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Abstract: The basal forebrain is home to the largest population of cholinergic neurons in the brain.
These neurons are involved in a number of cognitive functions including attention, learning and
memory. Basal forebrain cholinergic neurons (BFCNs) are particularly vulnerable in a number of
neurological diseases with the most notable being Alzheimer’s disease, with evidence for a link
between decreasing cholinergic markers and the degree of cognitive impairment. The neurotrophin
growth factor system is present on these BFCNs and has been shown to promote survival and
differentiation on these neurons. Clinical and animal model studies have demonstrated the
neuroprotective effects of 17β-estradiol (E2) on neurodegeneration in BFCNs. It is believed that
E2 interacts with neurotrophin signaling on cholinergic neurons to mediate these beneficial effects.
Evidence presented in our recent study confirms that altering the levels of circulating E2 levels via
ovariectomy and E2 replacement significantly affects the expression of the neurotrophin receptors on
BFCN. However, we also showed that E2 differentially regulates neurotrophin receptor expression on
BFCNs with effects depending on neurotrophin receptor type and neuroanatomical location. In this
review, we aim to survey the current literature to understand the influence of E2 on the neurotrophin
system, and the receptors and signaling pathways it mediates on BFCN. In addition, we summarize
the physiological and pathophysiological significance of E2 actions on the neurotrophin system in
BFCN, especially focusing on changes related to Alzheimer’s disease.

Keywords: estradiol 1; neurotrophins 2; neurotrophin receptors 3; basal forebrain cholinergic
neurons 4; Alzheimer’s disease

1. Introduction

Estrogens are most commonly associated with their role in control of reproduction, the relative
concentrations of the primary estrogen constituents dictating the phases of menstruation and
pregnancy [1–3]. Estrogens effects are not limited to reproductive regulation [4]. Numerous functions in
the central nervous system (CNS) are credited to estrogens, including effects on contextual and spatial
learning and memory in cornu ammonis area 1 (CA1) hippocampal and cortical neurons in rodent
and nonhuman primate studies [5–10]. Estrogens, in particular estradiol (17β estradiol, E2), have also
been observed to provide neuroprotection in certain neuronal populations in the CNS, particularly on
the cholinergic neurons of the basal forebrain, where E2 has produced ameliorative effects following
N-methyl-D-aspartate (NMDA) -induced lesions [11,12]. These neurons are often referred to as basal
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forebrain cholinergic neurons (BFCNs). Several studies have also provided evidence of E2 mediated
protective effects on BFCNs by increasing cholinergic neuron function and survival [13,14].

Clinical studies have demonstrated that the incidence of neurodegenerative diseases, including
Alzheimer’s disease (AD), are higher in post-menopausal women and this has been attributed to the
reduced E2 levels seen in menopause [15–18]. These findings, along with other experimental results
suggest that estrogen therapy may be beneficial in protection against neurodegenerative diseases.
Studies have shown that the application of neurotrophin peptides onto BFCNs results in numerous
beneficial effects including survival [19] and neuroprotection [20]. One proposed mechanism suggested
for neuroprotective effects is that estrogens mediate these effects by influencing the neurotrophin
system on neurons of the basal forebrain [13,21–24]. This hypothesis is backed by evidence from
studies indicating that BFCNs express estrogen receptors [23] with further studies suggesting that
estrogen receptors are co-localized with neurotrophin receptors on these neurons [24]. Therefore,
the anatomical relationship between these two systems provides a platform for the regulation of
the neurotrophin system by estrogen in the basal forebrain. Studies investigating the impact of
estrogens on neurotrophin peptide and receptor expression have presented various effects. In one
such example, long-term estrogen deprivation experiments have shown that significant reductions in
tropomyosin-related kinase receptor A were noted in both the medial septum (MS) and nucleus
basalis magnocellularis (NBM) of the basal forebrain six months after ovariectomy (OVX) [25].
In in vivo experiments, application of estrogen to ovariectomized rats resulted in an upregulation of
BDNF mRNA expression in the cortex and olfactory bulbs, areas linked to BFCNs through afferent
innervation and neurotrophic support for these neurons. Furthermore, results of our recent study
confirmed that neurotrophin receptor expression in the basal forebrain could be modulated by E2
with effects observed dependent on brain region and neurotrophin receptor [26]. Low levels of
estrogen receptor alpha (ERα) were also found to co-localize with neurotrophin receptors in all of
the basal forebrain regions examined rising the possibility that E2 acts directly on neurotrophin
receptor expression in BFCNs. The use of neuron-specific ERα knockout mice in an attempt to further
investigate the role of ERα in this relationship further indicated that ERα is involved in the E2-induced
effects on BFCN, as ERα knockout abolished all E2-mediated changes in the neurotrophin receptor
expression on BFCN following ovariectomy.

The present review will discuss recent observations into the mechanism of E2 action on the
neurotrophin system in BFCN. Furthermore, based on recent experimental findings, we will summarize
the physiological and pathophysiological role of E2 in this process.

2. Basal Forebrain Cholinergic Neurons

Cholinergic neuron distribution in the central nervous system is widespread including the medial
septum, diagonal band of Broca and the striatum [27,28]. These neurons innervate numerous brain
areas including the hippocampus, neocortex and amygdala through interactions with a variety of
neuron types, including glutamatergic, GABAergic and serotonergic neurons [29,30]. Cholinergic
neurons communicate with surrounding neurons via the neurotransmitter acetylcholine (ACh), which
is a prominent neurotransmitter in the central and peripheral nervous systems.

The basal forebrain is home to the largest population of the cholinergic neurons in the brain.
These neurons provide widespread organized input to regions of the allo- and neo-cortex including
the amygdala, hippocampus and cingulate gyrus [31]. Due to their location and afferent and efferent
inputs, BFCNs are suggested to be suitably located to monitor and evaluate sensory stimuli and to
contribute to cortical activation [32]. This suggests that BFCNs are important in the modulation and
maintenance of cortical arousal and attention mechanisms. This has been presented in behavioral
studies with results suggesting that BFCNs modulate attention [33,34] and arousal [35,36]. Cholinergic
neurons, particularly those in the basal forebrain are vulnerable to a number of neurological diseases
with the most notable being AD. Studies have shown that cholinergic markers are reduced in brain
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tissue of people affected by AD and decreases in cholinergic markers are also linked to the degree of
cognitive impairment seen in patients with neurodegeneration [37,38].

2.1. Cholinergic Neurons in Specific Basal Forebrain Cholinergic Neuron Subregions

2.1.1. Nucleus Basalis Magnocellularis

The cholinergic neurons which make up the NBM [39] are largest in the basal forebrain [32] and are
diffusely distributed throughout the ventral pallidum and substantia innominate [40]. They project to
the cortical mantle, the olfactory bulbs and the amygdala [40] which has led to a number of hypotheses
on the physiological role of these neurons. In early studies it was believed that NBM cholinergic
neurons were involved in learning and memory due to impairments seen when excitatory amino acid
lesions were used [41]. However these effects are believed to be attributed to performance decrements,
as the use of a selective ChAT inhibitor, which significantly reduced ACh levels in the brain, did
not impair ability in the radial arm maze task [42]. Through the use of temporal discrimination
tasks [43] and the detection of brief sensory stimuli it has been hypothesized that NBM neurons may
be important in aspects of attention [44]. These studies are consistent with the finding that frontal
cortical release of ACh is heightened during the anticipation of a predictable reward [45]. Selective
destruction of NBM ACh neurons is believed to impair the ability of the neocortex to attend to and
process brief, highly salient sensory stimuli [39].

It has also been hypothesized that cholinergic neurons of the NBM neurons are involved in arousal
due to the increase in ACh release within the cortex correlating with elevated behavioral arousal [46].
Microinjection of a muscarinic agonist into the NBM was shown to enhance wakefulness, suggesting a
NBM specific mechanism [47].

2.1.2. Medial Septum and Diagonal Band of Broca

The medial septum is home to a large cluster of cholinergic neurons. These cholinergic neurons
appear smaller than other BFCNs and form a continuous array of multipolar neurons with dendrites
that branch out in all directions [48]. These projections innervate the hippocampus, medial prefrontal
cortex, retrosplenial cortex and olfactory structures. A neighboring collection of cholinergic neurons
to the medial septum is located in the diagonal band of Broca. These cells are slightly larger and
irregular compared to those in the medial septum, however their axons project to the same regions as
medial septal neurons [32]. Functionally, it has been shown that medial septum cholinergic neurons
drive hippocampal theta rhythm, which occurs as a result of phasic inhibition of these cholinergic
neurons by GABAergic interneurons. This results in a synchronized rhythmic bursting pattern that
drives hippocampal theta activity [49]. Hippocampal theta rhythm is suggested to play a role in
short-term memory [50] and therefore it is hypothesized that medial septal neurons in turn play a role
in this mechanism.

3. Estrogens

Naturally occurring estrogens are C18 steroids derived from cholesterol and are similar in synthesis
and structure to androgens [51]. All three main estrogens, estriol, estrone and estradiol, share a very
similar steroidal four-ring structure with the differences between them located on the D-ring, where
they contain either a ketone group, hydroxyl group or two hydroxyl groups. Of these estrogens,
estradiol is significantly more potent than estrone and estriol, with a 12-fold higher potency than
estrone and an 80-fold higher potency than estriol [52].

Estrogens are synthesized by the aromatase enzyme [53], which catalyzes the aromatization of
androgens to estrogens. Androstenedione is aromatized to estrone and testosterone is aromatized to
estradiol [51]. Estriol is produced via further hydroxylation of estradiol and estriol [54]. Aromatase
is present in a number of tissues, with primary estrogen synthesis occurring in theca and granulosa
cells of the ovary and placenta. However, aromatase activity is also present in other tissues including
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the brain, adipose tissue, liver, fibroblasts and mammary glandular cells [54]. Aromatase expressed in
the brain is involved in the control of neuroendocrine events, reproduction and also in the regulation
of neural development, synaptic plasticity and cell survival. Aromatase in the brain of vertebrates
is produced by neurons and a subpopulation of glia cells [55–60]. Aromatase in glia has been found
in ependymal cells [61], prefrontal and temporal cerebral cortices [62–64] and hippocampus [64,65].
Within the brain, aromatase has been also localized to smooth muscle cells and endothelial cells [65,66].

In men, a small amount of estradiol is produced by the testes and adipose tissue, at levels that are
comparable to those seen in postmenopausal women [53]. In women, estrogens have strong control
over the reproductive cycle and other processes related to reproduction, like their pivotal role in
pregnancy [1,2,67]. Upon synthesis the majority of estrogens reversibly bind to the carrier sex hormone
binding globulin which aids in transporting estrogens through the circulation to target tissues [68]
while 1%–3% of estrogens circulate in an unbound form until diffusing into target cells to exert cellular
effects [69]. Specific estrogens are not produced in equal amounts and the concentrations of these
estrogens vary over time, which plays a key role in the modulation of a number of physiological
functions. Over the menstrual cycle, estrogen levels fluctuate significantly with estriol and estrone
showing the largest variations, at Day 15 these levels peak initiating ovulation and following this their
levels remain relatively high, leading to the activation of the luteal phase [3]. E2 on the other hand
expresses much lower levels and remains more consistent over the menstruation period [3].

Estrogens have also been implicated in a number of roles in the body not related to reproduction.
They act as natural vasoprotective agents and in smooth muscle cells and blood vessel endothelial cells.
Estrogens have been shown to promote vasodilation and reduce smooth muscle tone [70] via effects
on nitric oxide release and calcium channel modulation. These non-reproductive effects of estrogens
might explain why the incidence of cardiovascular disease is lower in females. Estrogens effects on
bone growth and strength have also been demonstrated. Both osteoclasts and osteoblasts express
estrogen receptors [71,72]. Estrogens directly inhibit bone degradation caused by osteoclasts and a
deficiency in estrogens is believed to indirectly result in the stimulation of osteoclast differentiation [73].
Estrogen deficiency has been shown to accelerate bone loss and increase susceptibility to fractures,
while estrogen therapy has been observed to reduce bone weakening [74].

4. Estrogen Receptor Signaling Pathways

Physiological and cellular responses to estrogens and all other steroid hormones are linked to
receptors that initiate a vast array of biological pathways upon estrogen binding. In the case of
estrogen receptors, these responses have been divided into two categories based on response type:
classical and non-classical responses, also known as genomic and non-genomic responses, respectively.
Genomic responses are characterized by activation of the classical estrogen receptors resulting in a
signaling cascade that ends with gene transcription and takes from hours to days for an effect to
occur. Non-genomic responses on the other hand are illustrated as rapid signaling events which can
occur within seconds of receptor activation. Rapid responses are often G protein-coupled receptor
(GPCR) mediated and promote responses such as ion flow and kinase activation. Contrary to their
names, activation of the non-genomic pathways also results in gene transcription via second messenger
pathways. However, only the classical response pathway results in the activation of the estrogen
response element (ERE) transcription regulator.

4.1. Estrogen Receptors

Estrogen receptors are a class of ligand activated transcription factors and belong to the
steroid hormone superfamily of nuclear receptors, which also includes receptors for progesterone,
corticosteroids and testosterone. There are two classical estrogen receptors, the first of which is
estrogen receptor α (ERα) which was discovered in 1958 [75]. Initially, ERα was believed to be crucial
for development and survival. It was later discovered that mutations leading to ERα knockout did not
significantly impact survival [76] and further studies using ERα knockout mice found that specific
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estrogen binding could still be observed [77]. These discoveries suggested the existence of a second
estrogen receptor. In 1996, the cDNA for a second estrogen receptor was isolated and subsequently
named estrogen receptor β (ERβ) [78]. The discovery of a second estrogen receptor raised questions
about the specific structural and functional differences of these receptors. ERα is encoded by the
ESR1 gene on human chromosome 6 and ERβ is encoded by ESR2 on chromosome 14 [79], therefore
making each receptor a product of a completely different gene [80]. Yet, both receptors share a high
level of homology, with >95% amino acid homology in the DNA binding domain and 60% amino acid
homology in the ligand binding domain [81] (Figure 1A).
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Figure 1. (A) Estrogen receptor structure and function. Homology between ERα and ERβ: amino acid
identity (%) in the N-terminal activation function 1 region (AF-1), DNA-binding domain (DBD), hinge
region (H), ligand-binding domain (LBD), and C-terminal function 2 domain (AF-2); (B) interaction
of neurotrophin receptor and estrogen signaling pathways. Schematic outlining of the neurotrophin
receptors and their associated peptides and a simplified diagram describing the main signaling
pathways activated by the Trk and p75 receptors. Activation and subsequent phosphorylation of the Trk
receptor results in the activation of the MEK/ERK signaling pathway, that leads to phosphorylation of
transcription factors (TFs) like CREB and promotes cell differentiation and survival; and the PI3K/Akt
pathway that promotes cell survival. The p75NTR signals modulate the NF-κB and JNK pathways,
which promotes inflammation and cell survival or apoptosis respectively. The classical and non-classical
estrogen pathway interacts with neurotrophin system and regulates neuronal survival and ameliorative
effects on the BFCN. Dashed arrows indicate various targets.
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Both receptors share a similar overall structure consisting of a highly conserved DNA-binding
domain that contains two zinc fingers important for in DNA binding and receptor dimerization as well
as a partially conserved ligand binding domain, involved in ligand binding, receptor dimerization and
nuclear localization [82]. Receptors also contain a variable N-terminal, a hinge domain and C-terminal
that are involved in activation of target genes, contribution of flexibility to DNA/ligand binding
domains and the transactivation capacity of the receptor, respectively [82] (Figure 1A).

Estrogen receptor expression varies depending on tissue type and both receptors exhibit distinct
pattern of expression. Studies in the rat have shown that ERα has higher levels of expression in the
uterus, adipose tissue, testis, bone, pituitary, ovary theca cells, kidney, mammary gland, epididymis
and adrenal gland while ERβ expression is strongest in the prostate, ovary granulosa cells, colon, lung
immune system, heart, and bladder [78,83,84].

Estrogen receptors also show strong expression in the CNS, ERα can be found in the ventromedial
hypothalamic nucleus and subfornical organ while ERβ is located in the olfactory bulb, hypothalamus,
cerebellum and tegmental area. Areas which express both estrogen receptors include the amygdala,
preoptic area, periaqueductal grey and locus ceruleus [85]. Although the general distribution is similar,
data cannot be extrapolated from one species to another. For example, the paraventricular nucleus
of rats is reported to express only ERβ while in mice it contains ERβ and some ERα positive cells
and in humans both are present but with higher concentrations of ERα [86]. In the mouse central
nervous system, the level of cytoplasmic ERα or ERβ in the dorsal hippocampal region varied with
the estrous cycle [87]. Furthermore, in synapses of the rat hippocampal CA1 region, both ERα and
ERβ decreased with age but, in contrast to ERα, the expression of ERβ increased in response to E2 in
older animals [88]. In many cell types, ERα and ERβ form either homodimers or heterodimers. They
are found in nuclear, cytoplasmic and membrane sites throughout the brain. ERs are expressed on
neurons as well as glia, which are known to play a major role in providing nutrient supply for neurons
and involved in regulation of systemic metabolism and energy balance [89]. Astroglia, microglia and
oligodendrocytes are all target cells for estrogen receptors [90]. In addition, estrogen receptors are
expressed and modulate gene expression and produce long-term effects on neurovascular endothelial
and smooth muscle cells [91,92].

In terms of receptor function, ERα and ERβ have been shown to have strong and very distinctive
functions. Specifically, ERα has a more profound effect on the development and function of the
mammary gland and uterus and on the maintenance of metabolic and skeletal homeostasis. It has been
shown that deletion of the ERα gene in female and male mice results in infertility, gonadal deformities
and decreased bone density, suggesting estrogen receptors are involved in the development of the
gonads and the maintenance of fertility [77]. ERβ, however, has more pronounced effects on the central
nervous system and on conditions of cellular hyper proliferation. Both receptors have important roles
in the development and function of the ovaries and in the protection of the cardiovascular system.

4.2. Classical Estrogen Signaling Pathway

The classical estrogen pathway involves the direct modulation of gene transcription by estrogens
via estrogen receptors. Due to the steroid structure of estrogens, they can pass freely through the
plasma membrane of target cells into the cytosol and nucleus where they can interact with estrogen
receptors. Upon binding of estrogens to ERα or ERβ a conformational change occurs which promotes
the homodimerization of estrogen receptors and removal of regulatory receptor associated proteins [93].
In the absence of estrogen, estrogen receptors associate with co-repressor molecules that act to inhibit
transcriptional activity of the receptor. The binding of estrogen promotes a conformational change
in the ER leading to dissociation of the co-repressors and attachment of co-activators, which act
to increase its transcriptional ability at ERE sites on specific genes [94,95]. In the nucleus estrogen
receptors function as ligand dependent transcription factors by binding to ERE located in the promoter
region of target genes. This promotes the recruitment of specific co-regulators which can increase
or decrease the rate of transcription of target genes [96]. Transcription leads to alterations in protein
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levels in the cell thereby producing changes in cell functionality. Activation of estrogen receptors also
leads to indirect activation of gene transcription rather than binding directly to target genes estrogen
receptors can interact with other transcription factor complexes including Fos/Jun or SP-1 [97] to
influence transcription of genes lacking EREs.

4.3. Non-Classical Estrogen Signaling Pathway

The first evidence of non-traditional estrogen receptor mediated pathway was presented in a study
in which acute 17β-estradiol administration could produce rapid increase in cAMP concentrations
in the uterus [98]. This pathway has been defined as the “non-classical” estrogen receptor pathway.
ERα and ERβ proteins lack known functional motifs that could facilitate non-genomic mechanism
of activation via estrogen. However, several studies have suggested that ERα and ERβ mediate
rapid estrogen stimulated activation via second messengers [11,99]. These rapidly-initiated biological
responses are mediated by binding of estrogens to plasma membrane bound or cytosolic receptors.
Estrogens can mediate their non-classical effects via caveolae-localized estrogen receptors, estrogen
receptor-X, G protein-coupled receptor 1 and non-steroid diphenylacrylamide receptor [100–104].
A candidate receptor believed to be involved in mediating this rapid process is the plasma membrane
bound G protein-coupled receptor 30 (GPR30) [105]. GPR30 expression was found in ER-positive
human breast tumor cell lines and in endocrine tissues [105,106]. Further studies have supported the
hypothesis of a estrogen-mediated membrane bound G protein-coupled receptor; in one such study
demonstrating that 17β-estradiol is successful in activating ERK-1 and ERK-2 and adenylyl cyclase
in cells lines expressing ERα and ERβ (MCF-7) and also in breast cancer cell lines (SKBR3) which do
not express either receptor but do express GPR30 [107]. The effect of GPR30 on ERK activation was
investigated using a breast cancer cell line that does not express GPR30 (MDA-MB-231); ERK in these
cell lines was not activated by subsequent 17β-estradiol application. However, forced overexpression
of GPR30 in this cell line resulted in the activation of adenylyl cyclase in the presence of estrogen [108].
There have been additional studies that have also demonstrated that rapid estrogen action upon cells
does not require ERs. This has been shown in experiments involving ER antagonists which stimulate
adenylyl cyclase activity in human MCF-7 breast cancer cells [109]. Pharmacokinetic studies have
provided further evidence that the ER independent signaling pathway activation is via a GPCR. This
has been demonstrated by an increase in [35S] GTP binding to the plasma membranes of SKBR3 and
HEK-293 cells expressing GPR30 in the presence of estrogen [110]. Further evidence suggested that
GPR30 is attached to a stimulatory G protein (Gs) as estrogen treatment resulted in an increase in
immunoprecipitation of activated G-proteins to antibodies specific to the GPR30 αs subunit [110,111].
GPR30 is expressed by neurons, glia and can also be found on the neurovasculature [89,112,113].

The cellular effects mediated by the non-classical pathway can be achieved through direct action
on ion channels or through the activation of intracellular second messenger cascades [114,115]. It has
been shown that E2 binding at estrogen receptors can activate both PI3K and the MAPK pathways
and PKC to a lesser extent. Activation of these second messenger pathways can carry out a number
of cellular effects including phosphorylation of cAMP response element binding (CREB) which in
turn initiates indirect gene transcription. Activation of these pathways has also been shown to
be important in a number of physiological and neuroprotective functions including activation of
ERK1/2. This can lead to increased β-amyloid precursor protein secretion, which decreases β-amyloid
protein generation. Furthermore, estrogen mediated PI3K activation protects against light induced
photoreceptor degeneration [116].

In addition, these non-classical estrogen receptor mechanisms have been shown to occur in BFCNs.
In a study by Szegő and colleagues in 2006, it was shown that acute 17β-estradiol treatment in OVX
mice resulted in a rapid increase in CREB phosphorylation in a number of basal forebrain regions.
This effect was demonstrated to be mediated by ERα and involve the MAPK and PKA secondary
messenger pathways [117]. These results indicate the complicated nature of estrogen signaling in the
CNS and the vast array of resultant downstream effects that can occur as a result of this (Figure 1B).
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4.4. Neuroprotective Effects of Estrogens in the Central Nervous System

Studies of estrogens effects on cholinergic neurons in the basal forebrain were among the first
to suggest that estrogens can also provide non-reproductive actions. Studies involving ovariectomy
and estrogen replacement therapy demonstrated the involvement of estrogens in regulating ChAT
expression, with studies showing that estrogen treatment increased ChAT expression in projection
areas of the basal forebrain 10 days after estrogen injection [118]. Cholinergic dendrites have been
known to decrease in length in the absence of estrogen, as observed in OVX mice. This reduction
in dendritic length seen in OVX mice was successfully reversed in OVX mice when estrogens were
reintroduced through an E2 releasing capsule [119].

In the hippocampus, an area highly involved in contextual and spatial learning and memory,
estrogens have been observed to positively affect memory in animal models and in humans [118].
These beneficial effects of estrogens are believed to be linked to increases in dendritic spine density
seen on CA1 pyramidal neurons following estrogen treatment in ovariectomized mice [120]. Other
proposed effects related to estrogen stimulation include regulation of the serotonin system, which is
involved in the regulation of autonomic nervous system reactivity to mood and cognitive function [4].

A number of other neuroprotective roles of estrogen in the CNS have been hypothesized. Several
studies have reported estrogen to be neuroprotective in brain ischemia models. In one such study
investigators reported a regional protective effect against ischemia induced cell death [121]. Estrogen
implants of E2 have also been shown to reduce lesion size in male rats which were subjected to middle
cerebral artery occlusion [122]. In this study, investigators discovered that following right middle
cerebral artery occlusion OVX rats which had been implanted with an E2 releasing capsule at the time
of OVX had significantly reduced overall infarct volume compared to vehicle treated controls and
that this protective effect was specific to the cortex with no protection seen in the striatum. Acute
estradiol administration at the time of ischemia failed to protect against ischemic injury, suggesting that
long-term presence of estrogens is needed to provide neuroprotection [121]. These results have been
attributed to actions on ERα as studies on ERα and ERβ knockout mice have found that neuroprotective
effects of estradiol are abolished in ERα knockout mice but not ERβ knockout mice [123].

Neuroprotective effects have also been noted in the basal forebrain, where estradiol has produced
ameliorative effects in BFCNs following NMDA induced lesions [11]. E2 administration provided a
restorative effect to BFCN fibers projecting to the cortex. Interestingly, it has also been shown that
aromatase activity in brain areas damaged by kainic acid or physical trauma is increased which could
suggest that a physiological mechanism is in place increasing local estrogen concentrations to provide a
neuroprotective effect at sites of neuronal damage [124]. Further studies have suggested that estrogens
may be beneficial in protection against neurodegenerative diseases, most notably AD. E2 significantly
ameliorates the cholinergic neurodegeneration in experimental rodent models of AD [11,125–128].
Brain and plasma levels of E2 have been reported to be lower in women with AD as compared to an
age-matched control group. This is noted especially in women with menopause. However, clinical
studies into the effect of estrogens on the incidence of AD are conflicting [129,130].

AD is characterized by the accumulation of Aβ plaques and tau neurofibrillary tangles, and
early loss of cholinergic neurons. Other factors may also contribute to the pathophysiology of AD,
such as mitochondrial dysfunction, oxidative stress, neurotransmitter failure and inflammation. One
proposed mechanism for estrogens protective effects against AD is that E2 can regulate amyloid-β
(Aβ) accumulation through activation of the estrogen receptor [131]. In terms of Aβ accumulation,
E2 is involved in both Aβ production and clearance. E2 promotes the non-amyloidogenic cleavage
of APP by increasing the expression of α-secretase and it promotes Aβ clearance by increasing the
internalization and phagocytosis of Aβ by microglia [131–135]. Recent studies have suggested that
beneficial effects of estrogen on AD are directly linked to its ability to reduce not only Aβ but also tau
aggregates. Estrogens can alter the post-translational modification of tau, through phosphorylation of
glycogen synthase kinase-3β (GSK-3β) and protein kinase A (PKA) [136]. It is possible that abnormal
accumulation of Aβ and tau may originate from a common cause and that tau may be an important
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effector of Aβ-mediated neurotoxicity or they may also exert synergic effects in the disease pathology.
Estrogens ability to stimulate ChAT expression in the BFCNs in animal models [137,138] has been
suggested to delay the decline BFCN function in estrogen replacement therapy in aging and AD.
This may delay the degeneration of BFCNs and slow cognitive decline into AD. However, several
other positive effects of estrogens can be attributed to its powerful antioxidant, anti-apoptotic, and
neurotrophic activities.

5. Neurotrophins

Neurotrophins are a family of growth factor proteins that regulate the development, survival and
function of a large population of compatible neurons in the central nervous system. The functions
of the neurotrophin receptors vary markedly from the regulation of development of the nervous
system to the regulation of survival and regeneration in damaged neurons. Downstream effects of
neurotrophin receptors are complex, with some neurotrophin signals activating, mitogenic or survival
responses while others activate apoptotic signals, with the type of response dependant on neuron
type, location and neurotrophin peptide/receptor combination. This combination of mitogenic and
apoptotic signaling results in a system capable of finely regulating the activity of neurons in both a
positive and negative manner depending on the present factors.

In mammals there are four peptides which make up the signaling molecules of the neurotrophin
family; nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3)
and neurotrophin 4 (NT-4). Neurotrophins are initially synthesized as precursor proteins called
pro-neurotrophins which are cleaved intracellularly by the endopeptidase furin or pro-convertases to
form their mature forms [139]. These neurotrophins act via two types of neurotrophin receptor; the
p75 receptor and the family of tyrosine kinase receptors. There are three tyrosine kinase receptors;
tropomyosin-related kinase receptor A (TrkA), tropomyosin-related kinase receptor B (TrkB) and
tropomyosin-related kinase receptor C (Trk C). TrkA binds NGF, TrkB binds BDNF and NT-4, and TrkC
binds NT-3 [140]. The p75 receptor (p75) can bind to each neurotrophin with a greater affinity for the
pro-neurotrophins and can also act as a co-receptor for Trk receptors [141]. In the brain neurotrophin
receptors exhibit a highly exclusive expression with the majority of receptors found in the basal
forebrain, with studies suggesting TrkA, TrkB and p75 expressed in the basal forebrain and striatum
co-localize strongly with cholinergic neurons [26,142].

Neurotrophin receptor expression has been extensively studied in neuronal cells but their
expression and function in glial cells is more controversial in the brain. However, BDNF and its
receptor TrkB are present in Bergmann glia and BDNF stimulation is linked to the activation of the
phosphatidyl-inositol 3 kinase/protein kinase C/mitogen-activated protein kinase/Activator Protein-1
signaling pathway [143]. Astrocytes also express TrkB and both release and recycle neurotrophins [144].
Besides neurons diverse CNS cell types express the neurotrophins NT-3, NT-4 and BDNF, such as
astroglia, oligodendrocytes, and microglia [145]. p75 has also mainly been studied in neurons but it is
expressed in a variety of glial populations, especially during development and after injury [146].

5.1. Neurotrophin Receptors

Neurotrophin peptide responsive neurons interact with neurotrophins via transmembrane
glycoproteins, of which two classes are known to exist. These are a tyrosine kinase class of receptors
which are members of the Trk family and the single binding protein related to CD40 receptors known
as the low affinity neurotrophin receptor or p75 neurotrophin receptor [147]. Each of the Trk receptors
interacts with one or more of the neurotrophin peptides and the localization of these receptors correlate
with specific neurotrophin responsive tissues. This correlation led to the discovery of the first Trk
neurotrophin receptor, TrkA. Links between NGF stimulation of tyrosine kinase activity and the
distribution of a Trk protooncogene was similar to NGF responsive neurons led to the discovery
that receptor p140trk was the NGF receptor [148]. Thus, TrkA has been found in NGF responsive
neuronal tissues such as sympathetic and sensory neurons [149]. The presence on neurons promotes
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a number of pro-growth effects, expression of TrkA in mouse 3T3 cells lines results in enhanced
anchorage independent growth, survival and cell proliferation in the presence of NGF, with weaker
effects observed in the presence of NT-3/4 [150].

Following the discovery of TrkA, cDNA library screens led to the isolation of structural homologs
of TrkA which were subsequently named TrkB [151] and TrkC [152]. TrkB is a receptor for BDNF and
NT-4/5 and is expressed on BDNF responsive tissues throughout the CNS mainly on sensory ganglia
and motor neurons. Studies have shown that when TrkB and TrkC are expressed on 3T3 fibroblasts
the appropriate neurotrophins yield functional responses that are similar to those obtained with TrkA.
TrkB is activated equally by BDNF and NT4/5 and to a lesser extent by NT3 [153]. TrkC is expressed
on cells responsive to NT-3; these include spinal sensory neurons and adrenergic neurons of the locus
coeruleus [147].

The p75 neurotrophin receptor (p75NTR) was isolated around the same time as TrkA. The
existence of p75NTR first became apparent due to studies which observed NGF responsive receptors
on various neuronal and tumor cell lines which had heterogeneous binding affinity for NGF, this lead
to the hypothesis that there were high and low affinity NGF receptors. Purification of these receptors
yielded a 130–140 kDa and a 75–80 kDa protein, the 130–140 kDa protein was TrkA and the 75–80 kDa
protein was named p75NTR or low affinity neurotrophin receptor. Studies into the pharmacodynamics
of p75NTR showed that it had similar affinities for all neurotrophin peptides [154]. Pro-neurotrophins
are more selective ligands for the p75NTR than their mature neurotrophin forms and are more effective
at inducing p75NTR -dependent apoptosis [155].

p75NTR is the neurotrophin receptor which is the most poorly understood due to the more
complicated nature of this receptor and its mechanisms of action. This mainly due to complex
interactions with Trk receptors in which, it can act directly with Trk receptor and have altered signaling
capacity depending on the state of other Trk receptor [141]. The most well documented role of
p75NTR is its ability to mediate neuronal apoptosis [156], which it has been shown to mediate in;
sympathetic neurons, motor neurons, sensory neurons, oligodendrocytes and Schwann cells [157].
Studies suggest p75NTR only mediates apoptosis when Trk receptors are inactive or suboptimally
activated leading to the conclusion that Trk receptor activation silences apoptotic signaling [158].
This provides neurotrophins with the ability to stimulate survival in Trk receptor positive neurons and
promote apoptosis in neurons lacking Trk receptor.

5.2. Neurotrophin Peptides

The primary influential peptides that act upon neurotrophin receptors to alter cellular functions
including apoptosis and differentiation are the neurotrophin peptides. Of these, NGF was the first
discovered and is the best characterized of the known neurotrophin peptides. NGF was discovered as
a diffusible substance with the ability of stimulating growth of sympathetic and sensory spinoganglia
cells but not of motor neurons via production by target organs and tissues, providing trophic
support to developing neurons [159]. Since its discovery additional NGF responsive cells include
lymphocytes [160], mast cells [161] and eosinophils [162]. Following the discovery of NGF it was
suggested that the majority of neurons in the CNS are responsive to NGF-like factors, this led to the
isolation of the second neurotrophin peptide, brain-derived neurotrophic factor (BDNF). Studies
provided evidence that BDNF promoted the survival of sensory neurons, but not sympathetic
neurons [163]. Furthermore, some types of ganglia in the CNS that were unresponsive to NGF
specifically, but still relied on neurotrophic factors, were found to be influenced by BDNF. Structural
studies of BDNF reported that it was structurally similar to NGF (~50% similarity), suggesting the
two peptides were related [164]. This provided the groundwork for the discovery of two additional
neurotrophins; neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) via protein structure studies
focusing on the conserved sequences of NGF and BDNF [149,165].
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5.3. Role of the Neurotrophin System in Neuroprotection

The first discovered Trk receptor activated signaling protein shown to mediate survival was the
GTP binding protein Ras. Inhibition of Ras activity decreased survival of most, but not all populations
of sympathetic neurons which are sensitive to neurotrophins [166]. Conversely, deletion of a Ras
regulatory inhibitor resulted in an increase in Ras activity allowing peripheral neurons to survive
in culture in the absence of neurotrophins [167]. Ras activity is postulated to direct neurotrophin
activation signals into multiple signaling pathways. The two major pathways believed to be involved
are the PI3K/Akt and MEK/MAPK pathways, which are the key effectors of neurotrophin induced
survival [168,169] (Figure 1B).

PI3K was first identified as a regulator of neurotrophin mediated survival responses in NGF
dependent PC12 cells [170]. It was shown that Ras directly interacted with PI3K and that inhibition
of Ras suppressed NGF mediated PI3K activation. Further studies have indicated that PI3K
activates downstream Akt to mediate neurotrophic effects, for example adenovirus incorporation
of dominant-negative Akt resulted in a 40% reduction in NGF induced survival of sympathetic
neurons [171]. One of the mechanisms mediated by Akt to induce survival is by stimulating Ca2+

influx through L-type calcium channels [172]. Akt has been shown to only play a role in survival and
not in neurite outgrowth or differentiation.

The other pathway that is activated by Trk receptors is the Ras-MEK-MAPK pathway; this
pathway has roles in synaptic plasticity, long-term potentiation and survival which is believed to be
due to downstream increases in cAMP-response element binding transcription factor activity [173].
This pathways involvement in Trk signaling is more complex however as results have shown that
while NGF induces a strong and sustained activation of MAPK in PC12 cells and sympathetic neurons,
inhibition of MEK has minimal effects on NGF dependent survival [174]. Suggesting that MEK/MAPK
can promote cell survival, but are not necessary for neurotrophin mediated survival under most
circumstances. It has also been hypothesized that the major role of this pathway may be to protect
neurons from cell death as a result of injury or toxicity [157].

The signaling pathway mediated by p75NTRs to initiate apoptotic mechanisms is less understood
and involves a number of pathways including JNK, NF-κB and ceramide [175]. A number of studies
have implicated the involvement of Jun amino-terminal kinase (JNK)-p53-Bax, which has been shown
to be activated via p75NTR activation and following NGF withdrawal [158]. p53 appears to be the
key death sensor in this pathway as levels of this protein in cells correlates strongly with apoptosis.
Another factor found to be activated by p75NTR is the transcription factor which has been shown
to be activated in Schwann cells [176], oligodendrocytes [177] and sensory neurons [178]. Unlike the
JNK-p53 pathway, activation of the NF-κB pathway by p75 is not blocked by activation of TrkA [179].
Studies have indicated that this pathway appears to represent a p75 mediated pro-survival pathway
that collaborates with Trk receptors. One such study showed that treatment of sympathetic neurons
with NGF led to NF-κB activation that was important for NGF mediated survival [180]. It has been
suggested that this synergism between Trk receptor and p75 may be a result of a dual activation of
Akt’s survival promoting activity in cells where p75 can associate with TRAF6 which leads to NF-κB
activation [181].

Due to the varied nature of effects p75NTR activation can produce (Figure 1B), it has been
concluded that the signaling capacity and role of p75NTR is highly dependent on the activation status
of nearby Trk receptors. With the most simplistic association being that Trk receptor signaling silences
the apoptotic mechanism mediated by p75NTR, without affecting other p75-mediated pathways, such
as NF-κB activation. It is suggested that Trk receptor may act through Ras-PI3K/Akt to interfere
with p75NTR induced apoptosis by suppressing the JNK-p53-Bax pathway upstream of JNK [157].
Conversely, p75NTR also appears to have modulatory effects over Trk receptor activation. Studies
have shown that p75NTR may act as a modulator of Trk receptor-induced neuronal growth, which
may be useful for regulating the specificity and density of axonal growth and target innervation [182].
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It is believed that p75NTR activation causes selective downregulation of the TrkA-dependent
Raf-MEK-MAPK pathway, which is a major growth pathway for sympathetic neurons [157].

NGF-mediated signaling through TrkA is reduced in AD patients. While the precursor form
of NGF (pro-NGF) that selectively binds to p75NTR to promote cell death is increased in the
disease [183,184]. Furthermore, p75NTR s are expressed in Trk receptor negative, degenerating neurons
also in AD brains only [185]. Neurotrophins can also regulate the expression and cleavage of the
amyloid precursor protein [186] and Aβ is capable of binding to p75NTR s [187]. However, due to
complexity of p75NTR signaling, it is not clear if Aβ toxicity is mediated by p75NTR in the AD brain
and how p75NTR contribute to the etiology of the disease [188]. Importantly, the BDNF Val66Met
polymorphism has been demonstrated regulating synaptic excitation and neuronal integrity, being
the only genetic factor that is able to moderate the effects of Aβ on memory decline and hippocampal
atrophy, both in sporadic and autosomal dominant AD [189,190].

5.4. Neurotrophins in the Basal Forebrain

The basal forebrain is considered to have the highest expression and be greatly influenced by the
neurotrophin system. In terms of NGF distribution in the CNS in-depth analyses of its distribution
focusing mainly on cholinergic neurons of the basal forebrain showed that brain areas either containing
BFCN cell bodies or BFCN innervation have the largest expression of NGF [191]. Other areas containing
cholinergic neurons, including the striatum, and areas not expressing cholinergic neurons showed
significantly lower levels of NGF [191]. Similar to NGF expression, studies have also shown that BDNF
has a similar pattern of distribution, with studies demonstrating high expression in the major areas of
the basal forebrain and also in regions of the CNS are known to be innervated by BFCNs including the
hippocampus, amygdala and neocortex [192].

Studies investigating the role of neurotrophins in the basal forebrain have discovered a number
of effects that this system is responsible for. Neurotrophin peptides including NGF and BDNF have
been shown to promote survival and differentiation of basal forebrain neurons in in vitro studies.
A lesion in the fimbria-fornix, which connects the septum to the hippocampus, prevents the retrograde
transportation of NGF from the hippocampus to the basal forebrain, which results cholinergic cell loss
and atrophy [19,193], while intracerebrovascular (i.c.v) administration of NGF into the basal forebrain
following lesion prevents this cholinergic neurodegeneration [194,195]. NGF appears to be the most
potent of the neurotrophin peptides in its effects on BFCNs, being shown to be particularly effective
at influencing the number and size of these neurons [196]. Neurotrophins effects on BFCNs have
been observed to promote effects other than survival and differentiation, with a number of studies
reporting that NGF increases not only the survival rate of cholinergic neurons but also enhances ChAT
enzyme activity [193,197]. This suggests that the neurotrophin receptors are not only involved in
BFCN development and survival but are also involved in BFCN functionality.

The neurotrophin peptide BDNF has also been implicated in the maintenance of BFCNs. In one
such study investigators demonstrated the ability of an i.c.v injection of BDNF to significantly reduce
degenerative changes to cholinergic cells in the septal area of the basal forebrain following fimbria
axotomy [198]. This result is similar to that seen in other lesion studies using NGF, in which NGF
provided a neuroprotective effect when introduced following lesion [194]. When the efficacy of NGF
and BDNF were compared, BDNF was found to produce a weaker neuroprotective effect than NGF in
the basal forebrain [198].

Neurotrophin receptors in the basal forebrain have been studied extensively to uncover their role
in this area, with multiple effects being discovered. One such study that investigated the role of TrkA
and NGF in BFCNs observed anatomical and behavioral changes in transgenic mice lacking TrkA in
the BFCN [199]. Results showed that there was a profound deficit of stable cholinergic innervation
to the cortex and hippocampus, with a significant proportion of these innervating axons failing to
connect and successfully innervate target areas observed. No observable change was seen in survival
rate of these neurons. A reduction in ERK activation and ChAT expression was also seen in the basal
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forebrain. These neurological changes were accompanied by mild cognitive deficits in learning and
attention tests. Furthermore, these mild cognitive defects seen are characteristic of early stage AD,
providing evidence for the involvement of neurotrophin system dysfunction in this pathology [199].

Studies have suggested that the p75NTR is also critically involved in the basal forebrain, with
evidence that its effects are more pronounced than that of the Trk receptors. Receptor expression
studies have stated that more than 90% of cholinergic neurons in the basal forebrain are p75 receptor
positive and that p75 receptor expression is reserved exclusively to cholinergic neurons in the basal
forebrain [26,200,201].

Other studies investigating the role of the p75NTR in the basal forebrain have investigated the
influence of p75NTR actions on neuronal features including neuronal size, neurotransmitter synthesis
and target innervation [202]. In p75 knockout mice, the absence of p75 caused an increase in neuronal
size and ChAT activity. This supports the hypothesis that p75 negatively regulates the trophic system
in BFCNs. Furthermore, a lack of p75NTR resulted in an increased innervation of the hippocampus
by these neurons, further reinforcing the negative role of p75NTR in the basal forebrain, through
its involvement in axonal pruning. p75NTR knockout did not however affect the gross structure of
the basal forebrain cholinergic system, which is similar to results seen in NGF and TrkA knockout
mice [203]. Other studies have investigated the apoptotic nature of p75NTR, one such study focused
on the effects of neurotrophins and pro-neurotrophins in BFCNs [204]. Results showed that pro-NGF
and pro-BDNF were effective in inducing apoptosis of cultured basal forebrain neurons, suggesting an
effect by p75NTR. Furthermore, it was shown that during injury pro-neurotrophins could be produced
by astrocytes, leading to caspase mediated cell death in basal forebrain regions. This effect was linked
to the p75NTR as the use of a p75NTR blocker prevented cell death.

6. Relationship between Neurotrophins, Estrogens and AD in the Basal Forebrain

Clinical studies have demonstrated that the incidence of neurodegenerative diseases, including
AD, are higher in post-menopausal women and this has been attributed to the reduced E2 levels
seen in menopause [15–18]. These findings, along with other experimental results suggest that
estrogen therapy may be beneficial in protection against neurodegenerative diseases. One proposed
mechanism for estrogens protective effects against neurodegenerative diseases is that E2 influences
the neurotrophin system on neurons of the basal forebrain to provide neuroprotective effects, with
studies suggesting that estrogen receptors are co-localized with neurotrophin receptors on these
neurons [13,21–24] (Figure 1B).

Cholinergic neurons, particularly those in the basal forebrain are vulnerable in AD. Due to the
wide spread neurodegeneration seen in the AD brain and the complex underlying pathomechanism,
the exact mechanisms that lead to the degeneration of BFCNs is not yet understood. The time course
of cholinergic deficit and whether the neuropathological changes are primary or secondary to cortical
pathology are unknown. Furthermore, some studies show significant neuronal atrophy in the NBM
rather than cell death [205], others found high variability between patients [206,207], while some
reports suggest up to 90% cell loss [208]. Recent high-resolution MRI imaging studies have shown
that basal forebrain cholinergic system volume in some cases began declining in early adulthood,
the atrophy aggravated in advanced age and exacerbated in AD from the earliest stages of cognitive
impairment [209]. Another recent study showed that atrophy of the NBM is associated with structural
changes of their innervated regions in prodromal AD and women with amnestic mild cognitive
impairment showed a stronger association between volume of the NBM and thickness of the temporal
lobe when compared with healthy age-matched women [210]. Studies have shown that cholinergic
markers are reduced in brain tissue of people affected by AD and decreases in cholinergic markers
are also linked to the degree of cognitive impairment seen in patients [37,38]. In addition, significant
shrinkage of cholinergic neurons, axonal degeneration and synaptic loss have been reported in AD
patients [205,211]. In in vivo mouse models of AD, we found a 37% Aβ1-42-induced loss of cholinergic
neurons in the NBM and a 30% loss of cholinergic fibers from the somatosensory cortex. A single
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injection of E2 30 min following Aβ1-42 administration was able to restore loss of cholinergic cortical
projections but did not prevent the loss of cholinergic neurons in the NBM [128].

Examination of cholinergic neuron populations in the MS, NBM and striatum of ovariectomized
mice and ovariectomized mice treated with E2 indicated that the average neuron number in each
region is unaffected by two weeks OVX [26]. Thus, this study confirmed that changes in neurotrophin
receptor expression following OVX did not occur as a result of changing cholinergic neuron number.
These results are in agreement with other studies indicating that OVX did not result in a reduction
of cholinergic neuron population in the MS and NBM of rats over a maximum time period of one
month [212]. Further studies indicated, however, that long-term loss of ovarian function of six months
but not three months resulted in a significant decrease in cholinergic population size in the MS and
NBM [213]. Furthermore, BFCN number and size also decreases with age starting early in adult life in
both animals and humans [214,215].

There have been various investigations over the past few decades into the effects of estrogens
on neurotrophin systems, in particular neurotrophin receptors located on BFCNs. The main goal of
these studies has been to determine if estrogens apparent beneficial effects in AD occur as a result of
changes produced to the neurotrophin system on cholinergic neurons in the basal forebrain which are
particularly vulnerable to AD [216]. After many years of study however a definitive answer has still not
been reached, with studies providing a wide range of theories on the role of estrogens on neurotrophin
receptors in the basal forebrain [13,25,217,218]. A short 7–10 days treatment with physiological doses of
estrogens resulted in a significant increase of ChAT and trkA mRNA in the rat NBM after ovariectomy
that decreased both parameters [218–220]. In the mouse NBM a reduced number of TrkA, TrkB and
p75NTR -expressing choline acetyltransferase-positive cells were observed in ovariectomized mice.
In animals with E2 replacement, the TrkA, TrkB, and p75NTR expression was comparable with the
expression levels found in the ovary intact group. Long-term estrogen deprivation studies have shown
a significant reduction in TrkA receptor mRNA in both the MS and NBM 6 months after OVX [25].
Further studies have confirmed a link between E2 and neurotrophin receptors, with results in other
studies observing a 38% decrease in TrkA receptor mRNA expression in the NBM and band of Broca
of the rat basal forebrain 10 days following OVX which was reversed with short-term E2 replacement
seven days after surgery [219].

The literature is controversial regarding the presence of ERα and ERβ in the BFCNs in
animals [138,220,221]. It is hypothesized that the neuroprotective effects of estrogens are mediated
via ERα, as ERα is the predominant E2 receptor expressed in the basal forebrain of rodents [222].
Studies in ERα and ERβ knockout mice have found that neuroprotective effects of estradiol are
mediated by ERα [11,123,128]. Our recent study aimed to provide a greater understanding of the
effects of E2 on neurotrophin receptors on cholinergic neurons in different basal forebrain regions
and demonstrated the complex nature of the relationship between E2 and the neurotrophin receptors.
We found that E2 influences neurotrophin receptor expression on BFCNs with effects depending
on neurotrophin receptor type and neuroanatomical location and the effects require possibly both
indirect and direct mechanisms trough ERα in BFCNs [26]. We found that the co-localization of
ERα in BFCNs with neurotrophin receptors, TrkA, TrkB and p75NTR, in mice is between 6% and
19% only but ERα knockout, using neuron-specific estrogen receptor-α knockout mice, abolished all
E2-mediated changes in the neurotrophin receptor expression on BFCNs. Several studies provide
strong evidence that ERα is highly involved in the protective mechanisms of E2 in the basal forebrain
and in other brain regions [11,13,123], which could also mediate the preservation of neurotrophin
receptors on cholinergic neurons in the basal forebrain. The neuron specific knock out of ERα in a
NMDA lesion mouse model prevented the neuroprotective effects of E2 in the NBM of mice [11]. ERα
deletion also abolished the protective effects of E2 after ischemic brain injury [123]. The role of ERβ in
E2-mediated neuroprotection has also been investigated, but results suggest that only ERα is required
to protect neurons [13]. Thus, ERα is an important mediator of E2s neuroprotective effects on the
BFCNs. New evidence continues to suggest that modulation of neurotrophin receptor expression by
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E2 may account for these protective effects and E2 therapy might be beneficial in neurodegenerative
conditions, like AD.

Studies have demonstrated minor changes in ERα and ERβ immunorectivity in the human NBM
with aging but a significant increase of both receptors in AD [223]. This study suggests that ER
availability is not a limiting factor for the effect of estrogen replacement therapy. However, it also
indicates that estrogens’ effect on cognition might be mediated by other basal forebrain nuclei or brain
areas [223].

Alterations in NGF level, TrkA, TrkB and p75NTR within the NBM in early AD when there is
still no cholinergic cell death suggest that the neurotrophin signaling is required for the survival of
these neurons [224–226]. The degeneration of NBM neurons is associated with decreased neurotrophin
responsiveness and E2 therapy could possibly upregulate neurotrophin receptor expression, improve
cholinergic and cognitive function.

7. Conclusions: Therapeutic Potential of Estrogens for AD Treatment and Prevention

Estrogens have been stated to have a wide therapeutic potential with benefits being seen in
naturally occurring estrogens as well as synthetic and plant derived phytoestrogens. Endocrine
therapies, first used more than 100 years ago, are one of the most effective treatments for estrogen
receptor positive breast cancer [227]. Hormonal supplementation in peri- and postmenopausal women
is a promising preventive or treatment option for neurodegenerative conditions such as AD [228].
However, due to side effects, including heightened risk of breast cancer, coronary heart disease and
stroke, associated with hormone replacement therapy (HRT), it remains a source of great health
concern [229,230]. To avoid these, it is critical to set the appropriate time when HRT is initiated and
terminated, the treatment regime, dosage, formulation and combination of HRT [231,232]. It is accepted
that hormone replacement therapy should be initiated during menopausal transition or soon after
the beginning of menopause [130]. This “window of opportunity” or “critical period” will also allow
neurons that are still relatively healthy to benefit from estrogen exposure [233]. On the contrary, women
who have lived 10–20 years in a hypo-estrogenic state have accumulated neuronal damage below the
critical threshold that cannot be repaired by estrogen therapy. Recent data suggest that the timing of
HRT might lead to different response on the neurotrophin system and E2 therapy should be initiated
during the critical period while there are no changes in neurotrophin receptor expression levels, the
neurons are still healthy and able to benefit from exogenous hormonal exposure [26,233]. Moreover,
the time and differences in chronological and reproductive aging has to be taken into consideration as
well. The symptoms of neurological disorders, like seizures and migraine, change in frequency when
E2 levels fluctuate [234]. During menopause, estradiol levels change dramatically, therefore many
alterations occur in the female brain as serum E2 levels fall. One of the challenges to understand the
role of E2 and its effects is that the targets of estrogens are diverse and neurotrophin receptors are
just a few of these. However, as the population ages and the prevalence of age-related neurological
conditions like AD increases and the development of interventions that optimize cognitive aging are
of critical importance. Based on the evidence reviewed above, estrogens or estrogen-like compounds,
like the activators of nongenotropic estrogen-like signaling (ANGELs) used for hormone replacement
therapy that may potentially eliminate the unwanted HRT-related side effects, might be one of these
interventions [235]. Estren is a gender-neutral synthetic steroid with beneficial effects on bone health,
cognition and promising “AD” therapeutic potential [128,235,236].

The expression of Trk receptors has been studied in the NBM of AD patients and, interestingly,
the proportion of neurons expressing TrkA, TrkB and TrkC shows a differential reduction [237]. While
our studies demonstrated a significant increase in TrkA and TrkB receptor levels in astrocytes and
plaques in the CA1 region of the human hippocampus [238], the fact that neurotrophin receptors show
differential regulation by E2 depending on brain region and the type of neurotrophin receptor just
adds to the complexity of the possible outcomes [26]. Therapeutic interventions demonstrated very
limited efficacy for AD. A possibility that a combinational therapeutic approach might show more
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potent results has been proposed for several drugs. One option is that addition to HRT neurotrophin
therapy early in the disease process could potentially prevent the cholinergic neuronal loss in the basal
forebrain. This can also have further positive effects, like enhancement of Ach synthesis and fiber
growth [239]. HRT can regulate neurotrophin receptor expression but neurotrophin therapy could
ensure the appropriate level of their ligands in the basal forebrain. NGF does not pass the blood-brain
barrier and local delivery is needed, that limits its therapeutic potential. Intracranial infusion of NGF
can improve cognition but patients develop side effects [240]. However, the problem was overcome
by the use of encapsulated NGF biodelivery to the basal forebrain [241,242]. This approach is well
tolerated; improves cognition, nicotine binding, and electroencephalogram activity; results in less
brain atrophy; and slows down the rate of atrophy [243].

In summary, more research is needed to define these parameters that can influence the successful
outcome of HRT on the neurotrophin and cholinergic system in the brain. Further studies are needed
to investigate the molecular pathways that involved mediating the effects of E2 and neurotrophins on
the cholinergic system and their interactions in order to design the best possible effective therapies
for AD.
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117. Szegő, É.M.; Barabás, K.; Balog, J.; Szilágyi, N.; Korach, K.S.; Juhász, G.; Ábrahám, I.M. Estrogen induces
estrogen receptor α-dependent camp response element-binding protein phosphorylation via mitogen
activated protein kinase pathway in basal forebrain cholinergic neurons in vivo. J. Neurosci. 2006, 26,
4104–4110. [CrossRef] [PubMed]

118. McEwen, B.S.; Alves, S.E. Estrogen actions in the central nervous system. Endocr. Rev. 1999, 20, 279–307.
[CrossRef] [PubMed]

119. Saenz, C.; Dominguez, R.; de Lacalle, S. Estrogen contributes to structural recovery after a lesion.
Neurosci. Lett. 2006, 392, 198–201. [CrossRef] [PubMed]

120. Woolley, C.; McEwen, B. Estradiol mediates fluctuation in hippocampal synapse density during the estrous
cycle in the adult rat. J. Neurosci. 1992, 12, 2549–2554. [PubMed]

121. Dubal, D.B.; Kashon, M.L.; Pettigrew, L.C.; Ren, J.M.; Finklestein, S.P.; Rau, S.W.; Wise, P.M. Estradiol protects
against ischemic injury. J. Cereb. Blood Flow Metab. 1998, 18, 1253–1258. [CrossRef] [PubMed]

122. Hawk, T.; Zhang, Y.Q.; Rajakumar, G.; Day, A.L.; Simpkins, J.W. Testosterone increases and estradiol
decreases middle cerebral artery occlusion lesion size in male rats. Brain Res. 1998, 796, 296–298. [CrossRef]

123. Dubal, D.B.; Zhu, H.; Yu, J.; Rau, S.W.; Shughrue, P.J.; Merchenthaler, I.; Kindy, M.S.; Wise, P.M. Estrogen
receptor α, not β, is a critical link in estradiol-mediated protection against brain injury. Proc. Natl. Acad.
Sci. USA 2001, 98, 1952–1957. [CrossRef] [PubMed]

124. Garcia-Segura, L.M.; Wozniak, A.; Azcoitia, I.; Rodriguez, J.R.; Hutchison, R.E.; Hutchison, J.B. Aromatase
expression by astrocytes after brain injury: Implications for local estrogen formation in brain repair.
Neuroscience 1999, 89, 567–578. [CrossRef]

125. Mohamd, E.M.; Ahmed, H.H.; Estefan, S.F.; Farrag, A.E.; Salah, R.S. Windows into estradiol effects in
Alzheimer’s disease therapy. Eur. Rev. Med. Pharmacol. Sci. 2011, 15, 1131–1140. [PubMed]

126. Marin, R.; Guerra, B.; Hernandez-Jimenez, J.G.; Kang, X.L.; Fraser, J.D.; Lopez, F.J.; Alonso, R. Estradiol
prevents amyloid-beta peptide-induced cell death in a cholinergic cell line via modulation of a classical
estrogen receptor. Neuroscience 2003, 121, 917–926. [CrossRef]

127. Marin, R.; Guerra, B.; Morales, A.; Diaz, M.; Alonso, R. An oestrogen membrane receptor participates
in estradiol actions for the prevention of amyloid-beta peptide1–40-induced toxicity in septal-derived
cholinergic sn56 cells. J. Neurochem. 2003, 85, 1180–1189. [CrossRef] [PubMed]

128. Kwakowsky, A.; Potapov, K.; Kim, S.; Peppercorn, K.; Tate, W.P.; Abraham, I.M. Treatment of beta amyloid
1–42 (Aβ(1–42))-induced basal forebrain cholinergic damage by a non-classical estrogen signaling activator
in vivo. Sci. Rep. 2016, 6, 21101. [CrossRef] [PubMed]

129. Shumaker, S.A.; Legault, C.; Kuller, L.; Rapp, S.R.; Thal, L.; Lane, D.S.; Fillit, H.; Stefanick, M.L.; Hendrix, S.L.;
Lewis, C.E.; et al. Conjugated equine estrogens and incidence of probable dementia and mild cognitive
impairment in postmenopausal women. JAMA 2004, 291, 2947–2958. [CrossRef] [PubMed]

130. Pines, A. Alzheimer’s disease, menopause and the impact of the estrogenic environment. Climacteric 2016,
19, 430–432. [CrossRef] [PubMed]

131. Pike, C.J.; Carroll, J.C.; Rosario, E.R.; Barron, A.M. Protective actions of sex steroid hormones in Alzheimer’s
disease. Front. Neuroendocrinol. 2009, 30, 239–258. [CrossRef] [PubMed]

132. Goodman, Y.; Bruce, A.J.; Cheng, B.; Mattson, M.P. Estrogens attenuate and corticosterone exacerbates
excitotoxicity, oxidative injury, and amyloid β-peptide toxicity in hippocampal neurons. J. Neurochem. 1996,
66, 1836–1844. [CrossRef] [PubMed]

133. Xu, H.; Gouras, G.K.; Greenfield, J.P.; Vincent, B.; Naslund, J.; Mazzarelli, L.; Fried, G.; Jovanovic, J.N.;
Seeger, M.; Relkin, N.R.; et al. Estrogen reduces neuronal generation of Alzheimer beta-amyloid peptides.
Nat. Med. 1998, 4, 447–451. [CrossRef] [PubMed]

134. Yue, X.; Lu, M.; Lancaster, T.; Cao, P.; Honda, S.-I.; Staufenbiel, M.; Harada, N.; Zhong, Z.; Shen, Y.;
Li, R. Brain estrogen deficiency accelerates aβ plaque formation in an Alzheimer’s disease animal model.
Proc. Natl. Acad. Sci. USA 2005, 102, 19198–19203. [CrossRef] [PubMed]

135. Leissring, M.; Saido, T. Aβ degradation. In Alzheimer’s Disease; Sisodia, S., Tanzi, R., Eds.; Springer: Berlin,
Heidelberg, 2007; pp. 157–178.

136. Lee, J.H.; Jiang, Y.; Han, D.H.; Shin, S.K.; Choi, W.H.; Lee, M.J. Targeting estrogen receptors for the treatment
of Alzheimer’s disease. Mol. Neurobiol. 2014, 49, 39–49. [CrossRef] [PubMed]

137. Luine, V.N. Estradiol increases choline acetyltransferase activity in specific basal forebrain nuclei and
projection areas of female rats. Exp. Neurol. 1985, 89, 484–490. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.0222-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16611827
http://dx.doi.org/10.1210/er.20.3.279
http://www.ncbi.nlm.nih.gov/pubmed/10368772
http://dx.doi.org/10.1016/j.neulet.2005.09.023
http://www.ncbi.nlm.nih.gov/pubmed/16203092
http://www.ncbi.nlm.nih.gov/pubmed/1613547
http://dx.doi.org/10.1097/00004647-199811000-00012
http://www.ncbi.nlm.nih.gov/pubmed/9809515
http://dx.doi.org/10.1016/S0006-8993(98)00327-8
http://dx.doi.org/10.1073/pnas.98.4.1952
http://www.ncbi.nlm.nih.gov/pubmed/11172057
http://dx.doi.org/10.1016/S0306-4522(98)00340-6
http://www.ncbi.nlm.nih.gov/pubmed/22165673
http://dx.doi.org/10.1016/S0306-4522(03)00464-0
http://dx.doi.org/10.1046/j.1471-4159.2003.01767.x
http://www.ncbi.nlm.nih.gov/pubmed/12753077
http://dx.doi.org/10.1038/srep21101
http://www.ncbi.nlm.nih.gov/pubmed/26879842
http://dx.doi.org/10.1001/jama.291.24.2947
http://www.ncbi.nlm.nih.gov/pubmed/15213206
http://dx.doi.org/10.1080/13697137.2016.1201319
http://www.ncbi.nlm.nih.gov/pubmed/27327261
http://dx.doi.org/10.1016/j.yfrne.2009.04.015
http://www.ncbi.nlm.nih.gov/pubmed/19427328
http://dx.doi.org/10.1046/j.1471-4159.1996.66051836.x
http://www.ncbi.nlm.nih.gov/pubmed/8780008
http://dx.doi.org/10.1038/nm0498-447
http://www.ncbi.nlm.nih.gov/pubmed/9546791
http://dx.doi.org/10.1073/pnas.0505203102
http://www.ncbi.nlm.nih.gov/pubmed/16365303
http://dx.doi.org/10.1007/s12035-013-8484-9
http://www.ncbi.nlm.nih.gov/pubmed/23771838
http://dx.doi.org/10.1016/0014-4886(85)90108-6


Int. J. Mol. Sci. 2016, 17, 2122 23 of 28

138. Gibbs, R.B. Expression of estrogen receptor-like immunoreactivity by different subgroups of basal forebrain
cholinergic neurons in gonadectomized male and female rats. Brain Res. 1996, 720, 61–68. [CrossRef]

139. Mowla, S.J.; Farhadi, H.F.; Pareek, S.; Atwal, J.K.; Morris, S.J.; Seidah, N.G.; Murphy, R.A. Biosynthesis and
post-translational processing of the precursor to brain-derived neurotrophic factor. J. Biol. Chem. 2001, 276,
12660–12666. [CrossRef] [PubMed]

140. Dawbarn, D.; Allen, S.J. Neurotrophins and neurodegeneration. Neuropathol. Appl. Neurobiol. 2003, 29,
211–230. [CrossRef] [PubMed]

141. Bibel, M.; Hoppe, E.; Barde, Y.-A. Biochemical and functional interactions between the neurotrophin receptors
trk and p75NTR. EMBO J. 1999, 18, 616–622. [CrossRef] [PubMed]

142. Sobreviela, T.; Clary, D.O.; Reichardt, L.F.; Brandabur, M.M.; Kordower, J.H.; Mufson, E.J.
Trka-immunoreactive profiles in the central nervous system: Colocalization with neurons containing p75
nerve growth factor receptor, choline acetyltransferase, and serotonin. J. Comp. Neurol. 1994, 350, 587–611.
[CrossRef] [PubMed]

143. Poblete-Naredo, I.; Guillem, A.M.; Juarez, C.; Zepeda, R.C.; Ramirez, L.; Caba, M.; Hernandez-Kelly, L.C.;
Aguilera, J.; Lopez-Bayghen, E.; Ortega, A. Brain-derived neurotrophic factor and its receptors in bergmann
glia cells. Neurochem. Int. 2011, 59, 1133–1144. [CrossRef] [PubMed]

144. Alderson, R.F.; Curtis, R.; Alterman, A.L.; Lindsay, R.M.; DiStefano, P.S. Truncated trkB mediates the
endocytosis and release of bdnf and neurotrophin-4/5 by rat astrocytes and schwann cells in vitro. Brain Res.
2000, 871, 210–222. [CrossRef]

145. Riley, C.P.; Cope, T.C.; Buck, C.R. CNS neurotrophins are biologically active and expressed by multiple cell
types. J. Mol. Histol. 2004, 35, 771–783. [CrossRef] [PubMed]

146. Cragnolini, A.B.; Friedman, W.J. The function of p75NTR in glia. Trends Neurosci. 2008, 31, 99–104. [CrossRef]
[PubMed]

147. Meakin, S.O.; Shooter, E.M. The nerve growth factor family of receptors. Trends Neurosci. 1992, 15, 323–331.
[CrossRef]

148. Kaplan, D.; Hempstead, B.; Martin-Zanca, D.; Chao, M.; Parada, L. The trk proto-oncogene product: A signal
transducing receptor for nerve growth factor. Science 1991, 252, 554–558. [CrossRef] [PubMed]

149. Bothwell, M. Functional interactions of neurotrophins and neurotrophin receptors. Annu. Rev. Neurosci.
1995, 18, 223–253. [CrossRef] [PubMed]

150. Kaplan, D.R.; Martin-Zanca, D.; Parada, L.F. Tyrosine phosphorylation and tyrosine kinase activity of the trk
proto-oncogene product induced by NGF. Nature 1991, 350, 158–160. [CrossRef] [PubMed]

151. Klein, R.; Martin-Zanca, D.; Barbacid, M.; Parada, L.F. Expression of the tyrosine kinase receptor gene trkB is
confined to the murine embryonic and adult nervous system. Development 1990, 109, 845–850. [PubMed]

152. Cordon-Cardo, C.; Tapley, P.; Jing, S.; Nanduri, V.; O’Rourke, E.; Lamballe, F.; Kovary, K.; Klein, R.; Jones, K.R.;
Reichardt, L.F.; et al. The trk tyrosine protein kinase mediates the mitogenic properties of nerve growth
factor and neurotrophin-3. Cell 1991, 66, 173–183. [CrossRef]

153. Berkemeier, L.R.; Winslow, J.W.; Kaplan, D.R.; Nikolics, K.; Goeddel, D.V.; Rosenthal, A. Neurotrophin-5:
A novel neurotrophic factor that activates trk and trkB. Neuron 1991, 7, 857–866. [CrossRef]

154. Chao, M.V. Neurotrophin receptors: A window into neuronal differentiation. Neuron 1992, 9, 583–593.
[CrossRef]

155. Lee, R.; Kermani, P.; Teng, K.K.; Hempstead, B.L. Regulation of cell survival by secreted proneurotrophins.
Science 2001, 294, 1945–1948. [CrossRef] [PubMed]

156. Rabizadeh, S.; Oh, J.; Zhong, L.; Yang, J.; Bitler, C.; Butcher, L.; Bredesen, D. Induction of apoptosis by the
low-affinity NGF receptor. Science 1993, 261, 345–348. [CrossRef] [PubMed]

157. Kaplan, D.R.; Miller, F.D. Neurotrophin signal transduction in the nervous system. Curr. Opin. Neurobiol.
2000, 10, 381–391. [CrossRef]

158. Aloyz, R.S.; Bamji, S.X.; Pozniak, C.D.; Toma, J.G.; Atwal, J.; Kaplan, D.R.; Miller, F.D. P53 is essential for
developmental neuron death as regulated by the trkA and p75 neurotrophin receptors. J. Cell Biol. 1998, 143,
1691–1703. [CrossRef] [PubMed]

159. Levi-Montalcini, R.; Hamburger, V. Selective growth stimulating effects of mouse sarcoma on the sensory
and sympathetic nervous system of the chick embryo. J. Exp. Zool. 1951, 116, 321–361. [CrossRef] [PubMed]

160. Ehrhard, P.B.; Erb, P.; Graumann, U.; Schmutz, B.; Otten, U. Expression of functional trk tyrosine kinase
receptors after T cell activation. J. Immunol. 1994, 152, 2705–2709. [PubMed]

http://dx.doi.org/10.1016/0006-8993(96)00106-0
http://dx.doi.org/10.1074/jbc.M008104200
http://www.ncbi.nlm.nih.gov/pubmed/11152678
http://dx.doi.org/10.1046/j.1365-2990.2003.00487.x
http://www.ncbi.nlm.nih.gov/pubmed/12787319
http://dx.doi.org/10.1093/emboj/18.3.616
http://www.ncbi.nlm.nih.gov/pubmed/9927421
http://dx.doi.org/10.1002/cne.903500407
http://www.ncbi.nlm.nih.gov/pubmed/7890832
http://dx.doi.org/10.1016/j.neuint.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22019477
http://dx.doi.org/10.1016/S0006-8993(00)02428-8
http://dx.doi.org/10.1007/s10735-004-0778-9
http://www.ncbi.nlm.nih.gov/pubmed/15609090
http://dx.doi.org/10.1016/j.tins.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18199491
http://dx.doi.org/10.1016/0166-2236(92)90047-C
http://dx.doi.org/10.1126/science.1850549
http://www.ncbi.nlm.nih.gov/pubmed/1850549
http://dx.doi.org/10.1146/annurev.ne.18.030195.001255
http://www.ncbi.nlm.nih.gov/pubmed/7605062
http://dx.doi.org/10.1038/350158a0
http://www.ncbi.nlm.nih.gov/pubmed/1706478
http://www.ncbi.nlm.nih.gov/pubmed/2171894
http://dx.doi.org/10.1016/0092-8674(91)90149-S
http://dx.doi.org/10.1016/0896-6273(91)90287-A
http://dx.doi.org/10.1016/0896-6273(92)90023-7
http://dx.doi.org/10.1126/science.1065057
http://www.ncbi.nlm.nih.gov/pubmed/11729324
http://dx.doi.org/10.1126/science.8332899
http://www.ncbi.nlm.nih.gov/pubmed/8332899
http://dx.doi.org/10.1016/S0959-4388(00)00092-1
http://dx.doi.org/10.1083/jcb.143.6.1691
http://www.ncbi.nlm.nih.gov/pubmed/9852160
http://dx.doi.org/10.1002/jez.1401160206
http://www.ncbi.nlm.nih.gov/pubmed/14824426
http://www.ncbi.nlm.nih.gov/pubmed/8144877


Int. J. Mol. Sci. 2016, 17, 2122 24 of 28

161. Horigome, K.; Pryor, J.C.; Bullock, E.D.; Johnson, E.M. Mediator release from mast cells by nerve growth
factor. Neurotrophin specificity and receptor mediation. J. Biol. Chem. 1993, 268, 14881–14887. [PubMed]

162. Solomon, A.; Aloe, L.; Pe’er, J.; Frucht-Pery, J.; Bonini, S.; Bonini, S.; Levi-Schaffer, F. Nerve growth factor is
preformed in and activates human peripheral blood eosinophils. J. Allergy Clin. Immunol. 1998, 102, 454–460.
[CrossRef]

163. Barde, Y.A.; Edgar, D.; Thoenen, H. Purification of a new neurotrophic factor from mammalian brain. EMBO
J. 1982, 1, 549–553. [PubMed]

164. Leibrock, J.; Lottspeich, F.; Hohn, A.; Hofer, M.; Hengerer, B.; Masiakowski, P.; Thoenen, H.; Barde, Y.A.
Molecular cloning and expression of brain-derived neurotrophic factor. Nature 1989, 341, 149–152. [CrossRef]
[PubMed]

165. Ibáñez, C.F. Neurotrophic factors: From structure-function studies to designing effective therapeutics. Trends
Biotechnol. 1995, 13, 217–227. [CrossRef]

166. Borasio, G.D.; Markus, A.; Wittinghofer, A.; Barde, Y.A.; Heumann, R. Involvement of ras p21 in
neurotrophin-induced response of sensory, but not sympathetic neurons. J. Cell Biol. 1993, 121, 665–672.
[CrossRef] [PubMed]

167. Vogel, K.S.; Brannan, C.I.; Jenkins, N.A.; Copeland, N.G.; Parada, L.F. Loss of neurofibromin results in
neurotrophin-independent survival of embryonic sensory and sympathetic neurons. Cell 1995, 82, 733–742.
[CrossRef]

168. Bartlett, S.E.; Reynolds, A.J.; Weible, M.; Heydon, K.; Hendry, I.A. In sympathetic but not sensory neurones,
phosphoinositide-3 kinase is important for NGF-dependent survival and the retrograde transport of
125i-βngf. Brain Res. 1997, 761, 257–262. [CrossRef]

169. Markus, A.; Holst, A.V.; Rohrer, H.; Heumann, R. NGF-mediated survival depends on p21ras in chick
sympathetic neurons from the superior cervical but not from lumbosacral ganglia. Dev. Biol. 1997, 191,
306–310. [CrossRef] [PubMed]

170. Yao, R.; Cooper, G. Requirement for phosphatidylinositol-3 kinase in the prevention of apoptosis by nerve
growth factor. Science 1995, 267, 2003–2006. [CrossRef] [PubMed]

171. Vaillant, A.R.; Mazzoni, I.; Tudan, C.; Boudreau, M.; Kaplan, D.R.; Miller, F.D. Depolarization and
neurotrophins converge on the phosphatidylinositol 3-kinase-akt pathway to synergistically regulate
neuronal survival. J. Cell Biol. 1999, 146, 955–966. [CrossRef] [PubMed]

172. Blair, L.A.C.; Bence-Hanulec, K.K.; Mehta, S.; Franke, T.; Kaplan, D.; Marshall, J. Akt-dependent potentiation
of l channels by insulin-like growth factor-1 is required for neuronal survival. J. Neurosci. 1999, 19, 1940–1951.
[PubMed]

173. Grewal, S.S.; York, R.D.; Stork, P.J.S. Extracellular-signal-regulated kinase signalling in neurons.
Curr. Opin. Neurobiol. 1999, 9, 544–553. [CrossRef]

174. Creedon, D.J.; Johnson, E.M.; Lawrence, J.C. Mitogen-activated protein kinase-independent pathways
mediate the effects of nerve growth factor and camp on neuronal survival. J. Biol. Chem. 1996, 271,
20713–20718. [CrossRef] [PubMed]

175. Roux, P.P.; Barker, P.A. Neurotrophin signaling through the p75 neurotrophin receptor. Prog. Neurobiol. 2002,
67, 203–233. [CrossRef]

176. Carter, B.D.; Kaltschmidt, C.; Kaltschmidt, B.; Offenhauser, N.; Bohm-Matthaei, R.; Baeuerle, P.A.; Barde, Y.A.
Selective activation of NF-κB by nerve growth factor through the neurotrophin receptor p75. Science 1996,
272, 542–545. [CrossRef] [PubMed]

177. Ladiwala, U.; Lachance, C.; Simoneau, S.J.J.; Bhakar, A.; Barker, P.A.; Antel, J.P. P75 neurotrophin receptor
expression on adult human oligodendrocytes: Signaling without cell death in response to NGF. J. Neurosci.
1998, 18, 1297–1304. [PubMed]

178. Kimpinski, K.; Jelinski, S.; Mearow, K. The anti-p75 antibody, MC192, and brain-derived neurotrophic factor
inhibit nerve growth factor-dependent neurite growth from adult sensory neurons. Neuroscience 1999, 93,
253–263. [CrossRef]

179. Yoon, S.O.; Casaccia-Bonnefil, P.; Carter, B.; Chao, M.V. Competitive signaling between trka and p75 nerve
growth factor receptors determines cell survival. J. Neurosci. 1998, 18, 3273–3281. [PubMed]

180. Maggirwar, S.B.; Sarmiere, P.D.; Dewhurst, S.; Freeman, R.S. Nerve growth factor-dependent activation of
NF-κB contributes to survival of sympathetic neurons. J. Neurosci. 1998, 18, 10356–10365. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/8325866
http://dx.doi.org/10.1016/S0091-6749(98)70135-6
http://www.ncbi.nlm.nih.gov/pubmed/7188352
http://dx.doi.org/10.1038/341149a0
http://www.ncbi.nlm.nih.gov/pubmed/2779653
http://dx.doi.org/10.1016/S0167-7799(00)88949-0
http://dx.doi.org/10.1083/jcb.121.3.665
http://www.ncbi.nlm.nih.gov/pubmed/8486743
http://dx.doi.org/10.1016/0092-8674(95)90470-0
http://dx.doi.org/10.1016/S0006-8993(97)00329-6
http://dx.doi.org/10.1006/dbio.1997.8771
http://www.ncbi.nlm.nih.gov/pubmed/9398443
http://dx.doi.org/10.1126/science.7701324
http://www.ncbi.nlm.nih.gov/pubmed/7701324
http://dx.doi.org/10.1083/jcb.146.5.955
http://www.ncbi.nlm.nih.gov/pubmed/10477751
http://www.ncbi.nlm.nih.gov/pubmed/10066247
http://dx.doi.org/10.1016/S0959-4388(99)00010-0
http://dx.doi.org/10.1074/jbc.271.34.20713
http://www.ncbi.nlm.nih.gov/pubmed/8702822
http://dx.doi.org/10.1016/S0301-0082(02)00016-3
http://dx.doi.org/10.1126/science.272.5261.542
http://www.ncbi.nlm.nih.gov/pubmed/8614802
http://www.ncbi.nlm.nih.gov/pubmed/9454839
http://dx.doi.org/10.1016/S0306-4522(99)00156-6
http://www.ncbi.nlm.nih.gov/pubmed/9547236
http://www.ncbi.nlm.nih.gov/pubmed/9852573


Int. J. Mol. Sci. 2016, 17, 2122 25 of 28

181. Khursigara, G.; Orlinick, J.R.; Chao, M.V. Association of the p75 neurotrophin receptor with TRAF6.
J. Biol. Chem. 1999, 274, 2597–2600. [CrossRef] [PubMed]

182. Walsh, G.S.; Krol, K.M.; Crutcher, K.A.; Kawaja, M.D. Enhanced neurotrophin-induced axon growth in
myelinated portions of the cns in mice lacking the p75 neurotrophin receptor. J. Neurosci. 1999, 19, 4155–4168.
[PubMed]

183. Fahnestock, M.; Michalski, B.; Xu, B.; Coughlin, M.D. The precursor pro-nerve growth factor is the
predominant form of nerve growth factor in brain and is increased in Alzheimer’s disease. Mol. Cell.
Neurosci. 2001, 18, 210–220. [CrossRef] [PubMed]

184. Peng, S.; Wuu, J.; Mufson, E.J.; Fahnestock, M. Increased prongf levels in subjects with mild cognitive
impairment and mild Alzheimer disease. J. Neuropathol. Exp. Neurol. 2004, 63, 641–649. [CrossRef] [PubMed]

185. Mufson, E.J.; Brashers-Krug, T.; Kordower, J.H. P75 nerve growth factor receptor immunoreactivity in the
human brainstem and spinal cord. Brain Res. 1992, 589, 115–123. [CrossRef]

186. Costantini, C.; Weindruch, R.; Della Valle, G.; Puglielli, L. A TrkA-to-p75NTR molecular switch activates
amyloid β-peptide generation during aging. Biochem. J. 2005, 391, 59–67. [CrossRef] [PubMed]

187. Yaar, M.; Zhai, S.; Pilch, P.F.; Doyle, S.M.; Eisenhauer, P.B.; Fine, R.E.; Gilchrest, B.A. Binding of beta-amyloid
to the p75 neurotrophin receptor induces apoptosis. A possible mechanism for Alzheimer’s disease.
J. Clin. Investig. 1997, 100, 2333–2340. [CrossRef] [PubMed]

188. Coulson, E.J. Does the p75 neurotrophin receptor mediate Aβ-induced toxicity in Alzheimer’s disease?
J. Neurochem. 2006, 98, 654–660. [CrossRef] [PubMed]

189. Lim, Y.Y.; Hassenstab, J.; Cruchaga, C.; Goate, A.; Fagan, A.M.; Benzinger, T.L.; Maruff, P.; Snyder, P.J.;
Masters, C.L.; Allegri, R.; et al. BDNF Val66Met moderates memory impairment, hippocampal function and
tau in preclinical autosomal dominant Alzheimer’s disease. Brain J. Neurol. 2016, 139, 2766–2777. [CrossRef]
[PubMed]

190. Lim, Y.Y.; Villemagne, V.L.; Laws, S.M.; Ames, D.; Pietrzak, R.H.; Ellis, K.A.; Harrington, K.D.; Bourgeat, P.;
Salvado, O.; Darby, D.; et al. BDNF Val66Met, aβ amyloid, and cognitive decline in preclinical Alzheimer’s
disease. Neurobiol. Aging 2013, 34, 2457–2464. [CrossRef] [PubMed]

191. Korsching, S.; Auburger, G.; Heumann, R.; Scott, J.; Thoenen, H. Levels of nerve growth factor and its mrna
in the central nervous system of the rat correlate with cholinergic innervation. EMBO J. 1985, 4, 1389–1393.
[PubMed]

192. Phillips, H.; Hains, J.; Laramee, G.; Rosenthal, A.; Winslow, J. Widespread expression of bdnf but not nt3 by
target areas of basal forebrain cholinergic neurons. Science 1990, 250, 290–294. [CrossRef] [PubMed]

193. Hatanaka, H.; Nihonmatsu, I.; Tsukui, H. Nerve growth factor promotes survival of cultured magnocellular
cholinergic neurons from nucleus basalis of meynert in postnatal rats. Neurosci. Lett. 1988, 90, 63–68.
[CrossRef]

194. Hefti, F. Nerve growth factor promotes survival of septal cholinergic neurons after fimbrial transections.
J. Neurosci. 1986, 6, 2155–2162. [PubMed]

195. Kromer, L. Nerve growth factor treatment after brain injury prevents neuronal death. Science 1987, 235,
214–216. [CrossRef] [PubMed]

196. Koliatsos, V.E.; Price, D.L.; Gouras, G.K.; Cayouette, M.H.; Burton, L.E.; Winslow, J.W. Highly selective
effects of nerve growth factor, brain-derived neurotrophic factor, and neurotrophin-3 on intact and injured
basal forebrain magnocellular neurons. J. Comp. Neurol. 1994, 343, 247–262. [CrossRef] [PubMed]

197. Gnahn, H.; Hefti, F.; Heumann, R.; Schwab, M.E.; Thoenen, H. NGF-mediated increase of choline
acetyltransferase (ChAT) in the neonatal rat forebrain: Evidence for a physiological role of NGF in the
brain? Dev. Brain Res. 1983, 9, 45–52. [CrossRef]

198. Knusel, B.; Beck, K.; Winslow, J.; Rosenthal, A.; Burton, L.; Widmer, H.; Nikolics, K.; Hefti, F. Brain-derived
neurotrophic factor administration protects basal forebrain cholinergic but not nigral dopaminergic neurons
from degenerative changes after axotomy in the adult rat brain. J. Neurosci. 1992, 12, 4391–4402. [PubMed]

199. Sanchez-Ortiz, E.; Yui, D.; Song, D.; Li, Y.; Rubenstein, J.L.; Reichardt, L.F.; Parada, L.F. Trka gene ablation in
basal forebrain results in dysfunction of the cholinergic circuitry. J. Neurosci. 2012, 32, 4065–4079. [CrossRef]
[PubMed]

200. Allen, S.J.; Dawbarn, D.; Spillantini, M.G.; Goedert, M.; Wilcock, G.K.; Moss, T.H.; Semenenko, F.M.
Distribution of β-nerve growth factor receptors in the human basal forebrain. J. Comp. Neurol. 1989,
289, 626–640. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.274.5.2597
http://www.ncbi.nlm.nih.gov/pubmed/9915784
http://www.ncbi.nlm.nih.gov/pubmed/10234043
http://dx.doi.org/10.1006/mcne.2001.1016
http://www.ncbi.nlm.nih.gov/pubmed/11520181
http://dx.doi.org/10.1093/jnen/63.6.641
http://www.ncbi.nlm.nih.gov/pubmed/15217092
http://dx.doi.org/10.1016/0006-8993(92)91169-F
http://dx.doi.org/10.1042/BJ20050700
http://www.ncbi.nlm.nih.gov/pubmed/15966860
http://dx.doi.org/10.1172/JCI119772
http://www.ncbi.nlm.nih.gov/pubmed/9410912
http://dx.doi.org/10.1111/j.1471-4159.2006.03905.x
http://www.ncbi.nlm.nih.gov/pubmed/16893414
http://dx.doi.org/10.1093/brain/aww200
http://www.ncbi.nlm.nih.gov/pubmed/27521573
http://dx.doi.org/10.1016/j.neurobiolaging.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23769397
http://www.ncbi.nlm.nih.gov/pubmed/2411537
http://dx.doi.org/10.1126/science.1688328
http://www.ncbi.nlm.nih.gov/pubmed/1688328
http://dx.doi.org/10.1016/0304-3940(88)90787-2
http://www.ncbi.nlm.nih.gov/pubmed/3746405
http://dx.doi.org/10.1126/science.3798108
http://www.ncbi.nlm.nih.gov/pubmed/3798108
http://dx.doi.org/10.1002/cne.903430206
http://www.ncbi.nlm.nih.gov/pubmed/8027442
http://dx.doi.org/10.1016/0165-3806(83)90107-4
http://www.ncbi.nlm.nih.gov/pubmed/1432101
http://dx.doi.org/10.1523/JNEUROSCI.6314-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22442072
http://dx.doi.org/10.1002/cne.902890408
http://www.ncbi.nlm.nih.gov/pubmed/2556457


Int. J. Mol. Sci. 2016, 17, 2122 26 of 28

201. Pioro, E.P.; Cuello, A.C. Distribution of nerve growth factor receptor-like immunoreactivity in the adult
rat central nervous system. Effect of colchicine and correlation with the cholinergic system—II. Brainstem,
cerebellum and spinal cord. Neuroscience 1990, 34, 89–110. [CrossRef]

202. Yeo, T.T.; Chua-Couzens, J.; Butcher, L.L.; Bredesen, D.E.; Cooper, J.D.; Valletta, J.S.; Mobley, W.C.; Longo, F.M.
Absence of p75ntr causes increased basal forebrain cholinergic neuron size, choline acetyltransferase activity,
and target innervation. J. Neurosci. 1997, 17, 7594–7605. [PubMed]

203. Crowley, C.; Spencer, S.D.; Nishimura, M.C.; Chen, K.S.; Pitts-Meek, S.; Armaninl, M.P.; Ling, L.H.;
McMahon, S.B.; Shelton, D.L.; Levinson, A.D.; et al. Mice lacking nerve growth factor display perinatal
loss of sensory and sympathetic neurons yet develop basal forebrain cholinergic neurons. Cell 1994, 76,
1001–1011. [CrossRef]

204. Volosin, M.; Song, W.; Almeida, R.D.; Kaplan, D.R.; Hempstead, B.L.; Friedman, W.J. Interaction of survival
and death signaling in basal forebrain neurons: Roles of neurotrophins and proneurotrophins. J. Neurosci.
2006, 26, 7756–7766. [CrossRef] [PubMed]

205. Vogels, O.J.; Broere, C.A.; ter Laak, H.J.; Ten Donkelaar, H.J.; Nieuwenhuys, R.; Schulte, B.P. Cell loss and
shrinkage in the nucleus basalis meynert complex in Alzheimer’s disease. Neurobiol. Aging 1990, 11, 3–13.
[CrossRef]

206. Lehericy, S.; Hirsch, E.C.; Cervera-Pierot, P.; Hersh, L.B.; Bakchine, S.; Piette, F.; Duyckaerts, C.; Hauw, J.J.;
Javoy-Agid, F.; Agid, Y. Heterogeneity and selectivity of the degeneration of cholinergic neurons in the basal
forebrain of patients with Alzheimer’s disease. J. Comp. Neurol. 1993, 330, 15–31. [CrossRef] [PubMed]

207. Cullen, K.M.; Halliday, G.M. Neurofibrillary degeneration and cell loss in the nucleus basalis in comparison
to cortical Alzheimer pathology. Neurobiol. Aging 1998, 19, 297–306. [CrossRef]

208. Whitehouse, P.J.; Price, D.L.; Clark, A.W.; Coyle, J.T.; DeLong, M.R. Alzheimer disease: Evidence for selective
loss of cholinergic neurons in the nucleus basalis. Ann. Neurol. 1981, 10, 122–126. [CrossRef] [PubMed]

209. Grothe, M.; Heinsen, H.; Teipel, S.J. Atrophy of the cholinergic basal forebrain over the adult age range and
in early stages of Alzheimer’s disease. Biol. Psychiatry 2012, 71, 805–813. [CrossRef] [PubMed]

210. Cantero, J.L.; Zaborszky, L.; Atienza, M. Volume loss of the nucleus basalis of meynert is associated with
atrophy of innervated regions in mild cognitive impairment. Cereb. Cortex 2016. [CrossRef] [PubMed]

211. Schliebs, R.; Arendt, T. The cholinergic system in aging and neuronal degeneration. Behav. Brain Res. 2011,
221, 555–563. [CrossRef] [PubMed]

212. Gibbs, R.B. Effects of estrogen on basal forebrain cholinergic neurons vary as a function of dose and duration
of treatment. Brain Res. 1997, 757, 10–16. [CrossRef]

213. Gibbs, R.B. Impairment of basal forebrain cholinergic neurons associated with aging and long-term loss of
ovarian function. Exp. Neurol. 1998, 151, 289–302. [CrossRef] [PubMed]

214. Muir, J.L. Acetylcholine, aging, and Alzheimer’s disease. Pharmacol. Biochem. Behav. 1997, 56, 687–696.
[CrossRef]

215. Bartus, R.T. On neurodegenerative diseases, models, and treatment strategies: Lessons learned and lessons
forgotten a generation following the cholinergic hypothesis. Exp. Neurol. 2000, 163, 495–529. [CrossRef]
[PubMed]

216. Whitehouse, P.; Price, D.; Struble, R.; Clark, A.; Coyle, J.; Delon, M. Alzheimer’s disease and senile dementia:
Loss of neurons in the basal forebrain. Science 1982, 215, 1237–1239. [CrossRef] [PubMed]

217. Sohrabji, F.; Miranda, R.C.; Toran-Allerand, C.D. Identification of a putative estrogen response element in
the gene encoding brain-derived neurotrophic factor. Proc. Natl. Acad. Sci. USA 1995, 92, 11110–11114.
[CrossRef] [PubMed]

218. Gibbs, R.B.; Wu, D.; Hersh, L.B.; Pfaff, D.W. Effects of estrogen replacement on the relative levels of choline
acetyltransferase, trkA, and nerve growth factor messenger RNAs in the basal forebrain and hippocampal
formation of adult rats. Exp. Neurol. 1994, 129, 70–80. [CrossRef] [PubMed]

219. McMillan, P.; Singer, C.; Dorsa, D. The effects of ovariectomy and estrogen replacement on trkA and choline
acetyltransferase mrna expression in the basal forebrain of the adult female sprague-dawley rat. J. Neurosci.
1996, 16, 1860–1865. [PubMed]

220. Singer, C.A.; McMillan, P.J.; Dobie, D.J.; Dorsa, D.M. Effects of estrogen replacement on choline
acetyltransferase and trka mRNA expression in the basal forebrain of aged rats. Brain Res. 1998, 789,
343–346. [CrossRef]

http://dx.doi.org/10.1016/0306-4522(90)90305-N
http://www.ncbi.nlm.nih.gov/pubmed/9315882
http://dx.doi.org/10.1016/0092-8674(94)90378-6
http://dx.doi.org/10.1523/JNEUROSCI.1560-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16855103
http://dx.doi.org/10.1016/0197-4580(90)90056-6
http://dx.doi.org/10.1002/cne.903300103
http://www.ncbi.nlm.nih.gov/pubmed/8468401
http://dx.doi.org/10.1016/S0197-4580(98)00066-9
http://dx.doi.org/10.1002/ana.410100203
http://www.ncbi.nlm.nih.gov/pubmed/7283399
http://dx.doi.org/10.1016/j.biopsych.2011.06.019
http://www.ncbi.nlm.nih.gov/pubmed/21816388
http://dx.doi.org/10.1093/cercor/bhw195
http://www.ncbi.nlm.nih.gov/pubmed/27371762
http://dx.doi.org/10.1016/j.bbr.2010.11.058
http://www.ncbi.nlm.nih.gov/pubmed/21145918
http://dx.doi.org/10.1016/S0006-8993(96)01432-1
http://dx.doi.org/10.1006/exnr.1998.6789
http://www.ncbi.nlm.nih.gov/pubmed/9628764
http://dx.doi.org/10.1016/S0091-3057(96)00431-5
http://dx.doi.org/10.1006/exnr.2000.7397
http://www.ncbi.nlm.nih.gov/pubmed/10833325
http://dx.doi.org/10.1126/science.7058341
http://www.ncbi.nlm.nih.gov/pubmed/7058341
http://dx.doi.org/10.1073/pnas.92.24.11110
http://www.ncbi.nlm.nih.gov/pubmed/7479947
http://dx.doi.org/10.1006/exnr.1994.1148
http://www.ncbi.nlm.nih.gov/pubmed/7925844
http://www.ncbi.nlm.nih.gov/pubmed/8774454
http://dx.doi.org/10.1016/S0006-8993(98)00142-5


Int. J. Mol. Sci. 2016, 17, 2122 27 of 28

221. Laflamme, N.; Nappi, R.E.; Drolet, G.; Labrie, C.; Rivest, S. Expression and neuropeptidergic characterization
of estrogen receptors (ERα and ERβ) throughout the rat brain: Anatomical evidence of distinct roles of each
subtype. J. Neurobiol. 1998, 36, 357–378. [CrossRef]

222. Shughrue, P.J.; Scrimo, P.J.; Merchenthaler, I. Estrogen binding and estrogen receptor characterization (ERα;
and ERβ) in the cholinergic neurons of the rat basal forebrain. Neuroscience 2000, 96, 41–49. [CrossRef]

223. Ishunina, T.A.; Swaab, D.F. Increased expression of estrogen receptor α and β in the nucleus basalis of
meynert in Alzheimer’s disease. Neurobiol. Aging 2001, 22, 417–426. [CrossRef]

224. Mufson, E.J.; Li, J.M.; Sobreviela, T.; Kordower, J.H. Decreased trkA gene expression within basal forebrain
neurons in Alzheimer’s disease. Neuroreport 1996, 8, 25–29. [CrossRef] [PubMed]

225. Ginsberg, S.D.; Che, S.; Wuu, J.; Counts, S.E.; Mufson, E.J. Down regulation of trk but not p75NTR gene
expression in single cholinergic basal forebrain neurons mark the progression of Alzheimer’s disease.
J. Neurochem. 2006, 97, 475–487. [CrossRef] [PubMed]

226. Salehi, A.; Ocampo, M.; Verhaagen, J.; Swaab, D.F. P75 neurotrophin receptor in the nucleus basalis of
meynert in relation to age, sex, and Alzheimer’s disease. Exp. Neurol. 2000, 161, 245–258. [CrossRef]
[PubMed]

227. Fisher, B.; Costantino, J.P.; Wickerham, D.L.; Cecchini, R.S.; Cronin, W.M.; Robidoux, A.; Bevers, T.B.;
Kavanah, M.T.; Atkins, J.N.; Margolese, R.G.; et al. Tamoxifen for the prevention of breast cancer: Current
status of the national surgical adjuvant breast and bowel project P-1 study. J. Natl. Cancer Inst. 2005, 97,
1652–1662. [CrossRef] [PubMed]

228. Engler-Chiurazzi, E.B.; Singh, M.; Simpkins, J.W. Reprint of: From the 90s to now: A brief historical
perspective on more than two decades of estrogen neuroprotection. Brain Res. 2016, 1645, 79–82. [CrossRef]
[PubMed]

229. Ross, R.K.; Paganini-Hill, A.; Wan, P.C.; Pike, M.C. Effect of hormone replacement therapy on breast cancer
risk: Estrogen versus estrogen plus progestin. J. Natl. Cancer Inst. 2000, 92, 328–332. [CrossRef] [PubMed]

230. Writing Group for the Women’s Health Initiative, I. Risks and benefits of estrogen plus progestin in healthy
postmenopausal women. JAMA 2002, 288, 321–333. [CrossRef]

231. Gurney, E.P.; Nachtigall, M.J.; Nachtigall, L.E.; Naftolin, F. The women’s health initiative trial and related
studies: 10 years later: A clinician’s view. J. Steroid Biochem. Mol. Biol. 2014, 142, 4–11. [CrossRef] [PubMed]

232. Manson, J.E. Current recommendations: What is the clinician to do? Fertil. Steril. 2014, 101, 916–921.
[CrossRef] [PubMed]

233. Brinton, R.D. Investigative models for determining hormone therapy-induced outcomes in brain: Evidence
in support of a healthy cell bias of estrogen action. Ann. N. Y. Acad. Sci. 2005, 1052, 57–74. [CrossRef]
[PubMed]

234. Scharfman, H.E.; MacLusky, N.J. Estrogen-growth factor interactions and their contributions to neurological
disorders. Headache 2008, 48, S77–89. [CrossRef] [PubMed]

235. Kwakowsky, A.; Koszegi, Z.; Cheong, R.Y.; Abraham, I.M. Neuroprotective effects of non-classical
estrogen-like signaling activators: From mechanism to potential implications. CNS Neurol. Disord.
Drug Targets 2013, 12, 1219–1225. [CrossRef] [PubMed]

236. Cordey, M.; Gundimeda, U.; Gopalakrishna, R.; Pike, C.J. The synthetic estrogen 4-estren-3α,17β-diol (estren)
induces estrogen-like neuroprotection. Neurobiol. Dis. 2005, 19, 331–339. [CrossRef] [PubMed]

237. Salehi, A.; Verhaagen, J.; Dijkhuizen, P.A.; Swaab, D.F. Co-localization of high-affinity neurotrophin receptors
in nucleus basalis of meynert neurons and their differential reduction in Alzheimer’s disease. Neuroscience
1996, 75, 373–387. [CrossRef]

238. Connor, B.; Young, D.; Lawlor, P.; Gai, W.; Waldvogel, H.; Faull, R.L.; Dragunow, M. Trk receptor alterations
in Alzheimer’s disease. Brain Res. Mol. Brain Res. 1996, 42, 1–17. [CrossRef]

239. Hefti, F.; Weiner, W.J. Nerve growth factor and alzheimer’s disease. Ann. Neurol. 1986, 20, 275–281. [CrossRef]
[PubMed]

240. Seiger, A.; Nordberg, A.; von Holst, H.; Backman, L.; Ebendal, T.; Alafuzoff, I.; Amberla, K.; Hartvig, P.;
Herlitz, A.; Lilja, A.; et al. Intracranial infusion of purified nerve growth factor to an Alzheimer patient:
The first attempt of a possible future treatment strategy. Behav. Brain Res. 1993, 57, 255–261. [CrossRef]

http://dx.doi.org/10.1002/(SICI)1097-4695(19980905)36:3&lt;357::AID-NEU5&gt;3.0.CO;2-V
http://dx.doi.org/10.1016/S0306-4522(99)00520-5
http://dx.doi.org/10.1016/S0197-4580(00)00255-4
http://dx.doi.org/10.1097/00001756-199612200-00006
http://www.ncbi.nlm.nih.gov/pubmed/9051746
http://dx.doi.org/10.1111/j.1471-4159.2006.03764.x
http://www.ncbi.nlm.nih.gov/pubmed/16539663
http://dx.doi.org/10.1006/exnr.1999.7252
http://www.ncbi.nlm.nih.gov/pubmed/10683291
http://dx.doi.org/10.1093/jnci/dji372
http://www.ncbi.nlm.nih.gov/pubmed/16288118
http://dx.doi.org/10.1016/j.brainres.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27317847
http://dx.doi.org/10.1093/jnci/92.4.328
http://www.ncbi.nlm.nih.gov/pubmed/10675382
http://dx.doi.org/10.1001/jama.288.3.321
http://dx.doi.org/10.1016/j.jsbmb.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24172877
http://dx.doi.org/10.1016/j.fertnstert.2014.02.043
http://www.ncbi.nlm.nih.gov/pubmed/24680650
http://dx.doi.org/10.1196/annals.1347.005
http://www.ncbi.nlm.nih.gov/pubmed/16024751
http://dx.doi.org/10.1111/j.1526-4610.2008.01200.x
http://www.ncbi.nlm.nih.gov/pubmed/18700946
http://dx.doi.org/10.2174/187152731131200123
http://www.ncbi.nlm.nih.gov/pubmed/24040818
http://dx.doi.org/10.1016/j.nbd.2005.01.011
http://www.ncbi.nlm.nih.gov/pubmed/15837589
http://dx.doi.org/10.1016/0306-4522(96)00273-4
http://dx.doi.org/10.1016/S0169-328X(96)00040-X
http://dx.doi.org/10.1002/ana.410200302
http://www.ncbi.nlm.nih.gov/pubmed/3532929
http://dx.doi.org/10.1016/0166-4328(93)90141-C


Int. J. Mol. Sci. 2016, 17, 2122 28 of 28

241. Eriksdotter-Jonhagen, M.; Linderoth, B.; Lind, G.; Aladellie, L.; Almkvist, O.; Andreasen, N.; Blennow, K.;
Bogdanovic, N.; Jelic, V.; Kadir, A.; et al. Encapsulated cell biodelivery of nerve growth factor to the basal
forebrain in patients with Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 2012, 33, 18–28. [CrossRef]
[PubMed]

242. Wahlberg, L.U.; Lind, G.; Almqvist, P.M.; Kusk, P.; Tornoe, J.; Juliusson, B.; Soderman, M.; Sellden, E.;
Seiger, A.; Eriksdotter-Jonhagen, M.; et al. Targeted delivery of nerve growth factor via encapsulated cell
biodelivery in Alzheimer disease: A technology platform for restorative neurosurgery. J. Neurosurg. 2012,
117, 340–347. [CrossRef] [PubMed]

243. Ferreira, D.; Westman, E.; Eyjolfsdottir, H.; Almqvist, P.; Lind, G.; Linderoth, B.; Seiger, A.; Blennow, K.;
Karami, A.; Darreh-Shori, T.; et al. Brain changes in Alzheimer’s disease patients with implanted
encapsulated cells releasing nerve growth factor. J. Alzheimers Dis. 2015, 43, 1059–1072. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1159/000336051
http://www.ncbi.nlm.nih.gov/pubmed/22377499
http://dx.doi.org/10.3171/2012.2.JNS11714
http://www.ncbi.nlm.nih.gov/pubmed/22655593
http://www.ncbi.nlm.nih.gov/pubmed/25147108
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Basal Forebrain Cholinergic Neurons 
	Cholinergic Neurons in Specific Basal Forebrain Cholinergic Neuron Subregions 
	Nucleus Basalis Magnocellularis 
	Medial Septum and Diagonal Band of Broca 


	Estrogens 
	Estrogen Receptor Signaling Pathways 
	Estrogen Receptors 
	Classical Estrogen Signaling Pathway 
	Non-Classical Estrogen Signaling Pathway 
	Neuroprotective Effects of Estrogens in the Central Nervous System 

	Neurotrophins 
	Neurotrophin Receptors 
	Neurotrophin Peptides 
	Role of the Neurotrophin System in Neuroprotection 
	Neurotrophins in the Basal Forebrain 

	Relationship between Neurotrophins, Estrogens and AD in the Basal Forebrain 
	Conclusions: Therapeutic Potential of Estrogens for AD Treatment and Prevention 

