2003). Our
study shows that ovariectomy affects the ability of
apo D synthesis in the telencephalon, which is clearly
observed in aged animals (24 months). Early gonad-
ectomy leads to a deterioration in cerebral glucose
metabolism and memory processes (Alonso et al.
2008; Garcia-Segura et al. 2001). Therefore, it is
possible that the lack of gonads can affect, in aged
animals, to brain homeostasis in a wide range of
processes, such as neuronal feeding or apo D synthesis.
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In the cerebral cortex, the 17β-estradiol treatment
mainly affects the expression of apo D from
12 months to the end of the study, revealing a positive
effect of the continuous hormone supply on apo D
expression, during aging. Exogenous administration
of estrogens partially mitigates the deleterious effect
of the ovariectomy, improving moderately the ability
of apo D synthesis by the nervous cells of cerebral
cortex.

In the diencephalon of control animals, a decrease
in the expression of apo D, related with aging, was
observed. These results are clearly different from those
obtained for the cerebral cortex, in the present and
other studies where an increment of apo D expression
related with aging was described (Belloir et al. 2001;
Hu et al. 2001; Navarro et al. 1998b, 2010). One
explanation for the results found on diencephalon
can be related to the particular importance of the
different CNS regions in the regulation of corporal
homeostasis. The diencephalon plays a fundamental
role in the control of different physiological func-
tions, which are basic for life, and an alteration of
some of its neuronal nuclei can cause the death of
the animal at any time. Some ultrastructural studies
perform on hamster diencephalon demonstrate the
neuronal preservation of different hypothalamic
nuclei during aging (Navarro et al. 1997, 1998a).
This neuronal protection along aging process is also
present in other primitive, but very important neuronal
regions, as the vestibular nuclear system of human and
other mammals (Álvarez et al. 2000; Fernández et al.
2007). Finally, recent studies of our group show that
apo D is expressed in all the neurons of different
neuronal nuclei of the human brainstem, from birth to
senescence (observations not published). In these
nuclei, there is not overexpression of apo D associated
to ageing but a constant expression of it exists along
all the life of the person.

In the diencephalon of ovariectomized animals, the
amount of apo D is lower than in control animals
from the beginning up to 12 months, when the
irregular estrous cycle appears in the last group. This
difference could be due to a multifactorial hormonal
regulation, being involved, among other, estrogens
and progesterone, as has been demonstrated in
cellular cultures (Balbin et al. 1990; Simard et al.
1992). However, although ovariectomized animals
have scarce hormonal changes and apo D levels do
not suffer a sharp increase (with the exception of that

of aging-related) from the middle to the end of the
study the O group shows higher apo D expression
than normal aged animals. This could imply an
adaptive response of the diencephalon, directly related
with hormonal regulation, of ovariectomized animals
to the constant lack of estrogens along their lives.

The diencephalon of ovariectomized and estradiol-
treated rats shows slight differences in apo D expres-
sion along aging, but in both groups, from 12 months
to the end of the experiment, apolipoprotein levels are
higher than in the controls. It is probable that this
increase in apo D synthesis is triggered in response to
the hormonal imbalance induced by ovariectomy,
supporting the idea of apo D as a neuroprotective
compensatory protein.

According to the results of this work, the estradiol
effect on apo D levels is focused in the cerebral
cortex, more than in the diencephalon. The cerebral
cortex is remodeled along the entire life of animals
and with aging can be affected by different processes
of neurodegeneration, which do not directly cause
death, but only a progressive diminution of the
cerebral functions. On the contrary, the diencephalon,
with the hypophysis, constitutes the main hormonal
regulatory system of the organism (the hypothalamic–
hypophysary axis), so a very strict system of neuro-
protective mechanisms is necessary to support its
functionality during aging because a minimal alter-
ation of some neuronal nuclei of this region can
achieve a lethal alteration of homeostasis. Therefore,
this brain area has such an effective mechanism of
homeostasis maintenance that an increase in apo D, as
an injury-response protein (Ganfornina et al. 2008;
Sanchez et al. 2006), is not necessary. However,
ovariectomy and 17β-estradiol treatment involve an
alteration of the hypothalamic–hypophysary hormonal
balance, disturbing this perfect equilibrium.

In conclusion, our data confirm that in the CNS
apo D age-related expression is zone-dependent, and
that the hormonal treatment of ovariectomized rats
affects the expression of apo D, in a different manner
in the brain areas under study. Some particular
regions, as cerebral cortex, that suffer great remodeling
during aging are more sensitive to hormones being the
17β-estradiol treatment able to restores partially the
apo D expression diminished by ovariectomy. On the
contrary, regions of the CNS that show a great
resistance to alterations induced by ageing, such as
the diencephalon, are also less affected by hormonal
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treatment. However, both ovariectomized and 17β-
estradiol-treated rats show apo D levels higher than
the control group. This overexpression could be aimed
to correct the alterations in the homeostasis caused by
ovariectomy.
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