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Members of the Canadian Council of University Biology Chairs (CCUBC) Awards Committee: 
 
 I am contacting you to submit my application for the Graduate Student Research Prize 
presented by the CCUBC. Please find a copy of the primary research manuscript titled “Ligand-
selective signal transduction by two endogenous GnRH isoforms involves biased activation of the class 
I PI3K catalytic subunits p110!, p110", and p110# in pituitary gonadotropes and somatotropes” 
attached for consideration. Overall, I was responsible for completing all of the data collection, analysis, 
and wrote the first draft of the manuscript. Drs. J.P. Chang and J.L. Stafford assisted with experimental 
design, data interpretation, as well as composition of the manuscript. We chose to submit our work to 
Endocrinology (156: 218-230; Journal Citation Reports® Impact Factor (2013) 4.664) as this is the 
premier peer-reviewed journal for foundational research done in the disciplines of molecular, cellular, 
and whole-organism endocrinology. 
 
 This study presents novel findings made during my doctoral research at the University of Alberta 
under the supervision of Prof. John P. Chang. Our ongoing studies have examined the evolution of the 
signal transduction mechanisms responsible for controlling G protein-coupled receptor (GPCR)-
mediated cellular responses across vertebrate models. In general, GPCRs are a superfamily of 
transmembrane signaling proteins that control cellular responses primarily through interactions with 
heterotrimeric G!"# protein complexes. Recent advances in structural biology have demonstrated 
significant heterogeneity in the conformational landscape of GPCRs during receptor activation and 
suggest that ligand-specific conformational rearrangements shape the complex intracellular signaling 
behavior observed for individual GPCRs. The ability of specific GPCR-ligand interactions to 
differentially activate some intracellular transduction pathways over others is termed biased signaling. 
Understanding the functional implications of biased signaling are important to clinicians due to the 
potential therapeutic impact of designing biased ligands for targeted GPCRs that maximize beneficial 
on-target actions while mitigating undesirable off-target effects. However, the extent to which biased 
signaling by endogenous ligands contributes to the integrated regulation of natural physiological 
systems is poorly understood.  

 
Multiple molecular variants of many neuroendocrine peptides exist within a single vertebrate 

species. In particular, primary pituitary cell cultures isolated from the goldfish (Carassius auratus) have 
emerged as one of the best-characterized models for studying isoform-specific functions of 
neuropeptide variants at the intracellular level. Using this basal vertebrate model, my thesis research 
has explored the possibility of signaling bias within natural hormone families by characterizing the 
signal transduction mechanisms utilized by two endogenous isoforms of gonadotropin-releasing 
hormone (GnRH). Across all vertebrates, GnRHs reliably stimulate the release of luteinizing hormone 
and growth hormone from pituitary gonadotropes and somatotropes, respectively, to coordinate 
reproduction and somatic growth. Results collected not only reveal that the natural GnRH variants 
utilize overlapping, and yet distinct, intracellular signaling mechanisms to control diverse pituitary cell 
functions, but also identify the phosphoinositide 3-kinase (PI3K) superfamily and associated 
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transduction targets as important for the integrated regulation of hormone exocytosis and cellular 
hormone content. Importantly, these studies illustrate, for the first time, the versatility of PI3Ks as an 
intracellular platform for mediating biased cellular responses.  

 
The expansion of the PI3K subunit repertoire is exclusive to true vertebrates and coincides with 

the emergence of a more diverse complement of GPCR-interacting effectors. Interestingly, GnRH 
receptors (GnRHRs) utilize only G!q/11 family subunits in pituitary cells. Therefore, the presence of a 
clear structure-activity relationship between GnRH analogs and GnRHRs in goldfish, coupled with the 
GnRH-selective use of G"#-sensitive effectors, such as the class I PI3K isoforms p110" and p110#, 
strongly implies that ligand binding stabilizes receptor conformations that promote biased signaling 
outcomes dependent upon G"# heterodimers and not just G! subunits. These findings provide the first 
evidence for the involvement of G"# subunits in mediating signaling bias in any natural GPCR-ligand 
system. More generally, these data suggest that, in addition to promiscuous coupling of a single GPCR 
to multiple families of G! subunits, heterogeneity in the activation of G"#-dependent effectors can also 
contribute to ligand-biased signaling responses. Understanding the structural biology and cellular 
significance of G"#-mediated signaling bias, and how these mechanisms acts in parallel or in concert 
with G!"#-independent mechanisms such as the recruitment of arrestins, will be an exciting avenue for 
future studies of functional selectivity downstream of activated GPCRs. 

 
Studies using basal vertebrate models will continue to provide important evolutionary insights 

into the molecular mechanisms that couple GPCR activation to biased intracellular signal transduction 
responses that underlie whole-organism physiology. Overall, my research results demonstrate how the 
complexity of biased signaling participates in the neuroendocrine control of reproduction and growth by 
modulating gonadotrope and somatotrope functions regulated by endogenous neuropeptide isoforms. 
In addition, my work has contributed significantly to the general understanding of how information is 
transferred across cellular membranes by illustrating novel aspects of the heterogeneity inherent within 
the mechanisms that couple GPCR activation and phosphoinositide-dependent intracellular signaling.  
 
Thank you for considering my application. 
 
 Sincerely, 
   Joshua G Pemberton 

!
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Ligand-Selective Signal Transduction by Two
Endogenous GnRH Isoforms Involves Biased
Activation of the Class I PI3K Catalytic Subunits
p110�, p110�, and p110� in Pituitary Gonadotropes
and Somatotropes

Joshua G. Pemberton, James L. Stafford, and John P. Chang

Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada, T6G 2E9

In goldfish, 2 endogenous GnRH isoforms, GnRH2 and GnRH3, are released at the pituitary and
directly stimulate LH and GH release using the same population of GnRH receptors (GnRHRs) but
with GnRH-specific transduction mechanisms. Previously, we have shown that phosphoinositide
3-kinases (PI3Ks) mediate GnRH2- and GnRH3-stimulated LH and GH release. Among the 3 classes
of PI3Ks, class I PI3Ks are the best characterized and consist of 4 110-kDa catalytic isoforms (p110�,
p110�, p110�, and p110�). Importantly, p110� and p110�, but not p110� or p110�, can be directly
activated by the G�� heterodimer of G��� protein complexes. In the present study, we examined
the expression of class I PI3K isoforms and the effects of selective inhibitors of p110�, p110�, p110�,
and p110� catalytic activity on basal, as well as acute, GnRH2- and GnRH3-stimulated LH and GH
release responses using primary cultures of dispersed goldfish pituitary cells in column perifusion.
Results demonstrate that p110� and p110� are involved in the control of basal LH and GH release,
whereas p110� and p110� only regulate basal LH secretion. However, p110� and p110� both
participated in GnRH3- and GnRH2-stimulated GH release, whereas p110� and p110� mediated
GnRH2- and GnRH3-induced LH release responses, respectively. GnRH2- and GnRH3-stimulated LH
release, as well as GnRH3-elicited GH release, also required p110�. These results constitute the first
evidence for the differential involvement of class I PI3K catalytic subunits in GnRH actions, in
general, and suggest that GnRH2 and GnRH3 binding to GnRHRs can bias the activation of class I
PI3K signaling to mediate hormone release responses in 2 distinct pituitary cell types. The involve-
ment of both class IA and IB PI3Ks implicates G�� subunits, as well as other known regulators of
class I PI3Ks, as important components of GnRHR-mediated responses that could influence GnRH-
selective signaling in other cell types. (Endocrinology 156: 218–230, 2015)

The presence of multiple molecular forms of GnRH is a
common feature of chordates (1). Among vertebrates,

goldfish (Carassius auratus) is one of the best-character-
ized models for studying the multifactorial neuroendo-
crine control of pituitary gonadotrope and somatotrope
functions and especially on how GnRH isoform-specific
pituitary actions are manifested at the intracellular level.
Goldfish pituitary cells are exposed to 2 native GnRH
isoforms, GnRH2 (chicken GnRH-II, [His5,Trp7,Tyr8]

GnRH) and GnRH3 (salmon GnRH, [Trp7,Leu8]GnRH),
and both stimulate LH and GH release through direct
actions on gonadotropes and somatotropes (reviewed in
Refs. 2, 3). Interestingly, GnRH2 and GnRH3 bind and
activate the same population of pituitary cell-surface
GnRH receptors (GnRHRs) (4–7) belonging to the G pro-
tein-coupled receptor (GPCR) superfamily but use shared,
as well as GnRH-isoform-specific, postreceptor mecha-
nisms in the control of LH and GH release responses (2, 3).
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The ability of closely related ligands to selectively activate
a subset of signaling cascades downstream of GPCR ac-
tivation is known as biased agonism (8). Understanding
the molecular mechanisms controlling biased signal trans-
duction is one of the fastest growing topics in GPCR re-
search due to the potential therapeutic impact of engineer-
ing function-specific biased ligands (9). However, our
knowledge on the extent to which natural biased ligands
participate in the regulation of physiological systems is
limited. Studying how endogenous GnRH isoforms dif-
ferentially regulate hormone release in goldfish pituitary
cells provides an excellent physiological model for inves-
tigating how naturally occurring biased ligands selectively
control neuroendocrine cell functions.

Among the known signaling cascades, phosphoinosi-
tide 3-kinases (PI3Ks), a conserved and specialized group
of lipid kinases, serve as important mediators of hormone
actions in a variety of neural, endocrine, and immune cell
types. In mammals, there are 8 isoforms of PI3K lipid
kinases grouped into 3 functionally discrete classes;
among these, class I PI3Ks are the best characterized and
are further subdivided into 2 subclasses, IA and IB (10).
The class IA subclass comprises 3 110-kDa catalytic iso-
forms (p110�, p110�, and p110�) that use p85-type reg-
ulatory subunits encoded by either PIK3R1 (p85�, p55�,
p50�), PIK3R2 (p85�), or PIK3R3 (p55�) and directly
interact with intracellular adaptors or receptors possess-
ing intrinsic or associated tyrosine kinase activity (11).
The class IB catalytic subunit, p110�, binds to either the
p101 or p84 regulatory subunits and is activated by
GPCRs through direct interactions with the G�� subunits
of heterotrimeric G��� complexes (11). Interestingly, the
class IA p110� isoform is also directly activated by G��

heterodimers, making it the only class I PI3K isoform that
can be directly or synergistically activated by both ty-
rosine-phosphorylated proteins and GPCRs (11, 12).
Irrespective of the mode of activation, all class I PI3Ks
phosphorylate the 3�-hydroxyl group of phosphoinositide
4,5-bisphosphate to produce the lipid second-messenger
phosphoinositide 3,4,5-trisphosphate (PIP3) (11). Binding
of PIP3 to pleckstrin homology lipid-binding domains fa-
cilitates membrane translocation and/or activation of nu-
merous intracellular effectors, including serine/threonine
protein kinases, nonreceptor tyrosine kinases, adaptor
proteins, guanine nucleotide exchange factors, GTPase-
activating proteins, and plasma membrane transporters or
ion channels (11, 13). The presence of PIP3-binding do-
mains in a variety of signaling proteins mediates the com-
plexity of signal transduction downstream of class I PI3Ks
in cellular, as well as whole-organism, physiology (11, 13,
14). However, despite well-characterized roles in cellular
signaling, few studies have examined the involvement of

PI3K-dependent signaling in the control of pituitary hor-
mone release.

We previously demonstrated that 2 broad-spectrum in-
hibitors of PI3Ks, wortmannin and 2-(4-Morpholinyl)-8-
phenyl-4H-1-benzopyran-4-one (LY294002), reduced
GnRH2- and GnRH3-stimulated LH and GH release
from primary cultures of goldfish pituitary cells (15). Al-
though these results suggest the involvement of the clas-
sical receptor-mediated class I PI3K isoforms, they do not
exclude the involvement of other intracellular targets of
these pan-PI3K inhibitors, such as the lesser-studied class
II and class III PI3Ks or members of the PI3K-related ki-
nase family, in the control of GnRH actions. In order to
determine whether GnRH-selective use of class I PI3K cat-
alytic isoform(s), including those directly coupled to the
activation of GPCRs, is involved in the differential control
of GnRH actions on hormone release, we first examined
the expression of the p110 catalytic subunits in primary
cultures of goldfish pituitary cells using subunit-selective
primary antibodies. Additionally, the effects of highly spe-
cific small molecule inhibitors of the p110�, p110�,
p110�, and p110� catalytic subunits on basal, as well as
GnRH2- and GnRH3-stimulated LH and GH release,
were measured in cell column perifusion hormone release
assays.

Materials and Methods

Animals
Animal maintenance and handling protocols adhered to the

Canadian Council for Animal Care guidelines and were ap-
proved by the University of Alberta Animal Care Committee.
Common goldfish (C. auratus; postpubertal, 10–13 cm, 25–30
g) were purchased from Aquatic Imports and maintained at 18°C
in flow-through aquaria (1800L capacity; dechlorinated and
charcoal-filtered municipal water) under a simulated Edmonton,
AB, Canada photoperiod (controlled by graded lighting and an
astronomical clock set to the local sunrise and sunset). Goldfish
were acclimated to the above conditions for a minimum of 7 days
before experimentation and were used within one month of pur-
chase. Experiments were performed using mixed pituitary cell pop-
ulations isolated from both male and female goldfish. To minimize
variation due to seasonal reproductive changes, replicate experi-
ments were performed within a short time period (8–12 d), and the
season in which the experiments were carried out is presented in the
figure legends to allow for future comparisons.

Preparation of dispersed goldfish pituitary cell
cultures

Whole pituitaries were removed from goldfish after deep anes-
thetization with 0.05% tricane methanesulfonate (AquaLife,
Syndel Laboratories) and cervical transection. Dispersed pitu-
itary cells were prepared using an established trypsin/deoxyri-
bonuclease dispersion protocol (16). Cell viability was routinely
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more than 98% as determined using trypan blue exclusion. Dis-
persed cells were cultured overnight in plating medium (Medium
M199 with Earles’ salts [Gibco] containing 26mM NaHCO3,
25mM HEPES, 100-mg/L streptomycin, 100 000-U/L penicillin,
and 1% horse serum; pH adjusted to 7.2 with NaOH) at 28°C,
under 5% CO2 and saturated humidity.

Drugs and reagents
Synthetic GnRH2 and GnRH3 were purchased from Bachem,

and stock solutions were prepared in distilled, deionized water.
Class I PI3K isoform inhibitors BYL719 ((2S)-1-N-[4-methyl-5-
[2-(1,1,1-trifluoro-2-methylpropan-2-yl)pyridin-4-yl]-1,3-
thiazol-2-yl]pyrrolidine-1,2-dicarboxamide; p110�-selective;
Selleck Chemicals) (17), TGX221 ((�)-7-Methyl-2-(morpholin-
4-yl)-9-(1-phenylaminoethyl)-pyrido[1,2-a]-pyrimidin-4-one;
p110� selective; Calbiochem) (18), IC87114 (2-((6-amino-9H-
purin-9-yl)methyl)-5-methyl-3-o-tolylquinazolin-4(3H)-one;
p110� selective; Calbiochem) (19), and CZC24832 (5-(2-
Amino-8-fluoro[1,2,4]triazolo[1,5-a]pyridin-6-yl)-N-(1,1-
dimethylethyl)-3-pyridinesulfonamide; p110� selective; Tocris
Bioscience) (20) were dissolved in dimethylsulfoxide. Aliquots of
all stock solutions were stored at �20°C, and final concentra-
tions were achieved by diluting stocks in testing medium (Me-
dium 199 with Hanks’ salts [Gibco] containing 26mM
NaHCO3, 25mM HEPES, 100-mg/L streptomycin, 100 000 U/L
penicillin, and 0.1% BSA; pH adjusted to 7.2 with NaOH). Final
concentrations of dimethylsulfoxide were always less than 0.1%
(vol/vol) and do not effect basal LH or GH release (21, 22).
Polyclonal rabbit antihuman p110� (sc-7174), p110� (sc-602)
and p110� (sc-7176) IgG antibodies were purchased from Santa
Cruz Biotechnology, Inc, whereas monoclonal rabbit antihuman
p110� (C73F8) and p110� (D55D5) were purchased from Cell
Signaling Technologies.

Protein extraction and Western blotting
In general, pituitary cell lysis and Western blotting were per-

formed as previously described (15). Briefly, protein extracts
from pituitary cell cultures were harvested in lysis buffer (50mM
Tris-Cl, 150mM NaCl, 0.1% nonylphenoxypolyethoxyletha-
nol; Thermo Scientific) and Complete EDTA-free protease in-
hibitor cocktail (Roche), sonicated, and then centrifuged at
16 000g for 20 minutes. Supernatants were stored at �80°C
until use. For immunoblotting, samples in lysis buffer were di-
luted in equal volumes of 2� sodium dodecyl sulfate reducing
buffer (Laemmili sample buffer with 2�-mercaptoethanol; Bio-
Rad Laboratories) and boiled for 10 minutes at 95°C before use.
Proteins were separated on 8% sodium dodecyl sulfate-poly-
acrylamide gels and transferred to Trans-Blot Pure nitrocellulose
membranes (0.45 �m; Bio-Rad Laboratories). Efficiency of the
protein transfer was assessed using PonceauS staining (0.1%
PonceauS in 5% acetic acid; Sigma-Aldrich). Membranes were
blocked for 60 minutes at room temperature in 1� Tris-buffered
saline and Tween 20 (TBST) with 5% BSA (Fraction V; Roche)
and blotted overnight with primary antibodies against p110�,
p110�, p110�, or p110� diluted 1:1000 in 1� TBST and 5%
BSA. Positive controls for p110 immunoblotting were performed
using whole-cell lysates from RBL-2H3 mast cells (rat basophilic
leukemia cell line; American Type Culture Collection). In all
instances, goat antirabbit IgG-horseradish peroxidase conju-
gated secondary antibody (diluted 1:10 000 in 1� TBST and 5%

BSA; Bio-Rad Laboratories) was used for 120 minutes at room
temperature before application of Pierce ECL Western Blotting
Substrates (Thermo Scientific) and exposure to Kodak BioMax
XAR film. Detailed descriptions of the antigen sequence used for
immunization and the experimental conditions tested for each
p110 catalytic subunit antibody are provided in Supplemental
Table 1.

Cell column perifusion for acute hormone release
responses to GnRH3 and GnRH2

For measurements of acute hormone release, cell column peri-
fusion experiments were carried out as previously described (16).
Dispersed pituitary cells cultured overnight with preswollen Cy-
todex beads (Cytodex I; Sigma-Aldrich) were loaded into tem-
perature-controlled columns (1.5 � 106 cells/column, 500-�L
chamber volume, 18°C) and perifused with testing medium at a
flow rate of 15 mL per hour (time to clear total dead-space is
approximately 5–6 min) for a minimum of 4 hours before the
onset of experiments in order to stabilize basal hormone secre-
tion. Perifusion experiments began with the collection of 5,
5-minute fractions of basal hormone secretion to determine the
average pretreatment hormone release levels (application of test-
ing medium without pharmacological agents). Isoform-selective
p110 inhibitors were applied from 30 to 95 minutes of the ex-
perimental period, whereas GnRH2 (100nM) or GnRH3
(100nM) was applied as a 5-minute pulse at 45 minutes of the
experimental protocol. Fractions of perifusate were stored at
�20°C until being assayed for goldfish LH and GH content by
validated RIAs (23, 24). Treatments were performed in duplicate
columns in each experiment, and all perifusion experiments were
repeated a minimum of 4 times using different cell preparations.

Data expression and statistics
For perifusion studies, LH and GH release from individual

columns were expressed as a percentage of the corresponding LH
or GH pretreatment values (% pretreatment), which is calculated
as the average hormone content of the first 5 fractions collected
during the onset of the experimental period before pharmaco-
logical manipulations. This conversion allowed for pooling of
perifusion data from different columns without distorting the
shape of the hormone release kinetic. The hormone release re-
sponses to GnRH treatments were quantified from individual
columns by calculating the net response of the LH or GH levels
as the area under the response curve (baseline value subtracted;
baseline defined as the average % pretreatment value of the 3
fractions before agonist administration). Termination of hor-
mone release response to agonist application in a column was
deemed to have occurred when hormone release values returned
to within 1 SEM of the average baseline value. The net response
for treatment columns exposed to small molecule inhibitors were
quantified over the equivalent time frame as that used for the
GnRH treatments. Pooled results (mean � SEM) were compared
using ANOVA followed by Tukey’s honest significant differ-
ences (HSD) multiple comparisons where applicable. Addition-
ally, the effect of the p110-selective inhibitors on basal release
was evaluated by comparing the average of the % pretreatment
hormone release values obtained over the duration of the inhib-
itor alone treatment (30–95 min of experiment; pooled from
both GnRH2 and GnRH3 experiments) to the corresponding
average values from 0 to 20 minutes of the treatment protocol in
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the same columns using a Student’s paired t test. The level of
significance was set at P � .05.

Results

Immunoreactive p110�, p110�, and p110� are
expressed in goldfish pituitary cell cultures

Goldfish pituitary tissues express immunoreactive
PI3K p85-type regulatory subunits that couple to the class
IA PI3K catalytic subunits. Furthermore, both GnRH2
and GnRH3 stimulate phosphorylation of tyrosine resi-
dues within p85 in goldfish pituitary fragments, suggest-
ing increased class IA p110 catalytic activity (15, 25). Be-
sides class IA PI3K regulatory subunits, to our knowledge,
expression of immunoreactive class I PI3K catalytic sub-
units has never been examined in goldfish tissues. How-
ever, orthologs of p110�, p110�, p110�, and p110� are
present in all vertebrates, including the closely related cy-
prinid species, zebrafish (Danio rerio) (10, 26). As an in-
dication of the class I PI3K catalytic subunits that might be
involved in GnRH actions in goldfish pituitary cells, the
presence of p110�, p110�, p110�, and p110� was exam-
ined by Western blotting using subunit-selective primary
antibodies. As expected, protein extracts from a represen-
tative mammalian cell line, RBL-2H3 mast cells, known to
express all of the p110 catalytic isoforms (27, 28), reacted
positively to all 4 primary antibodies (Figure 1). Immu-
noreactive bands for p110�, p110�, and p110�, but not
p110�, were also observed in goldfish pituitary cell ex-
tracts and corresponded with the bands observed in the
RBL-2H3 cells at approximately 110 kDa (Figure 1).
These observations suggest the presence of immunoreac-
tive class IA and IB PI3Ks in goldfish pituitary tissues.

GnRH2- and GnRH3-stimulated LH and GH release
involves biased activation of p110�, p110�, and
p110� class I PI3K catalytic isoforms

Few studies have examined the involvement of PI3K
signaling in GnRH actions on hormone release, and
whether differential activation of unique PI3K isoforms
mediates GnRH signal transduction is unknown. To as-
sess the potential for differential involvement of class I
PI3K signaling in GnRH isoform-selective actions, we ex-
amined the effects of specific small molecule inhibitors of
the class I PI3K catalytic subunits p110�, p110�, p110�,
and p110� on GnRH2- and GnRH3-stimulated LH and
GH release responses. The p110 subunit specificity and
experimental concentrations used for each of the selective
p110 isoform inhibitors are provided in Supplemental Ta-
ble 2. In general, inhibitor concentrations for perifusion

studies were chosen based on previous studies of the effi-
cacy and p110 subunit selectivity in cell-based assays.

As expected, maximally effective concentrations of
GnRH2 (100nM) (16) and GnRH3 (100nM) (16) signif-
icantly stimulated acute LH (Figures 2 and 3) and GH
release (Figures 4 and 5). The p110�-specific inhibitor
(BYL719, 0.05 �M) did not alter GnRH2- or GnRH3-
induced LH release responses (Figures 2 and 3). GnRH2-

Figure 1. Expression of immunoreactive p110�, p110�, p110�, and
p110� class I PI3K catalytic subunits in primary goldfish pituitary cell
cultures. Representative immunoblots (from 1 of 3 independent
experiments) of whole-cell lysates isolated from mixed goldfish
pituitary cell cultures using subunit-selective primary antibodies raised
against the (A) class IA catalytic subunits p110�, p110�, and p110�
and the (B) class IB catalytic subunit p110�. Positive controls for p110
immunoblotting were performed using whole-cell lysates from the
RBL-2H3 rat basophilic leukemia mast cell line. Importantly,
mammalian mast cells are known to express all 4 of the class I PI3K
catalytic subunits. For each of the class I PI3K catalytic subunits, the
expected molecular mass is approximately 110 kDa. Goldfish pituitary
cell lysates also failed to cross-react with an additional p110� primary
antibody (sc-7174; results not shown).
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induced LH release was significantly reduced by selective
inhibitors of p110� (TGX221, 0.05�M) (Figure 2, C and
D) and p110� (IC87114, 5�M) (Figure 2, E and F) but was
not affected by the p110� inhibitor (CZC24832, 0.5�M)

(Figure 2, G and H). In contrast,
GnRH3-stimulated LH release was
significantly reduced by selective in-
hibitors of p110� and p110� (Figure
3, E–H), but not by the p110� inhib-
itor (Figure 3, C and D). GnRH3 and
GnRH2 stimulation of GH release
were unaffected by the p110� inhib-
itor (Figures 4, A and B, and 5, A and
B), whereas the GnRH2-stimulated
GH release was reduced by the selec-
tive p110� (Figure 4, C and D) and
p110� (Figure 4, G and H) inhibitors
but not the p110� inhibitor (Figure
4, E and F). On the other hand, the
selective inhibitors of p110� (Figure
5, C and D), p110� (Figure 5, G and
H), and p110� (Figure 5, E and F) all
significantly reduced GnRH3-stimu-
lated GH release responses.

Differential involvement of PI3K
p110 catalytic activity in the
control of basal LH release and
GH release

In goldfish pituitary cells, basal
secretion and agonist-stimulated LH
and GH release are regulated differ-
ently (29–32). In addition to being
involved in GnRH-stimulated hor-
mone release responses, basal LH
and GH release was altered in a p110
subunit-selective manner. Inhibition
of p110�, p110�, p110�, and p110�

all significantly reduced basal LH
release by between 15% and 20%
(Figure 6A). However, basal GH
release was only selectively reduced
by inhibition of p110� and p110�,
and by 20% and 13%, respectively
(Figure 6B).

Discussion

Results presented in this study not
only confirm previous findings that
PI3Ks play a role in GnRH-induced
LH and GH release (15, 32), but also

provide the first direct evidence for the involvement of
select class I PI3K isoforms downstream of GnRHR acti-
vation in any cell type. These findings also implicate G��

Figure 2. Effects of selective small molecule inhibitors of p110� (BYL719, 0.05�M) (A and B),
p110� (TGX221, 0.05�M) (C and D), p110� (IC87114, 5�M) (E and F), and p110� (CZC24832,
0.5�M) (G and H) on basal and GnRH2-stimulated LH release responses. For each panel, LH
release profiles are shown on the left (A, C, E, and G; white or square, inhibitor alone; gray or
diamond, GnRH alone; black or circle, GnRH � inhibitor) and quantified LH release responses are
shown on the right (B, D, F, and H). Duration of LH release response quantification is indicated
by the vertical dotted lines. LH release responses were expressed as a percentage of the
pretreatment values (% pretreatment, average of the first 5 perifusion fractions collected; 3.22 �
0.13 ng/mL; n � 8 from 4 independent cell preparations). Pooled responses from experiments
with pituitary cells prepared from goldfish in April to June (BYL719, completed in May-June;
TGX221, completed in April; IC87114, completed in May; CZC24832, completed in April-May)
are shown. The open horizontal bar indicates the duration of the p110 inhibitor treatment,
whereas the gray horizontal bar represents the 5-minute GnRH2 (100nM) exposure. Treatments
that are significantly different from one another are identified by different symbols (* vs ‡;
ANOVA followed by Tukey’s HSD multiple comparisons; P � .05). For information about the
specificity of the class I PI3K isoform inhibitors, refer to Supplemental Table 2.
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heterodimers and other class I PI3K signaling components
as important intracellular mediators of signal transduc-
tion responses downstream of GnRHRs in both gonado-
tropes and somatotropes.

Involvement of p110� and
p110� in GnRH actions

Despite significant progress in
characterizing the importance of iso-
form-selective PI3K signaling in reg-
ulating cellular functions, informa-
tion regarding the involvement of
PI3Ks in the control of endocrine se-
cretion is sparse and is derived pri-
marily from studies of insulin release
using pancreatic �-cells (33, 34).
However, the involvement of spe-
cific class I PI3K isoforms in the
acute actions of GnRH on pituitary
hormone release, and in the neuroen-
docrine control of pituitary hormone
secretion, in general, has not been
investigated. In the present study,
GnRH-selective activation of LH
and GH release responses involved
the biased activation of class I PI3K
isoforms. More specifically, GnRH2
stimulation of LH release involves
p110� and p110� catalytic activity
but uses p110� and p110� in GH re-
lease. In contrast, GnRH3 stimula-
tion of LH release involves p110�

and p110�, whereas it requires the
kinase-dependent actions of p110�,
p110�, and p110� in inducing GH
secretion (Figure 7). Differential ac-
tivation of p110-dependent signal-
ing is similar to studies of pancreatic
�-cells that have outlined a promi-
nent role for class I PI3K isoforms,
including p110� and p110�, in the
control of insulin secretion. In par-
ticular, p110� is an important deter-
minant of insulin granule trafficking
and exocytosis, in part by negatively
regulating cortical F-actin density to
promote secretory granule recruit-
ment to the plasma membrane (35).
In contrast, unlike p110�, p110� fa-
cilitates glucose-stimulated insulin
exocytosis independently of its
catalytic activity; suggesting a
unique kinase-independent role for

p110� (36). However, understanding the direct con-
nection between GPCR activation and p110�- or
p110�-mediated signaling in insulin-secreting �-cells is
still unknown.

Figure 3. Effects of selective small molecule inhibitors of p110� (BYL719, 0.05�M) (A and B),
p110� (TGX221, 0.05�M) (C and D), p110� (IC87114, 5�M) (E and F), and p110� (CZC24832,
0.5�M) (G and H) on basal and GnRH3-stimulated LH release responses. For each panel, LH
release profiles are shown on the left (A, C, E, and G; white or square, inhibitor alone; gray or
diamond, GnRH alone; black or circle, GnRH � inhibitor) and quantified LH release responses are
shown on the right (B, D, F, and H). Duration of LH release response quantification is indicated by
the vertical dotted lines. LH release responses were expressed as a percentage of the
pretreatment values (% pretreatment, average of the first 5 perifusion fractions collected; 3.07 �
0.13 ng/mL; n � 8 from 4 independent cell preparations). Pooled responses from experiments
with pituitary cells prepared from goldfish in April to June (BYL719, completed in May-June;
TGX221, completed in April; IC87114, completed in May; CZC24832, completed in April-May)
are shown. The open horizontal bar indicates the duration of the p110 inhibitor treatment,
whereas the gray horizontal bar represents the 5-minute GnRH3 (100nM) exposure. Treatments
that are significantly different from one another are identified by different symbols (* vs ‡;
ANOVA followed by Tukey’s HSD multiple comparisons; P � .05). For information about the
specificity of the class I PI3K isoform inhibitors, refer to Supplemental Table 2.
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How GnRHR activation leads to differential recruit-
ment of class I PI3K isoforms has not been directly exam-
ined but heterotrimeric G��� complexes are likely in-
volved. GnRHRs interact predominantly with G�q/11

subunits in most pituitary and extra-
pituitary sites examined. However,
there is also evidence for the use of
G�s and G�i subunits in some mod-
els (37). In contrast to the influence
of G� subunits, the importance of
G�� heterodimers in GnRH signal-
ing has received little attention (38).
Work in goldfish pituitary cells has
shown that GnRH actions on LH
and GH release are dependent on
protein kinase C (PKC) and intracel-
lular Ca2� signaling, supporting Gn-
RHR coupling to G�q/11 and activa-
tion of phospholipase C� (2, 3).
Conversely, direct coupling to G�s

and G�i subunits in the goldfish pi-
tuitary system can be ruled out.
GnRH2- and GnRH3-induced LH
and GH release is independent of ad-
enylyl cyclase and cAMP production
(2, 3), and treatment with the selec-
tive G�i inhibitor pertussis toxin
stimulates acute hormone secretion
from goldfish gonadotropes and so-
matotropes (39). Regardless of the
exact identity of the G� subunit in-
volved, G�� heterodimers will dis-
sociate from the G��� complex after
GPCR activation and 2 of the estab-
lished, downstream signaling targets
of G�� are the class I PI3K isoforms
p110� and p110�. Consistent with
this hypothesis, the catalytic activity
of G��-dependent class I PI3K iso-
forms, p110� and p110�, is involved
in GnRH2- and GnRH3-stimulated
LH and GH release responses in a
cell type- and ligand-specific man-
ner. Our findings are in agreement
with previous work demonstrating
that p110� and p110� can couple to
the same GPCR agonist (40). How-
ever, the molecular mechanisms con-
trolling the agonist-selective activa-
tion of p110� and p110� signaling
downstream of GPCRs is unknown,
but the subunit composition of the

G�� heterodimer is thought to affect the coupling of G��

subunits to downstream signaling in other GPCR models
(41). This has been demonstrated for p110�/p101 com-
plexes, which display differential sensitivity to combina-

Figure 4. Effects of selective small molecule inhibitors of p110� (BYL719, 0.05�M) (A and B),
p110� (TGX221, 0.05�M) (C and D), p110� (IC87114, 5�M) (E and F), and p110� (CZC24832,
0.5�M) (G and H) on basal and GnRH2-stimulated GH release responses. For each panel, GH
release profiles are shown on the left (A, C, E, and G; white or square, inhibitor alone; gray or
diamond, GnRH alone; black or circle, GnRH � inhibitor) and quantified GH release responses
are shown on the right (B, D, F, and H). Duration of GH release response quantification is
indicated by the vertical dotted lines. GH release responses were expressed as a percentage of
the pretreatment values (% pretreatment, average of the first 5 perifusion fractions collected;
8.96 � 1.00 ng/mL; n � 8 from 4 independent cell preparations). Pooled responses from
experiments with pituitary cells prepared from goldfish in April to June (BYL719, completed in
May-June; TGX221, completed in April; IC87114, completed in May; CZC24832, completed in
April-May) are shown. The open horizontal bar indicates the duration of the p110 inhibitor
treatment, whereas the gray horizontal bar represents the 5-minute GnRH2 (100nM) exposure.
Treatments that are significantly different from one another are identified by different symbols
(* vs ‡; ANOVA followed by Tukey’s HSD multiple comparisons; P � .05). For information about
the specificity of the class I PI3K isoform inhibitors, refer to Supplemental Table 2.
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tions of G� and G� subunits with the signaling specificity
driven primarily by the identity of the G� subunit within
the heterodimer (42). Similar data regarding the G� sub-
unit selectivity of p110�/p85 complexes are not available,

although most cellular studies of
p110� activation have used recom-
binant �1�2 heterodimers. That said,
in a more physiologically relevant set-
ting, p110�/p101 complexes show en-
hanced sensitivity for purified mix-
tures of bovine brain G�� when
compared with p110�/p85, suggest-
ing that p110�/p101 also possesses
higher affinity for endogenous G��

subunits (43). Recent reports examin-
ing G�� interaction surfaces of holo-
meric class IA p110�/p85 and class
IB p110�/p101 complexes provide
important insights into the potential
basis for selective activation of these
PI3K isoforms by distinct G�� sub-
units. Direct contact of G�� with 2
lysines (K532 and K533) in the C2 do-
main-helical domain linker region of
the p110� catalytic subunit is re-
quired for activation of p110� sig-
naling (44). On the other hand, the
homologous G�� interaction sur-
face in the C2-helical loop of the
p110� catalytic subunit consists of a
slightly different pair of basic resi-
dues (R552 and K553), and unlike
p110�/p85 complexes, the p101 reg-
ulatory subunit also interacts with
G�� to reinforce the membrane af-
finity of p110� (45). The presence of
the 532KK motif in p110� and the
552RK motif in p110� is highly con-
served among different vertebrate
species, including zebrafish (44–
46). A recent sequence analysis of G�

and G� subunits from teleost fish
and mammalian species showed that
when compared with plant and in-
vertebrate models, vertebrate lin-
eages share a larger and more diverse
set of G� and G� subunits and, with
minor exceptions, the G� and G�

subunits from both fish and mam-
malian species, appear to have
evolved from the same common an-
cestor (47). When taken together,

these findings support the idea that p110 isoform-specific
coupling resulting from differential sensitivities to dissim-
ilar G�� heterodimers could potentially lead to GnRH-
selective activation of p110� and p110� in goldfish.

Figure 5. Effects of selective small molecule inhibitors of p110� (BYL719, 0.05�M) (A and B),
p110� (TGX221, 0.05�M) (C and D), p110� (IC87114, 5�M) (E and F), and p110� (CZC24832,
0.5�M) (G and H) on basal and GnRH3-stimulated GH release responses. For each panel, GH
release profiles are shown on the left (A, C, E, and G; white or square, inhibitor alone; gray or
diamond, GnRH alone; black or circle, GnRH � inhibitor) and quantified GH release responses
are shown on the right (B, D, F, and H). Duration of GH release response quantification is
indicated by the vertical dotted lines. GH release responses were expressed as a percentage of
the pretreatment values (% pretreatment, average of the first 5 perifusion fractions collected;
11.08 � 1.80 ng/mL; n � 8 from 4 independent cell preparations). Pooled responses from
experiments with pituitary cells prepared from goldfish in April to June (BYL719, completed in
May-June; TGX221, completed in April; IC87114, completed in May; CZC24832, completed in
April-May) are shown. The open horizontal bar indicates the duration of the p110 inhibitor
treatment, whereas the gray horizontal bar represents the 5-minute GnRH3 (100nM) exposure.
Treatments that are significantly different from one another are identified by different symbols
(* vs ‡; ANOVA followed by Tukey’s HSD multiple comparisons; P � .05). For information about
the specificity of the class I PI3K isoform inhibitors, refer to Supplemental Table 2.
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Isoform-selective class I PI3K signaling has been shown
to involve distinct families of small GTPases that bind to
the amino-terminal Ras-binding domain present in all
p110 catalytic subunits. Direct interactions between mem-
brane-localized Ras and p110� activates the lipid kinase
activity of p110� cooperatively with input from G�� het-
erodimers (48, 49). However, p110� is selectively acti-
vated by the Rho family small GTPases, Rac1 and Cdc42,

but not Ras (50). Whether GnRH2 and GnRH3 selectively
activate Ras or Rho family members is not known, al-
though the involvement of Ras and Rac1/Cdc42 have been
implicated in the control of GnRH actions in multiple cell
lines (37). The idea of coordinate stimulation of both the
p110� and p110� isoforms by G�� heterodimers and
small GTPases by GnRH is also consistent with the role of
PI3Ks as important integrators within signal transduction
networks (48). Additionally, when coexpressed, p110�

and p110� have been shown to act in concert to provide
full PI3K signaling activity downstream of a single GPCR
agonist (40). Overall, the present set of experiments con-
stitute one of only a few studies to suggest the involvement
of G��-dependent signaling, as well as the only study to
implicate the participation of p110� and p110�, in GnRH
action.

Participation of p110� in GnRH actions
GnRH2 and GnRH3 actions on LH release, as well as

GnRH3 stimulation of GH release, also require the class
IA p110� isoform that does not directly interact with G��

heterodimers. However, p110� is activated downstream
of chemokine receptors to control GPCR-dependent che-
motaxis in natural killer cells and B cells, demonstrating
that p110�-dependent signaling can be regulated by ago-
nist-stimulated class A GPCRs (51, 52). In general, p110�

functions have been widely studied within the mammalian
immune system, because expression of p110� is enriched
in leukocytes and was once thought to be restricted to the
hematopoietic system (53). However, more recent work
has demonstrated that the tissue expression pattern of
p110� is broader, including high levels of expression
within the central nervous system (54, 55). Irrespective of
its tissue expression pattern, relatively few studies have
examined the functions of p110� signaling outside of well-
characterized roles in the regulation of innate and adaptive
immune responses (56), including important effects on
exocytic events during degranulation and cytokine release
(14, 28, 57). In contrast to mammalian systems, the phys-
iological role(s) of p110� in lower vertebrates is largely
uncharacterized. Our results demonstrate, for the first
time, the presence and involvement of p110� in the control
of GnRH-stimulated signal transduction responses as well
as in the regulation of pituitary hormone release in any
vertebrate model. Understanding how GnRHRs activate
p110� signaling is complicated by the fact that the cata-
lytic activity of p110� is regulated primarily by tyrosine-
phosphorylated peptides and the Ras family GTPases
R-Ras and R-Ras2 (58, 59). In mammalian models, Gn-
RHR-mediated activation of tyrosine kinase-dependent
signaling pathways and/or Ras GTPases can occur
through transactivation of the epidermal growth factor

Figure 6. Effects of selective small molecule inhibitors of p110�
(BYL719, 0.05�M), p110� (TGX221, 0.05�M), p110� (IC87114,
5�M), and p110� (CZC24832, 0.5�M) on basal (A) LH and (B) GH
release. Basal release before inhibitor application (black bars) was
quantified as the average percentage of the pretreatment values
(average % pretreatment) of the first 4 perifusion fractions collected at
the beginning of the experimental trial. The inhibitor alone basal
release (gray bars) was quantified as the average % pretreatment value
over the entire duration of the p110-selective inhibitor treatment (30–
95 min; the gray horizontal bar in Figures 2–5; mean � SEM; n � 16
from 4 independent cell preparations). Treatments marked with an
asterisk identify responses that are significantly different from the basal
release before inhibitor application (paired Student’s t test; P � .05).
For information about the specificity of the class I PI3K isoform
inhibitors, refer to Supplemental Table 2.
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receptor (60, 61). As a result, regulation of p110� signal-
ing by GnRHR-mediated transactivation of receptor ty-
rosine kinases, activation of intracellular nonreceptor ty-
rosine kinases, or by members of the Ras superfamily in
goldfish gonadotropes and somatotropes are important
avenues for future investigation. Additionally, it is impor-
tant to realize that these mechanisms are not mutually

exclusive and G��-independent sig-
naling could also contribute to acti-
vation of the class IA p110�/p85 or
p110�/p85 complexes to mediate
GnRH-selective actions. On the
other hand, there is mounting evi-
dence suggesting that p110� is not a
major effector of tyrosine kinase sig-
naling but couples ubiquitously to
GPCRs (40).

Class I PI3Ks and basal secretion
Previous results have shown that

basal PI3K activity exists in goldfish
pituitary cells (15, 32). The present
findings indicate that the p110�,
p110�, and p110� subunits selec-
tively regulate basal LH and GH se-
cretion. Although p110� and p110�

are involved in the control of basal
LH and GH release, p110� only par-
ticipates in regulating basal LH se-
cretion. The differential involvement
of p110�, p110�, and p110� signal-
ing in mediating basal and GnRH-
induced hormone release in both
gonadotropes and somatotropes fur-
ther indicates that the effects of class
I PI3K inhibitors on pituitary LH and
GH release is not due solely to func-
tional redundancy in p110-depen-
dent downstream signaling. Interest-
ingly, despite the failure to detect
immunoreactive p110� in primary
cultures of goldfish pituitary cells,
p110� inhibition by BYL719 re-
duces basal LH release, suggesting
that p110�-like protein could be
present in goldfish gonadotropes.
Considering that BYL719 is unable
to alter GnRH-stimulated LH or GH
release, it is unlikely that the reduc-
tion of basal LH release observed is
due to it targeting other p110 cata-
lytic subunits. Given that both the
p110� and p110� class IA PI3K iso-

forms are ubiquitously expressed in mammals (10, 14),
this discrepancy is more likely due to species-specific lim-
itations with regards to the cross-reactivity of the p110�

subunit-selective antibody. The involvement of p110� in
the control of basal LH release is consistent with the
known ability of p110� catalytic activity to alter agonist-

Figure 7. Summary model depicting the integration of class I PI3K-dependent signal
transduction in GnRH2- and GnRH3-selective stimulation of acute hormone release from goldfish
gonadotropes and somatotropes. In general, GnRH actions on LH and GH release did not require
activation of the class IA p110� catalytic subunit. A, Both GnRH2 and GnRH3 stimulation of LH
release depend on the catalytic activity of p110�. However, these endogenous GnRH isoforms
also use unique G��-dependent class I PI3K isoforms, with GnRH2 requiring p110� and GnRH3
using p110� catalytic activity. In pituitary gonadotropes, GnRH-stimulated increases in the [Ca2�]i
were in-part dependent upon PI3K catalytic activity, and PI3K signaling was shown to be
upstream or independent of PKC activation. B, Both GnRH2- and GnRH3-stimulated acute GH
release required p110� and p110� catalytic activity, whereas GnRH3, but not GnRH2, actions on
GH release also required the class IA isoform p110�. As in pituitary gonadotropes, previous
studies have shown that PI3K catalytic activity is either upstream or independent of PKC
activation in the control of GH release. However, only GnRH2-stimulated increases in the [Ca2�]i
are dependent upon PI3K catalytic activity.
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independent insulin and neurotensin secretion (36, 62). In
pancreatic �-cells, p110� acts in part by affecting Ca2�-
dependent exocytosis to alter insulin release (36). Whether
the catalytic activity of p110�, or any other p110 isoform,
exerts a similar effect on basal Ca2� signaling in pituitary
gonadotropes will be an important area of future
investigation.

Class I PI3Ks and other known signaling
components in biased GnRH action

The results presented in this study lend further support
to the hypothesis that the intracellular mechanisms con-
tributing to GnRH2 and GnRH3 actions on hormone re-
lease in goldfish gonadotropes and somatotropes are not
identical, differing in terms of their use of Ca2� stores, as
well as the relationships between PI3K-dependent signal-
ing and changes in intracellular free Ca2� concentration
([Ca2�]i) (2, 3). General inhibition of PI3Ks prevented
GnRH2- and GnRH3-elicited increases in [Ca2�]i in go-
nadotropes but only reduced the [Ca2�]i responses to
GnRH2, and not GnRH3, in somatotropes (15). It is plau-
sible that the GnRH-selective use of class I PI3K isoforms
identified in this study contributes to these differences in
how PI3K signaling integrates with downstream Ca2�-
dependent signaling. In goldfish gonadotropes and soma-
totropes, GnRH actions also involve PKCs and activation
of conventional, as well as novel, PKC isozymes increases
[Ca2�]i (2, 3). However, the LH and GH release responses
induced by synthetic PKC activators are unaffected
by pretreatment with 2-(4-Morpholinyl)-8-phenyl-4H-1-
benzopyran-4-one (LY294002) (32), suggesting that
PI3K-dependent signaling, including actions on [Ca2�]i,
are upstream or independent of PKC signaling. Addition-
ally, although PIP3 production resulting from class I PI3K
catalytic activity can contribute to PKC maturation
through the membrane recruitment of phosphoinositide-
dependent kinase 1, phosphoinositide-dependent kinase
1-mediated phosphorylation of PKC is not directly corre-
lated with acute agonist-induced changes in PKC catalytic
activity (63, 64). Thus, it is unlikely that PI3K-dependent
signaling regulates PKC catalytic activity to modulate
[Ca2�]i changes involved in acute GnRH-stimulated LH
and GH release in goldfish. Nonetheless, GnRH-induced
dissociation of G� subunits and G�� heterodimers, down-
stream of GnRHR activation, likely plays a central role in
the differential signaling used by GnRH2 and GnRH3 to
regulate LH and GH secretion. It is reasonable to hypoth-
esize that Gaq/11-mediated activation of phospholipase C�

leads to PKC- and IP3-dependent events, whereas disso-
ciated G�� heterodimers are part of the mechanism(s)
leading to selective PI3K-dependent signal transduction
by differential actions on p110� and p110�. Although the

relationships between specific class I PI3K isoforms and
[Ca2�]i remain to be investigated, differences in the usage
of p110�, p110�, and p110�, as well as distinct intracel-
lular Ca2�-mobilizing pathways, have been identified as
part of the integrated transduction network in GnRH-
selective signal transduction in goldfish gonadotropes and
somatotropes leading to hormone release (Figure 7).

Summary
Using dynamic measures of acute hormone release re-

sponses, we have demonstrated GnRH-selective use of
class I PI3K isoforms for the first time in any cell type. Our
findings also represent the first example of ligand bias in
GPCR activation of p110�, p110�, p110�, and p110�

catalytic activity. GnRH use of p110� and p110� signal-
ing also provides physiological evidence for the functional
involvement of G��-dependent transduction downstream
of GnRHR activation. This is extremely novel, consider-
ing that the relative importance of signaling initiated by
G�� heterodimers in the control of GnRH actions, as well
as the identity of G��-dependent cellular effectors regu-
lated by GnRHR activation, is a long-standing question in
GnRH biology. Additionally, in general, by studying nat-
urally biased GnRH isoforms in a lower vertebrate model,
our results provide important evolutionary insights into
the molecular mechanisms that couple biased GnRHR ac-
tivation to signal transduction responses while also high-
lighting how intracellular signaling dynamics within the
neuroendocrine system ultimately contribute to the regu-
lation of whole-organism physiology. Just as importantly,
the involvement of p110� in the control of basal, but not
GnRH-stimulated, LH release is not only consistent with
the previously demonstrated phenomenon of dissociated
regulation of basal and agonist-stimulated hormone re-
lease in goldfish gonadotropes, but it also identifies an
intracellular signaling mechanism by which this can be
achieved. Taken together, these findings reveal the com-
plexity of class I PI3K signaling in GnRH-stimulated and
basal hormone secretion, as well as add to our understand-
ing of how biased activation of intracellular signaling net-
works contribute to GnRH-selective hormone release
responses.
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