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a b s t r a c t

The integrated signaling of insulin and gonadotropin-releasing hormone in the pituitary gonadotropes
may have a profound bearing on reproductive function, although the cross-receptor signaling mecha-
nisms are unclear. We demonstrate that the insulin receptor is constitutively localized to non-caveolar
lipid raft microdomains in the pituitary gonadotrope cell line L�T2. The localization to rafts is consistent
with similar localization of the GnRH receptor. Insulin receptor phosphorylation occurs in raft domains
and activates the downstream signaling targets Insulin Receptor Substrate1 and Akt/Protein Kinase B.
Although insulin alone does not strongly activate the extracellular signal-regulated kinase second mes-
senger cascade, co-stimulation potentiates the phosphorylation of the extracellular signal-regulated
kinase by gonadotropin-releasing hormone. The co-stimulatory effect of insulin and gonadotropin-
releasing hormone is also evident in increased activation of cap-dependent translation. In contrast,
co-stimulation attenuates Akt/Protein Kinase B activation. Our results show that both gonadotropin-
releasing hormone and insulin are capable of mutually altering their respective regulatory signaling
cascades. We suggest that this provides a mechanism to integrate neuropeptide and energy homeostatic
signals to modulate reproductive function.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The binding of the hypothalamic decapeptide gonadotropin-
releasing hormone (GnRH) to the pituitary GnRH Receptor (GnRHR)
stimulates the synthesis and secretion of gonadotropin hormones,
luteinizing hormone (LH) and follicle stimulating hormone (FSH)
(Gharib et al., 1990; Clayton and Catt, 1981). In the absence of GnRH
input to the pituitary gland, gonadotropin production, and conse-
quently gonadal function in mammals, ceases (Mason et al., 1986a,
1986b). Upon ligand activation, the GnRHR couples mainly but not
exclusively to G�q/11, leading to stimulation of phospholipase C, ele-
vation of intracellular free calcium and activation of one or more
isoforms of protein kinase C (PKC) (Kaiser et al., 1997; Stanislaus et
al., 1997; Liu et al., 2002b). These early events underlie GnRH activa-
tion of multiple mitogen activated protein kinase (MAPK) cascades,
including extracellular signal-regulated kinase (ERK) (Naor et al.,
2000).

It has become clear that gonadotropin secretion can be modi-
fied by various inhibitory or stimulatory inputs including several
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metabolic factors (Schneider, 2004; Mahesh, 1985; Bilezikjian et
al., 2004; Gregory and Kaiser, 2004). For example, clinical studies
in humans and observations in knockout mouse models suggest a
direct link between insulin action and the neuroendocrine control
of reproduction (Kitamura et al., 2003; Withers, 2001). Emerg-
ing evidence suggests that insulin action may impact regulation
of the reproductive axis at the level of the pituitary (Buggs et al.,
2006). Past studies of insulin action in primary pituitary cultures
in vitro show increased GnRH-induced release of LH after 4, 24,
and 48 h in the presence of insulin-like growth factor-1 (IGF-1),
insulin, or both (Xia et al., 2001; Adashi et al., 1981; Soldani et al.,
1994). Additionally, recent work has shown that insulin can aug-
ment GnRH-stimulated LH� gene expression by Egr-1 in L�T2 cells
under a specific treatment regime requiring GnRH pre-stimulation
(Buggs et al., 2006). At this time, it appears that the integrated sig-
naling by insulin and GnRH may have a profound bearing on the
regulation of reproductive function, although the precise signaling
mechanisms are unclear.

The insulin receptor (IR) is a member of the distinct subfamily
of receptor tyrosine kinases (RTK) and is expressed ubiquitously
throughout the body, including the pituitary (Buggs et al., 2006;
Soldani et al., 1994; Unger and Lange, 1997). Upon insulin binding,
the beta subunits of IR stimulate tyrosine auto-phosphorylation,
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leading to increased receptor tyrosine kinase activity. Following
activation, the IR phosphorylates a variety of intracellular sub-
strates including members of the IRS family, Shc, Gab1 and G�q/11
(Bevan, 2001) which initiate several signaling cascades includ-
ing phosphatidylinositol 3-kinase (PI3K) and ERK. IR signaling
is thought to initiate in discrete caveolar containing membrane
microdomains in various cell types including adipocytes and mus-
cle (Ishikawa et al., 2005).

Regulation of translation by RTK, like insulin receptor, proceeds
through the PI3K-Akt/PKB and/or ERK signaling pathways. Previ-
ous work from our lab has established that GnRH stimulation of
L�T2 cells increases cap-dependent translation initiation through
the ERK signaling cascade (Nguyen et al., 2004). Given the central
role of insulin in translation, we have investigated the possibility
that the initiation of insulin signaling in L�T2 cells may augment
GnRH translational activation.

To elucidate potential mechanisms for IR crosstalk with the
GnRHR in gonadotropes, we examined the localization of IR in
gonadotrope plasma membranes. We report that, consistent with
what has been found for the GnRH receptor, IR is localized to
non-caveolar lipid rafts independent of hormone treatment in the
gonadotrope derived L�T2 cell line. Additionally, IR is phospho-
rylated on tyrosine residues within these raft domains. We also
examined the role of insulin in GnRH signaling. We first estab-
lished that insulin signaling is functional in L�T2 cells. We show
that insulin activates IRS-1, Akt/PKB, and is only a mild activa-
tor of the ERK signaling cascade. Interestingly, although insulin
does not robustly activate ERK, we find that insulin enhances
GnRH translational responses though the ERK map kinase pathway.
Based on these findings, we suggest that translational regula-
tion by combined GnRH and insulin treatment is an important
component of the metabolic regulation of reproduction and is a
target of convergent signaling of GnRH and insulin receptor activa-
tion.

2. Materials and methods

2.1. Materials

The anti-Akt, anti-ERK1, anti-rabbit-HRP, and anti-mouse-HRP antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-p-
Akt (473) antibody was purchased from Cell Signaling Technology (Danvers,
MA). The anti-pan-caveolin antibody and anti-flotillin-1 were purchased from
BD Transduction Laboratories (San Jose, CA). Insulin and GnRH were purchased
from Sigma Aldrich (St. Louis, MO). The anti-GnRH receptor antibody was a
generous gift from Dr. Donal Skinner (University of Wyoming). Phorbol 12-
myristate 13-acetate (PMA) and PD98059 were purchased from Calbiochem
(San Diego, CA)

2.2. Cell culture

L�T2 cells were maintained in DMEM (Invitrogen, Carlsbad, CA) supplemented
with 4.5 mg/ml glucose, 10% fetal bovine serum, 100 �g/ml penicillin, and 0.1 mg/ml
streptomycin unless otherwise stated. All cells were grown in 5% CO2 at 37 ◦C in a
humidified environment. Cells were serum starved for 4–6 h before prior to the
indicated treatments.

2.3. RT-PCR and primer sequences

RNA was extracted with Trizol LS (Invitrogen, Carlsbad, CA) from L�T2 cells
or adult male mouse liver or pituitary according to the manufacturer’s instruc-
tions. Tissues were harvested from 9-week-old wild-type male mice (C57BL/6). Mice
were sacrificed using CO2 asphyxiation followed by cervical dislocation, in accor-
dance with UCSD Institutional Animal Care and Use Committee regulations. Murine
IRS-1 was detected using the forward primer CCCTTCCTCATGCCAAACC and reverse
primer CCTGCAAACCGTAGCAGACC detecting bases 3038–3837 of Genbank acces-
sion number NM010570.2. Murine IRS-2 was detected using the forward primer
TACCCTCTACCCACAGAGC and reverse primer TACCTGATCCATGAGACTTAGC detect-
ing sequences 927–1541 from Genbank accession number AF0907381.1. All primers
were designed using OMIGA 2.0 software (Oxford Molecular Ltd., Cambridge) and
reactions were performed using Omniscript RT-PCR reagents (Qiagen, Alhambra,
CA).

2.4. Immunoprecipitations

For immunoprecipitation (IP), 800 �g of protein from cell extracts were diluted
in IP lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM sodium chloride, 1% NP40,
0.5% sodium deoxycholate, Complete Mini protease inhibitor cocktail tablet (Roche
Applied Science, IN), 0.7 �g/ml pepstatin, and incubated with protein specific anti-
body overnight at 4 ◦C and immunoprecipitated using either a Protein A or G-agarose
immunoprecipitation kit (Roche Applied Science, Indianapolis, IN) according to the
manufacturers’ instructions. Samples were boiled for 5 min prior to separation by
SDS-PAGE.

2.5. SELDI-TOF mass spectrometry

Approximately twenty million cells were plated in 55 cm2 dishes, cultured for
24 h, serum starved for 16 h, and treated with insulin at 10 nM for 5 min. Cells
were washed with ice-cold PBS containing 1 mM Na3O4V, and 10 mM NaF, and har-
vested in 800 �l of lysis buffer. For immunoprecipitation, 800 �g of cell extract was
incubated with 2 �g/ml IRS-1 antibody (sc-7200, Santa Cruz Biotechnology, Santa
Cruz, CA) for 2 h at 4 ◦C and immunoprecipitated as described above. Samples were
digested with modified trypsin (Promega, Madison, WI) for 16 h at 37 ◦C. A PS20
Protein Chip Array (Ciphergen, Fremont, CA) was spotted with 10 �l of 1 mg/ml of
Protein A in PBS and incubated overnight at 4 ◦C (Amersham Biosciences, Piscataway,
NJ). After washing with PBS, phospho-tyrosine antibody (sc-508, Santa Cruz Biotech-
nology, Santa Cruz, CA) was added to the chip overnight at 4 ◦C. Trypsin digested
samples were added to the array and again incubated overnight at 4 ◦C. For analysis,
10% alpha-cyano-4-hydroxy cinnamic acid (Ciphergen, Fremont, CA) was added to
each spot of the array for crystallization and the array was analyzed using SELDI-TOF
Mass Spectrometry (Ciphergen, Fremont, CA).

2.6. Isolation of lipid rafts

Approximately 20 million L�T2 cells were treated with insulin for the indicated
times and then lysed in 750 �l of 500 mM sodium carbonate buffer (pH 11) and
homogenized using a Wheaton loose fitting glass dounce homogenizer (10 strokes)
followed by sonication (three 20 s bursts) on ice using a Branson 250 sonifier. 750 �l
of 90% sucrose prepared in MES buffer (20% glycerol, 150 mM NaCl, 2 mM EDTA,
25 mM MES, pH 6.5) was added to the homogenized samples yielding a final concen-
tration of 45% sucrose in a total volume of 1.5 ml. A discontinuous sucrose gradient
was then layered on the surface of the 45% fraction (1.5 ml 35% sucrose, 1.5 ml 5%
sucrose in MES containing 250 mM sodium carbonate). Isopycnic ultracentrifugation
was then carried out at 46,000 rpm using a SW 55 rotor for 16–20 h at 4 ◦C. Fol-
lowing ultracentrifugation, 250 �l samples were collected representing a total of 18
fractions. Proteins that migrated to the interface of the 5% and 35% gradients (approx-
imately fractions 6 and 7) were considered to be raft associated (Song et al., 1996).

2.7. Immunoprecipitations out of lipid raft fractions

Aliquots (250 �l) of fractions containing suspensions of low-density or high-
density membranes were diluted in an equal volume of PBS. Anti-IR� or nonimmune
rabbit serum was added and the samples were rocked for 4 h at 4◦C. Protein A/G
agarose beads (30 �l) were added, and the samples were rocked an additional hour
at 4◦C. Beads were then washed three times in PBS with 0.01% Triton X-100, resus-
pended in SDS loading buffer, boiled, and separated by SDS-PAGE and probed with
an anti-phospho-tyrosine antibody (p-Tyr (PY20) sc-508, Santa Cruz Biotechnology,
Santa Cruz, CA).

2.8. Western blots

Samples representing individual fractions from lipid raft fractions were sub-
jected to SDS polyacrylamide gel electrophoresis (acrylamide:bis-acrylamide ratio of
29:1) and electro-blotted to PVDF (Bio-Rad Hercules, CA). Membranes were blocked
in 2× casein solution (Vector Laboratories, Burlingame, CA) diluted in Tris buffered
saline (TBS). Anti-IR�, anti-flotillin, or anti-transferrin antibodies were used at a
1:1000 dilution with an incubation time of 2 h. Anti-GnRHR was used at 1:1000 at
4◦C overnight. Blots were washed with 0.2% Tween-TBS and then incubated with a
1:5000 dilution of the appropriate secondary antibody conjugated to HRP for 2 h at
room temperature. All blots were washed for 60 min (6 × 10 min) with TBS after sec-
ondary antibody and then developed by enhanced chemiluminescence (Chemiglow,
Alpha Innotech, San Leandro, CA). Membranes were visualized using the GeneSnap
BioImaging System (Syngene, Frederick, MD).

2.9. Akt and ERK activation assays

A monolayer of L�T2 cells (2 × 106) in 6-well tissue culture plates were used
in the ERK and Akt activation assays. L�T2 cells were serum starved for 4 h and
administered either 0 or 10 nM GnRH for a 15 min incubation. Cells were washed in
ice-cold PBS and lysed in RIPA buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl,
10% glycerol, 1% NP-40, 0.1% SDS, 0.5% deoxycholate and 0.2 mM PMSF. 6× sample
buffer (300 mM Tris–HCl, pH 6.8, 60% glycerol, 30 mM DTT, 6% SDS) was added to
yield a final concentration of 1×. Aliquots (30 �l) of each lysate were heated to 95 ◦C
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for 5 min and subjected to SDS-PAGE and Western analysis. PVDF membranes were
incubated for 2 h with either a phospho-Akt (Millipore/Upstate, Billerica, MA 1:1000
dilution) or a phospho-ERK antibody (Santa Cruz biotechnology, Santa Cruz, CA) fol-
lowed by a 2 h incubation with a 1:5000 dilution of an HRP conjugated secondary
antibody. Phospho-Akt or phosho-ERK blots were then stripped at room tempera-
ture with 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris–HCl (pH 6.7) heated
to 50 ◦C for 30 min. After stripping, membranes were washed twice for 15 min with
TBS and blocked with 2× casein for 1 h. Blots were then re-probed with a 1:1000
dilution of either an anti-Akt or anti ERK1 antibody that recognizes the specified pro-
teins independent of phosphorylation state. Following washing in TBS, blots were
incubated with a 1:5000 dilution of anti-rabbit HRP secondary antibody and then
developed by enhanced chemiluminescence (Chemiglow, Alpha Innotech, San Lean-
dro, CA). Membranes were visualized using the GeneSnap BioImaging System and
Gene Tools software (Syngene, Frederick, MD). Statistical analysis of at least four
independent experiments was performed as described in Section 2.11.

2.10. Plasmids and transfections

The bicistronic reporter plasmid (pGL3-CMV-Luc-EMCV-Gal) was previously
described (Nguyen et al., 2004; Sosnowski et al., 2000). The plasmid directs the
synthesis of a single transcript encoding the luciferase reporter followed by the
encephalomyocarditis virus 5′-untranslated region containing the internal ribo-
some entry site and the �-galactosidase coding sequence. Each reading frame is
translated independently by either cap-dependent (luciferase) or cap-independent
(�-galactosidase) translation initiation mechanisms (Pelletier and Sonenberg, 1988).

Cells (2 × 105) were plated in 24 well dishes and incubated 24 h prior to transfec-
tion. Cells were then transfected with the bicistronic reporter using Fugene 6 (Roche
Applied Science, Indianapolis, IN) according to the manufacturers’ instructions and
incubated 16–18 h prior to treatment. Cells were serum starved for 4 h. Cells that
received PD98059 (50 �M) were pretreated for 30 min prior to a 6 h incubation of the
indicated combination of treatments (GnRH 10 nM), insulin (10 nM) or 1 nM PMA.
Cells were then lysed and assayed directly for luciferase (Luciferase Assay System,
Promega, Madison, WI) and �-galactosidase (Galacto-Light Plus, Tropix, Bedford,
MA) activity according to manufacturer’s instructions in a 96-well plate using a
veritas luminometer (Turner Biosystems, Sunnyvale, CA).

2.11. Statistical analysis

All statistical analysis was performed using JMP 7 (SAS Institute, Cary, NC). Data
are expressed as means ± SEM of at least three independent experiments. Results
were analyzed for significance by ANOVA. Post hoc group comparisons were made
using Student’s t-test, Dunnett’s comparison to control test, or Tukey’s Honestly Sig-
nificant Difference (HSD) as appropriate using the critical value p = 0.05 for declaring
significance. Analysis was conducted using untransformed data or data optimally
transformed by the method of Box and Cox (1964) as implemented in JMP.

3. Results

3.1. Insulin receptor activation occurs in non-caveolar
cholesterol-enriched raft membrane microdomains in LˇT2 cells

The insulin receptor is commonly found in caveolin associ-
ated raft subdomains in 3T3-L1 adipocytes as well in non-caveolar
domains in some hepatocytes (Muller and Frick, 1999; Ishikawa et
al., 2005). However, in some systems, insulin receptor is thought
to migrate to these domains after ligand activation (Remacle-
Bonnet et al., 2005). Previous work has established the presence
of insulin receptors (IR) in L�T2 gonadotrope cells (Buggs et al.,
2006), although the precise biochemical organization of the IR
within the plasma membrane of these cells has not been estab-
lished. To assess the membrane sub-localization of the insulin
receptor, L�T2 cells were administered either vehicle or 10 nM
insulin (Ins) for 5 min, lysed and fractionated in a discontinuous
sucrose gradient. Fractions were isolated and subjected to SDS-
PAGE followed by western blotting using an anti-insulin receptor �,
anti-transferrin receptor, anti-GnRHR, or an anti-flotillin antibody
(Fig. 1). Using this protocol, lanes 6 and 7 represent the interface
of the 5% and 35% sucrose fractions where raft-associated proteins
would migrate. Flotillin is a marker protein for low-density mem-
brane microdomains, and appropriately localized to low-density
fractions within the sucrose gradient (Morrow et al., 2002). Trans-
ferrin receptor, not considered a raft-associated membrane protein
did not partition into membrane rafts in these conditions (Batista et
al., 2004). Immunodetectable IR localized to low-density fractions

Fig. 1. Insulin receptor is localized to lipid rafts in L�T2 cells. (A) L�T2 cells were
incubated in the presence or absence of 10 nM insulin for 5 min at 37 ◦C. Raft samples
were then prepared using a detergent-free sodium carbonate buffer and separated
by isopycnic ultracentrifugation through a non-linear sucrose gradient (45%, 35%,
and 5%). Fractions were collected from the top of the gradient and separated by
SDS-PAGE. Western blots were conducted using antibodies directed against the IR�
subunit, transferrin receptor (Tfn R), GnRH receptor (GnRH R) or flotillin-1 (flotillin).
(B) L�T2 cells were prepared using a 0.1% TX-100 based raft preparation and sepa-
rated by isopycnic ultracentrifugation through a non-linear sucrose gradient (45%,
35%, and 5%). Fractions were collected and electrophoresis and immunoblotting were
performed as above. M, molecular weight marker.

within the gradient independent of insulin treatment. IR localiza-
tion to lipid rafts is similar to what has already been established for
the GnRHR in a number of cell types (Navratil et al., 2003). To con-
firm IR localization to lipid rafts, an independent approach based on
resistance to detergent solubilization (Triton-X 100) was utilized to
prepare samples prior to isopycnic ultracentrifugation. This tech-
nique takes advantage of the relative insolubility of lipid rafts in
non-ionic detergents at 4 ◦C (London and Brown, 2000). Similar to
the detergent-free raft preparations, IR localized to the low-density
fractions, consistent with its presence in lipid rafts.

It has been found that the gonadotrope derived �T3-1 cell line
does not contain caveolin associated raft subdomains (Navratil et
al., 2003). Although the �T3-1 cells, a line representing a com-
mitted, but immature gonadotrope cell approximating day 13 of
mouse development, does not express caveolin, we were interested
in testing whether caveolin was differentially expressed at various
developmental stages within the gonadotrope. To test the possi-
bility of differential caveolin expression, we examined whole cell
lysates from the �T1-1 cell line, representing a less differentiated
cell of the thyrotrope–gonadotrope lineage approximating embry-
onic day 11 of mouse development, or the L�T2 cell line, which
approximates a fully differentiated gonadotrope cell representing at
least embryonic day 17. Western blot analysis was carried out with
a pan-caveolin antibody that detects caveolin isoforms 1, 2, and 3.
Similar to the �T3-1 cell line, neither the �T1-1 nor the L�T2 cell
lines express these isoforms of caveolin (Fig. 2A). The human epithe-
lial carcinoma cell line A431 was used as a caveolin-expressing
positive control. Thus, it appears that caveolin is not differentially
expressed at various developmental ages and the IR, like the GnRHR,
is localized to a non-caveolar containing raft domain in the L�T2
cell line.
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Fig. 2. Insulin receptor is phosphorylated in a non-caveolar lipid raft compartment.
(A) Whole cell RIPA lysates were prepared from either �T1-1, L�T2 or A431 cells.
Western blots were conducted using a pan-caveolin antibody that detects caveolin-1,
caveolin-2 and caveolin-3. (B) Western blot analysis of IR� immunoprecipitated from
L�T2 cell protein extracts. Cells were treated with vehicle (V) for 5 min or insulin
for 3 or 5 min and then harvested. Extracts were immunoprecipitated with anti-IR�
and subjected to SDS-PAGE and Western Blotting with anti phospho-tyrosine (�-p-
Tyr) antibody. The presence of IR� was confirmed by stripping the membrane and
re-blotting with anti-IR� (IR�). (C) Western blot analysis of IR� immunoprecipi-
tated from L�T2 lipid raft fractions treated for 5 min with either vehicle or 10 nM
insulin. Fraction 6 represents low-density (raft associated) proteins and fraction 13
represents high-density (non-raft associated) proteins.

Next, we assessed the functionality of the insulin receptor by
testing the ability of insulin to induce phosphorylation of the IR�-
subunit. L�T2 cellular lysates were immunoprecipitated using an
anti-IR�-subunit antibody. Following SDS-PAGE, membranes were
immunoblotted with an anti-phospho-tyrosine antibody. The blots
identified a protein of approximately 90 kDa, consistent with phos-
phorylation of the insulin receptor (Fig. 2B). To determine whether
IR was phosphorylated in lipid rafts, both raft (fraction 6) and
non-raft (fraction 13) associated fractions were isolated and sub-
jected to immunoprecipitation using an anti-IR�-subunit antibody.
Immunoblotting using an anti-phospho-tyrosine antibody revealed
a protein of approximately 90 kDa, consistent with our previous
results (Fig. 2C). Thus, it appears that the functional IR is phospho-
rylated in a non-caveolar raft domain in L�T2 cells.

3.2. Expression and activation of IRS isoforms in LˇT2 cells

IRS family members play a significant role in insulin signaling
and have been implicated as a point of insulin insensitivity through
feedback regulation by intracellular kinases and steroids (Morelli
et al., 2003; Richards et al., 1996). Given their central role in insulin
action, we sought to confirm their presence in the L�T2 cell line.
Analysis of total RNA by RT-PCR and western blot revealed that
IRS-1 and IRS-2 mRNAs are present in L�T2 cells (Fig. 3A and B).
When insulin binds to its receptor it causes receptor-mediated
phosphorylation of IRS-1 at residue Y608, activating downstream
signaling intermediates. Analysis of tyrosyl phosphorylated tryptic
peptides by surface-enhanced laser desorption/ionization time-
of-flight (SELDI-TOF) mass spectrometry of immunoprecipitated
IRS-1 from insulin-treated L�T2 cells revealed the presence of the

Fig. 3. Expression of IRS family members and activation by insulin in L�T2 cells.
(A) Both IRS-1 and IRS-2 mRNA were confirmed by RT-PCR using primers described
in Section 2. M, 100 bp ladder, +, RT-PCR with template, −T, without template, −RT,
without reverse transcriptase. Liv, mRNA template isolated from mouse liver, Pit,
template isolated from mouse pituitary. (B) Extracts of L�T2 cells were immunopre-
cipitated with anti–IRS-1 or anti-IRS-2 antibody, resolved by SDS-PAGE, and blotted
onto PVDF membrane. Blots were probed with anti-IRS-1 or anti-IRS-2 antibody to
confirm the presence of protein. M, protein ladder. (C) Extracts of L�T2 cells treated
with vehicle or 10 nM insulin for 5 min were immunoprecipitated with anti-IRS-
1 antibody and subjected to trypsin digestion to yield defined peptides. Tryptic
peptides were incubated with anti-phospho-tyrosine antibody bound to Protein
A-linked chips as described in Section 2. Bound peptides were subjected to SELDI-
TOF Mass Spectrometry. Insulin treatment of L�T2 cells resulted in the appearance
of the 3949 D tyrosyl phosphorylated tryptic peptide predicted by digest of Y608-
phosphorylated IRS-1.

3949 Da peptide predicted by trypsin cleavage of IRS-1 phospho-
rylated at Y608 (Fig. 3C). We conclude that L�T2 cells express IRS
proteins and that insulin treatment results in activation of IRS-1 by
tyrosine phosphorylation at an appropriate regulatory site. Thus, it
appears that L�T2 cells appropriately respond to insulin treatment
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by activation of known downstream signaling targets such as
IRS proteins.

3.3. Insulin and GnRH differentially activate AKT and ERK

We next focused our attention on two main signaling intermedi-
ates utilized by IR, activation of Akt/PKB and phosphorylation of ERK
(Bevan, 2001). Akt/PKB is robustly activated in response to insulin
and plays a critical role in cell survival and proliferation. To directly
test if Akt is activated by insulin in L�T2 cells, we preformed both
time and dose response studies. We find that L�T2 cells phosphory-
late Akt/PKB in both a time and dose dependent manner in response
to insulin. In contrast, 10 nM GnRH did not activate Akt in either a
time or dose dependent fashion (data not shown). Because both
IR and GnRHR occupy non-caveolin raft domains in L�T2 cells, we
assessed whether there exists any signaling interaction between
these receptors. To this end, we co-stimulated L�T2 cells with 10 nM
GnRH and 10 nM insulin. There is a severe attenuation of Akt phos-
phorylation with GnRH and insulin co-stimulation in comparison
to insulin stimulation alone (Fig. 4A). This finding is consistent with
what has previously been seen with IGF and GnRH co-treatment in
�T3-1 cells (Rose et al., 2004).

Recently it has been shown that GnRH stimulation in the pres-
ence of insulin leads to heightened activation of LH promoter
activity in L�T2 cells (Buggs et al., 2006). LH promoter activity
is attributed largely to activation of MAPK cascades, particularly
through the activation of ERK (Liu et al., 2002a). We therefore
assessed the activation of ERK in response to insulin alone and to
insulin and GnRH co-stimulation. We found that that the combi-
nation of GnRH and insulin significantly augments ERK activation
(Fig. 4B). Interestingly, insulin alone does not robustly activate ERK
within the 15 min time-frame examined, though some slight acti-
vation does occur.

3.4. Insulin enhances GnRH-induced cap-dependent translation

Synthesis of LH protein is increased in L�T2 cells by acute
GnRH treatments (Liu et al., 2002a). Recent work from our lab
has shown that the acute increase in LH synthesis is due to acti-
vation of cap-dependent translation by GnRH, in addition to an
acute increase in gonadotropin mRNA synthesis (Nguyen et al.,
2004). These translational events are dependent on the activa-
tion of ERK. Given the role of insulin in potentiating the protein
synthesis capacity of cells and the increased activation of ERK
in Fig. 4, we investigated the possibility that insulin may accen-
tuate GnRH-induced cap-dependent translation. To directly test
this, we examined the effect of co-treatment with insulin and
GnRH on the activation of a bicistronic reporter gene described
previously (Sosnowski et al., 2000). This reporter directs synthe-
sis of a single transcript encoding two independently translated
reading frames and can detect increases in cap-dependent trans-
lational activity that are not evident in measurements of overall
protein synthesis. The first reading frame is translated by the cap-
dependent initiation mechanism and directs synthesis of luciferase.
The second reading frame is translated independently from the
first via an internal ribosomal entry site derived from the murine
cardiovirus, encephalomyocarditis virus and directs synthesis of
Escherichia coli �-galactosidase. Measurement of increased cap-
dependent translation activity can be made by comparison of
the ratios of luciferase to �-galactosidase gene expression. Con-
sistent with our previous report, we find that GnRH leads to
an approximately 2.25-fold induction of reporter activity. Insulin
stimulation of cap-dependent translation appears to be around 1.5-
fold. Interestingly, when GnRH and insulin are combined, there
is an additive effect on cap-dependent translation (approximately
2.75-fold) (Fig. 5). Thus it appears that GnRH and insulin can

Fig. 4. GnRH attenuates insulin induced Akt activation while insulin accentuates
GnRH-induced ERK activation. (A) L�T2 cells were serum starved for 4 h followed
by treatment with either vehicle, 10 nM GnRH (GnRH), 10 nM insulin (Ins), or both
(G + I) for 15 min. Cells were then harvested in RIPA buffer and subjected to SDS-
PAGE and western blotted using an anti-phosho-Akt (473) antibody. After probing
with anti-p-Akt, blots were stripped and re-probed with an antibody that detects Akt
independent of phosphorylation. (B) L�T2 cells were serum starved for 4 h followed
by treatment with either vehicle, 10 nM GnRH (GnRH), 10 nM insulin (Ins), or both
(G + I) for 15 min. Cells were then harvested in RIPA buffer and subjected to SDS-
PAGE and western blotted using an anti-phospho-ERK1/2 antibody. After probing
with anti-p-ERK, blots were stripped and re-probed with an antibody that detects
ERK 1/2 independent of phosphorylation.

work cooperatively to stimulate cap-dependent translation in L�T2
cells.

Our results above show that insulin co-treatment of L�T2
gonadotropes can augment GnRH-induced ERK activation and cap-
dependent translational activity. Blockade of ERK activation would
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Fig. 5. Blockade of ERK attenuates the additive insulin effect on GnRH-induced
translation. L�T2 cells were transfected with a bicistronic reporter gene encoding
firefly luciferase and �-galactosidase translated by cap-dependent and cap-
independent mechanisms, respectively for 24 h. Cells were then serum starved for
4 h and pretreated with either vehicle or 50 �M PD098059 (PD) to block MAPK acti-
vation for 30 min. Cells were further treated for 6 h with vehicle, 10 nM GnRH (GnRH),
10 nM insulin (Ins), GnRH + insulin, 1 nM PMA, or 1 nM PMA + insulin. Cells were then
harvested and assayed for reporter gene activity. The histogram shows the ratio
of luciferase to �-galactosidase activity. #Indicates significant differences (p < 0.05)
between pairs connected by solid lines. *Indicates significant increase above the con-
trol vehicle treated group as determined by ANOVA and post hoc evaluation using
either Student’s t-test or Dunnett’s comparison to control test as appropriate.

cause a loss of cap-dependent translational stimulation by either
GnRH or insulin, as well as a loss of additive stimulation. To test
this, we examined the effect of PD098059 blockade of ERK activa-
tion on cap-dependent translational stimulation. After transfection
with the bicistronic reporter, L�T2 cells were treated with vehi-
cle or 50 �M PD098059 for 30 min prior to stimulation with GnRH,
insulin, or both. Interestingly, cells pretreated with PD098059 did
not show increased stimulation compared to control (GnRH and
insulin co-stimulation alone) (Fig. 5).

To further confirm these results, we also used phorbol ester
(PMA) to pharmacologically activate the MEK-ERK cascade inde-
pendent of GnRH. We find that PMA alone mimics the effect of
GnRH. Additionally; PMA in combination with insulin also leads to
an additive effect on cap-dependent translation similar to that seen
with GnRH treatment. Both the GnRH and PMA effects are blocked
with PD098059.

We conclude from these multiple observations that ERK is a
common target of GnRH and insulin signaling, and this is reflected
in the regulation of translational control targeted by ERK activa-
tion and ultimately in the degree of cap-dependent translational
activation.

4. Discussion

Based on numerous studies, it is clear that the integrated
signaling by insulin and GnRH can impact the regulation of
reproductive function, although at his time, the precise signaling
mechanisms and downstream consequences at the cellular level
are still unclear (Adashi et al., 1981; Soldani et al., 1994; Xia et al.,

2001). To address this issue, we first attempted to identify the sub-
membrane localization of the insulin receptor in gonadotrope cells.
Intracellular signaling for cell-surface receptors is often achieved
through compartmentalization and scaffolding of proteins into
discrete subcellular domains in the plasma membrane termed lipid
rafts. Many raft-associated proteins are cell-surface receptors and
components of intracellular signaling cascades. Thus, lipid rafts
appear to serve as both spatial and temporal signaling platforms
in the plasma membrane (Brown and London, 1998). Herein,
we report that the insulin receptor is constitutively localized to
non-caveolar low-density raft membrane microdomains within
the plasma membrane of L�T2 cells. Typically, insulin receptor
signaling is initiated in discrete caveolar containing membrane
microdomains in a number of cell types (Inokuchi, 2006; Saltiel and
Pessin, 2003). Caveolae are a subset of membrane microdomains
particularly abundant in adipocytes and muscle. It has also been
found that the � subunit of IR contains a binding motif specific for
caveolin (Nystrom et al., 1999) and mutation of this motif results
in inhibition of insulin signaling (Inokuchi, 2006). Interestingly,
pituitary gonadotropes do not express the caveolin proteins
(Fig. 2). Thus, IR localization, phosphorylation, and signaling in the
pituitary gonadotrope occur in discrete membrane microdomains
independent of caveolin association.

Previous reports suggest that the GnRHR resides constitutively
within low-density membrane domains in a cholesterol-dependent
manner (Navratil et al., 2003). In addition to the GnRHR, a number
of its downstream signaling intermediates, such as G�q/11, ERK, and
c-raf are also present in lipid rafts. The organization of the GnRHR in
lipid rafts appears to be critical for the ability of GnRH to propagate
an intracellular signal to the level of MAP kinase (Navratil et al.,
2003; Bliss et al., 2007). Given the central role of lipid rafts in GnRH
and insulin signaling, it is tempting to speculate that one of the
common foci for signaling overlap between insulin receptor and
GnRH receptor within lipid raft domains.

Following IR phosphorylation it appears that the receptor is
capable of initiating the activation of known downstream signaling
intermediates, IRS and Akt/PKB (Nystrom et al., 1999). Our results
suggest that when GnRH and insulin are co-treated, there is a dra-
matic attenuation in insulin induced Akt activation in the L�T2 cell
line. This is not without precedent. Previous work has shown that
when IGF-1 and GnRH are co-treated in the gonadotrope derived
�T3-1 cell line there is a significant reduction in Akt/PKB phospho-
rylation (Rose et al., 2004). It has long been known that Akt/PKB
plays a pivotal role in cell survival and proliferation and that the
unregulated activation of the PI3K/Akt pathway is a prominent fea-
ture of many human cancers (Bjornsti and Houghton, 2004). What is
particularly interesting in our studies is that co-treatment of GnRH
and insulin causes an increase in cap-dependent translational activ-
ity even with significantly attenuated Akt. This suggests that an
alternative pathway than the well-characterized Akt signaling cas-
cade pathway, which targets translational activation through the
cap-dependent translational control factors mTOR and eIF 4E bind-
ing protein is utilized in the corporative activation of translation.

Insulin is only a very modest activator of MAPK signaling cas-
cades in L�T2 cells. Unlike the Akt/PKB data, when GnRH and insulin
are added in combination, there is a significant additive effect on
ERK activation. This is consistent with other work that has shown
a similar effect in �T3-1 cells with IGF-1 and GnRH (Rose et al.,
2004). At this time the exact mechanism by which insulin can
accentuate GnRH activation of ERK 1/2 is unclear. One possibil-
ity is that insulin may sufficiently block negative feedback to ERK
1/2 activation, thereby allowing further activation through other
signaling cascades. Alternatively, insulin may recruit other signal-
ing intermediates to participate in GnRH receptor signaling events.
The GnRH receptor activates ERK 1/2 via G-protein mediated induc-
tion of phospholipase activity and subsequent activation of protein
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kinase C, Ras, and Raf (Liu et al., 2003, 2002a, 2002c), and possibly
via activation of FAK and PYK family members of the large protein
tyrosine kinases (Naor et al., 2000; Maudsley et al., 2007) which are
also known to signal to MAPK cascades through Grb (Blaukat et al.,
1999; Litvak et al., 2000). Recruitment of Grb, Ras and Raf to insulin
signaling complexes may allow the subsequent shared utilization
by GnRH receptor signaling, thus enhancing overall signaling by the
GnRH receptor. This scenario would require proximal activation of
both receptors in the same raft structures. Further investigation of
the mechanisms of insulin on GnRH signaling is required to deter-
mine the impact of signal intermediate recruitment by insulin.

It has been known for some time that activation of Egr-1, a fac-
tor essential for long term induction of LH� subunit transcription,
is subject to control through ERK 1/2 by GnRH (Liu et al., 2002a;
Maudsley et al., 2007). Others have shown that insulin can augment
GnRH-stimulated Egr-1 expression and LH� gene transcription on
L�T2 cells (Buggs et al., 2006). These data, coupled with our find-
ings showing accentuated ERK activation, are entirely consistent
with enhanced GnRH signaling by insulin. We suggest that the addi-
tive effect on ERK by GnRH and insulin is a likely candidate for the
additive downstream effects on Egr-1 and LH�.

The consequence of insulin modulation of GnRH signaling in
gonadotrope cells is at present not clear. Studies in animal model
systems (Todd et al., 2003; Valdes et al., 1991) and more recently in
humans (Lawson et al., 2008) have suggested that excessive insulin
may suppress reproductive function or the pituitary response to
GnRH. However, experiments performed in vitro using primary
pituitary cells or gonadotrope cell lines have suggested that insulin
promotes GnRH responses (Adashi et al., 1981; Buggs et al., 2006;
Hashizume et al., 2002; Rose et al., 2004; Soldani et al., 1994; Xia
et al., 2001). This discrepancy may be due to the significant differ-
ences in the study of cultured cell model systems versus in vivo
studies, the different levels of insulin used, or in the manner of
insulin treatment. Nevertheless, the primary observation of both
in vivo and in vitro studies is that insulin and GnRH interact at the
level of the pituitary, and gonadotrope responses are modified by
this interaction. A clear understanding of the interaction between
metabolic and reproductive signals will be important to further our
understanding of the normal and pathophysiological consequences
of insulin action on reproduction. The evidence presented here sug-
gests that there are specific, mechanistic interactions of GnRH and
insulin signaling in the pituitary gonadotrope, and these molecular
interactions may have a broad impact on reproductive function.

In summary, our results show that the IR is constitutively
localized to non-caveolar microdomains in gonadotrope cells. Addi-
tionally, following IR phosphorylation in rafts, IR is capable of
initiating the activation of downstream signaling targets, such as IRS
proteins and Akt/PKB. Although insulin does not strongly activate
ERK signaling alone, it potentiates the phosphorylation of ERK by
GnRH. Our results suggest that this increase in ERK from insulin and
GnRH co-treatment leads to direct increase in the cap-dependent
translation response in L�T2 cells. Our results agree with previous
reports showing that insulin can directly modulate gonadotrope
responses to GnRH stimulation. We further show that there is a
regulatory effect of insulin on GnRH activation of MAP kinase and
translation, providing a mechanism for the gonadotrope to inte-
grate neuropeptide and energy homeostatic signals to regulate
reproductive function.
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