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Although not traditionally thought of as regulators of
neuronal function, the hypothalamic–pituitary–gona-
dal (HPG) hormones luteinizing hormone (LH), gonado-
tropin-releasing hormone (GnRH), and activins possess
neuronal receptors. These receptors are found through-
out the limbic system on a number of different cell
types, and, like reproductive tissues, the expression of
these receptors is regulated by hormonal feedback loops.
These hormones and their receptors regulate structure
and a diverse range of functions in the brain. There-
fore, it is not surprising that the dysregulation of the
HPG axis with menopause and andropause (leading
to elevated LH, GnRH, and activin signaling but de-
creased sex steroid signaling) might promote altera-
tions in both the structure and function of neuronal
cells. To date, most evidence has accumulated for a role
of LH in promoting neurodegenerative changes. LH is
known to cross the blood–brain barrier, receptors for
LH are most concentrated in the hippocampus, that
region of the brain most vulnerable to Alzheimer’s dis-
ease (AD) and LH is significantly elevated in both the
serum and the pyramidal neurons of AD subjects. LH
promotes the amyloidogenic processing of the amy-
loid-����� precursor protein in vitro, and the antigonado-
tropin leuprolide acetate decreases amyloid generation
in mice. Moreover, leuprolide acetate improves the cog-
nitive performance and decreases amyloid-����� deposi-
tion in aged transgenic mice carrying the Swedish A�����PP
mutation. Therefore, the elevation of LH with the dys-
regulation of the HPG axis at menopause and andro-
pause is a physiologically relevant signal that could pro-
mote neurodegeneration. Epidemiological support for
a role of LH/GnRH in AD is evidenced by a reduction in
neurodegenerative disease among prostate cancer pa-
tients a group known to GnRH agonists. Clinical trials
are underway for the treatment of AD using GnRH ana-
logs and should provide further insights into the gona-
dotropin connection in AD.
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Introduction

Epidemiological and biochemical studies indicate an asso-

ciation between hormones of the hypothalamic–pituitary–

gonadal (HPG) axis and cognitive senescence. In partic-

ular, these studies indicate that changes in HPG hormones

following menopause/andropause are involved in the cog-

nitive and neuropathological changes observed in Alzhei-

mer’s disease (AD). Although most attention has focused

on the sex steroids as mediators of the disease, the decrease

in the production of gonadal sex steroids (estrogens and

androgens) and inhibin with the loss of reproductive func-

tion (menopause/andropause) results in alterations in the

serum concentration of all hormones of the HPG axis (Fig.

1). This leads to a net change in neuronal signaling such

that there is an increase in gonadotropin-releasing hormone

(GnRH), luteinizing hormone (LH), and activin signaling

together with the well-described decrease in sex steroid sig-

naling in the limbic system of the brain. We have termed this

dysregulated HPG hormone signaling “dyotic signaling”

(1). This review will discuss the evidence supporting HPG

hormones in modulating the biochemical, pathological, and

cognitive changes associated with AD, and which hormones

of the axis studied thus far have the greatest influence on

degenerative processes.

Alzheimer’s Disease

AD is a neurodegenerative disorder of the elderly that

leads to progressive memory loss; to impairments in beha-

vior, language, and visuo-spatial skills; and ultimately to

death. The disease is invariably associated with and defined

by neuron and synaptic loss and the presence of extracel-

lular deposits of amyloid-� (A�, a 39–43 amino acid pro-

tein) and intracellular neurofibrillary tangles [(NFTs) com-

posed primarily of phosphorylated tau] in the parenchyma

of the brain (2).

Neuronal A����� Generation and Deposition

The A� protein is derived from the larger amyloid � pro-

tein precursor (A�PP) that can be processed by two com-
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peting pathways that involve different proteolytic enzymes

that are termed secretases (�-, �-, and �-secretases). These

pathways either promote the generation of A� (amyloido-

genic pathway) or preclude its production [non-amyloido-

genic pathway (3)]. A� is released as a soluble product from

A�PP (4,5) via a series of metabolic cleavage steps through

the combined actions of �- and �-secretases [(6); see ref. 7

for a recent review]. Although A� is a normally soluble and

constitutive protein found in biological fluids and tissue

(8,9), A� aggregates to form diffuse amorphous deposits as

well as dense, focal, extracellular deposits in AD [(10); see

ref. 11 for a review).

Recent evidence has helped provide a more coherent

understanding of the properties and functions of this pro-

tein. A� possesses both neurotrophic as well as neurotoxic

properties (12). These activities appear to be regulated by

differentiation-associated changes in tau and cyclin-depen-

dent kinase 5 (Cdk-5) such that A� is not toxic to undif-

ferentiated neurons, but is toxic to differentiated neurons

(13–16). Our recent finding that A� production increases

only when a neuron commits to death indicates that A� gen-

eration is a late event in the life cycle of a neuron (Verdile

et al., submitted). A� released at this late stage is more likely

involved in facilitating rather than preventing the death of

differentiated neurons. Released A� also likely plays a role

in maintaining the integrity of the degenerating region (17),

while deposited A� is a signal for microgliosis and the pha-

gocytosis of dying neurons (reviewed in ref. 18). Since A�

has neurotrophic properties toward undifferentiated neu-

rons and has been shown to increase neurogenesis of neural

stem cells, released/deposited A� may then act as a mitotic

signal to replace the dying neuron (19). Taken together, these

results imply that while the toxic expression of A� may be

directed toward the dying neuron, the trophic properties of

the protein may be directed toward maintaining the struc-

tural integrity of the region and promoting neurogenesis.

Indeed, the increase in A� in astrocytes of the developing

fetal brain (20) may be involved in apoptotic patterning, and

that released A� is neurogenic to neighboring neural stem

cells during the growth and development of the brain.

Tau Phosphorylation and Neurofibrillary Tangle Formation

The major protein component of the NFT, the major

intracellular pathology of AD, is a highly phosphorylated

form of the microtubule-associated protein tau (21–23).

Tau’s major cellular role is thought to involve regulation of

neuronal microtubule assembly and stabilization of micro-

tubules against depolymerization in vivo (24–26). Disas-

sembly of the rigid microtubule structure of neurons for neu-

ronal division is accomplished by removing the microtubule

stabilizing protein tau via its phosphorylation. The lack of

dephophorylation leads to neurofibrillary tangle formation

as seen in AD.

Phosphorylation of the microtubule-associated protein

tau normally occurs during metaphase of neuronal division,

and during differentiation hyperphosphorylated tau is ob-

served in neurons of the fetal brain (14,27). This high and

residue-specific phosphorylation of tau in mitotically active

neurons is driven by Cdks (27–31). Several Cdk’s are asso-

ciated with phosphorylated tau in AD and in vitro phospho-

rylate tau in a manner similar to that found in AD (32–36).

A number of other kinases such as glycogen synthase kin-

ase-3� (GSK3�) also appear to play a pivotal role in neuron

tau phosphorylation (37). Because increased phosphoryla-

tion and altered microtubule stability are coincident during

progression through the cell cycle (38,39), it is likely not

coincident that there are microtubular abnormalities asso-

ciated with AD (40).

Current Hypotheses of Alzheimer’s Disease

A number of hypotheses have been proposed to explain

AD, with the “amyloid hypothesis” gaining most attention

due to the findings that early-onset AD result from mutations

in the A�PP, or proteins involved in its processing (pres-

enilin-1 and presenilin-2). Other theories that include tau

phosphorylation, oxidative stress, mitochondrial alterations,

metal ion dysregulation, inflammation, which are all asso-

ciated with AD, also have gained support as playing a role

in the disease process. While it is agreed that these patholog-

ical changes are involved in the disease process, the actual

upstream cause of these changes in sporadic AD has received

less attention.

Role of HPG Axis Hormones in the Normal

Structure and Function of the Brain

The influence of hormones of the HPG axis on brain

structure (development and maintenance) and function has

become well established over the last century. All hormones

Fig. 1. Representative figure illustrating HPG hormonal profiles fol-
lowing menopause and during andropause. Reproductive changes
result in a net change in cellular signaling induced by the increase in
serum concentrations of gonadotropin-releasing hormone, lutein-
izing hormone, and activin, and decrease in serum sex steroids.
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of the axis with hippocampal receptors (activins, GnRH,

LH/hCG, and sex steroids) have known functions in regu-

lating neuronal development and adult brain structure and

function. Receptors for these HPG hormones are concen-

trated in the limbic system, particularly the pyramidal neu-

rons of the hippocampus, those neurons vulnerable to AD

pathology. For a detailed review of the normal functions of

these hormones in the brain see Vadakkadath Meethal and

Atwood (41). Given the normal functions of these hormones

in normal brain structure and function it is perhaps not sur-

prising that menopause/andropause-related changes (dyo-

tic signaling) could lead to alterations in the structure and

function of the brain during senescence.

Dysregulation of the HPG Axis

The age-related decline in gonadal reproductive hormone

secretion into the bloodstream results in an imbalance of

the HPG hormonal axis, leading to menopause in women

and andropause in men. The decline in sex steroid produc-

tion by the gonads following menopause and during andro-

pause leads to a loss of hypothalamic feedback inhibition

that stimulates GnRH and gonadotropin production (42)

(Fig. 1). In addition, the decrease in gonadal inhibin produc-

tion at this time (43) results in decreased activin receptor

inhibition, and together with the increase in bioavailable

activin (44) leads to a further increase in the secretion of

GnRH and gonadotropins (45–47). The lack of negative

feedback from the ovary (both estradiol and inhibin) is

therefore responsible for the unopposed elevation of GnRH

and gonadotropins following ovarian senescence; in women

there is a 3- to 4-fold and a 4- to 18-fold increase in the

concentrations of serum LH and FSH, respectively (48).

Likewise, men also experience a greater than 2-fold and 3-

fold, increase in LH and FSH, respectively, as their reproduc-

tive function deteriorates during andropause (49). Although

it has not been possible to analyze GnRH release in humans,

seminal and elegant studies performed by Terasawa and

colleagues have demonstrated that the pulsatile release of

GnRH from the stalk-median eminence (using a push–pull

perfusion method) following menopause is greatly elevated

(5–10-fold) in rhesus monkeys (50), and is likely respon-

sible for elevated serum concentrations of LH/FSH follow-

ing menopause and during andropause (48,51,52). Normal

serum concentrations of these hormones in the human dur-

ing adult reproductive life and post-reproductive life in men

and women are presented in Atwood et al. (53).

How changes in peripheral circulating hormones related

to aging affect signaling for brain structure and function

will be dependent not only on their concentration but also

upon receptor expression and changes in receptor affinity.

The expression of these neuronal receptors is modulated by

hormones: hippocampal GnRH receptor expression is in-

creased in old rats (54) and following castration (55); low

concentrations of gonadal steroids and high concentrations

of LH such as is seen with menopause/andropause promotes

LH/hCG receptor expression in human neuroblastoma cells

(56); ovariectomy induces a rapid increase in pituitary acti-

vin receptor II mRNAs in rats (57). Ovariectomy and aging

also leads to a reduction in hippocampal estrogen receptor

in mice (58,59) and hippocampal androgen receptor in rats

(60,61). Interestingly, FSH receptors have not been detected

in neuronal cell types and appear to be confined to reproduc-

tive tissues, although it cannot be ruled out that FSH may

signal via another (G-protein coupled) receptor.

It is perhaps simplistic to imagine that the alteration in

the serum concentration of only one HPG axis hormone is

responsible for the entire plethora of changes associated

with the aging brain, especially given the presence of recep-

tors for activin, GnRH, LH, as well as the sex steroids, in

the brain. Indeed, if the decline in estradiol were solely re-

sponsible for dementia, it might be expected that AD-like

changes would be observed during the 12–14-yr period prior

to pubescence when circulating concentrations of sex ste-

roids are low. This obviously is not the case and suggests

other hormones of the axis play a role in AD. Post-reproduc-

tive signaling is more akin, but not exactly the same as, the

growth and developmental signaling embryonic stem cells

receive during the growth and development of the brain (see

below).

The HPG Axis Connection to Alzheimer’s Disease

Aside from the logical conclusion that dyotic signaling

will impact normal brain structure and function negatively,

there is accumulating epidemiological and biochemical

evidence that these hormones drive cognitive senescence.

Indeed, research into the influence of HPG axis hormones

on brain function has largely been driven by epidemiologi-

cal studies demonstrating gender dependence in the preva-

lence, symptomatology, and prognosis of AD (2:1 female

to male) (62–64). Even taking into account the fact women

live longer than men, women appear to have consistently

higher age-specific AD death rates (65). Along these lines,

one study has shown a higher incidence of amyloid plaques

in the brains of women compared with men, together with a

greater age-related increase in the incidence rate of plaques

(66). This increased prevalence rate in women is consistent

with the abrupt earlier loss of gonadal function in females

compared with males, and the decrease in serum sex ste-

roids, but increase in serum gonadotropins, at this time (67).

Epidemiological evidence for HPG hormones in medi-

ating AD includes (1) the positive correlation between AD

and decreased estrogen levels following menopause in num-

erous epidemiological studies, i.e., postmenopausal women

with higher endogenous estrogen levels (a less dysregulated

HPG axis) have a decreased prevalence of AD (68). Like-

wise, increased serum LH concentrations are negatively cor-

related with cognition in post-menopausal women, but pos-

itively correlated with serum FSH (Rodrigues et al., sub-
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mitted). Serum LH and FSH are ~2-fold elevated in individ-

uals with AD compared to age-matched controls (69–71).

(2) The decreased incidence (72), and a delay in the onset

(73), of AD among women and men on hormone replace-

ment therapy (HRT) following menopause/andropause (74).

HRT in postmenopausal women and in men has been dem-

onstrated to improve cognitive and visual-spatial function

(75,76). (3) Sex steroids have been shown to be potent neu-

roprotective agents in a variety of in vivo model systems

including fimbria-fornix lesions and middle cerebral artery

occlusion (77–79).

Although the recent Women’s Health Initiative studies

indicate oral estrogens and progestogens are not protec-

tive, and by extrapolation that sex steroids do not play a

role in AD, it is not possible from these studies to determine

if the major female estrogen (17�-estradiol) and progester-

one are protective or not. This is because the hormones used

in these trials [conjugated equine estrogens (CEE) and med-

roxyprogesterone acetate (MPA)] are very different in com-

position and have well-known differences in cell signaling

compared to that of the endogenously produced female hor-

mones, 17�-estradiol and progesterone (80), i.e., estrogens

extracted from horse urine (predominantly composed of

estrone sulfate) are not the major estrogen present in female

bodies. Nor is the synthetic progestagin, MPA, synthesized

in females; MPA also has very different signaling proper-

ties. Interpretation is further complicated by the route of ad-

ministration and age at which HRT was administered (80)

and together likely explain the many discrepancies in HRT

studies (81). That HRT only reduces the risk of AD among

long-term users and only is effective prophylactically may

be explained by the temporal changes in the concentrations

of GnRH and gonadotropins during the post-menopausal

years (67). Immediately following menopause, serum gona-

dotropin and GnRH levels are extremely elevated but sub-

sequently decline. Thus, early HRT may provide maximal

protection against the potentially detrimental effects of

these hormones (67). Reasons that the disease is not halted

by HRT (CEE/MPA) treatment after clinical diagnosis may

include (1) another hormone of the axis, whose concentra-

tion is dysregulated following menopause, but whose secre-

tion into the serum is not directly inhibited by HRT, is driv-

ing neurodegeneration, or (2) estrone sulfate, the major CEE,

may not modulate the serum concentrations of other axis

hormones, i.e., gonadotropins and/or GnRH, to pre-meno-

pausal levels. Indeed, CEE’s only partially reverse oophor-

ectomy-induced increases in serum gonadotropin levels

(82). It is important to note that the only clinical study that

has used the natural estrogen 17�-estradiol has shown ben-

eficial effects on cognition (83). Likewise, testosterone-

replacement therapy in a small clinical trial in men also has

demonstrated improved cognitive and visual–spatial func-

tion (76).

These epidemiological studies indicate that dysregula-

tion of the HPG axis is pivotal to cognitive decline, but do

not distinguish between which hormones of the axis are

involved. It should be noted that HRT leads to partial “re-

setting” of certain HPG hormones such as the gonadotropins

to approximately adult levels (82). Therefore, the delay in

cognitive decline observed in most studies with HRT could

just as easily be explained by the reversal of serum gonado-

tropins to approximately adult levels, as it can to sex steroid

supplementation. Indeed, evidence in support of gonado-

tropins as primary causative agents is given by the fact men-

tioned earlier that AD-like changes are not observed during

the 12–14-yr period prior to pubescence when circulating

concentrations of sex steroids are low. Further evidence that

gonadotropins may play a role in AD comes from studies

of 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 (84,85). In sharp contrast to the general population,

males with Down syndrome develop these neuropathologi-

cal changes earlier and more often than their female coun-

terparts. The reversal in gender predilection cannot be

explained on the basis of sex steroid concentrations as there

is no difference between Down syndrome individuals and

the general population. However, the increase in gonado-

tropin concentrations is more pronounced and occurs at

an earlier age in Down syndrome males than in Down syn-

drome females (86). Finally, the incidence of dementia in

men who underwent prostatectomy for prostate cancer is

significantly lower than control groups that underwent other

surgeries [cholecystectomy, herniorrhaphy and transureth-

ral prostatectomy (87)]. Five years post-procedure, the rela-

tive risk for dementia in the control groups is 1.8- to 2.9-fold

increased compared to the prostate cancer group (Medicare

Inpatient Database). Because GnRH agonist therapy is only

administered to men with prostate cancer (approx 40%), the

results imply that suppression of gonadotropins is protective

of cognitive function. Because GnRH agonists also suppress

serum sex steroids, these results do not support the decline

in serum sex steroids as being detrimental for cognitive

function.

Gonadotropins, Gonadopause,

and Alzheimer’s Disease

There is much evidence that LH, hCG (the fetal LH

homolog with 83% homology that binds the same recep-

tor), and GnRH modulate brain function (41). LH is known

to cross the blood–brain barrier (88) and the actions of LH/

hCG are likely mediated by their binding to the LH/hCG

receptor, which are expressed throughout the brain (56,89–

91). LH/hCG receptor expression (mRNA and protein) has

been detected in the adult rat brain with the highest density

of gonadotropin receptors being found within the hippoc-

ampus followed by the hypothalamus, cerebellum, choroid

plexus, ependymal tanycytes of third, fourth, and lateral ven-

tricles, cortex, brain stem, and anterior pituitary (90). No dif-
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ference has been detected in the distribution of hCG/LH

receptors between male and female brains (92). In the hypo-

thalamus, some LH/hCG receptor–containing neurons are co-

localized with GnRH–producing neurons (90). All human

neuronal cell types (neurons, astrocytes, glia) studied to

date possess LH/hCG receptors (89). Immortalized mouse

hypothalamic and hippocampal GT1-7 and HN33p cells,

human M17 neuroblastoma cells, as well as gonadotropes,

contain LH/hCG receptor (56,91).

LH/hCG are thought to play critical roles in brain devel-

opment, neuron differentiation, and function (93). Because

LH and hCG are heterodimeric glycoprotein hormones that

contain a cystine knot structural motif (like nerve growth

factor), it is not surprising that they have neurotropic effects

(94,95). Rat neurons cultured in the presence of highly pur-

ified hCG have been shown to respond in a dose-dependent

manner by increasing the outgrowth of neuritic processes and

total cellular protein and by decreasing apoptosis (94–96).

Interestingly, the highest LH/hCG receptor expression cor-

relates with those brain regions susceptible to AD neuropa-

thology (92,96,97). Surprisingly, we found that pyramidal

neurons, those neurons susceptible to AD neuropathology,

contain intra-cytoplasmic LH and that these pyramidal

neurons contained significantly greater immunoreactivity

in AD brains compared with age-matched control brains

(98). These results have been confirmed in the aging rat,

where LH was recently reported localized to pyramidal neu-

rons of the cerebral cortex and hippocampus of 1- and 2-yr-

old rats, but not in young adult (3–5 mo) rats (99). This

increase in LH immunoreactivity in the aging brain may

be due to increased sequestration of LH from extracellular

sources (e.g., blood), decreased intracellular LH degrada-

tion, and/or the intriguing possibility that extra-pituitary

neurons, like fetal and cancer cells, are capable of synthe-

sizing LH.

LH and Cell Division

The expression of membrane-associated LH, hCG, and

their subunits and fragments is a characteristic of cancer

cells, and has been demonstrated on numerous human can-

cer cell lines of different types and origins (100). These

findings were corroborated by the presence of translatable

levels of hLH� and hCG� mRNAs, indicating that the ex-

pression of these membrane-associated glycoproteins is a

phenotypic characteristic of human cancer cells. Indeed,

hCG is a common serum marker used to determine the pro-

gression or regression of cancer following chemotherapy

(101). It is important to note that the presence of translat-

able levels of hCG�/hLH� mRNAs in cultured human fetal

cells illustrates the in vivo and in vitro biochemical simi-

larities between fetal and cancer cells (100). It has been

well demonstrated that LH/hCG have powerful mitogenic

properties in certain reproductive tissues (102–106), and are

frequently expressed by tumor cells (100,107,108). Over-

expression of LH or hCG increases tumorigenesis potential

in the gonads (109) and placenta (110) and is a major marker

in humans of cancer progression. Restoration of LH levels

after testosterone and estrogen-induced LH deprivation

leads to increased proliferation of Leydig cells in the testis

of adult rats (111). Likewise, LH levels are associated with

increased T-cell proliferation and activation (112,113) and

peripheral blood lymphocyte proliferation (114). Finally,

LH secretion has been associated with increased prolifer-

ation of granulosa cells and activation of MAPKs such as

ERK (115–117), and other signal transduction and transcrip-

tion activators (118); all of which play a major role in cell

cycle events (119) and, importantly, are associated with AD

pathology (120–124).

These results suggest that neurons of the AD brain may

be developing characteristics of neoplastic cells. Indeed,

there is now much evidence that AD is a disease of aber-

rant, albeit unsuccessful, re-entry of neurons into the cell

cycle resulting in synapse contraction and neuron death

(see ref. 53 for an updated review). In this regard, overe-

xpression of wild-type A�PP (125–127) and expression of

familial AD (FAD) mutants of A�PP (127–129) induces

apoptosis in primary neurons and cell lines. Recently, Neve

and colleagues demonstrated that this cell death in differ-

entiated primary neurons overexpressing wild-type or FAD

mutant A�PP was due to the re-entry of neurons into the

cell cycle, as demonstrated by the induction of DNA syn-

thesis and cell cycle markers (130,131). Activation of the

cell cycle in differentiated neurons is known to promote

apoptosis (132). These workers also showed that DNA syn-

thesis occurred prior to neuron death by apoptosis (131).

Our recent data showing that A� generation occurs only

once a cell commits to apoptosis, and not before (Verdile

et al., submitted), supports previous evidence showing A�

generation is associated with neuron death (133,134) and

explains the well characterized increase in A� generation

in neurons harboring FAD mutations (8). Taken together,

these results suggest that factors that affect A�PP expres-

sion, processing, or function not only act to promote cell

cycle re-entry of differentiated neurons, but also to promote

A� generation when a neuron commits to apoptosis. Indeed,

it is becoming apparent that A� generation is a sensitive

marker of neuron re-entry into the cell cycle. An understand-

ing of factors that promote the amyloidogenic processing

of A�PP would therefore be candidates for understanding

the cause of AD.

LH and A�����PP Metabolism

We have recently reported molecular evidence that gon-

adotropins modulate the processing of A�PP and the gen-

eration of A� in vitro and in vivo (56). Treatment of C57/

Bl6 mice with the GnRH agonist leuprolide acetate, which

suppresses the serum concentrations of both sex steroids

and gonadotropin, reduced total brain A�1-42 and A�1-40

concentrations by 3.5-fold and 1.5-fold, respectively, after

2 mo of treatment. These results indicate that alterations in
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A�PP processing were due to the suppression of LH (56)

because decreased brain A� followed treatment with leu-

prolide acetate (i.e., ablation of LH and sex steroids) but not

following suppression of sex steroids alone (135,136) with

ovariectomy, which results in a well-documented increase

in serum LH and FSH concentrations in the mouse (14) and

other species. Moreover, we have recently shown that sup-

pression of gonadotropins with leuprolide acetate improves

cognitive performance and decreases amyloid-� deposition

in aged transgenic mice carrying the Swedish A�PP muta-

tion (137). Supporting data from studies on human neuro-

blastoma cells indicated that LH promotes A�PP process-

ing toward the amyloidogenic pathway as evidenced by the

increased generation and secretion of amyloid-�, decreased

secretion of A�PP, and increased A�PPCT100 production

(56). In this regard, the expression of presenilin-1 and -2

gene, members of the �-secretase complex involved in the

processing of A�PP, have recently been shown to be upreg-

ulated by gonadotropins in human granulosa cells (138),

although we did not observe a similar increase in presenilin-

1 expression following LH treatment in neuroblastoma cells

(56). Although LH alters A�PP processing, it has no affect

on A�PP expression.

Previous in vitro and in vivo studies that have modulated

the levels of sex steroids either with treatment or castration

have implied that sex steroids alter neuronal A�PP process-

ing toward the non-amyloidogenic pathway. 17�-Estradiol

at concentrations between 2 and 2000 nM certainly increases

sA�PP� production and reduces the generation of A� in

both mouse and human cell lines and primary cultures of rat,

mouse, and human embryonic cerebrocortical neurons (135,

139–141). Likewise, testosterone treatment (200–2000 nM)

of mouse neuroblastoma cells and rat primary cerebrocor-

tical neurons increases secretion of sA�PP� and decreases

the secretion of A� (136). Ovariectomy, which suppresses

serum estrogen levels, also has been shown to increase total

A� concentrations in guinea pigs (142) and A�PP transgenic

mice (143). Conversely, 17�-estradiol treatment was shown

to partially and totally reverse the effects of ovariectomy

in guinea pigs (142) and A�PP transgenic mice [Tg2576

and Tg2576 x mutant PS1 (143)], respectively. However,

because physiological concentrations of serum estrogen are

no greater than 1 nM in women and serum testosterone con-

centrations are no greater than 35 nM in men (144), the inter-

pretation of these results is difficult. This is because physi-

ologically relevant concentrations of 17�-estradiol (1 nM)

decrease the expression of LH/hCG receptor in neuroblas-

toma cells, and it is likely that the high concentrations of sex

steroids used in previous in vitro studies (approx 2–2000 nM

17�-estradiol and approx 200–1000 nM testosterone) down-

regulated neuronal gonadotropin receptors. Thus, suppres-

sion of LH/hCG receptors by high concentrations of estro-

gen in vitro would have the same effect as elevated serum

estrogen in vivo, suppressing gonadotropin signaling and

diverting A�PP processing to the nonamyloidogenic path-

way with a resultant decrease in A� generation. In support

of estrogens affect being dependent upon LH, Manthey and

colleagues have reported for mouse hippocampal HT22 and

human neuroblastoma SK-N-MC cells that the enhance-

ment of cellular sA�PP� release was independent of estro-

gen receptor expression (141). Therefore, the marked in-

creases in serum LH following menopause/andropause may

be a physiologically relevant signal that could promote A�

secretion and deposition in the aging brain.

LH and Tau Phosphorylation

Although there is no direct evidence that LH promotes

tau phosphorylation, LH has been shown to increase both

the expression and kinase activity of Cdk5, an enzyme known

to hyperphosphorylate tau in Leydig TM3 cells (14). Sup-

porting LH-induced Cdk5 expression, a significant decrease

in Cdk5 expression and activity has been noted in rat testis

after hypophysectomy (145). Recently, LH has been shown

to modulate the expression of numerous genes involved in

cytoskeletal organization (117).

17�-Estradiol has been demonstrated to increase the ex-

pression of tau and microtubule associated protein-2 (MAP-

2) in pituitary lactotrophs of adult female Wistar rats, and

promote their association with the membrane rough endo-

plasmic reticulum (146). Similar expression results were not

found in the hippocampus and the frontal cortex of ovariec-

tomized adult rats for tau, although MAP-2 expression in-

creased in the hippocampus (147). While the expression of

tau is regulated by 17�-estradiol, 17�-estradiol does not pre-

vent the heat shock–induced hyperphosphorylation of tau

in rats (148,149). In this vein, GSK3�, one of the main kin-

ases that phosporylates tau (37), is transiently activated by

17�-estradiol, leading to increased tau phosphorylation in

the adult female rat hippocampus and in cultured hippo-

campal neurons (150). Following this activation, however,

there is a sustained inhibition of GSK3� and a decrease in

tau phosphorylation in neurons (150). In this respect, 17�-

estra-diol has been shown to increase the binding of GSK-

3� with tau (151) and beta-catenin, and elements of the PI3

kinase complex (150). Cardona-Gomez and colleagues also

demonstrated a novel complex between estrogen receptor

alpha, GSK3, and beta-catenin, where the presence of 17�-

estradiol removed beta-catenin from the complex. Con-

versely, testosterone does prevent the heat shock–induced

hyperphosphorylation of tau in male rats (148,149) by inhib-

iting the heat shock–induced overactivation of GSK-3�

(152). Neither gonadal steroid affects tau dephosphoryla-

tion. However, these studies, like those on A�PP, are diffi-

cult to interpret because sex steroids are known to modulate

receptor levels for the other HPG axis hormones, especi-

ally the gonadotropin receptors (56,153).

LH and Mitochondria

Changes suggestive of mitochondria replication have been

reported in pyramidal neurons, those vulnerable to AD neu-
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ropathology (154). Pyramidal neurons of the AD brain con-

tain threefold elevated levels of cytoplasmic mitochondrial

DNA and increased COX-1 expression, indicative of de

novo mitochondrion synthesis that would be expected dur-

ing cell division to meet the energy demands of the newly

created daughter cells (155). Unlike division-competent neu-

rons, it remains to be determined if such alterations in mito-

chondrial metabolism in differentiated neurons are respon-

sible for an imbalance in energy metabolism (as observed

in the AD brain). Interestingly, COX-2 expression and pros-

taglandin synthesis in granulosa cells are upregulated by

LH/hCG (156). It will be interesting in future studies to

determine if gonadotropins have a role in mitochondrial

biogenesis besides their well-known role in mitochondrial

steroidogenesis.

GnRH and Alzheimer’s Disease

As mentioned previously, the GnRH agonist leuprolide

acetate decreases the A� protein (a marker of AD neuropa-

thology). However, despite its anti-gonadotropin effects,

this GnRH analog also is known to bind to GnRH receptors

present throughout the limbic system of the brain (see ref.

41 for a review). Although the concentration of circulating

GnRH is very low due to its short half-life (157,158), GnRH

signaling via the GnRH receptor in extrapituitary tissues

(165) of the brain appears to play an important role in neu-

rotransmission. Experiments using leuprolide acetate have

demonstrated that activation of GnRH receptors using leu-

prolide acetate induces a long-lasting enhancement of syn-

aptic transmission mediated by ionotropic glutamate recep-

tors in CA1 pyramidal neurons of rat hippocampal slices

(159,160). This suggests that GnRH can increase the in-

trinsic neuronal excitability of CA1 (and CA3) pyramidal

neurons in the hippocampus, an important integrative region

for reproductive process, both endocrinologically and beha-

viorally. The high densities of GnRH receptor in the limbic

system in areas concerned with the regulation of behavioral

functions (161) help explain changes in sex behavior in rats

and other species following peripheral or central injections

of GnRH (162–164).

Conclusion

There is now sufficient evidence to indicate that the changes

in HPG hormonal signaling with menopause/andropause

(dyotic signaling) promote biochemical changes similar to

those that characterize the AD brain. In particular, LH pro-

motes biochemical and cellular changes consistent with the

neurodegenerative changes observed in the AD brain. These

findings support the premise that GnRH agonists could be

a potential therapeutic agent for AD. Double-blind placebo-

controlled phase II clinical trials are currently underway to

conclusively make this determination.

Acknowledgment

The authors thank Jon Sweeney for help with compiling

the references.

References

1. Bowen, R. L. and Atwood, C. S. (2004). Gerontology 50, 265–
290.

2. Selkoe, D. J. (1997). Science 275, 630–631.
3. Siman, R., Mistretta, S., Durkin, J. T., et al. (1993). J. Biol.

Chem. 268, 16602–16609.
4. Kang, J., Lemaire, H. G., Unterbeck, A., et al. (1987). Nature

325, 733–736.
5. Goldgaber, D., Lerman, M. I., McBride, O. W., Saffiotti, U.,

and Gajdusek, D. C. (1987). Science 235, 877–880.
6. Goate, A., Chartier-Harlin, M. C., Mullan, M., et al. (1991).

Nature 349, 704–706.
7. Verdile, G., Fuller, S., Atwood, C. S., Laws, S. M., Gandy,

S. E., and Martins, R. N. (2004). Pharmacol. Res. 50, 397–409.
8. Citron, M., Oltersdorf, T., Haass, C., et al. (1992). Nature 360,

672–674.
9. Shoji, M., Golde, T. E., Ghiso, J., et al. (1992). Science 258,

126–129.
10. Glenner, G. G. and Wong, C. W. (1984). Biochem. Biophys.

Res. Commun. 120, 885–890.
11. Atwood, C. S., Huang, X., Moir, R. D., Tanzi, R. E., and Bush,

A. I. (1999). Met. Ions. Biol. Syst. 36, 309–364.
12. Atwood, C. S. (2003). Soc. Neurosci. 29, 523.22.
13. Whitson, J. S., Selkoe, D. J., and Cotman, C. W. (1989). Science

243, 1488–1490.
14. Liu, T., Perry, G., Chan, H. W., et al. (2004). J. Neurochem. 88,

554–563.
15. Whitson, J. S., Glabe, C. G., Shintani, E., Abcar, A., and Cotman,

C. W. (1990). Neurosci. Lett. 110, 319–324.
16. Yankner, B. A., Duffy, L. K., and Kirschner, D. A. (1990).

Science 250, 279–282.
17. Atwood, C. S., Barzilai, N., Bowen, R. L., et al. (2003). Exp.

Gerontol. 38, 1217–1226.
18. Atwood, C. S., Huang, X., Moir, R. D., et al. (2001). In:

Alzheimer’s disease: advances in etiology, pathogenesis and
therapeutics. Iqbal, K., Sisodia, S. S., and Winblad, B. (eds.).
John Wiley & Sons, Ltd., UK, pp. 341–361.

19. Lopez-Toledano, M. A. and Shelanski, M. L. (2004). J. Neu-
rosci. 24, 5439–5444.

20. Takashima, S., Kuruta, H., Mito, T., Nishizawa, M., Kunishita,
T., and Tabira, T. (1990). Brain Dev. 12, 367–371.

21. Grundke-Iqbal, I., Iqbal, K., Tung, Y. C., Quinlan, M., Wisniew-
ski, H. M., and Binder, L. I. (1986). Proc. Natl. Acad. Sci. USA
83, 4913–4917.

22. Iqbal, K., Zaidi, T., Thompson, C. H., Merz, P. A., and Wisniew-
ski, H. M. (1984). Acta Neuropathol. (Berl.) 62, 167–177.

23. Iqbal, K., Alonso Adel, C., Chen, S., et al. (2005). Biochim.
Biophys. Acta 1739, 198–210.

24. Drubin, D. G. and Kirschner, M. W. (1986). J. Cell Biol. 103,
2739–2746.

25. Drubin, D., Kobayashi, S., and Kirschner, M. (1986). Ann. NY
Acad. Sci. 466, 257–268.

26. Kanai, Y., Takemura, R., Oshima, T., et al. (1989). J. Cell Biol.
109, 1173–1184.

27. Goedert, M., Jakes, R., Crowther, R. A., et al. (1993). Proc.
Natl. Acad. Sci. USA 90, 5066–5070.

28. Kanemaru, K., Takio, K., Miura, R., Titani, K., and Ihara, Y.
(1992). J. Neurochem. 58, 1667–1675.

29. Brion, J. P., Couck, A. M., Passareiro, E., and Flament-Durand,
J. (1985). J. Submicrosc. Cytol. 17, 89–96.

30. Brion, J. P., Octave, J. N., and Couck, A. M. (1994). Neuro-
science 63, 895–909.

Meethal (3110).p65 6/24/2005, 9:13 AM323



Gonadotropins and Alzheimer’s Disease / Meethal et al.324 Endocrine

31. Pope, W. B., Lambert, M. P., Leypold, B., et al. (1994). Exp.
Neurol. 126, 185–194.

32. Nagy, Z. S. and Esiri, M. M. (1997). Neurobiol. Aging 18,
565–571.

33. Nagy, J. I., Li, W. E., Roy, C., et al. (1997). Exp. Cell Res. 236,
127–136.

34. Vincent, T. S., Hazen-Martin, D. J., and Garvin, A. J. (1996).
Cancer Lett. 103, 49–56.

35. Arendt, C. W., Hsi, G., and Ostergaard, H. L. (1995). J. Immu-
nol. 155, 5095–5103.

36. Arendt, T., Rodel, L., Gartner, U., and Holzer, M. (1996).
Neuroreport 7, 3047–3049.

37. Lovell, M. A., Xiong, S., Xie, C., Davies, P., and Markesbery,
W. R. (2004). J. Alzheimers Dis. 6, 659–671; discussion 673–
681.

38. Alonso, A. C., Grundke-Iqbal, I., and Iqbal, K. (1996). Nat.
Med. 2, 783–787.

39. Lindwall, G. and Cole, R. D. (1984). J. Biol. Chem. 259, 5301–
5305.

40. Terry, R. D., Gonatas, N. K., and Weiss, M. (1964). Am. J.
Pathol. 44, 269–297.

41. Vadakkadath Meethal, S. and Atwood, C. S. (2005). Cell. Mol.
Life Sci. 61, 1–14.

42. Carr, B. R. (1998). In: Williams textbook of endocrinology.
Wilson, J. D., et al. (eds.). W.B. Saunders Co.: Philadelphia,
PA, pp. 751–817.

43. Reichlin, S. (1998). In: Williams textbook of endocrinology.
Wilson, J. D., et al. (eds.). W.B. Saunders Co.: Philadelphia,
PA, pp. 165–248.

44. Gray, P. C., Bilizikjian, L. M., and Vale, W. (2002). Mol. Cell.
Endocrinol. 188, 254–260.

45. Schwall, R. H., Szonyi, E., Mason, A. J., and Nikolics, K.
(1988). Biochem. Biophys. Res. Commun. 151, 1099–1104.

46. MacConell, L. A., Lawson, M. A., Mellon, P. L., and Roberts,
V. J. (1999). Neuroendocrinology 70, 246–254.

47. Weiss, J., Crowley, W. F. Jr., Halvorson, L. M., and Jameson,
J. L. (1993). Endocrinology 132, 2307–2311.

48. Chakravarti, S., Collins, W. P., Forecast, J. D., Newton,
J. R., Oram, D. H., and Studd, J. W. (1976). Br. Med. J. 2, 784–
787.

49. Neaves, W. B., Johnson, L., Porter, J. C., Parker, C. R. Jr.,
and Petty, C. S. (1984). J. Clin. Endocrinol. Metab. 59, 756–
763.

50. Gore, A. C., Windsor-Engnell, B. M., and Terasawa, E. (2004).
Endocrinology 145, 4653–4659.

51. Reame, N. E., Kelche, R. P., Beitins, I. Z., Yu, M. Y., Zawacki,
C. M., and Padmanabhan, V. (1996). J. Clin. Endocrinol.
Metab. 81, 1512–1518.

52. Schmidt, P. J., Gindoff, P. R., Baron, D. A., and Rubinow,
D. R. (1996). Am. J. Obstet. Gynecol. 175, 643–650.

53. Atwood, C. S. (2005). J. Neuropath. Exp. Neurol. 64, 93–103.
54. Badr, M., Marchetti, B., and Pelletier, G. (1989). Brain Res.

Dev. Brain Res. 45, 179–184.
55. Badr, M., Marchetti, B., and Pelletier, G. (1988). Peptides 9,

441–442.
56. Bowen, R. L., Verdile, G., Liu, T., et al. (2004). J. Biol. Chem.

279, 20539–20545.
57. Dalkin, A. C., Gilrain, J. T., and Marshall, J. C. (1994). Endo-

crinology 135, 944–949.
58. Ehret, G. and Buckenmaier, J. (1994). J. Physiol. Paris 88,

315–329.
59. Adams, M. M., Fink, S. E., Shah, R. A., et al. (2002). J. Neu-

rosci. 22, 3608–3614.
60. Sar, M., Lubahn, D. B., French, F. S., and Wilson, E. M. (1990).

Endocrinology 127, 3180–3186.
61. Xiao, L. and Jordan, C. L. (2002). Horm. Behav. 42, 327–336.
62. Jorm, A. F., Korten, A. E., and Henderson, A. S. (1987). Acta

Psychiatr. Scand. 76, 465–479.

63. McGonigal, G., Thomas, B., McQuade, C., Starr, J. M.,
MacLennan, W. J., and Whalley, L. J. (1993). BMJ 306, 680–
683.

64. Brookmeyer, R., Gray, S., and Kawas, C. (1998). Am. J. Pub-
lic Health 88, 1337–1342.

65. Fratiglioni, L., Viitanen, M., von Strauss, E., Tontodonati, V.,
Herlitz, A., and Winblad, B. (1997). Neurology 48, 132–138.

66. Stam, F. C., Wigboldus, J. M., and Smeulders, A. W. (1986).
Pathol. Res. Pract. 181, 558–562.

67. Smith, M. A., Perry, G., Atwood, C. S., and Bowen, R. L.
(2003). JAMA 289, 1100; author reply 1101–1102.

68. Manly, J. J., Merchant, C. A., Jacobs, D. M., et al. (2000).
Neurology 54, 833–837.

69. Bowen, R. L., Isley, J. P., and Atkinson, R. L. (2000). J. Neuro-
endocrinol. 12, 351–354.

70. Short, S. M., Boyer, J. L., and Juliano, R. L. (2000). J. Biol.
Chem. 275, 12970–12977.

71. Hogervorst, E. and Bandelow, S. (2004). J. Neuroendocrinol.
16, 93–94.

72. Henderson, V. W., Paganini-Hill, A., Emanuel, C. K., Dunn,
M. E., and Buckwalter, J. G. (1994). Arch. Neurol. 51, 896–900.

73. Tang, M. X., Jacobs, D., Stern, Y., et al. (1996). Lancet 348,
429–432.

74. Kawas, C., Resnick, S., Morrison, A., et al. (1997). Neurology
48, 1517–1521.

75. Jacobs, D. M., Tang, M. X., Stern, Y., et al. (1998). Neurology
50, 368–373.

76. Tan, R. S. and Pu, S. J. (2003). Aging Male 6, 13–17.
77. Shi, J. and Simpkins, J. W. (1997). Am. J. Physiol. 272, E1016–

E1022.
78. Simpkins, J. W., Yang, S. H., Wen, Y., and Singh, M. (2005).

Cell. Mol. Life Sci. 62, 271–280.
79. Bates, K. A., Harvey, A. R., Carruthers, M., and Martins, R. N.

(2005). Cell. Mol. Life Sci. 62, 281–292.
80. Turgeon, J. L., McDonnell, D. P., Martin, K. A., and Wise,

P. M. (2004). Science 304, 1269–1273.
81. Asthana, S. (2004). J. Am. Geriatr. Soc. 52, 316–318.
82. Utian, W. H. (1978). Maturitas 1, 3–8.
83. Asthana, S., Baker, L. D., Craft, S., et al. (2001). Neurology 57,

605–612.
84. Oliver, C. and Holland, A. J. (1986). Psychol. Med. 16, 307–

322.
85. Mann, D. M. (1988). Mech. Ageing Dev. 43, 99–136.
86. Schupf, N., Kapell, D., Nightingale, B., Rodriguez, A., Tycko,

B., and Mayeux, R. (1998). Neurology 50, 991–995.
87. Bowen, R. L. (2004). Men treated for prostate cancer have a

decreased incidence of dementia. 9th International Congress
on AD. (Hot Topics Presentation).

88. Lukacs, H., Hiatt, E. S., Lei, Z. M., and Rao, C. V. (1995).
Horm. Behav. 29, 42–58.

89. Bukovsky, A., Indrapichate, K., Fujiwara, H., et al. (2003).
Reprod. Biol. Endocrinol. 1, 46.

90. Lei, Z. M. and Rao, C. V. (1994). Mol. Endocrinol. 8, 1111–
1121.

91. Zhang, F. P., Hamalainen, T., Kaipia, A., Pakarinen, P., and
Huhtaniemi, I. (1994). Endocrinology 134, 2206–2213.

92. Lei, Z. M., Rao, C. V., Kornyei, J. L., Licht, P., and Hiatt,
E. S. (1993). Endocrinology 132, 2262–2270.

93. Konishi, I., Kuroda, H., and Mandai, M. (1999). Oncology
57(Suppl. 2), 45–48.

94. Lapthorn, A. J., Harris, D. C., Littlejohn, A., et al. (1994).
Nature 369, 455–461.

95. Sato, A., Perlas, E., Ben-Menahem, D., et al. (1997). J. Biol.
Chem. 272, 18098–18103.

96. al-Hader, A. A., Tao, Y. X., Lei, Z. M., and Rao, C. V. (1997).
Early Pregnancy 3, 323–329.

97. al-Hader, A. A., Lei, Z. M., and Rao, C. V. (1997). Biol.
Reprod. 56, 1071–1076.

Meethal (3110).p65 6/24/2005, 9:13 AM324



Gonadotropins and Alzheimer’s Disease / Meethal et al.Vol. 26, No. 3 325

98. Bowen, R. L., Smith, M. A., Harris, P. L., et al. (2002). J. Neu-
rosci. Res. 70, 514–518.

99. Lee, K. Y., Shibutani, M., Takagi, H., et al. (2004). Toxicology
203, 221–238.

100. Krichevsky, A., Campbell-Acevedo, E. A., Tong, J. Y., and
Acevedo, H. F. (1995). Endocrinology 136, 1034–1039.

101. Stenman, U. H., Alfthan, H., and Hotakainen, K. (2004). Clin.
Biochem. 37, 549–561.

102. Sriraman, V., Rao, V. S., Rajesh, N., Vasan, S. S., and Rao,
A. J. (2001). Reprod. Biomed. Online 3, 6–13.

103. Harris, D., Bonfil, D., Chuderland, D., Kraus, S., Seger, R.,
and Naor, Z. (2002). Endocrinology 143, 1018–1025.

104. Horiuchi, A., Nikaido, T., Yoshizawa, T., et al. (2000). Mol.
Hum. Reprod. 6, 523–528.

105. Davies, B. R., Finnigan, D. S., Smith, S. K., Ponder, B. A.
(1999). Gynecol. Endocrinol. 13, 75–81.

106. Webber, R. J. and Sokoloff, L. (1981). Growth 45, 252–268.
107. Whitfield, G. K. and Kourides, I. A. (1985). Endocrinology

117, 231–236.
108. Yokotani, T., Koizumi, T., Taniguchi, R., et al. (1997). Int. J.

Cancer 71, 539–544.
109. Keri, R. A., Lozada, K. L., Abdul-Karim, F. W., Nadeau, J. H.,

and Nilson, J. H. (2000). Proc. Natl. Acad. Sci. USA 97, 383–
387.

110. Lei, T., Bai, X., Hu, W., Xue, D., and Jiang, X. (1999). J. Tongji
Med. Univ. 19, 237–239, 248.

111. Keeney, D. S. and Ewing, L. L. (1990). J. Androl. 11, 367–378.
112. Athreya, B. H., Pletcher, J., Zulian, F., Weiner, D. B., and

Williams, W. V. (1993). Clin. Immunol. Immunopathol. 66,
201–211.

113. Sabharwal, P., Varma, S., and Malarkey, W. B. (1992). Bio-
chem. Biophys. Res. Commun. 187, 1187–1192.

114. Costa, L. G., Kaylor, G., and Murphy, S. D. (1990). Int. J.
Immunopharmacol. 12, 67–75.

115. Cameron, M. R., Foster, J. S., Bukovsky, A., and Wimalasena,
J. (1996). Biol. Reprod. 55, 111–119.

116. Srisuparp, S., Strakova, Z., Brudney, A., et al. (2003). Biol.
Reprod. 68, 457–464.

117. Sasson, R., Rimon, E., Dantes, A., et al. (2004). Mol. Hum.
Reprod. 10, 299–311.

118. Carvalho, C. R., Carvalheira, J. B., Lima, M. H., et al. (2003).
Endocrinology 144, 638–647.

119. Rubinfeld, H. and Seger, R. (2004). Methods Mol. Biol. 250,
1–28.

120. Zhu, X., Lee, H. G., Raina, A. K., Perry, G., and Smith, M. A.
(2002). Neurosignals 11, 270–281.

121. Zhu, X., Raina, A. K., Boux, H., Simmons, Z. L., Takeda, A.,
and Smith, M. A. (2000). Int. J. Dev. Neurosci. 18, 433–437.

122. Zhu, X. F., Liu, Z. C., Xie, B. F., et al. (2001). Cancer Lett.
169, 27–32.

123. Zhu, A. J. and Watt, F. M. (1999). Development 126, 2285–
2298.

124. Perry, S. S., Kim, M., and Spangrude, G. J. (1999). Cell Trans-
plant 8, 339–344.

125. Bursztajn, S., DeSouza, R., McPhie, D. L., et al. (1998).
J. Neurosci. 18, 9790–9799.

126. Nishimura, R., Kato, Y., Chen, D., Harris, S. E., Mundy, G. R.,
and Yoneda, T. (1998). J. Biol. Chem. 273, 1872–1879.

127. McPhie, D. L., Golde, T., Eckman, C. B., Yager, D., Brant,
J. B., and Neve, R. L. (2001). Brain Res. Mol. Brain Res. 97,
103–113.

128. Yamatsuji, T., Okamoto, T., Takeda, S., Murayama, Y., Tanaka,
N., and Nishimoto, I. (1996). EMBO J. 15, 498–509.

129. Zhao, C. and Rutter, G. A. (1998). FEBS Lett. 430, 213–216.
130. Neve, R. L., McPhie, D. L., and Chen, Y. (2000). Brain Res.

886, 54–66.
131. McPhie, D. L., Coopersmith, R., Hines-Peralta, A., et al.

(2003). J. Neurosci. 23, 6914–6927.

132. Copani, A., Uberti, D., Sortino, M. A., Bruno, V., Nicoletti, F.,
and Memo, M. (2001). Trends Neurosci. 24, 25–31.

133. Borghi, R., Marchese, R., Negro, A., et al. (2000). Neurosci.
Lett. 287, 65–67.

134. Galli, C., Piccini, A., Ciotti, M. T., et al. (1998). Proc. Natl.
Acad. Sci. USA 95, 1247–1252.

135. Xu, H., Gouras, G. K., Greenfield, J. P., et al. (1998). Nat. Med.
4, 447–451.

136. Gouras, G. K., Xu, H., Gross, R. S., et al. (2000). Proc. Natl.
Acad. Sci. USA 97, 1202–1205.

137. Casadesus, G., Ogawa, O., Bowen, R. L., Atwood, C. S., Perry,
G., and Smith, M. A. (2003). Society for Neuroscience. Pro-
gram No. 945.8.

138. Rimon, E., Sasson, R., Dantes, A., Land-Bracha, A., and Amster-
dam, A. (2004). Int. J. Oncol. 24, 1325–1338.

139. Chang, D., Kwan, J., and Timiras, P. S. (1997). Adv. Exp. Med.
Biol. 429, 261–271.

140. Jaffe, A. B., Toran-Allerand, C. D., Greengard, P., and Gandy,
S. E. (1994). J. Biol. Chem. 269, 13065–13068.

141. Manthey, D., Heck, S., Engert, S., and Behl, C. (2001). Eur.
J. Biochem. 268, 4285–4291.

142. Petanceska, S. S., Nagy, V., Frail, D., and Gandy, S. (2000).
Exp. Gerontol. 35, 1317–1325.

143. Zheng, H., Xu, H., Uljon, S. N., et al. (2002). J. Neurochem.
80, 191–196.

144. Larson, S., Casson, C. J., and Wasser, S. (2003). Gen. Comp.
Endocrinol. 134, 18–25.

145. Musa, F. R., Takenaka, I., Konishi, R., and Tokuda, M. (2000).
J. Androl. 21, 392–402.

146. Matsuno, A., Takekoshi, S., Sanno, N., et al. (1997). J. Histo-
chem. Cytochem. 45, 805–813.

147. Reyna-Neyra, A., Camacho-Arroyo, I., Ferrera, P., and Arias,
C. (2002). Brain Res. Bull. 58, 607–612.

148. Papasozomenos, S. C. (1997). Proc. Natl. Acad. Sci. USA 94,
6612–6617.

149. Papasozomenos, S. C. (1996). J. Neurochem. 66, 1140–1149.
150. Cardona-Gomez, P., Perez, M., Avila, J., Garcia-Segura, L. M.,

and Wandosell, F. (2004). Mol. Cell. Neurosci. 25, 363–373.
151. Sze, C. I., Su, M., Pugazhenthi, S., et al. (2004). J. Biol. Chem.

279, 30498–30506.
152. Papasozomenos, S. and Shanavas, A. (2002). Proc. Natl. Acad.

Sci. USA 99, 1140–1145.
153. Gawronska, B., Paukku, T., Huhtaniemi, I., Wasowicz, G., and

Ziecik, A. J. (1999). J. Reprod. Fertil. 115, 293–301.
154. Hirai, K., Aliev, G., Nunomura, A., et al. (2001). J. Neurosci.

21, 3017–3023.
155. Nunomura, A., Perry, G., Aliev, G., et al. (2001). J. Neuropathol.

Exp. Neurol. 60, 759–767.
156. Duffy, D. M. and Stouffer, R. L. (2001). Mol. Hum. Reprod.

7, 731–739.
157. Redding, T. W., Kastin, A. J., Gonzales-Barcena, D., et al.

(1973). J. Clin. Endocrinol. Metab. 37, 626–631.
158. Fauconnier, J. P., Teuwissen, B., and Thomas, K. (1978). Gyne-

col. Obstet. Invest. 9, 229–237.
159. Lu, F., Yang, J. M., Wu, J. N., et al. (1999). Chin. J. Physiol.

42, 67–71.
160. He, D., Funabashi, T., Sano, A., Uemura, T., Minaguchi, H.,

and Kimura, F. (1999). Brain Res. 820, 71–76.
161. Leblanc, P., Crumeyrolle, M., Latouche, J., et al. (1988). Neuro-

endocrinology 48, 482–488.
162. Moss, R. L. (1979). Annu. Rev. Physiol. 41, 617–631.
163. Riskind, P. and Moss, R. L. (1979). Brain Res. Bull. 4, 203–

205.
164. Sakuma, Y. and Pfaff, D. W. (1980). J. Neurophysiol. 44,

1012–1023.
165. Wilson, A. C., Roche, K. M., Vadakkadath Meethal, S., and

Atwood, C. S. (2004). Society for Neuroscience, Program
Number, 902.13.

Meethal (3110).p65 6/24/2005, 9:13 AM325


