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Abstract

The functional consequences of luteinizing hormone/human

chorionic gonadotropin signaling via neuronal luteinizing hor-

mone/human chorionic gonadotropin receptors expressed

throughout the brain remain unclear. A primary function of

luteinizing hormone (LH) in the gonads is the stimulation of sex

steroid production. As LH can cross the blood–brain barrier,

present in cerebrospinal fluid and is expressed by neuronal

cells, we tested whether LH might also modulate steroid syn-

thesis in the brain. Treatment of differentiated rat primary

hippocampal neurons and human M17 neuroblastoma cells

with LH (100 mIU/mL) resulted in a twofold increase in preg-

nenolone secretion in both cell types, suggesting an increase

in P450scc-mediated cleavage of cholesterol to pregnenolone

and its secretion from neurons. To explore how LH might

regulate the synthesis of pregnenolone, the precursor for

steroid synthesis, we treated rat primary hippocampal neurons

with LH (0, 10 and 100 mIU/mL) and measured changes in the

expression of LH receptor and steroidogenic acute regulatory

protein (StAR). LH induced a rapid (within 30 min) increase in

the expression of StAR, but induced a dose-dependent de-

crease in LH receptor expression. Consistent with these re-

sults, the suppression of serum LH in young rats treated

with leuprolide acetate for 4 months down-regulated StAR

expression, but increased LH receptor expression in the brain.

Taken together, these results indicate that LH induces neuro-

nal pregnenolone production by modulating the expression of

the LH receptor, increasing mitochondrial cholesterol transport

and increasing P450scc-mediated cleavage of cholesterol for

pregnenolone synthesis and secretion.
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Neurosteroids are synthesized by both neurons and glia, and
a number of different functions have been attributed to
specific neurosteroids. These include the modulation of
memory and behavior, neuroprotection, and neurotrophic
activities, such as the regulation of myelinization, microtu-
bule assembly, and the growth of axons and dendrites (e.g.
Schumacher et al. 2004). The importance of neurosteroids in
maintaining normal cognitive function (Simpkins et al.
2005) is clearly demonstrated by the decrement in cognitive
performance associated with the sudden suppression of
serum sex steroid to castrate levels in pre-menopausal
women following chemical castration [using gonadotropin-
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releasing hormone (GnRH) superagonists], and by the
amelioration of these effects with administration of estrogen
(Varney et al. 1993; Newton et al. 1996; Sherwin and
Tulandi 1996). The neuroprotective effects of neurosteroids
also are demonstrated by recent findings that sex steroid
levels are decreased in the brains of individuals with mild
neurological changes or Alzheimer’s disease (Bernardi et al.
2000; Weill-Engerer et al. 2002; Rosario et al. 2004; Yue
et al. 2005). Similar correlations between peripheral sex
steroid concentrations and cognition have previously been
reported in numerous epidemiological studies (Jorm et al.
1987; McGonigal et al. 1993; Bowen et al. 2000; Manly
et al. 2000; Hogervorst et al. 2001, 2003, 2004). In this
regard, hormone replacement therapies have been found to
decrease the incidence, and delay the onset, of cognitive
decline among women and men following menopause/
andropause (reviewed in Gleason et al. 2005). Indeed,
estrogen and androgen replacement therapies in post-meno-
pausal women and andropausal men have been associated
with improved cognitive function (Jacobs et al. 1998; Tan
and Pu 2003).

In the gonads and adrenal glands, luteinizing hormone (LH)
stimulates steroidogenesis by up-regulating the rate-limiting
transport of cholesterol from the outer to the inner mitoch-
ondrial membrane by increasing the expression of the
mitochondrial cholesterol transport protein, steroidogenic
acute regulatory protein (StAR; reviewed in Strauss et al.
1999; Stocco 2001). Additionally, LH increases the expression
of the P450 cholesterol side-chain cleavage enzyme (P450scc)
located on the inner membrane of mitochondria, which
catalyzes the conversion of cholesterol to pregnenolone, the
first product in steroid hormone biosynthesis (reviewed in
Stocco 1998, 2001; Strauss et al. 1999; Apaja et al. 2004).

Luteinizing hormone receptor has been shown by a
number of workers to be expressed by neuronal cells
throughout the brain (reviewed in Lei and Rao 2001;
Vadakkadath Meethal and Atwood 2005). The findings that
LH/human chorionic gonadotropin (LH/hCG) can cross the
blood–brain barrier (Lukacs et al. 1995); is present in
cerebrospinal fluid (CSF) (Ehrhardt 1931; Zondek 1937,
1942; Mathieu 1939; Vesell and Goldman 1944; McCormick
1954, Tashima et al. 1965; Bagshawe et al. 1968); is present
in neuronal cells (Petrusz 1975; Pacold et al. 1978; Emanu-
ele et al. 1981a,b, 1983, 1985; Hostetter et al. 1981; Strauss
et al. 1994; Bowen et al. 2002); and can be produced by
extra-hypothalamic neurons (Wilson et al. 2006) raise the
intriguing question as to whether serum, CSF or de novo
synthesized LH might signal via neuronal LH receptors to
modulate neurosteroid synthesis. Supporting this idea that
LH might induce neuronal steroidogenesis are findings that
the expression of StAR is induced in both neurons and glia
by cAMP (King et al. 2002), and that LacZ under the control
of the LH/hCG receptor promoter is expressed in neurons
and colocalizes with P450scc (Apaja et al. 2004).

In this study, we demonstrate that LH increases pregneno-
lone secretion from differentiated rat embryonic hippocampal
neurons and from human neuroblastoma cells. As in the
ovary, LH appears to regulate pregnenolone synthesis and
secretion by modulating the expression of the LH receptor
and the cholesterol transport protein StAR.

Material and methods

Reagents and preparation

Human LH was purchased from the National Hormone and Peptide

Program, Harbor-UCLA, Torrance, CA, USA. LH stock solution

was made by dissolving 1.0 mg of LH in 0.5% BSA in sterile

phosphate-buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA)

and filtered through a 0.22-lm filter (Millipore, Bedford, MA, USA)

and kept at )80�C. 17b-Estradiol was purchased from Sigma (St

Louis, MO, USA) and was made fresh each time by dissolving in

100% ethanol. Neurobasal medium without phenol red, B27

supplement, and glutamine were purchased from Invitrogen. Anti-

rat/human LH receptor monoclonal antibody 3B5 was provided by

Dr Wimalasena (University of Tennessee, Knoxville, TN, USA).

DURIN�-leuprolide and DURIN placebo implants (Lot No. 03523)

were from Durect Corporation, Birmingham, AL, USA. Rabbit anti-

rat/human StAR serum was a kind gift from Dr Jerome Strauss at

University of Pennsylvania.

GnRH agonist treatment of rats and collection of brains and

serum

All animal experimentation met the criteria for animal care as

outlined in the Guide for the Care and Use of Laboratory Animals

(National Research Council 1996). Sprague–Dawley rats (18 weeks

old; Harlan Sprague–Dawley Inc., Indianapolis, IN, USA) kept at

18–26�C, 30–70% humidity, on a 12 h light–dark cycle and fed

ad libitum were treated with DURIN-leuprolide or DURIN placebo

implants for 4 months via two consecutive subcutaneous implanta-

tions 2 months apart (i.e., at 0 and 2 months) at the dose of 12.4 mg/

kg. Subcutaneous implantation was via a single small skin incision

closed using a surgical adhesive. The dose of leuprolide administered

was �80-fold greater than that used clinically. No known toxic level

has been observed for leuprolide acetate. Blood samples were

collected after an overnight fast from the abdominal vena cava prior

to killing by CO2 followed by exsanguinations, and the serum stored

at )80�C until analysis. After weighing, the right cerebral cortex was

removed from the brain of each rat, frozen in liquid nitrogen, and

stored at £ )70�C until analysis. The remaining brain was fixed in

10% neutral buffered formalin for subsequent processing and light

microscopic examination for histopathological findings.

Radioimmunoassay

Serum was analyzed for LH and FSH by radioimmunoassay at The

National Hormone and Peptide Program, National Institute of

Diabetes, Digestive and Kidney Disease (Dr Albert Parlow, Harbor-

UCLA Medical Center, Torrance, CA, USA).

Primary rat hippocampal neuron culture

Embryonic day 18 Sprague–Dawley rat hippocampi (BrainBits,

Springfield, IL, USA) were dissociated by trituration in Hibernate E
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media (Brainbits, Southern Illinois University School of Medicine,

Springfield, IL, USA). Undispersed tissue was allowed to settle for

1 min prior to transferring the supernatant to a new tube and

centrifugation at 200 g for 1 min. The supernatant was removed and

the cells resuspended in serum-free neurobasal medium (without

phenol red) containing B-27 supplement (Invitrogen), 25 lmol/L

L-glutamate, 100 U/mL penicillin, 100 lg/mL streptomycin, and

0.5 mmol/L L-glutamine, counted using a hemocytometer and then

equal volumes of mixed cells were plated into six-well poly-L-lysine-

coated plates (0.5 or 1 · 105 cells/well; Falcon; Fisher Scientific,

Pittsburgh, PA, USA). Hippocampal cultures were grown in 5% CO2,

85% humidity in the above media. Half of the medium was replaced

with the same media without L-glutamate every 3 days.

Immunofluorescent staining of primary neurons

Differentiated primary rat E18 neurons were either untreated or

treated with digitonin (40 lg/mL in PBS on ice for 20 min) and then

washed with PBS, fixed in 4% paraformaldehyde in PBS for

15 min, washed 3 · 5 min each with PBS containing 100 mmol/L

glycine and permeabilized with 0.1% Triton X-100 in PBS for

4 min. The permeabilized cells were then washed in PBS for

3 · 5 min, incubated in 1% bovine serum albumin in PBS with 3%

goat serum for 1 h, followed by incubation with primary antibody

for 2 h, washing with PBS for 3 · 10 min, and incubation with

secondary antibodies for 2 h. The slides were then mounted with

mounting solution (Vector Laboratories, Burlingame, CA, USA) and

viewed under a Zeiss Axiophot microscope (Carl Zeiss Micro

Imaging, Inc., Thornwood, NY, USA).

Neuroblastoma cell culture

The M17 human neuroblastoma cell line was maintained in OPTI-

MEM (Invitrogen) media supplemented with 0.5% (v/v) fetal bovine

serum (FBS), 50 IU/mL penicillin, and 50 lg/mL streptomycin. All

cells were cultured in a humidified atmosphere containing 5% CO2

in air at 37�C. Cells were plated at a density of �1.0 · 106 cells/mL

in OPTI-MEM media containing 0.5% FBS and grown to �50%
confluence. Cells were switched to fresh media for 24 h prior to

treatment with human LH (0–100 mIU/mL).

Immunoblot analyses

The frontal cortex and mid-region were cut coronally from each

brain, homogenized in lysis buffer (20 mmol/L Tris–HCl, pH 7.6,

150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1% sodium

dodecyl sulfate (SDS), and protease inhibitors (10 lg/mL aprotinin,

10 lg/mL leupeptin, 1 lg/mL pepstatin A, 1 mmol/L phenyl-

methylsulfonyl fluoride; Roche Diagnostics, Indianapolis, IN,

USA), and then centrifuged for 10 min at 10 000 g. Cells were

collected into lysis buffer and then sonicated for 30 s. Following

protein assay (bicinchoninic acid protein assay kit; Pierce, Rockford,

IL, USA), equal amounts of protein were loaded onto 10–20%

tricine gels (Invitrogen) for SDS–polyacrylamide gel electrophor-

esis, transferred to polyvinylidene difluoride membranes (Bio-Rad

Laboratories, Hercules, CA, USA), fixed with glutaraldehyde (1%,

v/v), blocked with milk (5%, w/v) and then probed with primary

antibody overnight at 4�C. The blot was then incubated with the

corresponding horseradish peroxidase conjugated secondary anti-

body (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for 2 h at

22�C, and developed with enhanced chemiluminescence reagent

(Santa Cruz Biotechnology) as per the manufacturer’s instructions.

The chemiluminescent signal was captured on autoradiographs

(Eastman Kodak, Rochester, NY, USA), which were scanned and

the intensity of the autoradiagraph signals (including a blank region)

was determined using the NIH ImageJ Sotware. Briefly, images

were captured and the intensity of the autoradiograph signals

(including a blank region) was determined. Control and treatment

values were corrected for blank values, normalized to their

respective glyceraldehyde-3-phosphate dehydrogenase (GADPH)

band intensity and the results then expressed as a fold change or

percentage over control levels. Molecular size markers were from

Bio-Rad Laboratories.

Pregnenolone assay

The M17 neuroblastoma cells cultured in OPTI-MEM medium

with 0.5% of FBS without phenol red were switched to Dulbecco’s

modified Eagle’s medium without phenol red with 0.5% charcoal

stripped calf serum ± LH for 24 h. For primary cells, E18 primary

hippocampal neurons were differentiated in vitro in neurobasal

medium with B27 supplement for 7 days and then treated ± LH for

24 h. Media was then collected and the concentration of total

pregnenolone was determined using the ALPCO enzyme immu-

noassay (EIA) kit (Salem, New Hampshire, UK) as per instruc-

tions. Briefly, the competition assay was performed by adding

50 lL of pregnenolone standards (0, 0.1, 0.4, 1.6, 6.4, and 25.6 ng/

mL; n = 3 wells) or media from treated cells (n = 6 wells) into

plates pre-coated with antipregnenolone antibody. To each well was

added pregnenolone–horseradish peroxidase conjugate working

solution (100 lL), the plate incubated for 2 h at 20 �C while

shaking, the wells were then washed five times with wash buffer

(300 lL), and tetramethylbenzidine (TMB) substrate (150 lL)
added to each well. After incubation for 15 min at 20 �C with

shaking the reaction was stopped and the plate read at 450 nm

using a Spectramax 190 spectrophotometer (Molecular Devices,

Sunnyvale, CA, USA). Cross-reactivity with other steroids is

typically below 1%; cross-reactivity with progesterone is 6%. The

sensitivity of our assays was 0.05 ng/mL. Intra-assay coefficients

of variation were typically <10%. Inter-assay coefficients of

variation were �15%.

Statistical analyses

Changes between treatments were assessed using the Student’s

t-test, or where applicable, the one-way analysis of variance

followed by Tukey’s HSD post hoc test to determine significant

changes between treatment groups. The type I error rate is set at 0.05

for all analyses.

Results

Hormonal modulation of neuronal LH receptor

expression

Although the presence of LH receptor has been demonstrated
in the brain, the functionality of the receptor and the
functional consequences of LH signaling via this neuronal
receptor with respect to neurosteroid synthesis have not been
determined. We initially hypothesized that if the LH receptor
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was functional, its expression might be regulated by related
hormones. Therefore, to determine if changes in the
concentrations of serum LH and sex steroids modulate the
expression of the LH receptor in vivo, we treated rats with
DURIN-leuprolide or DURIN placebo implants for 4 months
as described in the Methods section. Leuprolide acetate is a
GnRH receptor superagonist that suppresses serum LH and
FSH and is used for the treatment of prostate cancer,
precocious puberty, and other reproductive disorders (Schally
et al. 1980). Measurement of the serum concentrations of LH
and follicle-stimulating hormone (FSH) by radioimmuno-
assay (RIA) confirmed that leuprolide acetate treatment
suppressed the concentrations of serum LH ()80%,
p = 0.017, n = 3–5; Fig. 1a) and FSH ()46%, p = 0.023,
n = 3–5; Fig. 1b). We next determined whether these
changes altered the expression of LH receptor in the rat
brain. As reported by another group (Apaja et al. 2004), we
also detected two major LH receptor variants, i.e., the mature
glycosylated 92-kDa variant and a 73-kDa variant (Fig. 2a).
Treatment with leuprolide acetate increased the expression of
the 73-kDa and 92-kDa LH receptor variants by 74%
(p = 0.039) and 67% (p = 0.07), respectively, in the brain
after treatment with leuprolide acetate (Fig. 2b). Analyses of
the frontal cortex showed an almost identical pattern of LH
receptor expression in leuprolide-treated and -untreated
animals (data not shown). As leuprolide acetate treatment
induces a decrease in the concentration of both serum
gonadotropins and sex steroids, the increased expression of
brain LH receptor may be due to decreases in sex steroids or
gonadotropins, or both.

To differentiate between whether gonadotropins and/or
sex steroids were responsible for modulating neuronal LH
receptor expression, we first confirmed the presence of LH
receptor on in vitro differentiated primary rat hippocampal
neurons by immunofluorescence, using the well-character-
ized monoclonal anti-LH receptor antibody 3B5 (Indrap-
ichate et al. 1992). Staining was clearly detected on the
cell body and neurites, but did not appear to be associated
with the nucleus of the neuron (Fig. 3). No staining was
detected with the same concentration of mouse IgG1

(negative control). To determine whether this staining was
associated with the plasma membrane or was intracellular,
we pre-treated cells with digitonin before fixation. The loss
of staining indicated that the LH receptor was primarily
located on the cell membrane. We next treated primary rat
E18 hippocampal neurons differentiated for 5 days with
increasing concentrations of either LH or 17b-estradiol for
48 h and measured the expression of LH receptor by
immunoblot analyses. LH induced a significant dose-
dependent decrease in the expression of the 73-kDa LH
receptor variant such that at 100 mIU/mL, receptor
expression was 46% that of untreated control neurons
(Fig. 4a). In contrast, no change in expression was
detected with increasing concentrations of 17b-estradiol
treatment (Fig. 4b). Interestingly, we did not detect the 92-
kDa variant of the receptor in primary neurons under these
conditions, despite detecting both variants in the rat brain
(Fig. 2). This disparity may be explained by the use of
fetal primary neurons that are either not sufficiently
differentiated or lack sufficient trophic support to allow
for post-translational modification (glycosylation; Apaja
et al. 2004) of the receptor to its mature form. These
results also suggest that while primary neurons respond to
LH by down-regulating its receptor, further neuron differ-
entiation may be required in order for LH receptor
expression to be modulated by 17b-estradiol, as reported
earlier for neuroblastoma cells maintained in serum media
(Bowen et al. 2004). The modulation of neuronal LH
receptor expression by LH demonstrates the functionality
of neuronal LH receptors.

LH rapidly up-regulates StAR expression in neurons

Luteinizing hormone receptors mediate mitochondrial cho-
lesterol transport by up-regulating the expression of the
cholesterol transport protein StAR in granulosa cells of the
ovary (Strauss et al. 1999; Stocco 2001). Given that
neuronal LH receptors are functional, we decided to
determine whether LH also modulated StAR expression by
incubating M17 neuroblastoma cells and primary neurons
with typical concentrations of serum LH found during
reproduction (10 mIU/mL) and post-menopause (100 mIU/
mL). Both the 37-kDa pre-protein and the 30-kDa mature
form of the protein were detected in both cell types
(Figs 5a and b). We also detected bands intermediate

(b)

(a)

Fig. 1 Leuprolide acetate suppresses the serum concentrations of

LH and FSH in rats. Serum collected from 8-month-old rats treated

with (n = 5) and without (n = 3) leuprolide acetate (12.4 mg/kg) for

4 months was measured for LH/FSH, as described in the Methods

section. Serum LH (a) and FSH (b) are presented as mean ± SEM,

*p < 0.05).
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between the pre-protein and the 30-kDa mature protein,
suggesting sequential processing of the StAR pre-protein,
as has been proposed by Clark et al. (1994), as well as
two higher molecular weight bands at �59 and �64-kDa.

A rapid increase in the expression of the pre-protein was
observed after 28 min of LH treatment of 7-day differen-
tiated primary rat neurons (Fig. 5a) and after 3 h of LH
treatment in neuroblastoma cells (Fig. 5b). The processing

(a)

(b)

Fig. 2 Leuprolide acetate treatment

up-regulates the expression of LH receptor

in the rat brain. Brain tissue (mid-cortical

region) collected from rats treated with

(n = 5) and without (n = 3) leuprolide acet-

ate for 4 months were homogenized and

the supernatant underwent immunoblot

analysis as described in the Methods sec-

tion. (a) Immunoblot of brain tissue using

the monoclonal anti-LH receptor antibody

3B5. (b) Quantification of the immunoreac-

tive bands in (a) (mean ± SEM, *p < 0.05).

Molecular weight markers are shown on the

right and are representative for both auto-

radiographs.

(a) (d)

(b) (e)

(c) (f)

Fig. 3 Expression of LH receptor in primary hippocampal neurons.

Neurons from rat embryonic day 18 hippocampi were differentiated in

culture for 7 days and probed with the monoclonal anti-LH receptor

antibody 3B5, which is of IgG1 subtype (a), or the same concentration

of mouse IgG1 (b), followed by FITC conjugated anti-mouse secondary

antibody; the same fields were observed under DAPI filter (d and e)

and pseudocolored images are shown for the localization of nuclei of

the corresponding cells in (a) and (b), respectively; neurons also were

pre-treated with digitonin before fixation, and then stained with mouse

IgG1 (c) or 3B5 (f).
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of the pre-protein to the mature 30 kDa form of the
protein increased with LH concentration (Fig. 5). To
determine whether the suppression of serum LH, FSH
(Fig. 1), and 17b-estradiol in rats following leuprolide
treatment down-regulated StAR expression, the same
samples used for LH receptor analysis (Fig. 2) were used
to study the expression of StAR. As expected, the
expression of both forms of StAR were significantly
down-regulated (�70%) in leuprolide-acetate-treated ani-
mals (Figs 5c–e). Together, these results suggest that LH
regulates neuronal StAR expression in vitro and in vivo,
and may therefore be involved in neurosteroid production.

LH stimulates neuronal steroid synthesis and secretion

To test whether LH might modulate neurosteroid production,
human M17 neuroblastoma cells and rat primary hippocam-
pal neurons were treated with LH at doses of 10 and
100 mIU/mL for 24 h, and the concentration of total
pregnenolone in the media was assayed by EIA. Treatment
of M17 neuroblastoma cells (at a density of �106 cells/well)
with LH induced a dose-dependent statistically significant
increase in the concentration of pregnenolone in the
media (Fig. 6a). This equated to 131 ± 4, 172 ± 4, and
237 ± 10 ng (mean ± SEM) of pregnenolone synthesized
per mg of cellular protein for 0, 10, and 100 mIU/mL LH,
respectively. Treatment of rat primary hippocampal neurons
(�104 cells/well) differentiated in vitro for 8 days with LH
for 24 h only significantly increased the media concentration
of pregnenolone at the higher dose (Fig. 6b). The concen-
tration of pregnenolone synthesized per mg of cellular
protein for 0, 10, and 100 mIU/mL LH was 6.2 ± 0.6,
6.4 ± 0.7, and 10.0 ± 0.6 ng (mean ± SEM), respectively, an
�20-fold lower level of pregnenolone production than that
detected for the human neuroblastoma cells. A significant
increase in the concentration of pregnenolone was not
observed at the lower concentration of LH (10 mIU/mL),

likely because of the low level of pregnenolone secretion and
the limited number of primary hippocampal cells available
for these experiments. Taken together, these results indicate

(a) (c)

(b) (d)

Fig. 4 Modulation of the expression of LH

receptor in rat primary hippocampal neu-

rons by LH and 17b-estradiol. Neurons from

rat embryonic day 18 hippocampi were

cultured for 5 days, and then treated with

(a) LH (0–100 mIU/mL) or (b) 17b-estradiol

(0–50 nmol/L) for 48 h and the expression

of LH receptor determined by immunoblot.

Quantitation of the immunoreactive bands

in (a) and (b) are shown in (c) and (d),

respectively (mean ± SEM, *p < 0.05).

Molecular weight markers are shown on the

right. Experiments are representative of at

least three experiments.

(a) (b)

(c)

(d) (e)

Fig. 5 LH up-regulates the expression of StAR in human neurobla-

stoma cells and rat primary hippocampal neurons in vitro and in vivo. (a)

Neurons from rat embryonic day 18 hippocampi were cultured for

7 days, and then treated with LH (0, 10, and 100 mIU/mL) for 28 min

prior to collection for immunoblot analysis using the anti-rat/human StAR

rabbit serum. (b) Human M17 neuroblastoma cells cultured in 0.5% fetal

bovine serum were incubated with LH (0, 10, and 100 mIU/mL) for 3 h

prior to collection for immunoblot analysis using anti-rat/human StAR

rabbit serum. (c) Brain tissue samples treated with and without leupro-

lide acetate, as described in Fig. 2, underwent immunoblot analysis

using anti-rat/human StAR rabbit serum. Molecular weight markers are

shown on the right hand side. (d) Quantification of the 37 kDa immu-

noreactive band in (c) (mean ± SEM, *p < 0.05). (e) Quantification of

the 30 kDa immunoreactive band in (c) (mean ± SEM, *p < 0.05).
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that LH promotes the increased secretion of pregnenolone
from neurons.

Discussion

We demonstrate for the first time that LH signaling in
neurons promotes the synthesis and secretion of steroids
(Fig. 6). This LH-induced production of neurosteroids has
features that resemble LH-mediated sex steroid production
by the gonads: LH modulation of LH receptor expression
(Figs 2 and 4), LH up-regulation of StAR protein expression
(Fig. 5) and the increased P450scc cleavage of cholesterol to
pregnenolone and its secretion from the cell (Fig. 6). The
amount of pregnenolone secreted by the M17 human
neuroblastoma cell line (�130–240 ng/mg cellular protein/
24 h) is consistent with previous findings that SH-SY5Y
cells contain 1–20 ng/mg pregnenolone (Guarneri et al.
2000). The high level of basal pregnenolone production in
neuroblastoma cells maintained in serum-containing media
when compared with primary neurons (�6–10 ng/mg cellu-
lar protein/24 h) maintained in defined media indicates that

other serum factors also may be required for optimal
pregnenolone synthesis and secretion. Alternatively, 8-day
cultured embryonic hippocampal neurons may be insuffi-
ciently differentiated to allow considerable side chain
cleavage, despite their apparent ability to transport choles-
terol to the mitochondria (Fig. 5a).

The source of LH (and hCG in humans) to signal for
neurosteroid production is unclear, but is most likely from
pituitary LH secreted into the blood stream, which crosses
the blood–brain barrier (Lukacs et al. 1995; Toth et al.
1994), or from the de novo synthesis of LH by neuronal cells
(Wilson et al. 2006). The finding that LH/hCG is present in
CSF (reviewed in Bagshawe et al. 1968) and neurons
(Petrusz 1975; Pacold et al. 1978; Emanuele et al. 1981a,b,
1983, 1985; Hostetter et al. 1981; Strauss et al. 1994; Bowen
et al. 2002) supports neuronal LH signaling via neuronal LH/
hCG receptors.

The presence of LH receptor and its mRNA has previously
been reported in the central and peripheral nervous system of
a number of animals (Lei et al. 1993; Lei and Rao 1994; al-
Hader et al. 1997a,b; You et al. 2000; Bhatnagar et al. 2002;
Bukovsky et al. 2003; Apaja et al. 2004; Figs 2–4). LH
receptor is present in the fetal and adult rat brain, with the
highest density of receptors being found within the hippo-
campus followed by the hypothalamus, cerebellum, choroid
plexus, ependymal tanycytes of third, fourth, and lateral
ventricles, cortex, brain stem, and anterior pituitary (Lei
et al. 1993; al-Hader et al. 1997a,b). All human neuronal
brain cell types studied to date possess LH/hCG receptors
(Bukovsky et al. 2003; Bowen et al. 2004), as do immor-
talized mouse hypothalamic and hippocampal GT1-7 and
HN33p cells and human M17 neuroblastoma cells (Zhang
et al. 1999; Bowen et al. 2004). In this study, we confirm
that LH receptor is present on primary neurons and in
addition demonstrate that its expression is regulated by its
cognate ligand (Fig. 4), as has been reported in the ovary
(Hoffman et al. 1991). A significant difference in the
regulation of neuronal LH receptor expression, however, is
the lack of FSH input into LH receptor expression, as FSH
receptors have not been reported on neurons. FSH is well
known to modulate LH receptor expression in the ovary (for
a review, see Menon et al. 2004).

Different mechanisms underlying the down-regulation of
LH receptor expression by LH have been proposed in non-
neuronal tissues or cells, including endocytosis of the
hormone–receptor complex and subsequent degradation in
the lysosomes (Ascoli et al. 2002; Amsterdam et al. 2002),
and a novel mechanism including increased degradation of
LH/CG receptor mRNA after hCG treatment (Lu et al.
1993). It was later found that a cytoplasmic LH receptor
mRNA binding protein (LRBP) was a trans-acting factor in
regulating LH receptor mRNA levels (Wang and Menon
2005), and that LRBP was further identified as mevalonate
kinase (MVK), which is an enzyme involved in de novo

(a)

(b)

Fig. 6 LH increases the secretion of pregnenolone by rat primary

hippocampal neurons and human neuroblastoma cells. (a) Human

M17 neuroblastoma cells were treated with LH (0, 10, and 100 mIU/

mL) for 24 h, and the media collected for pregnenolone assay. Results

are normalized for differences in total protein content for each well and

expressed as the mean ± SEM (*p < 0.01 vs. 0 and 100 mIU/mL LH;

�p < 0.01 vs. 0 and 10 mIU/mL LH). Experiments are representative

of three separate experiments. (b) Neurons from rat embryonic day 18

hippocampi cultured for 8 days were treated with LH (0, 10, and

100 mIU/mL) for 24 h and the media collected for pregnenolone as-

say. Results are normalized for differences in total protein content for

each well and expressed as the mean ± SEM (*p < 0.01 vs. 0 and

10 mIU/mL LH). Pregnenolone was not detectable in media alone.

Experiments are representative of three separate experiments.
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synthesis of cholesterol. The levels of MVK mRNA and
protein were shown to be induced in response to hCG
treatment prior to the down-regulation of LH receptor mRNA
expression (Nair and Menon 2005; Menon et al. 2006).
Whether similar mechanisms of LH/CG receptor regulation
exist in neurons is unknown.

Luteinizing hormone has been shown to influence a
number of physiological parameters, including the electrical
activity of the brain, respiration, excitability, behavior, and
learning (Faure and Loiseau 1954; Faure 1956; Kawakami
and Sawyer 1959; Telegdy et al. 1971; Inselman-Temkin and
Flynn 1973; Emanuele et al. 1991; Toth et al. 1994; Lukacs
et al. 1995; Lei and Rao 2001; Rao 2001). At the cellular and
molecular levels, LH has been shown to affect sexual
differentiation (Sheridan et al. 1973), morphology (Ifft 1964;
Parada and Rodriguez-Echandia 1973), and the biochemistry
and metabolism (Moguilevsky et al. 1970; MacKinnon and
ter Haar 1971) of different regions of the brain. In this regard,
hCG has been shown to induce a dose-dependent increase in
the outgrowth of neuritic processes and total cellular protein
while decreasing apoptosis in rat primary neurons (al-Hader
et al. 1997a,b). Recently, we demonstrated that LH modu-
lates the neuronal processing of amyloid-b precursor protein
and the generation of amyloid-b (Bowen et al. 2004), the
major component of amyloid plaques that deposit in the brain
during Alzheimer’s disease. While some of these LH-
induced responses appear to be a direct effect of LH (Bowen
et al. 2004), changes in other parameters may be an indirect
result of LH/hCG-induced neurosteroid synthesis (Murphy
and Segal 2000, Sakamoto et al. 2001, 2002, 2003; Segal
and Murphy 2001).

Like the ovary (Stocco and Clark 1996), LH treatment
increases the expression of StAR and the production of
pregnenolone by rat primary neurons and human neurob-
lastoma cells (Figs 5 and 6). The contribution of steroids
produced in the brain versus those produced in the
periphery to normal neuronal function is unknown. Given
the importance of neurosteroids to brain function, it is
possible that neurosteroid production may be a mechanism
to fine-tune the level of sex steroids in the brain. This
neuronal production of sex steroids may be more crucial to
brain function when gonadal sex steroid production
decreases with menopause and andropause. This is
supported by a recent study showing that despite the
decrease in serum sex steroids following ovariectomy,
brain estrogen levels remain as high as in control mice
(Yue et al. 2005), possibly because of increased neuro-
steroid production as a result of ovariectomy-induced
increases in serum LH (Parlow 1964). In men however,
brain neurosteroid levels decrease when serum LH levels
are increasing with age (Rosario et al. 2004). Neurosteroid
concentrations also are decreased in individuals with AD
versus age-matched controls, although serum 17b-estradiol
levels are unchanged (Yue et al. 2005) and serum LH

levels are elevated in AD (Short et al. 2001; Hogervorst
et al. 2004).

In summary, our results demonstrate that neuronal LH
receptors are functional and that LH-mediated sex steroid
production in the brain is similar to that in the ovary. Future
studies are required to determine whether physiological
conditions (i.e., pregnancy, menstrual cycle, menopause, etc.)
or drugs that modulate LH/hCG production impact neuro-
steroid production.
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