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Abstract—Brain-derived neurotrophic factor (BDNF) is a
neurotrophin abundantly expressed in several areas of the
central nervous system (CNS) and is known to induce a lasting potentiation of synaptic eﬃcacy, to enhance speciﬁc
learning and memory processes. BDNF is one of the key
molecules modulating brain plasticity and it aﬀects cognitive deﬁcit associated with aging and neurodegenerative
disease. Several studies have shown an altered BDNF production and secretion in a variety of neurodegenerative diseases like Alzheimer’s and Parkinson’s diseases but also in
mood disorders like depression, eating disorders and
schizophrenia. Plasma BDNF is also a biomarker of impaired
memory and general cognitive function in aging
women. Gonadal steroids are involved in the regulation
of several CNS processes, speciﬁcally mood, aﬀective and
cognitive functions during fertile life and reproductive
aging. These observations lead many scientists to investigate a putative co-regulation between BDNF and gonadal
and/or adrenal steroids and their relationship with gender
diﬀerence in the incidence of mental diseases. This overview aims to summarize the current knowledge on the correlation between BDNF expression/function and both gonadal
(progesterone, estrogens, and testosterone) and adrenal
hormones (mainly cortisol and dehydroepiandrosterone
(DHEA)) with relevance in clinical application.
This article is part of a Special Issue entitled: Steroid
hormone actions in the CNS: the role of BDNF.
Ó 2013 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION
Brain-derived neurotrophic factor (BDNF) is a 27-kDa
polypeptide that belongs to the neurotrophin family
binding with high-aﬃnity protein kinase receptors (Trk)
and the unselective p75NGFR receptor. The BDNF gene
has a complex structure with multiple regulatory
elements and four promoters that are diﬀerentially
expressed in central or peripheral tissue (Tapia-Arancibia
et al., 2004). It is well known to play an important role in
the survival, diﬀerentiation, and outgrowth of select
peripheral and central neurons during development and
in adulthood (McAllister et al., 1999; Sohrabji and Lewis,
2006). BDNF has also been shown to play an important
role in activity-dependent synaptic plasticity in the
hippocampus (Kang and Schuman, 1995; Korte et al.,
1995) where, as in the dentate gyrus (DG) (Messaoudi et
al., 1998), it is known to produce a lasting potentiation of
synaptic eﬃcacy probably involving calcium-induced
calcium release (CICR) (Balkowiec and Katz, 2002;
Kramar et al., 2004). Moreover, BDNF enhances
glutamatergic synaptic transmission in hippocampal
cultures through a presynaptic mechanism (Li et al.,
1998). It is possible that these eﬀects may, in turn,
enhance speciﬁc learning and memory processes and
help reduce cognitive deﬁcits associated with aging and
neurodegenerative disease (Gibbs, 1999). In fact, recent
ﬁndings show that cellular events involved in memory
encoding initiate BDNF signaling through synaptic TrkB,
thereby ensuring that learning will trigger neurotrophic
support (Musumeci and Minichiello, 2011). BDNF
expression in the central nervous system (CNS) is
modiﬁed by various kinds of brain insult (stress,
ischemia, seizure activity, hypoglycemia, etc.) (Lindvall et
al., 1994) and alterations in its expression may contribute
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to some pathologies such as depression, Alzheimer’s, and
Parkinson’s disease (Connor et al., 1997; Parain et al.,
1999; Karege et al., 2002).
Recent studies also suggest that BDNF is a biomarker
of impaired memory and general cognitive function in
aging women (Komulainen et al., 2008).
Several authors have attributed various problems in
health and wellbeing to the impaired adaptation of
individuals to their environment, as a consequence of a
dysfunctional hypothalamic–pituitary–adrenal (HPA) axis
(the major pathway for regulating stress responses) and
its cortisol production (Corbett et al., 2009). On the other
hand, it has been shown in some experimental studies
that BDNF regulates the HPA response to stress
(Angelucci et al., 2005; Duman and Monteggia, 2006).
For instance, Franklin and Perrot-Sinal (2006) investigated the eﬀects of stress and sex and gonadal hormones
on BDNF protein levels in CA1, CA3, and DG subregions
of the hippocampus showing that stress increased BDNF
levels in EP (estrogen and progesterone)-treated rats but
it decreased BDNF levels in vehicle-treated rats.
Estrogens, progestagens and androgens arriving from
gonads through blood vessels are able to modulate
several brain functions. Receptors for gonadal steroids
have been identiﬁed in several brain areas: amygdala,
hippocampus, cortex, basal forebrain, cerebellum, locus
coeruleus, midbrain rafe nuclei, glial cells, pituitary
gland, hypothalamus and central gray matter (Speroﬀ et
al., 1995; Alonso-Solı́s et al., 1996; Genazzani et al.,
1996). The mechanism of action of sex steroids at this
level is similar to the same observed in the peripheral
target organs, including both genomic and non-genomic
eﬀects (Palumbo et al., 1995; Mong and McCarthy, 1999).
Experimental and clinical studies highlight interactions
between estrogens and progestins in the neuroendocrine
control of the brain functions and its clinical implications
(Genazzani et al., 1997). Neurosteroids, such as
allopregnanolone, are synthesized in the brain, either de
novo from cholesterol also by astrocytes and
oligodendrocites or by the local metabolism of bloodborne precursors (Mellon, 1994). Neurosteroids exert
non-classical rapid actions as allosteric agonists of
gamma-aminobutyric acid receptor A (GABA(A)) and
also modulate classic neurotransmitters in the brain
(Palumbo et al., 1995). Physiological or pathological
modiﬁcations of the synthesis and release of
neurosteroids play a relevant role in the control of brain
function (Wang et al., 1996; Sundström et al., 1999).
Estrogens, produced de novo from cholesterol in the
brain (Genazzani et al., 1997), are crucial in determining
central gender dimorphism, and an estrogen-induced
synaptic plasticity is evident during puberty and
seasonal changes as well as during the ovarian cycle
(Mellon, 1994). Particularly, in the female hippocampus,
density of spines and spine synapses varied with the
estrus cycle. In addressing this in vivo–in vitro
discrepancy, they showed how gonadotropin-releasing
hormone (GnRH) regulated estradiol synthesis via an
aromatase-mediated mechanism and consistently
regulated spine synapse density and the expression of
synaptic proteins. Along these lines, GnRH receptor

density was higher in the hippocampus than in the
cortex and hypothalamus, and estrus cyclicity of
spinogenesis was found in the hippocampus, but not in
the cortex. Since GnRH receptor expression also varies
with the estrus cycle, the sexual dimorphism in
estrogen-regulated spine synapse density in the
hippocampus very likely results from diﬀerences in the
GnRH responsiveness of the male and the female
hippocampus (Fester et al., 2012). Estrogens act on the
CNS both through genomic mechanisms, modulating
synthesis, release and metabolism of neurotransmitters,
neuropeptides and neurosteroids, and through nongenomic mechanisms, inﬂuencing electrical excitability,
synaptic function and morphological features (Wang et
al., 1996). As a consequence, it has been demonstrated
that estrogen’s neuroactive eﬀects protect against a
wide range of neurotoxic insults (Sundström et al.,
1999). Clinical evidence has revealed that, during the
climacteric period, estrogen withdrawal leads to
modiﬁcations in mood, behavior and cognition. Estrogen
replacement therapy is able to improve mood and
cognitive eﬃciency after menopause (Nelson and Bulun,
2001; Genazzani et al., 2007a,b).
Androgens play a pivotal neuroactive role during
the ‘‘organizational/developmental’’ phase, mainly in the
fetal–neonatal period, when they participate in the
formation of neuronal circuits, as well as during the aging
process when it has been proved to directly aﬀect
hippocampal spine synapse density, suggesting a
physiopathological role for androgen in the modulation of
cognitive
function
and
the
development
of
neurodegenerative disease (Genazzani et al., 2007a,b).
The fact that also ovarian steroids are involved in the
regulation of the CNS processes, in particular mood,
aﬀective and cognitive functions, leads many scientists
to study a possible correlation between BDNF and sex
steroids, in both animals and humans.

CORTISOL AND BDNF
Cortisol is traditionally viewed as the most important
stress hormone in humans (Sapolsky et al., 2000). In
recent years cortisol has been shown to play a much
broader role in human functioning (Erickson et al.,
2003). Several authors have attributed various problems
in health and wellbeing to impaired coping strategies of
individuals to environment and/or to the consequence of
a dysfunctional hypothalamic–pituitary–adrenal (HPA)
axis—the major pathway for regulating stress
responses—and its cortisol production (McEwen, 1998;
Corbett et al., 2009). In animals, exposure to stress
early in life (for example, repeated maternal separation)
has been found to induce a relative decrease in the
expression of BDNF and to subsequent neuronal
atrophy and degeneration in the hippocampus and the
cortex, which can persist into adulthood (Roceri et al.,
2004; Murakami et al., 2005; Song et al., 2006).
Glucocorticoids are also involved in BDNF regulation
(Barbany and Persson, 1992, 1993). A fairly recent study
has shown that cortisol exerts a diﬀerential inﬂuence on
BDNF regulation in the rat hippocampus as a function of
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the speciﬁc receptor involved (glucocorticoid or
mineralocorticoid receptors—GR or MR) (Hansson et al.,
2000). Cyclin-dependent kinase 5 (CDK5) regulates GRand MR-mediated transcriptional activity. Using cultured
cortical neurons, Kino et al. (2010) showed that
aldosterone, an MR agonist, increased BDNF mRNA,
while DEX (dexamethasone), a GR agonist, reduced
BDNF level. These authors found that both a CDK5
inhibitor and the knockdown of CDK5 suppressed the
positive and negative eﬀects of aldosterone and DEX,
respectively, on BDNF expression, suggesting that
CDK5 has a role in glucocorticoid-mediated BDNF
expression in neurons (Hansson et al., 2000).
Additionally, in vivo analysis of phosphorylation
alterations of GR after acute and/or chronic stress has
been performed because the phosphorylation of GR
aﬀects the control of gene expression. Adzic et al.
(2009) investigated hippocampal and cortical levels of
GR phosphorylation using rats exposed to acute
immobilization stress, chronic isolation stress, or a
combination of these two stressors. Phosphorylated GR
at serine 232 in hippocampal tissue was increased by
acute and chronic stress, whereas cortical GR
phosphorylation predominated in the case of chronic
stress exposure. Furthermore, BDNF mRNA in
hippocampal tissue was decreased after chronic stress,
while cortical BDNF was upregulated by the same
stress condition Diﬀerent regulatory systems may
inﬂuence BDNF production in hippocampal or cortical
regions under stressful conditions, although both brain
regions are putatively correlated with depressive
behavior (Adzic et al., 2009). In addition, exogenous
stimuli, such as physical activity (Neeper et al., 1991)
and light exposure (Castrén et al., 1992), can inﬂuence
the expression of BDNF, particularly in the rat cortex
and hippocampus (Bova et al., 1998) suggesting a
pivotal role for this neurotrophin in homeostasis.

ESTROGENS AND BDNF
In vitro studies
As described above, estrogens have multiple functions in
the brain. Some reports suggest the involvement of BDNF
in modulating estrogen actions (Scharfman and
MacLusky, 2006). Sohrabji et al. (1995), showed that
estrogen could regulate the expression of BDNF via the
estrogen response element on the BDNF gene. In
dissociated
hippocampal
cultures,
17b-E2
downregulates the expression of BDNF in GABAergic
neurons to 40% of control within 24 h of exposure, and
the downregulation returns to basal levels within 48 h
(Murphy et al., 1998). Recently, it was reported that
17b-E2 increases protein levels of BDNF in
hippocampal slice cultures (Aguirre and Baudry, 2009).
In contrast, another group reported that 17b-E2 does
not change the expression of BDNF in cultured
hippocampal neurons (Sato et al., 2007). In
hypothalamic slice cultures, levels of BDNF mRNA were
not changed by either acute or chronic treatment of
17b-E2 (Viant et al., 2000). In midbrain cultures, 17b-E2
increased BDNF protein levels (Ivanova et al., 2001).
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Remarkably, 17b-E2 induces the release of BDNF in
DG granule cells in hippocampal slice cultures, and 17bE2-dependent synaptogenesis was induced via the
secreted BDNF (Sato et al., 2007). It has been
demonstrated that sympathetic innervation of the rat
uterus undergoes profound remodeling inﬂuenced by
estrogen action (Zoubina et al., 2001). In particular
terminal sympathetic axons degenerate when levels rise
and regenerate when estrogen levels decline. KriszanAgbas and co-workers have examined the role of
neurotrophins in estrogen-mediated uterine sympathetic
nerve remodeling. For this purpose, they demonstrated
how estrogen injection of ovariectomized female rats
raised BDNF protein and mRNA in myometrium and
endometrium. Myometrium from ovariectomized rats
induced neuritogenesis in estrogen-free conditions, and
this was abolished when BDNF was added to the
medium. These ﬁndings suggest that neuritogenic
properties of the rodent uterus are altered by regulating
BDNF synthesis, which inhibits sympathetic neurite
outgrowth (Krizsan-Agbas, 2003).
In vivo studies
It has been reported that 28 weeks after ovariectomy in
rats, BDNF mRNA levels are signiﬁcantly reduced in
almost all hippocampal layers and the cortex (Singh et
al., 1995). Estradiol replacement essentially reversed this
eﬀect in the hippocampus, suggesting a regional
divergence in ovarian steroid requirements for BDNF
expression. In addition, it has been reported that the
levels of BDNF mRNA ﬂuctuated signiﬁcantly during
the estrous cycle in CA1, CA3, and CA4 areas of the
hippocampus. The highest levels were detected on
the morning of diestrus 2, when progesterone levels are
relatively low, and the lowest levels were detected on the
afternoon of pro-estrus, when progesterone levels were
highest (Gibbs, 1998). These authors also demonstrated
that in ovariectomized rats, BDNF mRNA increased
throughout the hippocampus in response to hormone
replacement,
particularly
in
response
to
the
administration of estrogen plus progesterone. The
increase in BDNF mRNA in the hippocampus occurred
concomitantly to a decrease in BDNF protein in this
region. In contrast, a similar combined treatment
produces substantial increases in BDNF mRNA and
protein in the piriform cortex (Lindvall et al., 1994). These
data demonstrated how hormone replacement alters
BDNF mRNA and protein levels in a region-speciﬁc
manner. Estrogen treatment has also been reported to
improve learning acquisition in a radial maze task and
performance in a working memory task of ovariectomized
rats (Daniel et al., 1997; O’Neal et al., 1996), suggesting
that the protective eﬀect of estrogens on cognitive
functions linked to the hippocampus could be mediated
by BDNF. In addition, it has been shown that the wellknown stress-atrophy of apical dendrites of CA3
pyramidal neurons occurs in male but not female rats,
thus highlighting the role of female sex hormones in the
protection of brain against damage (Galea et al., 1997).
Interestingly, prolonged (7 weeks) but not short-term
estrogen deprivation prevented exercise induced
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up-regulation of BDNF mRNA (Berchtold et al., 2001).
Finally, it was recently reported that the estrogen
receptor (ER) is colocalized with BNDF in pyramidal cells
of the CA3 hippocampal layer, and to a lesser extent in
CA1 (Solum and Handa, 2001). In addition, estrogen and
neurotrophins share some signaling pathways (Singh et
al., 1999), which could partially explain some of the
trophic estrogen eﬀects on neurite growth and
diﬀerentiation.

PROGESTERONE AND BDNF
Several studies have shown the neuroprotective eﬀect of
progesterone in experimental models that mimic
pathogenic aspects of brain dysfunction during the aging
process. For instance, progesterone pre-treatment
protected hippocampal neurons from toxicity associated
with FeSO4 and amyloid (Goodman et al., 1996). In
addition, cerebral cortical explants and primary
hippocampal neurons were protected from glutamateinduced cell death (Nilsen and Brinton, 2002; Kaur
et al., 2007) although the clinically used progestin,
medroxyprogesterone acetate (MPA), failed to protect
hippocampal neurons against glutamate toxicity (Kaur et
al., 2007). It is well known that progesterone also
regulates BDNF expression. In fact recently, Aguirre
and Baudry (2009), reported that, in hippocampal slice
cultures, progesterone up-regulates BDNF proteins). In
their research, long-term progesterone treatment
following 17b-E2 administration attenuates 17b-E2induced neuroprotection in hippocampal slice cultures.
Moreover, Kaur et al. (2007) demonstrated that
progesterone up-regulates both BDNF mRNA and
protein levels in cerebral cortical explants. In contrast,
two independent groups provided evidence that
progesterone neuroprotection is not given through
BDNF in rodents (Nilsen and Brinton, 2002; Jones et al.,
2005). Jones et al. (2005) provides strong evidence that
progesterone has neuroprotective properties in a mouse
model of traumatic brain injury, but suggests that the
steroid achieves this eﬀect through mechanisms
independent of the inﬂammatory response or growth
factor up-regulation. On the other hand, recent ﬁndings
suggest that progesterone enhancement of endogenous
neuronal BDNF could provide a trophic environment
within the lesioned spinal cord and might be part of the
progesterone
activated-pathways
to
provide
neuroprotection (González et al., 2004).
However, in considering the neuroprotective eﬀects of
progesterone, one must also consider the possibility that
the eﬀects of progesterone may be mediated by its
metabolite, allopregnanolone (3a,5a-tetrahydroproges
terone or THP). Interestingly, allopregnanolone exerts
complex acute actions in several corticolimbic structures
following i.p. administration (Naert et al., 2007). In the
hippocampus, the content of BDNF following an injection
of allopregnanolone was ﬁrst decreased after 30 min
following the injection and signiﬁcantly increased after
3 h. In the amygdala, BDNF content had increased after
15–60 min from allopregnanolone, returned to normal,

and increased again after 5 h. Finally, in the
hypothalamus, BDNF levels had decreased (Naert et al.,
2007). Collectively these studies suggest that part of the
immediate or the long-term behavioral eﬀects exerted by
steroidogenic antidepressants may be explained by the
eﬀects of these drugs on allopregnanolone synthesis,
which in turn may up-regulate BDNF content and
expression in corticolimbic neurons.
Furthermore, because previously published data
suggested that BDNF may be a relevant mediator of
progesterone protective actions (González et al., 2004),
Jodhka et al. (2009) determined whether progesterone
and MPA, the most commonly used progestins in
hormone therapy in the United States, diﬀered in their
ability to regulate BDNF. Their ﬁndings demonstrated
that progesterone elicited an increase in both BDNF
mRNA and protein levels, whereas MPA acetate did
not. In addition, using both a pharmacological inhibitor
of the progesterone receptor (PR) and PR knockout
mice, they determined that eﬀects of progesterone were
mediated by the classical PR. Synthetic progestins used
in clinical practice diﬀer for receptor proﬁle, metabolism
and signal transduction. Thus, higher glucocorticoid
activity of MPA with respect progesterone might explain
the diﬀerent eﬀect on CNS BDNF level in comparison
with natural progesterone, although this biological
process has not been tested yet.

TESTOSTERONE AND BDNF
Androgens also exhibit a wide array of neuroprotective
and neurotherapeutic eﬀects in motoneurons, including
supporting cell survival, axonal regeneration, and
dendritic maintenance (Little et al., 2009). However, only
few studies have evaluated the eﬀect of testosterone on
BDNF and its relation to gender diﬀerence. In
motoneurons
of
the
spinal
nucleus
of
the
bulbocavernosus (SNB), a sexually dimorphic and highly
androgen-sensitive motor population in the lumbar
spinal cord of rats, treatment with testosterone and
BDNF has an interactive eﬀect on the regulation of
androgen receptor expression (Yang and Arnold, 2000)
as well as dendritic length (Yang et al., 2004).
Combined treatment with both testosterone and BDNF
is more eﬀective than treatment with either compound
alone in the maintenance of androgen receptor
immunoreactivity in axotomized SNB motoneurons
(Yang and Arnold, 2000). On the other hand,
testosterone administration was shown to increase
BDNF protein levels in castrated male rats (Verhovshek
et al., 2010). Another group also indicated that BDNF
mediates the eﬀects of testosterone on neuronal
survival (Rasika et al., 1999). Gonadectomy in male rats
induced a signiﬁcant decrease in the protein levels of
BDNF and PSD-95 in the CA1 area, which was
prevented by testosterone replacement. Testosterone in
adulthood prevented the diﬀerential response properties
of spine maturation in sublayers of dendritic spines in
the CA1 area via the actions of BDNF and PSD-95
(Brenowitz, 2012).
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However, the degree of castration in female rats and
the role of testosterone replacement on BDNF central
modiﬁcations and the requirement of aromatase remain
unexplored.

DEHYDROEPIANDROSTERONE (DHEA)
AND BDNF
DHEA and its sulfate metabolite (DHEAS) are the major
androgens secreted by the human adrenal gland. A
decline in their production is the most characteristic agerelated change in the adrenal cortex (Krysiak et al.,
2008; Goel and Cappola, 2011). Recently a study was
undertaken to know the possible neuroprotective role of
DHEA against the development of Alzheimer’s disease
in an experimental rat model. Alzheimer’s disease was
produced in young female ovariectomized rats. Half of
these animals also received oral DHEA (250 mg/kg
body weight, three times weekly) for 18 weeks. Control
groups of animals received either DHEA alone, or no
DHEA, or were not ovariectomized. After such treatment
the animals were analyzed for oxidative stress
biomarkers such as hydrogen peroxide, nitric oxide and
malondialdehyde, total antioxidant capacity, reduced
glutathione,
glutathione
peroxidase,
glutathione
reductase, superoxide dismutase and catalase activities,
antiapoptotic
marker
Bcl-2
and
brain-derived
neurotrophic factor. Signiﬁcant depletion in brain Bcl-2
and brain-derived neurotrophic factor levels was also
detected. Signiﬁcant amelioration in all investigated
parameters was detected as a result of treatment of Alintoxicated ovariectomized rats with DHEA. These
results clearly indicate a neuroprotective eﬀect of DHEA
against Alzheimer’s disease (Aly et al., 2011).
DHEA administration causes a signiﬁcant increase in
serotonin levels (Svec and Porter, 1997) and there are
ﬁndings showing the interactions between serotonin,
BDNF, and DHEA (Martinowich and Lu, 2008). It seems
that BDNF is a mediator of the DHEA activity in the
brain tissue (Svec and Porter, 1997). BDNF promotes
the survival and diﬀerentiation of serotonin neurons
(Pinnock et al., 2009). On these bases several lines of
evidence suggest that BDNF might be an important
agent of therapeutic recovery from depression, and it
might also provide protection against stress-induced
neuronal damage (Nestler et al., 2002; Duman, 2002).

SEX STEROIDS AND BDNF: FINDINGS FROM
HUMAN STUDIES
Although many studies have been undertaken to examine
the presence of BDNF, it is also expressed and secreted
from several tissues (e.g. endothelial cells, smooth
muscle cells, the myometrium and the endometrium)
(Donovan et al., 1995). BDNF is also present in the
human plasma and, since platelets represent a major
storage site of BDNF in peripheral blood, serum levels
are higher than plasma levels (Lommatzsch et al.,
2005). Therefore, platelets appear to be a unique BDNF
transportation system in the human body (Fujimura
et al., 2002). There is evidence that BDNF serum levels
are closely related to BDNF concentrations in the
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central nervous system (Karege et al., 2002). Intact
BDNF in the peripheral circulation crosses the BBB by a
high-capacity, saturable transport system (Pan et al.,
1998; Karege et al., 2005). Irrespective of the yet
unknown mechanism, there is also accumulating
evidence that BDNF serum levels are aﬀected by
altered BDNF release or utilization in the central
nervous system (Staats et al., 2005). As described
above
neurodegenerative
disorders,
such
as
Alzheimer’s and Parkinson’s diseases, appear to be
associated with decreased levels of BDNF in the brain
(Connor et al., 1997; Parain et al., 1999), although low
serum levels of BDNF are thought to characterize major
depression (Karege et al., 2002), schizophrenia
(Toyooka et al., 2002) and eating disorders, such as
bulimia and anorexia nervosa (Nakazato et al., 2003;
Monteleone et al., 2005). Decreased serum levels of
BDNF in mothers before and after childbirth: this
phenomenon might reﬂect an increased risk for the
development of mood disorders in the perinatal period
(Lommatzsch et al., 2006). It is well known that a
number of aﬀective disorders linked to impaired LHPA
activity such as major depression, post-traumatic stress
disorder (PTSD) and anorexia nervosa) are more
commonly diagnosed in females than males (Kessler et
al., 1993). There is an important gender diﬀerence in
the rate of hormonal changes with aging: in menopausal
women estradiol falls to nearly undetectable levels,
whereas in healthy men testosterone production
declines slowly (Janowsky, 2006). In addition,
Komulainen et al. (2008) found that decreased plasma
BDNF level is a biomarker of cognitive impairment in
non-demented aging women, but not in men: this study
is the ﬁrst one describing the association between
circulating BDNF level and cognitive function in the
general population (The DR’s EXTRA Study). It has
been shown that plasma concentrations decrease
signiﬁcantly with age or weight gain, whereas platelet or
serum levels do not seem to be altered (Lommatzsch et
al., 2005). Growing evidence showed BDNF was
essential for the oocyte maturation in vitro fertilization
(IVF) (Seifer et al., 2002, 2006). Kawamura et al. (2005)
had observed that BDNF enhanced the ﬁrst polar body
emission and promoted oocyte development into
preimplantation embryos. Seifer et al. (2003)
demonstrated the the presence of BDNF in human IVF,
including normal cycle and IVF cycle, and found that
BDNF played an important role in the progress of follicle
formation and oocyte maturation. Modiﬁcations in
platelet BDNF have been reported in women throughout
the menstrual cycle (Lommatzsch, 2005): studies have
shown higher levels during the luteal phase than in the
follicular phase; moreover serum levels of BDNF are
lower in women than in men, probably because count
platelets are higher in men than in women
(Lommatzsch, 2005).
Female reproductive milestones and BDNF
On this basis, Begliuomini et al. (2007) aimed to
investigate if plasma BDNF varies according to women’s
hormonal status (menstrual cycle, amenorrhea and
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menopause). Data show a close relationship between
hormonal status and neurotrophic milieu. In fact, women
with regular ovulatory cycles present higher BDNF
levels
when
compared
with
amenorrheic
or
postmenopausal women suggesting a predominant role
of sex steroid hormones in the regulation of
neurotrophin expression. In addition a strong negative
correlation was found between plasma BDNF levels and
the number of years since menopause (Begliuomini et
al., 2007). These ﬁndings could at least partially explain
the increased incidence of neurodegenerative diseases
(such as Alzheimer’s and Parkinson’s disease) after the
menopause transition, supporting the hypothesis that
BDNF may be considered a biomarker of general
cognitive function in aging women (Komulainen et al.,
2008). Furthermore, scientists observed that circulating
changes in BDNF levels according to menstrual cycle
phase demonstrate that the rate of ﬂuctuations of BDNF
and estradiol are similar: both are low at very ﬁrst days
of the cycle, then rise until day 14, reaching a peak just
before ovulation, approximately just a few hours before
the LH surge. These ﬁndings may conﬁrm a role for
BDNF in the complex mechanism that leads to
ovulation, probably under the direct inﬂuence of E2.
BDNF may be considered a valid marker of follicular
maturation (Seifer et al., 2002, 2003, 2006). After this
‘pre-ovulatory peak’, both E2 and BDNF show a trend to
decrease up to days 16–17 of the menstrual cycle.
Concurrently, progesterone starts to increase, due to its
secretion by the corpus luteum, under the inﬂuence of
LH. During the mid-luteal phase, a new signiﬁcant rise
in plasma BDNF levels occurs (days 20–24). In
postmenopausal women, hormonal replacement therapy
is able to increase BDNF low menopausal levels nearly
to those of the follicular phase (Begliuomini et al., 2007).
High plasma BDNF levels observed in the luteal phase
may be related, at least in part, to an ovarian synthesis.
This source is likely the corpus luteum and, to a lesser
extends, the secretive endometrium, since it has been
reported that the rat endometrium expresses both BDNF
protein and mRNA (Krizsan-Agbas et al., 2003). Indeed,
the higher levels of BDNF observed in menstrual blood
than in plasma and its identiﬁcation in the human
endometrium further support the role of this
neurotrophin in female reproductive function evidencing
that endometrium could be a possible source of this
neurotrophin (Russo et al., 2012).
Furthermore, the close interplay between sex
steroids, BDNF and mood has been detected in women
with premenstrual syndrome (PMS) that showed lower
luteal phase BDNF levels compared to normal women.
(Cubeddu et al., 2011). PMS begins on corpus luteum
formation and disappears with luteolysis. The role of a
personal vulnerability to the brain eﬀects of gonadal
steroids is reinforced by the fact that symptoms are
absent during non-ovulatory cycles, abolished by
ovariectomy or treatment with ovulation inhibitors and
reinstated by the administration of exogenous
hormones. The lower luteal BDNF levels in PMS might
be a consequence of an altered hormonal milieu and
might play a role in the onset of mood symptoms.

Interestingly, paroxetine, a common SSRI used in PMS,
increases BDNF (Cubeddu et al., 2010).
However, it is reasonable to suppose that changes in
the plasma BDNF levels are not only endocrine based,
but also inﬂuenced by other factors, such as
neurotransmitters, sensorial stimuli. Indeed, recently it
has been shown that plasma BDNF levels, as well as
cortisol levels, are signiﬁcantly higher in the morning
when compared with the night, with a trend of constant
decrease during the day. In addition, plasma BDNF and
cortisol are positively correlated suggesting that these
two factors may be physiologically co-regulated, in order
to maintain the homeostasis of integrated cerebral
activities (Begliuomini et al., 2008). It has been also
demonstrated how BDNF plasma levels showed a
diurnal rhythm in the follicular phase, although the
diurnal rhythm was blunted in the luteal phase whereas
in women undergoing oral contraceptives the trend was
similar to that observed during the follicular phase of
normal menstruating women. In postmenopausal
women, BDNF and cortisol levels signiﬁcantly
decreased during the day. BDNF has a diurnal variation
in women that is somewhat analogous to cortisol
variation; however, the amplitude of the variation in
BDNF levels appears to be inﬂuenced by ovarian
function.
Interactions
between
BDNF,
the
hypothalamus–pituitary–adrenal axis and sex steroids
might play a critical role in the human homeostasis and
adaptation. The fact that in women BDNF showed a
diurnal rhythm in the follicular phase although the
diurnal rhythm was blunted in the luteal phase
conﬁrming the hypothesis, also in this case, that high
plasma BDNF levels observed during the luteal phase
may be at least partly due to local production by the
corpus luteum (Pluchino et al., 2009).
Although the function of BDNF in reproductive tissues
remains largely unknown, the strict association between
plasma level, endometrial level and gonadal steroids,
supports additional roles of this neurotrophin on
endometrial function and remodeling. Pregnancy is
accompanied by a decrease in serum BDNF, and levels
remain low after childbirth (Lommatzsch et al., 2006),
although no data are available about its correlation with
as post-partum depression.

CONCLUSION AND PROSPECTIVE
Sex steroid hormones and neurotrophic factors are
involved in the development of the adolescent brain and
have been implicated in the neuroendocrine control of
reproduction as well as in brain adaptation during
reproductive aging. Intriguing hypotheses have been also
postulated for a BDNF role in the pathogenesis of
reproductive depression disorders and neurodegenera
tive diseases. Relationship between sex hormones and
cognitive function is complex and remains unclear. There
is an important gender diﬀerence in the rate of hormonal
changes with aging: in menopausal women estradiol falls
to nearly undetectable levels, whereas in healthy men
testosterone production declines slowly. Male and female
brain BDNF changes in response to physiological or
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pathological levels of circulating steroid hormones could
help to explain some of the developmental sex
diﬀerences in the pathogenesis of neurodevelopmental
disorders.
The correlation between estrogens and BDNF levels,
its identiﬁcation in ovarian follicles and in the
endometrium further supports additional functions of this
neurotrophin outside the CNS while formulating a
hypothesis for its role during embryo development and
implantation. Knowledge of the interactions between
BDNF, the hypothalamus–pituitary–adrenal axis and sex
steroids is essential to improve the understanding of the
biology of human homeostasis, adaptation and
reproductive function.
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