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Abstract. Receptors for hormones of the hypothalamic-
pituitary-gonadal (HPG) axis that regulate reproductive
function are expressed throughout the brain, and in 
particular the limbic system. The most studied of these
hormones, the sex steroids, contain receptors throughout
the brain, and numerous estrogenic, progestrogenic and
androgenic effects have been reported in the brain related
to development, maintenance and cognitive functions. Al-
though less studied, receptors for gonadotropin-releasing
hormone (GnRH), luteinizing hormone (LH) and activins
also are found throughout the limbic system on a number
of cell types, and they too transduce signals from circu-
lating hormones as demonstrated by their multiple effects
on the growth, development, maintenance and function 
of the brain. This review highlights the point that be-
cause of the feedback loops within the HPG axis, it is 
difficult to ascribe structural and functional changes dur-
ing development, adulthood and senescence to a single
HPG hormone, since a change in the concentration of any 
hormone in the axis will modulate hormone concentra-
tions and/or receptor expression patterns for all other

CMLS, Cell. Mol. Life Sci. 62 (2005) 257–270
1420-682X/05/030257-14
DOI 10.1007/s00018-004-4381-3
© Birkhäuser Verlag, Basel, 2005

CMLS Cellular and Molecular Life Sciences

members of the axis. The most studied of these situations
is the change in serum and neuronal concentrations of
HPG hormones associated with menopause/andropause.
Dysregulation of the HPG axis at this time results in 
increases in the concentrations of serum GnRH, 
gonadotropins and activins, decreases in the serum 
concentrations of sex steroid and inhibin, and increases in
GnRH and LH receptor expression. Such changes would
result in significantly altered neuronal signaling, with the
final result being that there is i.e. increased neuronal
GnRH, LH and activin signaling, but decreased sex
steroid signaling. Therefore, loss of cognitive function
during senescence, typically ascribed to sex steroids, may
also result from increased signaling via GnRH, LH or ac-
tivin receptors. Future studies will be required to differ-
entiate which hormones of the HPG axis regulate/main-
tain cognitive function. This introductory review high-
lights the importance of the identification of HPG
hormone neuronal receptors and the potential of serum
HPG hormones to transduce signals to regulate brain
structure and function during development and adult life. 
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Introduction

This first review in the series provides an overview of
background information regarding the role of the hypo-
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thalamic-pituitary-gonadal (HPG) axis in the functioning
of the brain, and will describe the hormones and feedback 
regulation of the HPG axis, hormone receptor localiza-
tion throughout the brain, and how these hormones affect
the normal structure (growth, development and mainte-
nance) and functioning (cognition and behavior) of the
brain. Finally, we review changes in HPG hormone sig-
naling to the brain following the dysregulation of the
HPG axis such as occurs following menopause, during
andropause and after castration.



HPG axis

The nature of the HPG axis was first proposed in the early
1930s by Moore and Price [1], who put forth the idea that
the cyclical nature of ovarian changes (including ovulation
and estrus) could be explained as a reciprocal interplay 
between the ovary and the anterior pituitary gland [2].
Shortly thereafter, work by Hohlweg and Junkmann [3] 
indicated that the hypothalamus was interposed as an 
intermediary between the feedback action of the ovarian
hormones and pituitary gland (fig.1). The hormones of the
HPG axis are the principal hormones responsible for 
regulating reproduction and include centrally and periph-
erally produced hormones. In the human and many 
mammals the centrally produced hormones include 
gonadotropin-releasing hormone (GnRH) from the hypo-
thalamus and the gonadotropins, luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), from the
pituitary. Peripherally produced hormones include estro-
gen, progesterone, testosterone and inhibins that are 
primarily of gonadal origin, while activins and follistatin
are produced in all tissues, including the gonads [4]. 
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The levels of each of these hormones are regulated by a
complex feedback loop – activins from the periphery
stimulate GnRH secretion from the hypothalamus, 
which stimulates the anterior pituitary to secrete the 
gonadotropins, LH and FSH into the bloodstream, which
in turn bind to receptors in the gonads and stimulate 
oogenesis/spermatogenesis as well as sex steroid and 
inhibin production [5] (fig. 1). The sex steroids (and 
inhibin) then negatively feedback to the hypothalamus and
pituitary, resulting in a decrease in gonadotropin secretion
[6]. GnRH secretion, and hence gonadotropin secretion, is
modulated by activins, which are produced in many 
tissues [7, 8]. Activin signaling is in turn modulated by
two different mechanisms, one mediated via inhibins and
the other mediated via follistatin (reviewed in [9]). Inhibin
binds to and inactivates activin receptors in a competitive
manner. This inhibitory action is significantly enhanced in
tissues whose cell membranes express b-glycan [10].
Follistatin, expressed in a variety of different tissues, irre-
versibly binds to activins and prevents them from binding
to their receptors [11, 12]. Since inhibins are primarily
produced in the gonads and their production is dependent
on folliculogenesis/spermatogenesis [13], they are inti-
mately involved in the regulation of the HPG axis and are
a direct indicator of fertility. Follistatin is expressed in
many different tissues, and serum concentrations are
known to change during pregnancy [14] and puberty [15],
as well as with certain medical conditions, such as poly-
cystic ovary syndrome [6, 16]. The levels of the HPG
hormones vary depending on the reproductive state of the 
organism throughout life. Normal serum concentrations
of HPG hormones in the human during childhood, adult 
reproductive life and post-reproductive life are shown in
table 1. 

Role of HPG axis hormones in the health 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. 
Although most attention has focused on sex steroids, it is
perhaps not surprising that hormones involved in sex
steroid synthesis also affect brain structure and function.
The following section will detail the affects of all 
hormones of the HPG axis in order of their production
(activins/inhibin/follistatin, GnRH, gonadotropins and
sex steroids) on regulating brain structure (developmental
and maintenance biochemistry) and function (physiology
and cognition).

Activin, follistatin and inhibin
Neuronal Development and Maintenance: Activins (bA,
bB, bC, bD, bE; ~28 kDa) are members of the trans-

Figure 1. The HPG axis. The concentration of each of the HPG axis
hormones is regulated by complex feedback loops. The loop is 
initiated in the periphery by activins which stimulate the hypothala-
mus to release gonadotropin releasing hormone (GnRH). This in turn
stimulates the anterior pituitary to secrete the gonadotropins, luteiniz-
ing hormone (LH) and follicle-stimulating hormone (FSH). These
then bind to receptors on the gonads and stimulate oogenesis/sper-
matogenesis, as well as sex steroid and inhibin production. The sex
steroids feed back to the hypothalamus and pituitary, resulting in a de-
crease in gonadotropin secretion. Inhibin, produced primarily in the
gonads in association with oogenesis/spermatogenesis, is known to
bind to and block activin receptors. Activins stimulate GnRH and 
gonadotropin secretion; however, the mechanism by which activin
production is regulated has yet to be determined. Inhibin therefore in-
directly controls gonadotropin synthesis. Follistatin, expressed in
many different tissues, inhibits activin binding to its receptor.



forming growth factor-b superfamily and signal via ac-
tivin receptors that are enriched in neurons of the devel-
oping and adult brain (see below; [17, 18]). Like other
members of the axis, activins also are involved in devel-
opmental as well as cognitive functions. 
Activins and their corresponding messenger RNAs have a
broad anatomical distribution that has been well-
documented in the regulation of the growth and differenti-
ation of a variety of tissues types, including the brain
[18–20]. In rodents, endogenous activins and their cognate
receptors (see below) regulate mesoderm induction, body
axis formation and organogenisis in the developing em-
bryo and are expressed in parallel during embryogenesis in
the rapidly dividing cells of the basal forebrain ventricular
zone. In 10.5- and 12.5-day embryos expression of the bA
subunit message is abundant in mesenchymal tissue, in-
cluding the developing face [21]. By 16 days post-coitum,
bA-subunit message is localized in the striatum of the
brain, at 18 days post-coitum it is detected in the cerebral
cortex and in late fetal cortex it is enriched in post-mitotic
neurons at the lower boundary of the dense cortical plate.
In contrast, bB transcripts are strongly expressed in se-

lected regions of the brain, in particular the fore- and hind-
brain, and in the spinal cord in 10–12 day embryos [21].
Starting at 14 days post-coitum, bB-subunit message is
found in the area of rapidly dividing cells surrounding the
forebrain ventricle, and this message continues to be ex-
pressed in these areas throughout embryogenesis. The ex-
pression of activins follows the well-characterized radial
gradient of cortical development. As development pro-
gresses, bA activin expression continues to be enriched in
neurons at the boundary between the hypercellular cortical
plate and the subjacent, more mature deep layers [22].
These changes in the expression of activins have been
shown to regulate neurotransmitter phenotype expression
in peripheral neurons [23, 24]. Activin co-operates with fi-
broblast growth factor 2 to induce a rapid expression of ty-
rosine hydroxylase, but not other neurotransmitter sys-
tems, in both proliferating ventricular zone progenitors and
their post-mitotic progeny in vitro [25]. 
Follistatin and inhibins (A/B) likely modulate the effects
of activins during post-implantation rat embryogenesis.
Follistatin irreversibly binds to activins and prevents
them from binding to their receptors [11, 12], while in-
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Table 1. Representative concentrations of serum HPG hormones during childhood, adult reproductive life and post-reproductive life in the
human. Taken from [154–164]. Data for activin, inhibins and follistatin represent all published data.

Hormone Childhood (3-10 years) Reproductive Adult Post-menopause/andropause

Boys Girls Men Women Men Women

Androstenedione 2 nM 0.5 nM 3.0–5.0 nM 3.5–7.0 nM 1.62 nM 2.3 nM

Dihydrotestosterone 1 nM – 3.22 nM 0.17–1 nM 3.22 nM 0.5 nM

17b-Estradiol 44 pM 57 pM <180 pM 70–>740 pM 85 pM 14 pM

Estrone 0.2 nM – 1.3 nM 1.3 nM 1 nM 1.1 nM

Progesterone 1.8 nM 1.8 nM 0.49 nM <6–64 nM 0.49 nM –

Pregnanolone – – 5.6 nM 3.9 nM 1.3 nM 2.2 nM

Testosterone 1 nM – 10–35 nM < 3.5 nM 1–15 nM 0.66 nM

GnRH – – – 20 pg/ml – –

LH 0.2–1 IU/ l 0.2–1 IU/ l 1.3–13 IU/ l 0.8–57 IU/ l 5–15 IU/ l 40–104 IU/l

FSH 0.8 IU/ l 0.8 IU/ l 0.9–15 IU/ l 1.4–21 IU/ l 12–25 IU/ l 34–96 IU/l

Activin A – – 1.38 µg/ l 1.16 µg/l 1.48 µg/l 1.48 µg/l
0.7 µg/l 0.6 µg/l 1.09 µg/l 0.67 µg/l
0.47 µg/l ~0.2 µg/l 0.58–0.74 µg/l 0.43–0.93 µg/l

Inhibin A – – 479–613 IU/l 1000 IU/l 415 IU/l –

Inhibin B – – 70 ng/ l – 80 ng/l –
200 ng/l – 78–165 ng/l –

Follistatin – – 10 µg/l 10 µg/l 20 µg/l 17.2 µg/l

Red, decrease in concentration; blue, increase in concentration, compared to reproductive adult.



hibins bind to and inactivate activin receptors in a 
competitive manner, and this inhibitory action is signifi-
cantly enhanced in tissues whose cell membranes express
b-glycan [10]. Although the interaction of these hor-
mones (and b-glycan) in regulating activin signaling 
remains to be fully elucidated, follistatin message has
been observed in all tissues of the developing rodent 
(except the heart and vessels), localizing with bA-subunit
and/or ActRIIB, but interestingly it is not found in the
same cell types within tissues [18].
Neuronal Function: Activins have a well-documented role
in promoting neural plasticity in the developing and
adult brain, with the expression of activin in response to
synaptic and developmental activity modulating differ-
entiative processes: activin expression increases in situ-
ations requiring decreased plasticity and decreases in sit-
uations requiring increased plasticity. bA activin appears
to be regulated as a rapid response gene in the develop-
ing brain since bA activin messenger RNA (mRNA) ex-
pression is rapidly upregulated in early postnatal cortex
and striatum by g-aminobutyric acid (GABA) and gluta-
mate antagonists [22]. bA activin mRNA also is rapidly
and transiently induced in neurons of the adult rat brain
by excitatory synaptic input [22], as its expression in
neurons of layers II/III and V/VI rapidly decreases fol-
lowing sensory deafferentation of the visual cortex or
systemic administration of dizocilpine. Activin also has
been shown to significantly impair the formation of
long-term potentiation (LTP) induced by low tetanic
stimulation (60 Hz for 0.27 s), but not that by strong
tetanic stimulation (60 Hz for 0.5 s), as might be ex-
pected during periods of increased synaptic plasticity
[26]. Likewise, convulsive seizure caused by kainate sig-
nificantly increased the expression of activin bA mRNA
in the adult rat hippocampus [27]. This same group
showed that high-frequency stimulation of the perforant
pathway, which produced a persistent LTP (>10 h),
caused a marked increase at 3 h in the level of activin bA
mRNA at the dentate gyrus of urethane-anesthetized
rats. 
Another example of changes in neuronal plasticity during
adult life being modulated by activin has been reported
for rats in modulating behavior when fed lysine-deficient
diets [28]. Activin bA-induced changes in neuronal 
plasticity appear to drive ingestive behavior (motivation)
for a particular food constituent (i.e. lysine) to maintain
amino acid homeostasis. The ratio of brain activin and 
inhibin has been shown to modulate motivation to work
for a complete diet (versus a lysine-deficient diet), since
continuous inhibin or follistatin, but not activin, infusion
into the lateral hypothalamic area was found to inhibit bar
pressing, which is normally quite strong in rats main-
tained on lysine-deficient diets [29]. Subsequent studies
modulating activin bA activity using an antibody specific
for activin bA injected into the lateral hypothalamic area

confirmed the effects were due to activin bA levels, and
not a direct affect of inhibin or follistatin [30]. These re-
sults illustrate the importance of activins in the formula-
tion of memory.
Activin also possesses neurotrophic properties, being a
potent survival factor for neurogenic clonal cell lines,
retinal neurons, midbrain dopaminergic and primary rat
hippocampal neurons [31]. This neurotrophic action 
appears to be mediated by activins’ potentiation of the 
depolarization-induced elevation in intracellular Ca2+

concentration.

GnRH
GnRH is a 10-amino acid peptide that is cleaved from a
larger precursor protein by enzymatic processing and
packaged in storage granules that are transported down
axons to the external zone of the median eminence. The
peptide is released in synchronized pulses from nerve
endings into the hypophyseal portal system every
30–120 min to stimulate the biosynthesis and secretion
of LH and FSH from pituitary gonadotropes (see [32]
and references therein). GnRH has not been reported to
have any direct role in the developmentor maintenance of
brain structures. However, GnRH may signal via the se-
cretion of gonadotropins to promote development of the
brain (see Gonadotropin section).
Neuronal Function: Although the concentration of cir-
culating GnRH is very low due to its short half-life [33,
34], GnRH signaling via the GnRH receptor in extrapi-
tuitary tissues of the brain appears to play an important
role in neurotransmission. The source of GnRH binding
to these receptors is unknown, however experiments us-
ing the GnRH agonist leuprolide acetate have demon-
strated that activation of GnRH receptors induces a
long-lasting enhancement of synaptic transmission me-
diated by ionotropic glutamate receptors in CA1 pyra-
midal neurons of rat hippocampal slices [35, 36]. This
suggests that GnRH can increase the intrinsic neuronal
excitability of both CA1 and CA3 pyramidal neurons in
the hippocampus, an important integrative region for re-
productive processes, both endocrinologically and be-
haviorally. The high densities of GnRH receptor (see be-
low) in the limbic system in areas concerned with the
regulation of behavioral functions [37] help explain
changes in sex behavior in rats and other species fol-
lowing peripheral or central injections of GnRH
[38–40]. In this regard, it will be interesting to examine
the newly identified members of the GnRH family
(GnRH II and GnRH III) with respect to their role in
modulating structure and function in the brain. Miller
and colleagues (2001) have proposed that GnRH II has
a neurotransmitter-neuromodulatory role based on the
wide distribution of GnRH II in the central and peri-
pheral nervous system [41], including human neuro-
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blastoma cell lines [42], and the binding of GnRH-II in
frog sympathetic ganglia to high-affinity receptors that
potently inhibit M-type K+ channels [43].

Gonadotropins

Neuronal development and maintenance: The gona-
dotropins LH, human chorionic gonadotropin (hCG) and
FSH, together with thyroid stimulating hormone (TSH),
form the family of glycoprotein hormones (see [43a] for
a review). LH, FSH and TSH are produced by the pitu-
itary gland, while the LH homolog hCG originates from
the placenta. Each member of the glycoprotein hormones
(molecular mass 30–40 kDa) consists of a common a-
subunit and a hormone-specific b-subunit that are associ-
ated through non-covalent interactions. The b-subunits
confer functional specificity of the hormones even
though they share considerable homology.
Besides their well-known actions on gonadal tissues,
hCG/LH (LH is 83% homologous to hCG and shares the
same receptor). And FSH may play a critical role in brain
development and neuronal differentiation. Gonado-
tropins belong to a growth factor family with a cystine
knot structural motif, suggesting that LH/hCG, like nerve
growth factor, may have neurotropic effects [44, 45]. In-
deed, rat neurons cultured in the presence of highly 
purified hCG have been shown to respond in a dose-
dependent manner by increasing the outgrowth of neurite
processes and total cellular protein, and by decreasing
apoptosis [46]. Therefore, the high concentrations of CG
during pregnancy may promote the rapid development 
of the fetal brain. At birth, the concentration of 
gonadotropin (hCG) plummet following loss of the
chorion. However, low levels of LH are still present in a
non-pulsatile fashion during pre-puberty where brain 
development continues, albeit slowly.
Neuronal Function: As early as the 1950s, numerous re-
ports began to indicate that gonadotropins elicit re-
sponses in neuronal cells as diverse as altered electrical
activity of the brain, respiration, excitability and behavior
in the rabbit [47–49]. The behavioral changes observed in
the rabbit following gonadotropin treatment include de-
creased feeding [50], facilitation of extinction of the con-
ditioned avoidance response and decreased exploratory
behavior [51]. More recent studies performed by the
group of Rao, Lei and colleagues [52] have demonstrated
that the intraperitoneal (IP) or intracerebroventricular
(ICV) injections of hCG on the morning of proestrus of
cycling female rats induces changes in several hippocam-
pus- and hypothalamus-associated behaviors. Specifi-
cally, hCG-treated animals were generally less active and
showed less exploratory and stereotypic behavior than
saline-injected control animals, while taste neophobia
was dramatically decreased following IP or ICV injection

of hCG [52]. In addition, it has been demonstrated that
hCG administration to cycling female rats increases high-
and low-amplitude sleep via modulation of sleep-induc-
ing and sleep-awakening eicosanoids [53]. It has been
suggested that hCG is therefore soporific during preg-
nancy, a time of markedly elevated hCG [54]. In humans,
FSH levels have been shown to negatively correlate with 
visuospatial function in young adult men and women
[55]. In women, FSH and LH both positively correlate
with word fluency. Women are poorer than men on visu-
ospatial tests and better on verbal fluency, which is 
consistent with women’s generally higher FSH levels and
the negative relationship between FSH and visuospatial
skills and the positive relationship with fluency.

Sex steroids
Neuronal Development and Maintenance: Sex steroids
are the most-studied HPG hormones that have neuronal
receptors, and have widespread effects throughout the
brain on a number of different pathways, including the
serotonin system, catecholaminergic neurons, basal fore-
brain cholinergic system as well as the hippocampal for-
mation (see [56] for a review). The sex steroids, although
mainly produced in the gonads, also are generated in the
adrenal glands, brain and other tissues. 
As early as the 1960s, the sex steroids were described as
having a duel function – an inductive or organizational
role on the undifferentiated brain (as they also do in the
undifferentiated genital tract), and an activational role on
the differentiated brain with the expression of overt pat-
terns of sexual behavior [2, 57]. With regards to the
growth and development of the brain, the reader is 
directed toward a number of excellent reviews on this
topic in this series (Simpkins et al., Bates et al. and Glea-
son et al.). Briefly, sex steroids have been reported to
modulate neuronal growth [59] and differentiation, pro-
moting neurite development and migration that lead to
changes in synaptogenesis [59–62]. As part of these 
differentiative processes, estrogens, progestins and an-
drogens are known to modulate dendritic spine density,
with the loss of sex steroids generally resulting in 
decreased spine density [63, 64]. Sex steroid-induced
morphological changes appear to underlie perhaps the
most important of the physiological effects of gonadal
steroids on the brain: the differentiation of sexually 
dimorphic brain regions during development [57, 65, 66].
These regions of the brain differ both structurally and
functionally between males and females. Such sexually
dimorphic structures are formed during mammalian CNS
development in response to varying levels of gonadal
steroids [67, 68]. It is thought that sex steroids impart
long-lasting (differentiative) changes to the genome and
organization of the cell nucleus such as altering the 
access of steroid-receptor complexes to DNA regulation
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sites [66, 69]. This in turn alters cellular responsiveness
to subsequent hormone challenges months or years later,
such as is thought to occur with the changing hormonal
milieu during puberty [70, 71]. Interestingly, sex differ-
ences in the pattern of connectivity between various 
limbic regions related to reproductive functions have also
been described [62]. However, studies in transsexuals
(see Bates et al., this series) and estrogen receptor knock-
out mice (see Simpkins et al., this series) have brought
into question the role of sex steroids in the sexual 
differentiation of the brain.
Aside from these long-term changes, ovarian hormones
also regulate synapse turnover in the CA1 region of the
hippocampus during the 4- to 5-day estrous cycle of the
female rat. Formation of new excitatory synapses is in-
duced by estradiol and involves N-methyl-D-aspartate
(NMDA) receptors, whereas downregulation of these
synapses involves intracellular progestin receptors [72].
Although NMDA receptor activation is required for
synapse formation, inhibitory interneurons may play a
pivotal role, as they express nuclear estrogen receptor-
alpha (ERa). It also is likely that estrogens may locally
regulate events at the sites of synaptic contact in the 
excitatory pyramidal neurons where the synapses form
[56]. 
Neuronal Function: The role of sex steroids in brain func-
tion was recognized much earlier than their structural
role; in the first half of last century the loss of androgens
and then their replacement in castrates was shown to
clearly influence normal cognitive function related to re-
production (reviewed in [57] and [73]). Similar observa-
tional studies also were performed in women whereby
changes in sex hormones led to clear psychological
changes during the menstrual cycle. Since these early
studies, it has become apparent that sex steroids modulate
cognitive and motor abilities. For example, women score
higher on certain cognitive tests during periods of raised
plasma estrogen or both estrogen and progesterone [74].
Conversely, the sudden loss of estrogen following hys-
terectomy or ‘chemical’ castration (with anti-gonadotro-
pin drugs) during adult reproductive life results in mild
cognitive deficits [75–77]. These cognitive effects were
demonstrated by Sherwin and Tulandi [77] to be due to
estrogen loss, as the administration of estrogen together
with leuprolide acetate ameliorated the effects of chemi-
cal castration on memory loss and depression. Interest-
ingly, no similar declines in cognitive performance have
been reported following chronic loss of estrogens after
menopause, indicating at least a partial cognitive adaptive
response to chronic low-level estrogen. At least in men
don’t appear to neurosteroids produced in the brain at this
time compensate for the loss of gonadally produced sex
steroids [165].
Progesterone also has been shown to influence reproduc-
tive behavior [78] and cognitive function [79] (see [80]

for a review), and metabolites of progesterone have been
correlated with measures of fatigue, confusion and 
immediate recall [81]. While estrogens increase brain 
excitability, progestins decrease brain excitability [80]. In
addition, progesterone has been shown to have profound
anesthetic properties and to increase the concentration of
monoamine oxidase, the enzyme that catabolizes sero-
tonin in the brain [80, 82, 83]. Progesterone also has been
shown to have neuroprotective effects on both neurode-
generative and cognitive processes [84] as well as
promyelinating effects [85].
More recently, over the last 40 years the role of sex
steroids in the mediation of important neurotransmitters
and hormones (neurotransmitter uptake and enzyme 
activity) during both the neonatal period and adulthood
[86–88] has been described (see also reviews in this 
series by Bates et al. and Simpkins et al.). Other func-
tional changes ascribed to the sex steroids include the 
increase in cerebral blood flow, protection against gluta-
mate induced toxicity and apoptosis, anti-inflammatory
actions and antioxidant properties [66, 89–92]. Despite
this evidence that sex steroids impact neuronal function,
the exact mechanism by which sex steroids modulate
brain function remain to be elucidated. 

HPG hormone receptors

The brain structural and functional changes induced by
HPG hormones imply that their corresponding receptors
also are expressed on neuronal cells. GnRH and go-
nadotropins signal via plasma membrane G-protein cou-
pled receptors containing leucine-rich repeats, activins
signal via type I and type II receptors that are serine/thre-
onine kinases, and sex steroids signal via nuclear protein
receptors. The following sections describe HPG hormone
receptors identified in the brain.

Activin receptors
Activins regulate embryonic development by signaling
through type I and type II receptor proteins (both of
which are serine/threonine kinases). Activin receptors
have been well-characterized throughout the brain [93]
and are enriched in neurons of developing and adult brain
[17, 18]. Receptor transcripts for ActR IIA and ActR IIB
are observed in the neuroectoderm as it develops into
spinal cord, brain and eyes of developing chicks [94, 95]
and rats [18, 21]. In the rat, ActRIIA mRNA is found 
exclusively in neuronal tissue from 14 days post-coitum
until birth. ActRIIB mRNA also is found in brain, spinal
cord and ganglion, but usually appears earlier in develop-
ment than the ActRII message, suggesting these two 
receptors serve different roles during activin-induced 
development. During the period of organogenesis in
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mice, the sites of expression of activin receptors type IIA
and IIB mRNA generally coincide with or are adjacent to
the sites of activin b subunit expression [21]. Activin 
signaling through the Act RI and ActRII is mediated via
Smad and forkhead signaling molecules [96, 97].

GnRH receptors
GnRH receptor is a G-protein-coupled receptor, which is
328 amino acids long, and is necessary for GnRH to 
initiate the release of gonadotropins from pituitary 
gonadotropes [32, 98]. Although species variation exists
in the expression of GnRH receptor in extrapituitary 
tissues [99], GnRH receptor is present in rodent (see 
below) and human hippocampus [100]. GnRH receptor
has been localized to extrapituitary areas of the rodent
brain (using radiolabeled GnRH agonists and immunocy-
tochemistry), including the hippocampus, amygdala, 
entorhinal cortex and subiculum, lower amounts in the
septum and frontal cortex, but are not found in great 
numbers in the hypothalamus [36, 37, 101–114]. The 
density of GnRH receptor appears to be highest in the
stratum oriens and stratum radiatum of the CA1–CA4 
regions of Ammon’s horn [37, 104]. The highest density
of GnRH agonist binding sites (Bmax = 11.6 ± 1.0 fmol/mg
protein) is observed in the stratum radiatum of the CA3
region (cf pituitary tissues, Bmax = 20.7 ± 2.8 fmol/mg
protein) [37]. Studies using GnRH agonists have identi-
fied a high affinity binding site in the hippocampus
within the low nanomolar range that compares closely
with the pituitary GnRH receptor (see table 2), suggest-
ing an important role for GnRH in modulating 
hippocampal function. Lower affinity binding sites in the
high nanomolar/low micromolar range also have been 
reported in rat brain crude particulate preparations. Both
native GnRH and GnRH antagonist have been shown to
be potent competitors of GnRH agonist binding to the 
rodent receptor [37, 108]. Interestingly, GnRH binding in
rat brain preparations has been localized to the 
mitochondrial fraction [115], as has an endopeptidase 
activity able to degrade GnRH [116]. This activity was
metal ion and membrane structure dependent and 
detected in heavy and light mitochondrial fractions of the
rat adenohypophysis with a distribution pattern similar to
that of the mitochondrial and lysosomal reference en-
zymes cytochrome oxidase and beta-galactosidase [116]. 
In the human brain, we have found GnRH receptor 
immunoreactivity in the cell body as well as along the
apical dendrites of hippocampal pyramidal neurons.
GnRH receptor immunoreactivity is weaker in cortical
tissue; however, immunoblot analyses of these tissues 
indicated GnRH receptor variants of ~30, 48 and 62 kDa
[100].
GnRH receptor is detectable at day 6 post-partum in the
rat [106] and continues to increase over time, reaching a

maximum around puberty (35 and 45 days of age for
male and female rats, respectively). Thereafter, the recep-
tor concentration decreases to low levels during adult 
reproductive life before increasing in older rats (17 and
21 months of age). This increase in GnRH receptor con-
centration in post-reproductive animals appears to be due
to decreased gonadal hormone production, since 
castrated male and female rats (high LH/FSH, low E/T)
display increased GnRH receptor expression, while male
and female rats treated with testosterone and estra-
diol/progesterone have decreased GnRH receptor expres-
sion [110, 117]. In this respect, receptor concentration is
highest in proestrus (6.11 ± 0.90 fmol/mg) and signifi-
cantly lower during estrus (2.4 ± 0.29 fmol/mg) [108]. In
addition to steroid changes in GnRH receptor expression,
the affinity of GnRH receptor for GnRH decreases 
18-fold during diestrus I and estrus, compared with
ovariectomized animals [108]. 
Although hippocampal GnRH receptors, like those in the
pituitary, appear to be modulated by circulating steroid
hormones, administration of the GnRH agonist (triptore-
lin) to rats (low LH/FSH and low E/T) has been shown to
downregulate hippocampal GnRH receptors only tran-
siently [107]. In contrast, triptorelin increased testicular
GnRH receptor levels for 10 days before returning to
baseline [107]. This differential regulation of GnRH re-
ceptors between the pituitary, brain and testis indicates
that hormones other than the gonadotropins and sex
steroids, perhaps together with b-glycan expression, may
be involved in regulating hippocampal GnRH receptor
expression. Since gonadectomy and GnRH agonist treat-
ment [118] also lead to loss of inhibin, activins may dif-
ferentially upregulate GnRH receptor levels in the testes
(the site of inhibin production) [119]. Interestingly, ad-
ministration of high doses of the antagonist BIM 21009
to rats also markedly decreased GnRH receptor levels in
the pituitary, but only modestly reduced hippocampal
GnRH receptor levels (after 1 day of treatment) [107].
Melatonin administration to old rats and mice also offset
the increase in GnRH receptor expression in the hip-
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Table 2. Affinity of GnRH and GnRH agonists within the rat 
hippocampus and pituitary.

Hippocampus (Kd) Pituitary (Kd)

High-affinity 0.28 ± 0.03 [37] 0.29 ± 0.08 [37]
binding site (nM)

1 [105]

0.5–0.6 [109]

0.12 ± 0.01 [108]

Low-affinity 139 [115]
binding sites (nM)

5800 [115]



pocampus with aging [113]. These results suggest that
circadian changes in melatonin may also modulate GnRH
receptor number during reproductive life. Colchicine as
well as kainic acid injections into the rat brain consider-
ably reduce the number of hippocampal GnRH receptors
[104]. Interestingly, in the electrolytically and kainic-
acid-lesioned animals, there was the appearance of non-
displaceable GnRH binding sites within a well-defined
area corresponding to the lesioned, gliosis-rich area
[104].
GnRH receptors signal via activation of mitogenic-
activated protein kinase (MAPK) cascades, such as ERK
and JNK [116] in pituitary cells. Although little is known
about signaling cascades in the brain, binding of GnRH
agonist to hippocampal GnRH receptor causes a dose-
dependent increase in inositol phosphates as well as
changes in intracellular Ca++ levels of the target neurons
[110, 112].

Gonadotropin receptors
LH/hCG receptors are G-protein coupled receptors that
until recently were thought to be present only in the 
gonads. Recent studies, however, have demonstrated that
LH/hCG receptors (like sex steroid, GnRH and activin 
receptors) are present on many non-gonadal tissues, 
including neuronal cells (see [121] and references therein
and [122]), indicating this as a target tissue for LH and 
hCG. Unlike the gonadotropin LH, receptors for FSH
have not been detected in neuronal cell types. Therefore,
the effects of FSH on word fluency described previously
[55] are either non-receptor mediated, or are due to the in-
direct actions mediated by other hormones. This would
also be the case with biological or cognitive changer seen
with the FORKO mouse.
All human neuronal cell types (neurons, astrocytes, glia)
studied to date possess LH/hCG receptors [122–124].
Mature glycosylated and phosphorylated LH/hCG recep-
tor (~92 kDa), immature full-length LH/hCG receptor
(59-kDa) and minor variants that migrate at 48 and 68
kDa have been detected by immunoblot analyses in the
cortex of young and aged individuals [124]. Likewise,
LH/hCG receptor expression (mRNA and protein) has
been detected in the adult rat brain with the highest den-
sity of LH/hCG receptors being found within the 
hippocampus followed by the hypothalamus, cerebellum,
choroid plexus, ependymal tanycytes of third, fourth, and
lateral ventricles, cortex, brain stem and anterior pituitary
[125]. No difference in the distribution of hCG/LH recep-
tors between male and female rat brains was detected by
this group [126]. The relevance of neuronal LH/hCG re-
ceptors is indicated by the finding that LH can cross the
blood-brain barrier [52]. 
Immortalized mouse hypothalamic and hippocampal
GT1-7 and HN33p cells, human M17 neuroblastoma

cells as well as gonadotropes, contain LH/hCG receptor
[123, 124]. M17 neuroblastoma cells contain a number of
LH/hCG receptor variants [124], including the mature
glycosylated and phosphorylated LH/hCG receptor 
protein (~92 kDa), the immature full-length LH/hCG 
receptor (59-kDa) and a number of minor variants mi-
grating at 36, 40, 48, 68 and 110 kDa [127, 128]. The full-
length immature LH/hCG receptor, which migrates as a
59-kDa band [129], is the major band detected in M17
neuroblastoma cells (as well as human brain). Therefore,
neurons express immature, mature and truncated variants
of the LH/hCG receptor by which LH might mediate sig-
naling. The signal transduction pathways by which
LH/hCG receptors transmit their neuronal signals have
not been examined.
In addition to identifying that LH/hCG receptors are 
present on human neurons, we recently showed that the
expression of neuronal LH/hCG receptors is modulated
by 17b-estradiol [124]. At physiological concentrations
of 17b-estradiol (0.1 nM), expression of the immature
59-kDa LH/hCG receptor is maximal (greater than 0 nM
17b-estradiol). However, treatment with increasing con-
centrations of 17b-estradiol, including physiologically
relevant concentrations of 17b-estradiol (1 nM), de-
creases the expression of immature LH receptor in a dose,
dependent manner. Interestingly, levels of the mature
forms of the LH receptor (~68, 92 and 110 kDa) were in-
creased at high concentrations of 17b-estradiol (10 nM
and 100 nM). Thus, following menopause when 17b-
estradiol levels are low (<0.1 nM), a moderate expression
of LH/hCG receptor would still be expected. Interest-
ingly, the levels of higher molecular weight (mature)
LH/hCG receptor variants were increased at higher con-
centrations of 17b-estradiol (10–100 nM). Although the
physiological relevance of this finding is unclear, high
concentrations of 17b-estradiol might drive LH/hCG 
receptor maturation at such times when pituitary LH 
secretion is decreased in order to mediate lowered LH
signaling. Treatment of M17 cells with LH (as little as 1
mIU/ml) resulted in a small dose-dependent increase in
immature and mature LH receptor variants. Truncated
forms of the LH receptor (<55 kDa) also increased in a
dose-dependent manner, with higher LH concentrations
(10 and 30 mIU/ml). Together, these results indicate that
like reproductive tissues 17b-estradiol and LH can mod-
ulate LH receptor expression, and may therefore regulate
signaling mediated via the LH receptor. 

Sex steroid receptors
The sex steroid receptors, estrogen (ERa and ERb), an-
drogen and progesterone (PRA and PRB), aside from be-
ing found in the hypothalamus and pituitary, are widely
distributed in the brain, with the highest concentrations
being found in the limbic system (amygdala, cerebral cor-
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tex, midbrain central grey) and structures of the telen-
cephalon [80, 130–134]. ERs also have been reported in
the spinal cord, brainstem, sensory ganglia and pelvic au-
tonomic ganglia [135]. Ultrastructural data reveals ex-
tranuclear ERa immunoreactivity within select dendritic
spines on hippocampal principal cells, axons, axon ter-
minals and glial processes [56]. It has been suggested that
the presence of ER in dendrites is responsible for synapse
formation in which filopodia from dendrites grow out to
find new synaptic contacts, and estrogens regulate local,
post-transcriptional events via second messenger systems
[56]. However, despite this widespread distribution of
ERs throughout the CNS, no grossly observable pheno-
typic change in the brain has been observed in either ERa
or ERb knockout mice, suggesting that the effects of es-
trogens on these two known ERs have relatively little role
in CNS development [136].
Estrogens appear to function via both receptor-mediated
and non-receptor mediated pathways. Indeed, the actions
of non-receptor binding estrogen analogues indicate that
ERs are not required for the neuroprotective effects of es-
trogens. This is supported by the findings that different
therapeutic windows exist for physiological and pharma-
cological doses of estrogens, again suggesting that differ-
ent doses afford neuroprotective action through different
mechanisms [56a]. Additionally, receptor-mediated me-
chanisms of action may involve genomic or non-genomic
pathways. PRs also have been identified in peripheral and
central glial cells [137]. Estrogens, but not progestins,
have been shown to induce the expression of PRA, (but
not PRB) in the hippocampus [138, 139], although there
is no change in PR isoform content in the hippocampus
during the estrous cycle [140]. Sex steroids signaling in
neuronal cells is not well understood, but appears to in-
volve both receptor-dependent and -independent mecha-
nisms (see [141, 142] for reviews).

Changes in hormonal signaling to neurons following
dysregulation of the HPG axis following menopause
and during andropause

The loss of gonadal function with menopause and during
andropause results in the complete dysregulation of the
HPG hormonal axis as the organism attempts to maintain
reproductive function. The decline in sex steroid produc-
tion by the gonads following menopause and during an-
dropause leads to a loss of hypothalamic feedback inhibi-
tion that stimulates GnRH and gonadotropin production
[4] in a futile attempt to increase gonadal sex steroid pro-
duction. In addition, the decrease in gonadal inhibin pro-
duction at this time [5] results in decreased activin recep-
tor inhibition, and together with the increase in bioavail-
able activin [12] leads to a further increase in the
secretion of GnRH and gonadotropins [143–145]. The

lack of negative feedback from the ovary (both estradiol
and inhibin) is therefore responsible for the unopposed
elevation of GnRH release and gonadotropin secretion
following ovarian senescence leading to a 3- to 4-fold and
a 4- to 18-fold increase in the concentrations of serum LH
and FSH, respectively [146] (table 1). Men also experi-
ence a greater than 2-fold, and 3-fold, increase in LH and
FSH, respectively, as their reproductive function deterio-
rates [147] during andropause. Follistatin levels increase
at this time, perhaps as a response, albeit insufficient, to
limit activin signaling.
How these changes in peripheral circulating hormones 
affect signaling for brain structure and function will be
dependent not only on hormone concentration but also
upon changes induced by these altered serum hormone
concentrations on tissue receptor expression. As men-
tioned above, hippocampal GnRH receptor expression is
increased in old rats [106] and following castration [117].
Similarly, we have shown that low concentrations of 
gonadal steroids and high concentrations of LH such as 
is seen with menopause/andropause promotes LH recep-
tor expression in human neuroblastoma cells [124]. 
Although it is not known how the dysregulation of the
HPG axis affects hypothalamic/pituitary activin receptor
expression, ovariectomy induces a rapid increase in 
pituitary ActRII mRNAs in rats [148]. Ovariectomy and
aging also leads to a reduction in hippocampal ER in
mice [149, 150] and hippocampal AR in rats [151, 152].
Therefore, in summary, the dysregulation of the HPG
axis following menopause/andropause leads to increased
GnRH, activin and LH signaling and decreased sex
steroid signaling, in the aging brain. 

Conclusions

The presence of HPG hormone receptors (LH/hCG,
GnRH, activins and sex steroid) throughout the adult brain
strongly suggests that their cognate hormones 
signal via these receptors to elicit structural and functional
instructions during development, adult reproductive life
and senescence. Indeed, these receptors have been shown
to elicit signals central to the growth and development,
maintenance and normal functioning, as well as the de-
generation of the brain. At the present time, it is difficult
to determine whether the effects ascribed to a particular
HPG hormone with regard to neuronal structure and func-
tion are mediated via its own receptor signaling, or via
feedback regulation on other HPG hormone receptors;
such is the case for estrogen modulation of GnRH, go-
nadotropin and progesterone receptor expression in neu-
ronal cells [124, 139, 153]. Likewise, it is not clear to what
extent the above cognitive and functional observations are
due to one hormone per se (e.g. sex steroids), or to their
regulation of the production of another (e.g. gonadotro-
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pins), or to the combined signaling of HPG hormones. In
the case of the gonadotropins, we recently demonstrated
that LH, not estrogens, appears to be responsible for mod-
ulating amyloid-b precursor protein processing, driving it
towards the amyloidogenic pathway [123]. Exceptions to
this logic include the short-term behavioral changes
elicited by many HPG hormones and the signaling of ac-
tivins via activin receptors during early development prior
to the expression of other HPG hormone receptors. Other-
wise, caution is required in the interpretation of results ob-
tained from hormonal modulation studies such as follow-
ing castration, administration of hormones and even the
blocking of receptor signaling. 
Following reproductive life, changes in serum and neu-
ronal concentrations of HPG hormones (increased 
gonadotropins, increased activins, increased GnRH and
decreased sex steroids which lead to increased GnRH and
LH receptor expression) associated with menopause/an-
dropause will significantly alter signaling to neurons. The
affects of this altered neuronal signaling on the structure
and function of the brain as it relates to neurodegenera-
tion will be the topics of the following five reviews.
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