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Abstract

Sex hormones are the physiological factors that regulate neurogenesis during embryogenesis and
continuing through adulthood. These hormones support the formation of brain structures such as
dendritic spines, axons and synapses required for the capture of information (memories).
Intriguingly, a recent animal study has demonstrated that induction of neurogenesis results in the
loss of previously encoded memories in animals (e.g. infantile amnesia). In this connection, much
evidence now indicates that Alzheimer’s disease (AD) also involves aberrant re-entry of post-
mitotic neurons into the cell cycle. Cell cycle abnormalities appear very early in the disease, prior
to the appearance of plaques and tangles, and explain the biochemical, neuropathological and
cognitive changes observed with disease progression. Since sex hormones control when and how
neurons proliferate and differentiate, the endocrine dyscrasia that accompanies menopause and
andropause is a key signaling event that impacts neurogenesis and the acquisition, processing,
storage and recall of memories. Here we review the biochemical, epidemiological and clinical
evidence that alterations in endocrine signaling with menopause and andropause drive the aberrant
re-entry of post-mitotic neurons into an abortive cell cycle with neurite retraction that leads to
neuron dysfunction and death. When the reproductive axis is in balance, luteinizing hormone
(LH), and its fetal homolog, human chorionic gonadotropin (hCG), promote pluripotent human
and totipotent murine embryonic stem cell and neuron proliferation. However, strong evidence
supports menopausal/andropausal elevations in the ratio of LH:sex steroids as driving aberrant
mitotic events mediated by the upregulation of tumor necrosis factor, amyloid-f3 precursor protein
processing towards the production of mitogenic AB, and the activation of Cdk5, a key regulator of
cell cycle progression and tau phosphorylation (a cardinal feature of both neurogenesis and
neurodegeneration). Cognitive studies also demonstrate the negative consequences of a high
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LH:sex steroid ratio on human cognitive performance. Prospective epidemiological and clinical
evidence in humans supports lowering the ratio of circulating gonadotropins-GnRH to sex steroids
in reducing the incidence of AD and halting cognitive decline. Together, these data support
endocrine dyscrasia and the subsequent loss of cell cycle control as an important etiological event
in the development of neurodegenerative diseases including AD, stroke and Parkinson’s disease.
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1. Introduction

This review summarizes data collected over the last 15 years supporting age-related
endocrine dyscrasia as the etiological event driving age-related neurodegeneration.
Endocrine dyscrasia associated with menopause and andropause, i.e. suppressed sex steroid
and inhibin signaling, elevated gonadotropin-releasing hormone 1 (GnRH1), luteinizing
hormone (LH), follicle-stimulating hormone and activin signaling - has been postulated to
lead to aberrant mitogenic/differentiative (dyotic) signaling that drives the re-entry of
neurons into an abortive cell cycle that leads to cell death (Atwood, et al. 2005). New data
supports endocrine dyscrasia and the subsequent alterations in downstream cell cycle
signaling as causative of Alzheimer’s disease (AD), vascular dementia, stroke, Parkinson’s
disease (PD) and other age-related neurological diseases. The elucidation of the non-gonadal
functions of gonadotropins in the brain has revealed the importance of these hormones in
regulating the early development, adult maintenance as well as the senescent decline of
brain structure and function (Vadakkadath Meethal, et al. 2010).

2. Endocrine Dyscrasia

The decline in gonadal production of sex steroids and inhibins following menopause and
during andropause leads to a loss of hypothalamic feedback inhibition that stimulates
GnRH1 and gonadotropin production (Larson, et al. 2003). In addition, the decrease in
gonadal inhibin production at this time (Reichlin 1998) results in decreased activin receptor
inhibition, and together with the increase in bioavailable activin (Gray, et al. 2002) leads to a
further increase in the secretion of GnRH1 and gonadotropins (MacConell, et al. 1999;
Schwall, et al. 1988; Weiss, et al. 1993). Thus, the lack of negative feedback from the ovary/
testis (progesterone (P4), 17B-estradiol (E,), testosterone and inhibin) is responsible for the
unopposed and marked elevations in the secretion of GhnRH1 and gonadotropins that is
associated with ovarian and testicular senescence (Atwood et al. 2005; Chakravarti, et al.
1976; Neaves, et al. 1984; Reame, et al. 1996; Schmidt, et al. 1996). Although post-
reproductive elevations in gonadotropins have been recognized for decades (Chakravarti et
al. 1976; Couzinet and Schaison 1993; Neaves et al. 1984), their implications to the health
of the brain only began to be elucidated in the early 2000°s (Bowen, et al. 2000; Bowen, et
al. 2002a; Bowen, et al. 2004b). These discoveries led to the development of a new theory of
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aging (The Reproductive-Cell Cycle Theory of Aging) that proposed reproductive hormones
in balance promote brain growth and development but that the endocrine dyscrasia
following menopause and during andropause induces the brain senescent phenotype via
alterations in cell cycle signaling (Atwood and Bowen 2011; Bowen and Atwood 2004).
This mechanism is relevant to all reproductive species. An important basis for the
development of this theory was that receptors for hypothalamic-pituitary-gonadal (HPG)
axis hormones are present not only in the brain, but in other tissues of the body (reviewed in
(Bowen and Atwood 2004; Vadakkadath Meethal and Atwood 2005)). Moreover, the
elevations in circulating hCG early in life required for embryogenesis (Gallego, et al. 2008;
Vadakkadath Meethal et al. 2010), and of the elevation in LH, a hCG homolog, post-
menopause and during andropause (Chakravarti et al. 1976; Couzinet and Schaison 1993;
Neaves et al. 1984), indicated the cell cycle regulatory properties for these hormones may
dictate both developmental and senescent pathways in the brain (hCG and LH share 83 %
amino acid sequence homology and bind a common receptor with similar affinity (Fiddes
and Talmadge 1984)).

3. Gonadotropins, GnRH1 and Developmental Neurogenesis

3.1 Neurogenic Properties of Gonadotropins and GnRH1

Gonadotropin signaling is a crucial early signal for embryonic and neural development. hCG
signaling via its human embryonic stem cell (hESC) receptor is essential for the proliferation
of pluripotent hESC; inhibition of LH/hCG receptor (LHCGR) signaling with P-antisense
oligonucleotides suppressed hESC proliferation, as did a specific blocking antibody against
the extracellular activation site of LHCGR, an effect that was reversed by treatment with
hCG (Gallego, et al. 2010). hESCs express mRNA and protein for the full-length mature
LH/hCG receptor (LHCGR; 92 kDa) (Gallego et al. 2010) and expression does not alter
upon differentiation into embryoid bodies (EBs; structures that resemble early post-
implantation embryos containing all three germ layers) (O’Shea 1999), or into
neuroectodermal rosettes, which consist of >90% columnar neural precursor cells (NPC) and
are the in vitro equivalent of a rudimentary neural tube (Gallego et al. 2010; Li and Zhang
2006). The immediate production of hCG following conception is therefore likely required
to signal the proliferation of hESC during early embryogenesis. These data are supported by
the known proliferative properties of (hyperglycosylated) hCG, which has been
demonstrated to act as an autocrine factor on extravillous invasive cytotrophoblast cells to
initiate and control invasion as occurs 1) at implantation of pregnancy and the establishment
of hemochorial placentation, and 2) during malignancy such as with invasive hydatidiform
mole and choriocarcinoma (Cole 2009). The neurogenic functions of hCG/LH may be
mediated (or coordinated) via the upregulation in the synthesis of P4 or other sex steroids, as
P4 has been found to be essential for the specification of pluripotent stem cells into a
neuronal phenotype (Gallego et al. 2010; Gallego, et al. 2009). The requirement for
progestagens and estrogens for the growth, development and day-to-day maintenance and
connectivity of neurons is well described (Liu and Diaz Brinto 2011).

Hippocampal neurogenesis persists in adult mammals, but its rate declines dramatically with
age (Tan, et al. 2010). Continued adult neurogenesis appears to be important for the normal
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functioning of the adult brain since the experimentally-induced decline in neurogenesis
produces severe impairments in performance on some, although not all, memory tasks
(Deng, et al. 2010). It has been shown that the age-dependent decline in neurogenesis is
reversible in rodents (Tan et al. 2010). Adult neurogenesis may be regulated by HPG
hormones via their receptors. LHCGR is expressed throughout all regions of the mammalian
brain (reviewed in (Liu, et al. 2007a)), with the highest density of receptors being found in
neurons within the hippocampus followed by the hypothalamus, cerebellum, choroid plexus,
ependymal tanycytes of third, fourth, and lateral ventricles, cortex, brain stem, and anterior
pituitary (al-Hader, et al. 1997a; al-Hader, et al. 1997b; Bukovsky, et al. 2003; Lei, et al.
1993). Subcutaneous administration of LH has been shown to induce neurogenesis in the
hippocampus of the adult mouse (Mak, et al. 2007). Likewise, GnRH receptor 1 (GnRHR1)
is localized to extrapituitary cells in the mammalian brain including the hippocampus,
amygdala, entorhinal cortex and subiculum, with lower levels in the septum and frontal
cortex (reviewed in (Vadakkadath Meethal and Atwood 2005; Wilson, et al. 2006b)), and in
sheep there is evidence that GnRH1 directly, or indirectly via LH, induces neurogenesis in
the hippocampus (Hawken, et al. 2009). The localization and relative expression of these
hormones and their receptors relative to AD neuropathology requires further elucidation.

LH and hCG have powerful mitogenic properties (Berndt, et al. 2009; Berndt, et al. 2006;
Davies, et al. 1999; Harris, et al. 2002; Horiuchi, et al. 2000; Sriraman, et al. 2001; Webber
and Sokoloff 1981; Zygmunt, et al. 2002). LH secretion has been associated with increased
proliferation of granulosa cells and activation of MAPKSs such as ERK (Cameron, et al.
1996; Sasson, et al. 2004; Srisuparp, et al. 2003), and other signal transduction and
transcription activators (Carvalho, et al. 2003); all of which play a major role in cell cycle
events (Rubinfeld and Seger 2004) and, importantly, are associated with AD pathology
(Perry, et al. 1999; Zhu and Watt 1999; Zhu, et al. 2002; Zhu, et al. 2000; Zhu, et al. 2001).
LH levels also are associated with increased T-cell proliferation and activation (Athreya, et
al. 1993b; Sabharwal, et al. 1992b) and peripheral blood lymphocyte proliferation (Costa, et
al. 1990).

Further evidence for a role of LH/hCG in cell proliferation is demonstrated by the
expression of membrane-associated LH, hCG and their subunits and fragments by tumor
cells; hCG expression is considered a characteristic of certain cancer cells (Krichevsky, et al.
1995; Whitfield and Kourides 1985; Y okotani, et al. 1997) and is a common serum marker
used to determine the progression or regression of cancer following chemotherapy
(Stenman, et al. 2004). Both transformed neurons (M17 neuroblastoma cells) and primary
neurons express LH (Wilson et al. 2006b). Thus, the intracellular accumulation of LH in
pyramidal neurons in the AD compared with age-matched control brain (Bowen et al.
2002a) is suggestive of a cellular transformation from a differentiated to a mitotic
phenotype.

3.2 Gonadotropins and Mitochondrial Biogenesis

Changes suggestive of mitochondrial replication have been reported in pyramidal neurons,
those vulnerable to AD neuropathology (Hirai, et al. 2001). Pyramidal neurons of the AD
brain contain 3-fold elevated levels of cytoplasmic mitochondrial DNA and increased Cox-1
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expression, indicative of de novo mitochondrion synthesis that would be expected during
cell division to meet the energy demands of the newly created daughter cells (Nunomura, et
al. 2001). Interestingly, COX2 expression and prostaglandins synthesis in granulosa cells are
upregulated by LH/hCG (Duffy and Stouffer 2001), suggesting a role for gonadotropins in
mitochondrial biogenesis along with their well-known role in mitochondrial steroidogenesis.

4. Gonadotropins, GnRH1 and Cell Cycle Abnormalities in Alzheimer’s

Disease

The neurodegenerative disorder AD accounts for ~ 70% of all dementia cases (Alzheimer’s-
Association 2007; Cotter 2007) and is characterized neurologically by progressive memory
loss, impairments in behavior, language, and visuo-spatial skills ultimately leading to death
(McKhann, et al. 1984). Pathologically, the disease is characterized by neuron and synapse
loss and dysfunction, microgliosis and the extracellular deposition of amyloid-B (AB) in
amyloid plaques and the intracellular deposition of phosphorylated tau protein in
neurofibrillary tangles. In addition, research over the last decade has revealed that cell cycle
abnormalities represent a major neuropathological feature of AD. These abnormalities
appear very early in the disease process, prior to the appearance of plaques and tangles and
can explain many of the biochemical and neuropathological changes observed (Lee, et al.
2009). Thus, neuronal cell cycle regulatory failure may be a significant component of the
pathogenesis of AD (Neve and McPhie 2007).

4.1 Aberrant Cell Cycle Signaling in AD

Although numerous hypotheses have been postulated to explain AD, much evidence now
exists that AD is a disease of aberrant, albeit unsuccessful, re-entry of neurons into the cell
cycle resulting in synapse and neurite contraction and neuron death (see (Atwood et al.
2005; Herrup, et al. 2004; Raina, et al. 2000; Wang, et al. 2009) for reviews (Arendt 2002;
Boeras, et al. 2008; Bonda, et al.; Bonda, et al. 2009; Bowser and Smith 2002; Carvalho et
al. 2003; Geller and Potter 1999; Goedert, et al. 1993; Granic, et al. 2009; Herrup et al.
2004; Hirai et al. 2001; Lee et al. 2009; Liu, et al. 2004; Nunomura et al. 2001; Rubinfeld
and Seger 2004; Smith, et al. 1995; Su, et al.; Thakur, et al. 2008; Varvel, et al. 2008;
Vincent, et al. 1996b; Yang, et al. 2001; Zhu et al. 2000; Zhu et al. 2001)). The unscheduled
initiation of a cell division cycle in a mature, normally post-mitotic neuron has been
demonstrated to lead to an abortive re-activation of a variety of cell cycle components and
ultimately the demise of the cell. Neuronal changes supporting the involvement of cell cycle
related events in the etiology of AD include:

Cell Cycle Markers—The ectopic expression of a number of cell cycle proteins have been
reported in those regions of the brain affected by AD (e.g. cyclin B1, cdc2 kinase, PCNA,
cdk4, p16, but not cyclins A and D), but not in areas unaffected by AD pathology or in
control brains (Smith et al. 1995; Vincent et al. 1996b). A number of the cell cycle
regulators have been detected in vulnerable neurons before lesion formation (Busser, et al.
1998; Vincent, et al. 1998). Progression into the cell cycle as assessed by the expression of
different cell cycle markers appears to be dependent upon AD severity; neurons positive for
NFT’s stain strongly for cdc2 kinase (cdkl) and its associated cyclin B1 in hippocampal
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regions of the AD brain, suggesting that in some cases the G1/S checkpoint has been
bypassed and that the cell cycle is arrested at G2. Changes in cell cycle markers have been
found for mild cognitive impairment leading Herrup et al. (Yang, et al. 2003) to suggest that
both the mechanism of cell loss (a cell cycle-induced death) and the rate of cell loss (a slow
atrophy over months) are identical at all stages of the disease process.

Chromosome Replication (Endoreduplication)—The most compelling evidence that
differentiated neurons re-enter the cell cycle comes from Yang, Herrup and colleagues
(Yang et al. 2001) who demonstrated that a significant number of neurons in affected
regions of AD brain (hippocampal pyramidal and basal forebrain neurons) have undergone
full or partial DNA replication, indicating certain neurons have completed S phase. Cells in
unaffected regions of the AD brain or in the hippocampus of nondemented age-matched
controls show no such anomalies. Therefore, AD neurons appear to complete a nearly full S
phase, but because mitosis is not initiated, the cells remain polyploid. This genetic
imbalance seems to persist for many months before the neurons die (YYang et al. 2001; Yang
et al. 2003) and this genomic replication without cytokinesis (endoreduplication) will have
dramatic implications for the overexpression of neuronal proteins such as ABPP, as is the
case with Down syndrome (Beyreuther, et al. 1993) and AD (see below). Endoreduplication
in plants is a well-described phenomenon that allows for sufficient protein synthesis
(Larkins, et al. 2001). However, such overexpression in a normally differentiated cell
population appears to promote neuron death.

Neuronal Hypertrophy—DNA content is almost invariably associated with the size of a
cell. Hypertrophy of the neuronal cell bodies, nuclei, and nucleoli of CA1 of hippocampus
and anterior cingulate gyrus neurons has been reported in asymptomatic AD and MCI
subjects (lacono, et al. 2009; lacono, et al. 2008; O’Brien, et al. 2009; Riudavets, et al.
2007).

Mitochondrial Alterations—Changes suggestive of mitochondria replication have been
reported in those neurons vulnerable to AD neuropathology (Hirai et al. 2001). Pyramidal
neurons of the AD brain contain 3-fold elevated levels of cytoplasmic mitochondrial DNA
and increased Cox-1 expression, indicative of de novo mitochondrion synthesis that would
be expected during cell division to meet the energy demands of the newly created daughter
cells (Nunomura et al. 2001). Unlike division competent neurons, it remains to be
determined if such alterations in mitochondrial metabolism in differentiated neurons are
responsible for an imbalance in energy metabolism observed in the AD brain.

Tau Phosphorylation and Neurofibrillary Tangle Formation—Phosphorylation of
the microtubule-associated protein tau occurs during metaphase of neuronal division and
during differentiation (Goedert et al. 1993; Liu et al. 2004) hyperphosphorylated tau is
observed in neurons of the fetal brain (Goedert et al. 1993). Disassembly of the rigid
microtubule structure of neurons for neuronal division is accomplished by removing the
microtubule stabilizing protein tau, by its phosphorylation. Therefore, it is interesting that
hyperphosphorylation of the microtubule-associated protein tau, as detected in
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neurofibrillary tangles, is one of the major pathological features of neuronal degeneration in
AD (Igbal, et al. 2005), and indicates attempted division of pyramidal neurons in AD.

Mitotic Signal Transduction Pathways—Signal transduction pathways, regulated by a
variety of mitogens and growth factors, are upregulated in the AD brain (Zhu et al. 2001).
Mitogen-activated protein kinases such as ERK and other signal transduction and
transcription activators such as Janus kinase and phosphoinositol 3-kinase/Akt (Carvalho et
al. 2003) play a major role in the entry of cells into the cell cycle, as well as controlling their
progression throughout the various stages (Rubinfeld and Seger 2004). These pathways are
associated with AD neuropathology (Zhu et al. 2000).

AD Neurons Proceed to Metaphase and then Arrest?—The above data suggest that
most all the biochemical and pathological changes associated with AD can be explained by
the aberrant reentry of fully differentiated neurons into the cell cycle (e.g. chromosomal
replication leading to polyploidy, upregulation of cell cycle markers, tau phosphorylation,
ABPP metabolism and AP deposition (see below), oxidative stress, increased mitochondrial
DNA and Cox-1 expression, upregulated growth factor signaling pathways, synapse loss and
death of differentiated neurons). Indeed, the AD brain displays many of the
neuropathological and biochemical changes observed in the fetal brain, namely the presence
of AP (Takashima, et al. 1990), hyper-phosphorylated tau (Goedert et al. 1993) and
presenilin expression (Berezovska, et al. 1997). Therefore, Ap appears to be involved with
neuron death/remodeling, just as tau phosphorylation is known to destabilize microtubules
in order for neuron division to occur during development (Goedert et al. 1993; Liu et al.
2004). It is unclear whether neurons are proceeding via the normal cell cycle division
pathway, or an aberrant, uncoordinated, pathway. The failure of microtubules to form
spindle fibers to attach to kinetochores (Chan and Yen 2003; Glotzer 1997) has been shown
to arrest the cell in metaphase (M checkpoint). Likewise, improper alignment of the spindle
will block cytokinesis; either of these processes if irreparable triggers neuron death.

There are a number of morphological and biochemical similarities between the aging brain
and the fetal brain including the presence of Ap and ABPP (Arai, et al. 1997; Takashima et
al. 1990), hyper-phosphorylated tau (Goedert et al. 1993) and presenilin-1 expression
(Berezovska et al. 1997). This increased developmental protein expression in the AD brain
suggests reactivation of the cell cycle in differentiated neurons of the AD brain (Herrup and
Yang 2007) and explains the majority of the biochemical and pathological features
associated with the disease (Atwood et al. 2005; Meethal, et al. 2005). Two studies support
this claim. Forced cell cycle activation in terminally differentiated neurons via conditional
expression of the simian virus 40 large T antigen (oncogene) forms A deposits and tau
pathology in the mouse cortex (Park, et al. 2007). Similarly, forced cell cycle activation in
primary neurons is accompanied by tau phosphorylation (McShea, et al. 2007).

Most recently, it has been demonstrated that neurogenesis in the adult brain is linked to
memory loss (Akers, et al. 2014) (see next Section on ‘Neurodegenerative Diseases’).
Increasing neurogenesis after the formation of a memory was sufficient to induce forgetting
in adult mice. However, in contrast, during infancy, when hippocampal neurogenesis levels
are high and freshly generated memories tend to be rapidly forgotten (infantile amnesia),
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decreasing neurogenesis after memory formation mitigated forgetting. Since hormones of the
HPG axis regulate fetal and adult neurogenesis, any disruption in their signaling such as
following menopause and during andropause whereby dyotic signaling drives aberrant re-
entry of neurons into the cell cycle would therefore result in the loss of previously encoded
memories and prevent the retention of new information as memories. This is supported by
studies in precocial species, including guinea pigs and degus, where most granule cells are
generated prenatally (Akers et al. 2014). Consistent with reduced levels of postnatal
hippocampal neurogenesis, infant guinea pigs and degus do not exhibit forgetting. However,
increasing neurogenesis after memory formation induced infantile amnesia in these species
(Akers et al. 2014).

Based on this overwhelming evidence indicating that post-mitotic neurons re-enter the cell
cycle in the AD brain, in 2000 we asked the question: “What are the physiological signaling
factors driving the aberrant reactivation of the cell cycle in the late-onset AD brain”.

4.2 Gonadotropins Mediate Cell Cycle Signaling via ABPP and Cdk5

4.2.1 ABPP Modulation of Cell Cycle Signaling—Numerous reports now indicate that
amyloidogenic pathways are involved in cell cycle signaling and neurogenesis. In vitro
studies indicate that AB1-42 promotes neurogenesis of subventricular zone precursor (SVZ)
cells derived from developing or young adult animals (Calafiore, et al. 2006; Heo, et al.
2007; Jin, et al. 20044; Liu et al. 2004; Lopez-Toledano and Shelanski 2004; Plant, et al.
2003; Sotthibundhu, et al. 2009). Plant and colleagues (2003) demonstrated that the
production of AB was a critical requirement for the viability of central neurons. Inhibition of
secretase activity or sequestering of Ap with antibodies decreased the viability of rat cortical
neurons, rat cerebellar granule neurons and human SH-SY5Y cells, but secretase inhibitors
did not alter the viability of rat astrocytes and a number of non-neuronal cell lines (HEK293,
DDT1-FM2, and human teratorhabdoid tumor cells). In vivo, an increase in hippocampal
neurogenesis and/or proliferation has been reported in younger AD transgenic mouse models
(Donovan, et al. 2006; Ermini, et al. 2008; Gan, et al. 2008; Jin et al. 2004a; Jin, et al.
2004b; Lopez-Toledano and Shelanski 2007), although hippocampal neurogenesis is
decreased in a variety of AD mouse models displaying a ‘pathological’ plaque burden
(Dong, et al. 2004; Donovan et al. 2006; Gan et al. 2008; Zhang, et al. 2007). Sotthibundhu
et al., (Sotthibundhu et al. 2009) have shown that endogenous generation of Af in C100 and
APP/presenilin-1 transgenic models of AD stimulates neurogenesis of young adult S\VZ
precursors. Overexpression of ABPPsw* and ABPPwt protein in transgenic mice induces
hypertrophy of cortical neurons (Oh, et al. 2009). Since cell size is strongly correlated with
DNA content both between and within species (Gregory 2001, 2002), these results imply a
central role for APPP and/or AP in driving post-mitotic neurons back into the (S-phase of
the) cell cycle. Interestingly, injection of a lentiviral-AB42 vector into the primary motor
cortex of rats also results in astrogliosis (Rebeck, et al. 2010).

Supporting the neurotrophic/mitogenic properties of Ap, we reported that hESCs express
APPP and truncated variants, together with ADAM-10 (a-secretase), BACE-1 (B-secretase),
and five known components of the y-secretase complex: presenilin-1, nicastrin, APH-1,
PEN-2, and CD147 (Porayette, et al. 2009; Porayette, et al. 2007). These secretases were
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demonstrated to be functional with the differential processing of ABPP via these enzymes
regulating the proliferation and differentiation of hESCs. hESCs endogenously produce
AP1-40 and to a lesser extent, AB1-42. When added exogenously in soluble and fibrillar
forms Ap1-42 markedly increases hESC proliferation (Porayette et al. 2009), but does not
induce cell differentiation into NPC. Chen and Dong (Chen and Dong 2009) reported
soluble AB promotes neuronal growth (entry into the S-phase) as well as differentiation (at
the end of the S-phase) in primary neural progenitor cells; AB1-40 increased neuronal
markers, while AB1-42 induced astrocyte markers in neural progenitor cells.

These reports suggest a normal physiological function for AB in cell cycle signaling.
However, the overexpression of wild-type ABPP, which promotes A generation (Citron, et
al. 1997), has been shown to promote the aberrant re-entry of primary neurons into the cell
cycle, as demonstrated by the initial induction of DNA synthesis and expression of cell cycle
markers, followed by apoptotic cell death (McPhie, et al. 2003). Reactivation of the cell
cycle following increased ABPP expression or processing involves the upregulation of p21-
activated kinase-3 (McPhie et al. 2003), cyclins D1 and B1, and Rb (Ahn, et al. 2008; Malik,
et al. 2008). Overexpression of wild-type ABPP (Bursztajn, et al. 1998; McPhie, et al. 2001;
Nishimura, et al. 1998) and familial AD (FAD) mutant ABPP (McPhie et al. 2001,
Yamatsuji, et al. 1996) has been shown to induce apoptosis in both primary neurons and cell
lines. Therefore, the regulated processing of APPP appears necessary for maintaining normal
cell cycle dynamics. In this regard, we reported for hESC that A promotes cell
proliferation, while secreted ABPPa treatment suppresses hESC proliferation and promotes
the differentiation of pluripotent hESC into a neuronal phenotype (NPCs) (Porayette et al.
2009), a finding supported by LaFerla and colleagues (Freude, et al. 2011) (Fig. 1).
Likewise, inhibition of ABPP cleavage by p-secretase inhibitors significantly suppressed
hESC proliferation and promoted nestin expression, an early marker of neural precursor cell
formation. These data are consistent with numerous reports demonstrating the involvement
of non-amyloidogenic fragments of ABPP in neuronal differentiation (Allinquant, et al.
1995; Clarris, et al. 1995; LeBlanc, et al. 1992; Majocha, et al. 1994; Milward, et al. 1992;
Ohsawa, et al. 1997; Perez, et al. 1997; Qiu, et al. 1995; Small, et al. 1994); reviewed in
(Gralle and Ferreira 2007). Recently, it has been shown that A signaling through tau is
necessary to drive ectopic neuronal cell cycle re-entry in mouse primary neurons and in an
APP-transgenic (hAPPJ20) mouse (Seward, et al. 2013).

The above studies indicate that while the early expression and differential processing of
ABPP are normal processes important for neurogenesis in the embryo and adult brain,
alterations in ABPP expression or processing resulting in Ap production lead to aberrant cell
cycle re-entry. Since ABPP is involved in cell cycle signaling, whatever regulates ABPP
processing and expression is therefore directly implicated in cell cycle dynamics in the
brain.

4.2.2 LH/hCG Modulates ABPP Processing and Expression—We discovered in
2004 that LH/hCG promotes the processing of ABPP towards the amyloidogenic pathway in
vitro and in vivo (Bowen et al. 2004b). LH induced an increase in the generation and
secretion of AP, coupled with decreased secretion of ABPP and increased ABPPCT100
production (SABPPB) in human M17 neuroblastoma cells (Bowen et al. 2004b). An increase
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in SAPPPP levels has also been observed in the SH-SY5Y neuroblastoma cell line following
treatment with 30 mIU but not 10 mIU/ml of hCG, supporting the notion that menopausal
concentrations of LH contributes to elevated Af levels at least in part by increasing -
cleavage of APP by B-site APP cleaving enzyme (Saberi, et al. 2013). We also have
determined using a developmental system of neurogenesis that hCG induces the expression
of ABPP in hESC (Porayette et al. 2007).

The role of LH/hCG in regulating the expression and processing of ABPP was further
supported by our studies utilizing GnRH1 agonists to suppress gonadotropin production.
Treatment of C57/BI6 mice with the GnRH1 agonist leuprolide acetate, which suppresses
the serum concentrations of both sex steroids and gonadotropin resulted in a 3.5-fold and a
1.5-fold reduction in total brain AB1-42 and AB1-40 concentrations, respectively, after 2
months of treatment (Bowen et al. 2004b). Given that ovariectomy suppresses circulating
sex steroids but elevates gonadotropins (Liu, et al. 2007b) and generally increases brain Ap
(Gouras, et al. 2000; Pike, et al. 2009; Xu, et al. 1998), our results suggested that ABPP
processing towards the amyloidogenic pathway was due to the suppression of LH (Bowen et
al. 2004b) and not the suppression of sex steroids (Gouras et al. 2000; Xu et al. 1998). These
data were confirmed by Thornton and colleagues who demonstrated that hCG treatment of
E,-implanted female rats significantly increased soluble Ap40 and Ap42 levels in whole
brains and hippocampi (Berry, et al. 2008). Likewise, Wahjoepramono and colleagues
demonstrated that LH implanted in slow-release pellets on the cortex (interhemispheric
subdural space of the frontal lobe) of gonadectomized male guinea pigs (which express the
human form of AB) significantly increased cerebrospinal fluid, hippocampal and frontal
cortex concentrations of AB40 (Wahjoepramono, et al. 2011). ABPP and its C-terminal
fragments (ABPP-CTF) were significantly increased in the brain in response to LH exposure.
These workers also demonstrated that ovariectomy increases cerebrospinal fluid and
hippocampal, but not frontal cortex, concentrations of AB40.

To date, studies of non-transgenic female animals (i.e. wild-type) have been consistent, with
rats (Berry et al. 2008) and guinea pigs (Wahjoepramono et al. 2011) showing LH elevates
AP production. Suppression of gonadotropins with leuprolide acetate also has been
demonstrated to decrease ApB load in wild-type mice (Bowen et al. 2004b), and, albeit
modestly, in aged transgenic mice carrying ABPP Swedish (APPsw*) mutations (Casadesus,
et al. 2006b). Together, these results indicate that LH/hCG is a physiologically relevant
signal that regulates neuronal ABPP metabolism. This is supported by evidence from human
studies. Multiple linear regression analysis reveals that serum LH concentration, but not
testosterone, significantly correlates with plasma AP levels in men (Verdile, et al. 2014;
Verdile, et al. 2008), suggesting that increased serum LH concentration, rather than lower
serum free testosterone, is associated with the accumulation of Ap in plasma. Contrary to
these findings, a decrease in brain Ap and improvement in cognition following leuprolide
acetate treatment was not observed in the overexpressing APPsw*, PS1(M146V), and
tau(P301L) (triple) transgenic male mouse (Rosario, et al. 2012). Whether the data reported
by Rosario and colleagues (Rosario et al. 2012) is an artifact of the 3xTg mouse as
suggested by a recent report, or a result of gender is not clear and warrants further
investigation (Palm, et al. 2014).
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The role of LH in mediating ABPP processing was confirmed in a bigenic mouse model that
expresses APPsw* in the background of a LH receptor (Lhr) knockout mouse (APPsw*/
Lhr==/; (Lin, et al. 2010). Despite the ~10-fold elevation in ABPP/AB production by APPsw™*
mice (Hsiao, et al. 1996), genetic ablation of Lhr in either males or females resulted in a
significant reduction in amyloid load and total number of Af plaques in the hippocampus
and cerebral cortex of male and female mice. These results not only demonstrate that LH
signaling is required for ABPP processing, but that normally endogenous LH is a major
signaling factor in the processing of ABPP to A in all transgenic mouse models. Elevations
in circulating LH post-reproduction in the mouse (Wilson, et al. 2008) would explain the
aging requirement for the deposition of A in these APPsw™* overexpressing animals, while
the induction of the estrus cycle (and the LH surge) at puberty may be a sufficient signal for
the earlier amyloidosis (6—9 months) in mice overexpressing both ABPP and presenilin-1
(The Jackson Laboratories; (Borchelt, et al. 1996)). The influence of mutations in ABPP and
presenilin-1 must also be taken into account in the generation and deposition of A,
nonetheless, the fact that these models overexpressing ABPP and presenilin-1 mutations do
not develop AR immediately indicates the importance of LH signaling in Af generation and
amyloidosis. LH-induced amyloidosis also would explain the female predisposition for
amyloidosis in these transgenic models (Lee, et al. 2002; Wang, et al. 2003); female mice
become post-reproductive earlier than male mice (i.e. they experience endocrine dyscrasia
earlier than male mice).

Several other Ap deposition-related neuropathologic features and functionally relevant
molecules are markedly improved with Lhr ablation in APPsw* mice, including decreased
astrogliosis, reductions of elevated phosphorylated tau, c-fos, a7-nicotinic acetylcholine
receptor, and restoration of the altered neuropeptide Y receptors Y1 and Y2. Together with
the data presented in Bowen et al., (Bowen et al. 2004b) and Berry et al., (Berry et al. 2008),
these data suggest that LH rather than sex steroids regulate ABPP processing (it should be
noted that in Lhr~=~ mice, while females have suppressed serum E; (~60 %) compared with
Lhr—** mice, supporting LH regulation of ABPP processing, male Lhr~'~ mice have 3-fold
elevated E, levels compared with Lhr=*/* mice; (Lei, et al. 2001)). A study provides support
for testosterone independently regulating ABPP metabolism. Li and colleagues (McAllister,
et al. 2010) using male aromatase knock-out mice (decreased Ej, but elevated testosterone
and LH - at least in females; (Liew, et al. 2010) crossed with an ABPP transgenic mouse
(APP23/Ar+/-) demonstrated a suppression of p-secretase cleavage of ABPP and decreased
deposition of AB. Hormone levels in these ABPP transgenic crosses were not assessed,
making it difficult to determine the contribution of LH and sex steroids to amyloidosis.
These results do however indicate that the ratio of sex steroids:LH may be more important in
determining the direction of ABPP processing. In this respect, the role of continuous versus
cyclic P4 on ABPP processing also needs to be addressed (Carroll, et al. 2010).

Corticotropin-releasing hormone, released following stress, appears to decrease
amyloidogenic processing of APPP (Lezoualc’h, et al. 2000), and is consistent with the
suppression of gonadotropins following CRH treatment (Barbarino, et al. 1989a; Barbarino,
et al. 1989b).
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4.2.3 LH Modulates Tau Phosphorylation—The phosphorylation of tau is another
mitogenic-associated event that normally occurs during metaphase of neuronal division, and
is observed during differentiation of neurons in the fetal brain (Goedert et al. 1993; Liu et al.
2004). Tau is a major protein component of the neurofibrillary tangle (NFT), the major
intracellular pathology of AD, and is composed of highly phosphorylated form of the
microtubule-associated protein tau (Grundke-Igbal, et al. 1986; Ihara, et al. 1986; Igbal et al.
2005; Igbal, et al. 1984). Tau’s major cellular role is thought to involve regulation of
neuronal microtubule assembly and stabilization of microtubules against depolymerization
in vivo (Drubin, et al. 1986; Drubin and Kirschner 1986; Kanai, et al. 1989). Disassembly of
the rigid microtubule structure of neurons for neuronal division is accomplished by
removing the microtubule stabilizing protein tau via its phosphorylation. The residue-
specific phosphorylation of tau in mitotically active neurons is driven by cyclin-dependent
kinases (Cdk; (Brion and Couck 1995; Brion, et al. 1994; Goedert et al. 1993; Kanemaru, et
al. 1992; Pope, et al. 1994). Several Cdk’s are associated with phosphorylated tau in AD and
in vitro phosphorylate tau in a manner similar to that found in AD (Arendt, et al. 1995;
Arendt, et al. 1996; Nagy, et al. 1997; Vincent, et al. 1996a). A number of other kinases
such as glycogen synthase kinase-3f (GSK3p) also are pivotal in tau phosphorylation (e.g.
(Lovell, et al. 2004). Compelling evidence that reactivation of the cell cycle induces tau
phosphorylation is provided by two studies: McShea and colleagues (McShea et al. 2007)
demonstrate that cell cycle induction in vitro induces tau phosphorylation while Park and
colleagues (Park et al. 2007) demonstrate that cell cycle induction in vivo induces NFT and
amyloid deposits. More recently, it has been demonstrated that specific phosphorylation of
tau (Thr231) can promote MAPK activation in PC12 cells, which in turn could (further)
activate the cell cycle re-entry mechanisms in neurons (Leugers, et al. 2013; Leugers and
Lee 2010).

LH has been reported to regulate tau phosphorylation in vitro (Casadesus, et al. 2006a) and
in vivo (Lin et al. 2010). Genetic ablation of Lhr in APPsw* mice decreased tau
phosphorylation by ~50% that induced by ABPP overexpression in these mice (Lin et al.
2010). LH has been shown to modulate the expression of numerous genes involved in
cytoskeletal organization (Sasson et al. 2004). In this respect, we have observed concurrent
increases in both LH expression (Liu et al. 2007b) and tau phosphorylation (Goedert et al.
1993; Liu et al. 2004) by rat embryonic neurons during in vitro differentiation. In
reproductive tissues, LH has been shown to increase both the expression and kinase activity
of Cdk5 in Leydig TM3 cells (Musa, et al. 2000). Supporting LH-induced Cdk5 expression,
a significant decrease in Cdk5 expression and activity has been noted in rat testis after
hypophysectomy (Musa et al. 2000).

These LH-mediated changes in Cdk5 metabolism are important in the context of reports that
CdkK5 is a potent cell cycle suppressor (Cicero and Herrup 2005; Zhang and Herrup 2008). In
particular, although Cdk5 is normally located in both nucleus and cytoplasm (Nikolic, et al.
1996; Zhang and Herrup 2008, 2011; Zhang, et al. 2010a; Zhang, et al. 2010b), the loss of
nuclear Cdk5 leads to a failure of cell cycle suppression both in vivo and in vitro. Cell cycle
activity detected in Cdk5-/- neurons includes the abnormal expression of cell cycle proteins
such as cyclin D, cyclin A, and PCNA (proliferating cell nuclear antigen) as well as 5-
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bromo-2-deoxyuridine incorporation (Cicero and Herrup 2005). Similar cell cycle events are
found in neurons at risk for death in AD (Busser et al. 1998; O’Hare, et al. 2005). In post-
mitotic neurons in culture, Cdk5 nuclear export is required for cell cycle re-entry (Zhang, et
al.). Cell cycle suppression by Cdk5 requires its binding to the p35 activator protein and
E2F1. Formation of this complex excludes the E2F1 cofactor, DP1, thus inhibiting E2F1
binding to the promoters of various cell cycle genes. In this way, the formation of the E2F1-
Cdk5-p35 complex in the nucleus prevents the advance of the cell cycle and appears to be a
neuroprotective function of Cdk5 (Zhang, et al.).

4.2.4 Endocrine Dyscrasia Regulates Both Ap and Tau Metabolism in the
Reactivation of the Cell Cycle—LH-induced changes in both ApPP metabolism and
Cdk5 metabolism (and concurrent tau phosphorylation) may be required for cell cycle re-
entry. While both Ap and P301L tau expression independently affect the regulation of cell
proliferation and synaptic elements, cell cycle re-entry as assessed by DNA synthesis is only
observed when SH-SY5Y cells overexpressing human wild-type or P301L tau were
incubated with AB (Hoerndli, et al. 2007). Similarly, in vitro studies using differentiated
neurons exposed to Ap exhibit Cdk5-mediated tau hyperphosphorylation, cell cycle re-entry
and neuronal loss (Lopes, et al. 2007a, 2009b; Seward et al. 2013). Inhibition of Cdk5
activity or tau phosphorylation (reviewed in (Liu et al. 2004) prevents AB-mediated cell
death. In vivo, icv-injection of mice with AP activates Cdk5, promoting tau phosphorylation,
cell cycle induction, synaptotoxicity, and death of post-mitotic neurons (Lopes, et al., 2007b;
Lopes et al. 2009b). The sex hormone mediated changes in ABPP and Cdk5 metabolism (see
above) may therefore be responsible for inducing cell cycle reactivation and death of post-
mitotic neurons. Similar cell cycle changes were not observed in the 3xTg-AD model
(Lopes, et al. 2009a), although the hormonal status of these young mice is different to the
hormonal status of older mice.

The role of gonadotropins in regulating A clearance in the regulation of this mitotic signal
has not been explored. Gonadectomy decreases the expression/activity of the AP cleavage
enzymes neprilysin and insulin-degrading enzymes in normal and transgenic rodents, an
effect that is reversed by exogenous E, administration (Huang, et al. 2004; Jayaraman, et al.
2012; Yue, et al. 2005; Zhao, et al. 2011). Although E; and P4 increase IDE expression in
vitro, like the in vivo results it awaits to be determined if the ratio of goandotropins:sex
steroids is important in the regulation of AP cleavage enzymes.

Endocrine dyscrasia also may be responsible for altered ABPP processing and A generation
and deposition in the brains of semelparous spawning kokanee salmon (Oncorhynchus nerka
kennerlyi; (Maldonado, et al. 2000). Ap immunoreactivity is not found in immature
(somatically mature but sexually immature) fish, and while first appearing in maturing or
sexually mature fish, extracellular AB deposition dramatically increases between sexually
mature and spawning fish (1-2 weeks in all fish) in an extremely rapid and synchronized
process (Maldonado, et al. 2002). Since spawning in salmon is well recognized to involve
major endocrine changes (Ando and Urano 2005) and somatic senescence, these results
suggest endocrine mechanisms mediating AP deposition as a late event in the life cycle of
neurons.
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Advanced glycation end-products also have been demonstrated to be mitogenic signals that
trigger cell cycle reentry of neurons in a mouse model of neurodegeneration (Kuhla, et al.
2014). Sex hormones are known to regulate advanced glycation end-product levels
(Diamanti-Kandarakis, et al. 2010; Diamanti-Kandarakis, et al. 2005), although whether
age-related endocrine dyscrasia alters advanced glycation end-product formation/
degradation remains to be determined. Likewise, it is not known whether advanced
glycation end-product-induced cell cycle reentry is mediated via AB and tau metabolism.

4.2.5 Endocrine Dyscrasia Regulates Inflammatory Cytokines,
Neuroinflammation and Microgliosis—LH, which is elevated in men with AD, is
positively correlated with tumor necrosis factor (TNF) (Butchart, et al. 2013).
Gonadotropins are known to regulate ABPP processing and A} generation and deposition via
TNF (see (Clark, et al. 2012; Clark and Atwood 2011) for reviews), a master inflammatory
cytokine, which is also known to alter cell cycle dynamics (Darzynkiewicz et al., 1984).
FSH has been reported to induce TNF in vitro (Igbal et al., 2006), while leuprolide acetate
has been reported to reduce a number of inflammatory cytokines, namely IL-1f (Meresman
et al., 2003), IL-6 (Ferreira et al., 2010; Ficicioglu et al., 2010), and MCP-1(Khan et al.,
2010), all of which are induced by TNF (Shalaby et al., 1989; Mueller et al., 2010; Charles
etal., 1999) and reduced by anti-TNF treatment (Redl et al., 1996; Brennan et al., 1989;
Charles et al., 1999). Insulin resistance, commonly a TNF-induced state, is routinely seen in
late pregnancy (Ryan et al., 1985), a time when hCG is markedly elevated. Late pregnancy
is also a time of physiological low-grade inflammation (de Castro et al., 2011) that is
plausibly regulated by the interactions of gonadotropins and TNF. A role for gonadotropins
in the regulation of TNF production is supported by the capacity of both E, and P4 to reduce
TNF expression in astrocytes (Kipp et al., 2007).

The expression and processing of ABPP is regulated by inflammatory cytokines, including
TNF and IL-1. These cytokines regulate the promoter region of the ABPP gene (Ge and
Lahiri, 2002), with its induction by these inflammatory cytokines reported in endothelial
cells (Goldgaber et al., 1989), skeletal muscle (Schmidt et al., 2008), and 3T3 L1 adipocytes
(So mmer et al., 2009) as well as brain (Brugg et al., 1995; Buxbaum et al., 1998).
Regarding ABPP cleavage, IFN-y, IL-153 and TNF specifically stimulate a-secretase activity,
with an accompanying increased production of Af (Liao et al., 2004). IFN-y and TNF were
subsequently shown to enhance AB production from ABPP-expressing astrocytes and
cortical neurons, and the numbers of astrocytes expressing IFN-y to have increased
(YYamamoto et al., 2007). This group also showed that TNF directly stimulates p-site ABPP-
cleaving enzyme (BACE-1, or -secretase) expression and thus enhance f-site processing of
APBPP in astrocytes, and that TNFR1 depletion reduced BACE-1 activity (Yamamoto et al.,
2007). Inhibition of soluble TNF signaling in the 3 x Tg mouse model of AD prevents the
LPS-induced accumulation of 6E10-immunoreactive protein in hippocampus, cortex, and
amygdala (McAlpine, et al. 2009). TNF also regulates AB-mediated alterations in synaptic
transmission and plasticity (reviewed in (Clark et al. 2012; Clark and Atwood 2011)).
Indeed, the release of pro-inflammatory cytokines from astrocytes is necessary for Ap to be
neurotoxic and for tau phosphorylation to be initiated (Garwood et al., 2011).
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The elevation in circulating LH and FSH with aging also may explain the increased
microgliosis associated with the aging and AD brain. Microgliosis is elevated in the FSH
receptor knockout (FORKO) mouse that also carries expresses the amyloid-f precursor
protein (APPsw*, Swedish mutation) gene and the presenilin-1 lacking exon 9 (PS1A9) gene
compared with background APPsw*/PS1A9 mice (Prat, et al. 2011). FORKO mice have
markedly elevated circulating LH and FSH concentrations (Danilovich, et al. 2001).
Intriguingly, by 12 months of age more than 92% of FORKO animals develop various kinds
of ovarian pathology, including neoplasms of sex cord-stromal type as well as cysts
(Danilovich et al. 2001).

GnRH1 agonists regulate pro-inflammatory cytokine expression; high levels of agonists
increase cytokine expression and low levels of agonists decrease cytokine expression
((Meresman, et al. 2003) (Raga, et al. 2008). Whether this effect is mediated directly
through GnRHR1, or via indirect effects of gonadotropins or sex steroids is unclear.

4.2.6 Endocrine Dyscrasia and Cell Cycle Abnormalities in Peripheral Tissues
in Alzheimer’s Disease—That endocrine dyscrasia promotes altered cell cycle signaling
in AD is supported by studies in peripheral tissues demonstrating that LH induces
lymphocyte proliferation (Athreya, et al. 1993a; Sabharwal, et al. 1992a) via LHCGR
(Athreya et al. 1993a; Lin, et al. 1995), and that there are numerous cell cycle abnormalities
in peripheral blood lymphocytes from those with AD (for example (Bajic, et al. 2008;
Bialopiotrowicz, et al. 2011; Esteras, et al. 2012; Fischman, et al. 1984; Munoz, et al. 2008;
Nagy, et al. 2002; Song, et al. 2012a; Song, et al. 2012b; Spremo-Potparevic, et al. 2004;
Stieler, et al. 2012; Stieler, et al. 2001; Urcelay, et al. 2001; Yoon, et al. 2010; Zhou and Jia
2010). The contribution of direct hormonal changes versus hormonal driven epigenetic
changes induced by the reproductive endocrine dyscrasia milieu on peripheral lymphocytes
requires investigation.

4.2.7 Gonadotropins, GnRH1 and Cognition—The LH/hCG-mediated biochemical
events described above are a portent to cognition changes. High concentrations of LH/hCG
have been attributed to cognitive decline in LHp-transgenic mice (Casadesus, et al. 2007),
ovariectomized rats (Berry et al. 2008), ovariectomized C57/BL6 mice (Bryan, et al. 2010)
and rats (Ziegler and Thornton 2010), castrated male rats (McConnell, et al. 2012), and
presenilin 1 knock-in mice (Barron, et al. 2010). Conversely, suppression of gonadotropins
with leuprolide acetate has been shown to improve cognitive performance in aged transgenic
mice carrying the APPP with the Swedish mutation (Casadesus et al. 2006b). As was the
case for Ap deposition, cognitive decline can be attributed to the increase in LH and not the
loss of E; (Berry et al. 2008; McConnell et al. 2012). In an object location memory task,
ovariectomized rats treated with E; and either a single high dose (400 1U/kg) or a lower
repeated dose of hCG (75 1U/kg hourly for 8 h) showed spatial memory disruption
compared to ovariectomized rats treated with E, alone. Tests on another spatial memory
task, the Barnes maze, confirmed that hCG (400 1U/kg) impaired memory: although E,
treated animals made significantly fewer hole errors across time, E,+hCG-treated animals
did not. Strong support for this mechanism also is provided by Casadesus and colleagues
(Casadesus et al. 2007) who showed that mice overexpressing LHB, but not Lhr =/~ mice
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(high LH but no LH signaling), show decreased hippocampal-associated cognitive
performance, as measured with the Y-maze task, when compared to aged-matched wild-type
animals. This group has also shown that suppression of ovariectomy-induced elevations in
LH using the GnRH1 super-analogue, leuprolide acetate, improves cognitive function in the
Morris water maze and Y-maze tests in the absence of E, (Bryan et al. 2010). These effects
appeared to be independent of the modulation of estrogen receptors a and B, or activation of
CYP19 and StAR associated with the production of endogenous E,. However, pathways
associated with improved cognition such as CaMKII and GluR1-Ser831 were up-regulated
by leuprolide treatment but not by chronic long-term E, replacement, suggestive of
independent cognition-modulating properties by gonadotropins and sex steroids. Contrary to
these findings, an improvement in cognition following leuprolide acetate treatment was not
observed in the male overexpressing APPsw*, PS1(M146V), and tau(P301L) (triple)
transgenic mice (Rosario et al. 2012). However, leuprolide acetate did improve spatial
memory in ovariectomized 21-month old female triple transgenic mice (Palm et al. 2014).
As mentioned earlier for brain AB, whether the data is an artifact of the 3xTg mouse, and/or
a result of gender is not clear.

In humans, epidemiological studies also support elevated LH as an etiological factor in
cognitive performance and AD. Compared to age-matched controls, circulating levels of
gonadotropins have been shown to increase in subjects with AD (Bowen et al. 2000;
Butchart et al. 2013; Hogervorst, et al. 2004; Hogervorst, et al. 2003; Hogervorst, et al.
2001; Short, et al. 2001). High circulating LH levels also have been associated with lower
cognitive score in older post-menopausal women and in those post-menopausal women that
are depressed (Rodrigues, et al. 2008). Similarly, in elderly men, higher serum LH has been
associated with poor performance of immediate recall in healthy elderly men (as assessed
with the California Verbal Learning Test Second Edition), independent of total and free
testosterone concentrations (Hyde, et al. 2010), suggesting increased serum LH
concentration, rather than lower serum testosterone, is associated with the poor memory
recall. In contrast, these workers found that only total and free testosterone levels were
associated with Standardized Mini-Mental State Examination score, suggesting independent
actions of gonadotropins and androgens in differing cognitive domains. That LH signaling is
involved in cognitive loss associated with AD is supported by the reversal of risk of AD in
APOE e4 males carrying one or two C-alleles at Ihcgr2 in the LHCGR (Haasl, et al. 2008).
The elevations in circulating gonadotropins in AD also implicate elevations in circulating
and tissue GNRH1 concentrations in the etiology of the disease, despite its short half-life in
the serum (Fauconnier, et al. 1978; Redding, et al. 1973). Massive elevations in
hypothalamic GnRH1 production have been noted in rhesus monkeys post-menopause
(Gore, et al. 2004). GnRH1 signaling via GnRH1 receptor in extrapituitary tissues (Wilson
et al. 2006b) of the brain can induce a long-lasting enhancement of synaptic transmission
mediated by ionotropic glutamate receptors in CA1 pyramidal neurons of rat hippocampal
slices (He, et al. 1999; Lu, et al. 1999). GnRH1 upregulates hippocampal spinophilin, a
dendritic spine marker (Prange-Kiel, et al. 2008). Determination of brain and circulating
GnRH concentrations in AD and their impact on neuron metabolism are required.

Elevations in gonadotropin levels in Klinefelter syndrome, a supernumerary X chromosome
syndrome (XXY) that results in hypergonadotropic hypogonadism, also have been
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associated with cognitive performance. Aside from physical changes and infertility, those
with Klinefelter syndrome have characteristic cognitive and language deficits of varying
severity (Boada, et al. 2009), although examination of memory performance in older men
has not been well characterized. Klinefelter men seem less accurate in perception of socio-
emotional cues such as angry facial expressions, they are less able to identify and verbalize
their emotions, but experience increased levels of emotional arousal, in comparison to the
general population (van Rijn, et al. 2006). A mouse model of Klinefelter syndrome that are
hypergonadotropic for serum and pituitary LH and serum FSH, with a trend towards lower
serum testosterone, did not differ from their wild type littermates with respect to locomotion,
exploration and anxiety-related behavior, but did display poorer recognition memory
compared with controls (Lewejohann, et al. 2009).

Support for gonadotropins as mediating cognitive performance is found in studies on
individuals with Down syndrome who have elevated serum concentrations of gonadotropins
throughout life and develop AD-like neuropathology if they live into the fourth decade
(Oliver and Holland 1986). In sharp contrast to the general population, males with Down
syndrome develop these neuropathological changes earlier and more often than their female
counterparts. The reversal in gender predilection cannot be explained on the basis of sex
steroid concentrations since there is no difference between Down syndrome individuals and
the general population. However, the increase in gonadotropin concentrations is more
pronounced and occurs at an earlier age in Down syndrome males than in Down syndrome
females (Schupf, et al. 1998).

Further evidence for endocrine dyscrasia as mediating cognitive decline is provided by two
important epidemiological studies indicating that suppression of gonadotropins is associated
with a decreased risk of developing AD. In the first of these studies, we addressed the risk of
AD in men treated for prostate cancer since it is estimated that approximately 40% of
prostatectomy patients will experience disease recurrence and undergo GnRH1 agonist
therapy (Bowen, et al. 2004a). All Medicare hospitalization claims for men aged 67 to 75
during the years 1984 through 1997 were used to compare the incidence of dementia in men
who underwent prostatectomy for prostate cancer (n=139,414) compared to three selected
aged-matched control groups in which men underwent cholecystectomy for gallbladder
disease (n=255,493), herniorrhaphy for inguinal hernia (n=162,115), and transurethral
prostatectomy for benign prostatic hyperplasia (n=635,615). Since the only indication for
GnRH1 agonist therapy in men is prostate cancer, none of the men in the control groups
would be expected to have received GnRH1 therapy. At five years from the procedure date
the relative risk of dementia for the control groups compared to the prostate cancer group
was significantly increased 1.8 to 2.92-fold (Bowen et al. 2004a). In a second study,
D’Amico and colleagues (D’Amico, et al. 2010)confirmed that in 6,647 men treated with
brachytherapy for prostate cancer with (N = 1,700) or without (N = 4,947) GnRH1 agonist
therapy between 1997 and 2007, that there was a significant reduction in the risk of death
from AD in men who were treated with a GnRH1 agonist for a median of 4.0 months as
compared with those who were not [adjusted hazard ratio: 0.45 (95% confidence interval,
0.25-0.83); P = 0.01]. These finding support the premise that GhnRH1 agonists are associated
with a decreased risk of death from AD.
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In addition to GnRH1 agonists, it has been reported that the decapeptide Cetrorelix, an
GnRH1 antagonist that inhibits gonadotropin and sex steroid secretion, has multiple effects
on brain function (Telegdy, et al. 2009). Cetrorelix administration into the lateral ventricle
of the mouse brain was able to correct the impairment of the memory consolidation caused
by AB25-35. Cetrorelix also elicits anxiolytic and antidepressive action, but it did not
influence the open-field behavior. Similar results were observed in a subsequent study using
rats (Telegdy, et al. 2010). The effects of GnRH1 agonists and antagonist may be mediated
via suppression of gonadotropin and sex steroid concentration, and/or directly via GhnRHR1
previously identified in rodent and human brain (reviewed in (Vadakkadath Meethal and
Atwood 2005; Wilson et al. 2008). Further studies are required to tease out the exact
mechanisms by which GnRH1 signaling modulators regulate cognitive function.

5. Other Neurodegenerative Diseases

5.1 Blood-Brain Barrier Failure - Stroke, Meningitis and Encephalitis

The localization of LH/CGR to endothelial cells and smooth muscle cells of the vasculature
(Berndt et al. 2006; Lei, et al. 1992; Toth, et al. 2001) suggests a role for LH/hCG in
maintaining the dynamic structure of the blood-brain barrier and the vasculature. Indeed,
hCG promotes angiogenesis by inducing vascular endothelial growth factor up-regulation
(Berndt et al. 2006; Licht, et al. 2002; Zygmunt et al. 2002). Recent data demonstrate that
physiological concentrations of hCG (10-400 IU/ml) significantly enhance pericyte
sprouting and migration and give rise to the maturation and coverage of endothelial
capillaries (Berndt et al. 2009). In a three-dimensional coculture model of endothelial and
perivascular cells, hCG enhances vessel tube formation and endothelial/mural cell adhesion.
In addition, hCG was shown to stimulate the proliferation of human umbilical vein
endothelial cells and smooth muscle cells. hCG appears to mediate proliferative effects via
protein kinase A and phospholipase C/protein kinase C pathways, while only phospholipase
Clprotein kinase C pathways were required for migrative processes. Interestingly, in vivo
administration of hCG reduces vascular resistance in human uterus and decreases in vitro the
formation of vasoconstrictor eicosanoids of the vascular wall (Toth et al. 2001; Toth, et al.
1994).

These observations have significant ramifications for hCG/LH-induced vascularization in
the adult brain, since any dysregulation of LH and/or sex steroid signaling might be
expected to alter cell cycle dynamics and vascular properties. In this respect, well
characterized changes have been reported for the cerebrovasculature in the aged brain (and
more so in the AD brain) and include decreased microvascular density, loss of endothelium,
increased tortuosity, twisted/string vessels, fragmentation of the microvasculature, loss of
the fine perivascular neural plexus, and lumpy vessels (de la Torre and Hachinski 1997).
Our studies suggest that alterations in the permeability of the blood-brain barrier, and
therefore vascular structure, may be mediated by the endocrine dyscrasia associated with
menopause and andropause (Wilson et al. 2008). Such changes also might alter the selective
permeability of the blood-brain barrier leading to stroke resulting from vascular hemorrhage;
encephalitis as a result of serum components leaking into the brain; or meningitis due to
foreign pathogens entering the brain.
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The blood-brain barrier maintains brain homeostasis by limiting entry of substances to the
central nervous system (Elrich 1885) through interaction of transmembrane and intracellular
proteins that make up endothelial cell tight-junctions and gap-junctions. Ovariectomy was
found to induce an increase in Evan’s blue dye extravasation into the brain of mice and a
redistribution of the gap-junction protein connexin-43 along the extracellular microvascular
endothelium (Wilson et al. 2008). Although, sex steroids have has been implicated in the
modulation of blood-brain barrier permeability and vascularization (Bake and Sohrabji
2004), changes in the selective permeability of the blood-brain barrier following menopause
is likely due to elevations in LH, (or at least an increase in the ratio of LH:sex steroids)
since: 1) an increase in connexin-43 expression in the mouse brain following ovariectomy
was suppressed in ovariectomized animals treated with leuprolide acetate (Wilson et al.
2008), 2) hCG regulates angiogenesis-vessel maturation by stimulating perivascular cell
recruitment, migration, and proliferation, and by inference must be involved in vascular
compliance (Berndt et al. 2009), and 3) hCG regulates tissue remodeling by increasing
matrix metalloproteinase-9 production (Berndt et al. 2006; Licht et al. 2002). In this context,
LH, which becomes markedly elevated with reproductive senescence, has been
demonstrated to potently down-regulate, via PKA/MAPK signaling pathways, the
expression of connexin-43 in large preovulatory follicles, theca cells and follicles
undergoing atresia (Granot and Dekel 1994, 1997; Kalma, et al. 2004; Wehrenberg and
Rune 2000; Wiesen and Midgley 1993). Likewise, hCG also potently decreases connexin-43
expression and morphological gap junctions in human myometrial smooth muscle cells
(Ambrus and Rao 1994). In addition, LH decreases connexin-43 expression and endometrial
thickness in the human endometrium (Granot, et al. 2000), promotes germinal vesicle
breakdown possibly through a reduction of connexin-43 in cumulus cells (Shimada and
Terada 2002) and induces a decrease in the integrity of gap junctions in apoptotic human
granulosa cells (Sasson and Amsterdam 2002). LH has been shown to induce oocyte
maturation via the interruption of cell-to-cell communication within the ovarian follicle, a
process possibly mediated by the phosphorylation of connexin-43 (Sela-Abramovich, et al.
2005). Recently, hCG administration has been associated with heart complication including
spontaneous coronary artery dissection (Lempereur, et al. 2014) and patent foramen ovale
(Pektezel, et al. 2014).

Together, these results suggest that gonadotropins can regulate tissue-barrier function and
that the elevation in circulating gonadotropins and decrease in circulating sex steroids
following reproductive senescence may be responsible for the loss of selective permeability
of the blood-brain barrier. The changes in vascular structure induced by age-related
endocrine dyscrasia are likely to promote amyloidosis, since amyloid has barrier functions
(reviewed in Atwood, (Atwood, et al. 2002; Atwood, et al. 2003). Paradoxically, elevated
LH promotes AB production at a time when it also promotes changes to the selective
permeability of the blood-brain barrier. Thus, the endocrine dyscrasia associated with aging
likely plays a pivotal role in the alterations in vascular structure and function observed in the
aging brain, stroke, vascular dementia and the development of AD.
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5.2 Parkinson’s Disease

Differences in the neuroendocrine regulation of LH secretion in post-menopausal women
with PD has been reported (Cagnacci, et al. 1991). Although plasma FSH was unchanged
between PD and controls, plasma LH levels are significantly lower in Parkinsonian than in
control women (Bonuccelli, et al. 1990; Cagnacci et al. 1991). While estrogens significantly
blunted plasma FSH levels, plasma LH levels were reduced only in controls, but not in
women with PD. In women with PD, estrogens also failed to restore the LH response to
naloxone, suggesting reduced endogenous opioid control of the HPG axis in PD (Cagnacci
et al. 1991). Other hypophyseal hormones and gonadal steroids are unchanged, suggesting a
selective alteration of hypothalamic dopaminergic mechanisms which regulate LH secretion
(Bonuccelli et al. 1990). Subsequently, it was found that dopaminergic therapy could restore
LH (and adrenocorticotropic hormone/cortisol) responses to naloxone in Parkinsonian
patients, indicating that Parkinson’s-related dopaminergic alterations may underlie the
defective endogenous opioid control of LH (and adrenocorticotropic hormone/cortisol)
secretion (Volpi, et al. 1994). Given that the neurotransmitter mechanisms which regulate
LH secretion are altered, and that such changes may alter brain (i.e. hippocampal, cortical)
LH production and subsequently neurosteroid production (Bowen et al. 2002a; Liu et al.
2007b; Meethal, et al. 2009a), endocrine dyscrasia in PD might also alter cell cycle
dynamics in the substantia nigra.

The age-related course of PD supports endocrine mechanisms as one component in the
etiology of PD (average age at onset ~50-55; (Haaxma, et al. 2007). Women develop PD at
an average age of around 53 (~2 years post-menopause after onset of endocrine dyscrasia),
an age of onset that correlates positively with parity, age at menopause and fertile life span.
Men have a slightly earlier onset of PD (~51 years of age) that may relate to earlier
endocrine dyscrasia (HPG hormone changes commence in men at ~30 years of age)
(Belanger, et al. 1994; Hammar 1985; Muta, et al. 1983; Neaves et al. 1984; Takahashi, et
al. 1983).

6. Endocrine Dyscrasia, Loss of Cell Cycle Regulation and Cognitive

Consequences

The dyotic signaling that occurs following menopause at around 51 years of age in women,
and throughout andropause that commences around 30 years of age in men, would be
expected to increase amyloidogenic processing of APPP and alter Cdk5/tau metabolism due
to the increased LH/sex steroid ratio as outlined in the previous sections. In the brain, such
signaling would drive the reactivation of the cell cycle in post-mitotic neurons, leading to
their demise/dysfunction and a decline in cognitive performance (Akers et al. 2014). A
decline in cognition might be expected to result from both the dysfunction of neurons
attempting to divide (decreased neural transmission and synapses) together with the
accumulative loss of neurons and their stored information. Indeed, increasing neurogenesis
after the formation of a memory has been recently shown to be sufficient to induce
forgetting in adult mice (Akers et al. 2014). By contrast, these authors also showed that
during infancy, when hippocampal neurogenesis levels are high and freshly generated
memories tend to be rapidly forgotten (infantile amnesia), decreasing neurogenesis after
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memory formation mitigated forgetting. Importantly, the infant-related increase in
circulating LH and sex steroids (and activins/inhibins) during the first few months post-
partum correlate with both the rapid growth of the brain and infantile amnesia at this time;
the infant doubles in size during the first year of life (see (Bowen and Atwood 2004) for
review).

In the vasculature, such dyotic signaling also promotes cell cycle re-entry, leading to
cerebrovascular pathology, a compromised blood-brain barrier and eventually stroke.

That LH is available to the brain for such signaling is evidenced by findings that the highest
density of LH receptors in the brain is found within the hippocampus (al-Hader et al. 1997a;
al-Hader et al. 1997b; Lei et al. 1993), that LH crosses the blood-brain barrier (Lukacs, et al.
1995), and that LH accumulates intracellularly in the pyramidal neurons of AD compared
with age-matched control brains (Bowen et al. 2002a).

Although the above sections describe LH as ‘the villain’, it is not only the elevation in
gonadotropins that allow for cell cycle re-entry in post-mitotic cells, but the loss of
differentiative sex steroids (Bowen and Atwood 2004). Thus, the ratio of gonadotropins:sex
steroids is the real indicator of dyotic signaling leading to aberrant cell cycle re-entry. The
loss of sex steroids as a component of decreasing cognitive function has been discussed in
length elsewhere (Atwood et al. 2005), but is also clearly demonstrated by the decrement in
cognitive performance associated with the sudden suppression of serum sex steroids to
castrate levels in pre-menopausal women following chemical castration (using GnRH1
superagonists), and by the amelioration of these effects with administration of E, (Newton,
et al. 1996; Sherwin and Tulandi 1996; Varney, et al. 1993).

Dyatic signaling can therefore explain cognitive decline after menopause and at later stages
of andropause. As such, decreasing LH signaling, and/or increasing sex steroid signaling
(which has the added benefit of partially suppressing LH signaling; (Abdel-sayed, et al.
1989), may prove to be useful therapeutic strategies for cognitive decline associated with
aging and age-related neurodegenerative diseases. Better still, complete rebalancing of all
the hormones in the HPG axis following menopause and during andropause would be
expected to ultimately offset neurodegeneration initiated by age-related endocrine dyscrasia.

7. Therapeutic Implications Based on Dyotic Signaling Mechanisms

Strategies to reverse dyotic signaling have been previously described (Atwood et al. 2005).
In short, they consist of reestablishing circulating concentrations of HPG axis hormones to

that of the young adult in terms of both concentration and cyclicity. This could be achieved
pharmacologically (e.g. with HRT), or with cellular replacement-regeneration technologies.

Suppression of LH and GnRH1 signaling is one therapeutic option for the treatment of AD.
This could be achieved using GnRH1 agonists or antagonists, or via supplementation with
sex steroids. A small study has demonstrated that suppression of androgens and
gonadotropins with GnRH1 agonists in men with prostate cancer significantly improved
visual-memory (Rey test) 6 and 12 months, and significantly improved inversed number-
memory test (WAIS) after 6 months (Nedelec, et al. 2009). Thus, global cognitive
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performances were preserved after 12 months of androgen and gonadotropin suppression.
These data are consistent with an earlier study that tested leuprolide acetate (Lupron Depot)
for the treatment of AD in a Phase Il dose ranging study, although only recently published
(Bowen, et al. 2014). Sub-group analysis of cognitive performance in women with mild to
moderate AD taking acetylcholine esterase inhibitors (AChEI’s) and implanted
subcutaneously at 0, 12, 24 and 36 weeks with high-dose (22.5 mg) leuprolide acetate
showed a stabilization in cognitive decline (ADAS-Cog, ADCS-CGIC) and activities of
daily living (ADCS-ADL) over a 48 week period. A similar effect was not observed in the
low dose Lupron group taking AChEI’s, or in the placebo group taking AChEI’s, or when
patients were treated with Lupron alone. A possible mechanism of action for this
combination therapy is that Lupron acts to halt any further neurodegeneration thereby
allowing AChEI’s to act on remaining neurons to maintain cholinergic function (Bowen et
al. 2014). The dose effect seen in the study suggests that Lupron’s action is not solely due to
its suppression of peripheral circulating concentrations of gonadotropins, which were
similarly suppressed in low-dose and high-dose groups. Therefore, Lupron’s actions also
might be due to its direct effect on GnRHR1 signaling within the brain (Wilson, et al.
2006a). GnRHR1s are expressed throughout the brain and their expression correlates to
those areas with AD neuropathology (Wilson et al. 2006a). In this connection, we recently
identified the existence of autocrine/paracrine feedback loops within the brain, in essence a
feedback loop similar to the HPG axis that regulates neurohormone production (Meethal, et
al. 2009b). Since GnRHR1 mediates neuronal LH expression and LH receptor signaling,
high doses of Lupron might suppress the neuroautocrine production of LH, which we have
previously demonstrated is elevated in expression and colocalizes with AD neuropathology
(Bowen, et al. 2002b) while low doses might stimulate LH production. These findings
together with biological and epidemiological evidence presented earlier suggest that the
effects seen with Lupron are one of potential disease modification rather than symptomatic
improvement (Atwood and Bowen 2011; Atwood et al. 2005; Berry et al. 2008; Bowen and
Atwood 2004; Bowen et al. 2004a; Bowen et al. 2000; Bowen et al. 2002a; Bowen, et al.
20043a; Bryan et al. 2010; Casadesus et al. 2007; Casadesus et al. 2006b; D’ Amico, et al. ;
Lin et al. 2010; Short et al. 2001). Based on these clinical and epidemiological studies
(Bowen et al. 2004a; D’ Amico et al. 2010), further clinical studies utilizing strategies to
rebalance gonadotropins and sex steroids are warranted.

These studies indicate that it is not so much the absolute concentrations of sex steroids and
gonadotropins (which are both low following GnRH1 agonist treatment), but their ratio, that
is important in determining whether post-mitotic cells (neurons) are driven back into the cell
cycle. This is supported by HRT studies where administered sex steroids not only increase
circulating sex steroids, but suppress LH and GnRH1 concentrations. Pharmacological
HRT’s consisting of physiologically relevant sex steroids (i.e. E, or testosterone) have been
shown to decrease the incidence and delay the onset of cognitive decline among elderly
women and men (reviewed in (Cherrier, et al. 2005; Gleason, et al. 2005; Tan and Pu
2003)). Indeed, an improvement in cognition has been reported in women with AD treated
with E5 in 3 controlled (Asthana, et al. 2001; Asthana, et al. 1999; Wharton, et al. 2011) and
5 uncontrolled (Fillit, et al. 1986; Honjo, et al. 1989; Ohkura, et al. 1994a, 1995; Ohkura, et
al. 1994b) intervention studies. Similarly, an improvement in cognition has been reported in
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two case-controlled intervention study of men with AD administered testosterone (Cherrier
et al. 2005; Tan and Pu 2003). Moreover, E, has been shown to improve the cognition of
cognitively normal post-menopausal women in 12 of 15 studies (3 studies indicated no
difference) (Gleason et al. 2005).

Intriguing, but largely ignored studies of the neuroregenerative properties of hCG on the
transected spinal cord clearly demonstrate the neurotropic properties of HPG axis hormones.
hCG improves the restoration of physiological continuity of the completely transected spinal
cord in rats (Patil, et al. 1990) while LH induces neurogenesis in the adult mouse
hippocampus (Mak et al. 2007). Whether these properties of hCG/LH in the adult brain are
mediated directly, via P4 as we have demonstrated for embryonic neurulation (Gallego et al.
2008; Gallego et al. 2009), or Ey, remains to be determined, although progestagens have
been shown to significantly increase rat neuroprogenitor cell and human neural stem cell
proliferation (Gould, et al. 2000; Wang, et al. 2005), and promote neurite development and
migration that lead to changes in synaptogenesis (Leranth, et al. 2002; Masumoto, et al.
1991; McEwan, et al. 1996; Simerly 2002). In addition, P4 enhances learning and memory in
tasks mediated by the prefrontal cortex and/or hippocampus of aged mice (Frye, et al. ; Frye
and Walf, 2008a, 2009) and ovariectomized mice (Frye and Walf 2008b). It remains an
enigma as to why P4 has not been tested clinically for the treatment of age-related
neurodegenerative diseases.

8. Conclusion

While most attention in the field of neurodegenerative diseases has focused on sex steroids,
the endocrine dyscrasia that accompanies menopause and andropause involves all hormones
of the axis, such that the decline in circulating gonadal sex steroids and inhibins results in
elevations in circulating gonadotropins and gonadotropin-releasing hormone. Evidence
continues to build that this dyotic hormonal milieu drives post-mitotic neurons into an
abortive cell cycle leading to the biochemical and neuropathological features of the disease
with resultant neuronal dysfunction, cell death and cognitive decline. If overwhelming
mitogenic signals in the form of gonadotropins and GnRH are the crux of the age-related
neurodegeneration in AD then strategies to rebalance these hormones provide an obvious
path to preventing and treating cognitive diseases.
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Figure 1. Model of ABPP Differential Processing During hESC Differentiation
The processing of ABPP towards the amyloidogenic pathway promotes hESC proliferation

(pink box) whereas non-amyloidogenic processing induces hESC differentiation into NPCs
(blue box). Inhibition of p-secretase cleavage of ABPP (red cross) significantly suppresses
hESC proliferation and promotes nestin expression and NPC formation. Addition of secreted
APPPa suppresses hESC proliferation and promotes the formation of NPCs.
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