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ABSTRACT 

 

REGULATION OF LOCAL L-TYPE CALCIUM CHANNEL SIGNALING IN ANTERIOR 

PITUITARY GONADOTROPES 

 

The binding of gonadotropin-releasing hormone (GnRH) to its receptor initiates signaling 

cascades in gonadotropes which result in enhanced luteinizing hormone (LH) and follicle 

stimulating hormone (FSH) biosynthesis and secretion. Most dramatic is the sharp rise in LH 

secretion (“LH surge”) that precedes and is necessary for follicular maturation and ovulation. 

Ca2+ influx activates mitogen-activated protein kinases (MAPKs) which lead to increased 

transcription of LH and FSH genes. Interestingly, previous research suggests that two MAPK 

signaling pathways, ERK and JNK, are activated by either Ca2+ influx through L-type Ca2+ 

channels or by global Ca2+ signals originating from intracellular stores, respectively. These 

discrete Ca2+ sources for divergent signaling cascades provides a mechanism in which 

gonadotropes can decode different pathways for appropriate gonadotropin release during 

various stages of the ovulatory cycle.  

However, direct evidence supporting an underlying subplasmalemmal local Ca2+ 

signaling through L-type Ca2+ channels distinct from intracellular Ca2+ was lacking. Here we 

used a combination of electrophysiology and total internal reflection fluorescence (TIRF) 

microscopy to visualize discrete sites of Ca2+ influx (Ca2+ sparklets) in gonadotrope-derived αT3-

1 cells in real time. These localized GnRH-induced Ca2+ influxes are mediated by L-type Ca2+ 

channels and important for downstream ERK activation. In addition, precise structural and 

molecular elements to create a microenvironment suitable for localized subplasmalemmal L-

type Ca2+ channel signaling was necessary for gonadotrope function, in which GnRH-dependent 

stimulation of L-type Ca2+ channel influx was found to require PKC and a dynamic actin 

cytoskeleton.  
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More recently, we have further elucidated molecular mechanisms modulating localized 

L-type Ca2+ channel influx. Reactive oxygen species (ROS) are cognate signaling molecules 

that mediate cell function, but their role in regulating Ca2+ in gonadotropes is unknown. We have 

explored GnRH regulation of both NADPH oxidase complexes and mitochondrial sources of 

ROS and assessed ROS modulation of L-type Ca2+ channel activity in gonadotropes. We 

identified GnRH-induced spatially localized ROS “puncta” in αT3-1 cells, and ROS increased 

local Ca2+ channel activity in both αT3-1 cells and primary mouse gonadotropes. In addition, 

GnRH increased mitochondrial oxidation activity at the subplasmalemmal surface and 

mitochondrial ROS increased localized L-type Ca2+ channel influx. Also, active L-type Ca2+ 

channels were associated with subplasmalemmal mitochondria. 

Taken together, this dissertation explored the first direct evidence for localized L-type 

Ca2+ channel signaling in αT3-1 cells and elucidated signaling mechanisms in gonadotropes. 

Specifically, cellular organization via an intact cytoskeletal platform and ROS regulated L-type 

Ca2+ channel sparklet activity that are important for the downstream ERK activation and 

gonadotropin gene expression that regulates reproduction. 
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Chapter 1. Background 

 

1.1 Introduction 

For normal reproduction and fertility, precise signaling occurs within the hypothalamic-

pituitary-gonadal (HPG) axis. This signaling from the brain to regulate reproductive organs 

converges in the pituitary on specific cells known as gonadotropes. Gonadotropes therefore are 

fundamental intermediates both anatomically and mechanistically for reproductive physiology. 

Gonadotropes uniquely have receptors to bind gonadotropin-releasing hormone (GnRH) to 

initiate a complex array of intracellular signaling mechanisms to produce and secrete 

gonadotropin hormones, luteinizing hormone (LH) and follicle stimulating hormone (FSH) for 

downstream reproductive behaviors.  

Signaling pathways are the chief driving force and fundamental basis for cellular 

communication. These intricate signaling cascades occur within a single cell, but also are the 

foundation of how entire organs are able to interconnect for broader physiological purposes. 

Signal transduction allows for balance in a dynamic environment with a multitude of external 

stimuli, and therefore must be precisely regulated for normal function. Identifying all facets that 

allow gonadotropes to respond to GnRH, and understanding the molecular basis for 

gonadotropin transcription and release, will provide great insight into reproductive signaling and 

physiology. Therefore, this dissertation aims to understand GnRH-induced intracellular signal 

transduction pathways, specifically the critical role of localized calcium (Ca2+) influx through L-

type Ca2+ channels in gonadotropes. In addition, mechanisms that regulate the L-type Ca2+ 

channel activity, including cytoskeletal organization and reactive oxygen species (ROS) are also 

addressed. These aims will provide greater understanding of GnRH signaling mechanisms 

under physiological conditions to better discern how dysregulation and imbalance can lead to 

infertility. 
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The first chapter of this dissertation provides a comprehensive review of the signaling 

within the gonadotrope that leads to gonadotropin gene expression and hormone release. An 

overview of the HPG axis and the role of gonadotropin hormones for reproduction is provided. 

Details about the GnRH peptide, including its importance for pulsatile signaling and various 

regulatory mechanisms that modulate GnRH secretion are also included. Next, this dissertation 

provides details about the GnRH receptor, since receptor activation is the fundamental initiator 

of all signaling cascades within the gonadotrope, having unique properties and organization on 

the plasma membrane. Studies detailing GnRH signaling mechanisms and second messenger 

cascades are discussed in detail. Ca2+ plays a crucial role in gonadotrope signaling and 

background information about mitogen-activated protein kinase (MAPK) activation, specifically 

extracellular signal-regulated kinase (ERK) for LH synthesis are reviewed. This dissertation 

addresses multiple mechanisms of ERK modulation, but with an emphasis on L-type Ca2+ 

channel regulation of ERK. Further understanding of L-type Ca2+ channel properties and 

function in gonadotropes are included. Ca2+ influx through L-type Ca2+ channels are capable of a 

localized signal known as Ca2+ sparklets, which are characterized in detail in other cell types 

and included for background.  

In addition, this chapter overviews ROS and their ability to modulate Ca2+ channels. 

Understanding the role of ROS in normal physiological signaling can help identify homeostatic 

signaling compared to disease states within the cell. Highlighted in this section are general 

properties of ROS, specifically hydrogen peroxide, and understanding sources of ROS 

generation in the cell, including NADPH oxidase and mitochondria. Furthermore, this section 

includes details about ROS and Ca2+ functional coupling studied in other cell types, and 

recognizing ROS signaling in localized areas in a similar fashion to Ca2+ sparklets. Lastly, this 

background concludes with specific hypotheses that are addressed in the following chapters.  
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1.2 HPG Axis 

The HPG axis regulates reproductive function and requires precise signaling events 

mediated by both hypothalamic and gonadal factors that converge at the pituitary. Most 

proximately, this HPG axis cascade is dependent on a subset of hypothalamic neurons 

secreting the neuropeptide GnRH. GnRH circulates through the hypophyseal portal system and 

binds to GnRH receptors on the cell surface of specific anterior pituitary cells called 

gonadotropes. Gonadotropes synthesize and secrete two gonadotropins: luteinizing hormone 

(LH) and follicle stimulating hormone (FSH). Gonadotropins are heterodimeric glycoproteins that 

share a common α-subunit (αGSU), paired with distinctly different β subunits (FSHβ) and (LHβ). 

These gonadotropins bind to their receptors on target cells in the testes and ovaries vital 

for gonadal function and behavior, participating in spermatogenesis and follicle maturation, in 

addition to the secretion of steroid hormones. In the male, FSH binds to receptors on Sertoli 

cells for androgen binding protein synthesis important for sperm production and maturation. In 

females, FSH stimulates ovarian granulosa cells to ultimately produce estradiol. LH in males 

stimulates testicular Leydig cells to produce testosterone and Sertoli cells to produce androgen 

binding protein. In the female, LH supports thecal cells that surround the developing ovarian 

follicle to produce androgens and hormonal precursors for estradiol production. During the 

terminal stages of follicular growth and beginning of the luteal phase, LH also drives the 

production of progesterone from the granulosa cells (2).  

In females, maintaining appropriate levels of GnRH and gonadotropins is necessary to 

dictate the different stages of follicular development and ovulation, which occurs when the 

mature egg is released from the ovarian follicles into the oviduct every month. Precise signaling 

occurs to produce an acute rise in LH, known as the “LH surge,” to induce ovulation, and as 

such is a mandatory event for normal reproduction and fertility. Understanding the molecular 

mechanisms of the HPG axis is critical, especially since many clinical processes modulate this 

signaling cascade for fertility treatments. Assisted reproductive technology commonly uses 
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fertility drug treatments to enhance ovulation. For example, inducing ovulation and 

superovulation are methods that increase chances in fertility by eliciting more LH production. 

Alternatively, hormone contraceptives (e.g. estradiol derivatives) are prescribed to suppress the 

release of LH and ovulation. 

1.3 Gonadotropin-releasing Hormone (GnRH) 

GnRH is the master regulator for reproduction in vertebrates and plays a central role for 

signaling events in the HPG axis. Like many other neuropeptides, GnRH is synthesized as a 

precursor and enzymatically processed, splicing prepro-GnRH into the intermediate pro-GnRH, 

and ultimately into GnRH. Although different isoforms of GnRH exist, the decapeptide has many 

conserved amino acids across species despite millions of years of evolution. In vertebrates, 

there are at least 2 forms of GnRH that occur in anatomically and distinct neuronal populations, 

GnRH-I and GnRH-II. GnRH-I predominately is located in the hypothalamus, but is found in 

other tissues such as the ovary, placenta, endometrium, and trophoblast. GnRH-II is found both 

in the central nervous system and peripheral tissues (3). 

GnRH neurons from the hypothalamus are known to be “pulse generators” and specific 

patterns of GnRH secretion are crucial for appropriate gonadotropin production (4-6). The 

pulsatile manner of GnRH release (which occurs every 30-120 minutes depending on species) 

involves complex processes and strict regulation (7). Given the distinct roles for LH and FSH for 

different biological tasks, and the dynamic gonadotropin levels during various phases of the 

monthly ovulatory cycle, GnRH release at the appropriate amplitude and frequency would seem 

logical to dictate those differences. Indeed, the requirement of pulsatile GnRH stimulation has 

been demonstrated in both clinical and experimental settings for normal gonadotrope function 

and fertility (8-10).  

In rats, lower frequency GnRH stimulation was observed during the follicular phase 

favoring FSH production and secretion, while higher frequency GnRH pulses stimulated the LH 

surge (11). Furthermore, specific GnRH pulse frequencies are necessary for normal estrous 
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cycles as well, in which extremely low GnRH pulses were associated with amenorrhea and 

fertility complications, and continuously high GnRH frequencies led to reproductive difficulties 

correlated with polycystic ovarian syndrome (2,12,13). In clinical uses, continuous GnRH 

administration paradoxically decreased gonadotropin production, possibly due to receptor 

desensitization and uncoupling the gonads from pituitary regulation without appropriate GnRH 

pulsatility (2). Consistent with defects from continuous GnRH, the lack of GnRH production 

associated with Kallman syndrome can also disturb reproductive development. Kallman 

syndrome, a prime example of hypogonadotropic hypogonadism, occurs when GnRH neurons 

fail to migrate appropriately from the olfactory epithelium to the hypothalamus during 

development, and often leads to conditions of delayed or absent puberty (14).  

The HPG axis has regulatory mechanisms that involve both positive and negative 

feedback loops at multiple levels to control appropriate amounts of GnRH and gonadotropins. 

Sex steroid hormones from the gonads, which include estrogen and testosterone, provide 

feedback both at the level of the hypothalamus and pituitary. In the male, testosterone provides 

negative feedback on the hypothalamus and therefore inhibits GnRH release (15). In females, 

sex steroid regulation is species-specific, with dynamic changes depending on the stage of the 

ovulatory cycle. Estrogen initially provides negative feedback during the early follicular phase, 

but switches to provide positive feedback to the hypothalamus and pituitary during the 

preovulatory period (16-18). This rapid rise in estrogen during the follicular phase primes the 

gonadotrope for the mandatory LH surge to elicit ovulation. 

1.4 Gonadotropes and Experimental Models 

The anterior pituitary is comprised of five endocrine cell types (gonadotropes, 

somatotropes, lactotropes, corticotropes, and thyrotropes) that are defined by the hormones 

they secrete. Despite the heterogenous population within the pituitary, distinct networks and 

organization occur to interpret inputs and outputs for appropriate hormone release (19). 

Although gonadotropes play a crucial role in connecting hypothalamic GnRH neurons and 
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downstream gonadal regulation, gonadotropes only make up ~10% of the cell population in the 

anterior pituitary. Therefore, identification and segregation of these gonadotrope cells to 

understand their signaling mechanisms are difficult. Early experiments dissociated primary 

pituitaries, but isolation and purification of gonadotropes using methods such as centrifugal 

elutriation were technically challenging (20). In addition, lack of a homogenous in vitro model of 

gonadotropes and cross talk among gonadotropes and other pituitary cell types in dissociated 

pituitaries made results difficult to interpret. For example, investigating baseline transcript levels 

within gonadotropes can be influenced by other pituitary cell types that also expressed the same 

gene of interest and skew interpretation.  

The creation of experimental cell lines to study gonadotrope function provided great 

advances in understanding signal transduction. The Mellon laboratory created immortalized 

αT3-1 and LβT-2 murine gonadotrope cell lines by directed expression of the SV40 large T 

antigen oncogene in developing pituitary cells (21,22). αT3-1 cells were developed from mice in 

earlier stages of development, which have the characteristic GnRH receptor and αGSU subunit. 

LβT2 cells were generated from mice in subsequent stages of development, therefore have both 

LHβ and FSHβ subunits in addition to GnRHR and αGSU subunits found in αT3-1 cells. Both 

cell types are still widely used today to study gonadotrope function for different purposes. αT3-1 

cells are commonly used in understanding proximal events relating to the GnRHR and 

transcription of αGSU, whereas LβT-2 cells are most often used in investigating LH and FSH 

secretion mechanisms. More recently, transgenic mouse lines to easily identify gonadotropes 

have allowed greater insight in understanding GnRH signaling in a physiological setting. GRIC 

(GnRH receptor IRES Cre) mice were generated using gene targeting in which Cre 

recombinase was coexpressed with the GnRHR gene (23). The GRIC mice bred to fluorescent 

reporter mouse lines allowed for direct Cre-mediated recombination of a fluorescent protein 

reporter allele specifically in gonadotropes. These various experimental models provided a 
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major breakthrough in understanding the signaling cascade and interactive network within 

gonadotropes. 

1.5 GnRH Receptor (GnRHR) 

The GnRH receptor (GnRHR) on the cell surface of gonadotropes plays the initial role to 

decode pulsatile nature of GnRH secretion and activating downstream signaling cascades 

ultimately leading to differential gonadotropin synthesis and release. Like the GnRH peptide, 

there are multiple forms of GnRHR, but GnRHR-I is the predominant and mammalian form that 

can bind both GnRH-I and GnRH-II ligands. GnRHRs are expressed in many tissues beyond 

the gonadotrope, including breast, gonadal, prostate, and uterine tissues. Because the GnRHR 

is found in peripheral tissues, understanding GnRHR signaling beyond fertility regulation is 

important due to its role in hormonally sensitive cancers (e.g. breast cancer, prostate cancer, 

etc.). GnRH analogs are often used as cancer treatment drugs since continued stimulation with 

GnRH desensitizes and downregulates the GnRH receptor leading to decreased gonadotropin 

levels and sex steroid hormones in these tissues (24-26). 

The GnRHR is a typical member of the rhodopsin-like G-protein coupled receptor 

(GPCR) superfamily, consisting of the conventional seven hydrophobic transmembrane 

domains, connected through three extracellular and three intracellular loops. Although the 

receptor contains the extracellular amino terminal domain, the GnRHR lacks the classical 

carboxyl-terminal cytoplasmic domain (27). Only having a short 1-2 amino acid C-terminal tail 

makes the GnRHR structurally and functionally unique. Classically, GPCR C-terminal tails are 

phosphorylated to recruit the multifunctional β-arrestin family of adaptor proteins, which mediate 

rapid desensitization and internalization of a receptor (28). Because the GnRHR lacks these 

phosphorylation sites, GnRHR undergoes unconventional signaling and has been shown to be 

biologically resistant to agonist-dependent phosphorylation, desensitization and internalization 

(29-31). Chimeric receptors in which the C-terminal tail of various GPCRs (e.g. C-terminal tail of 

catfish (nonmammalian) GnRHR or rat TRH receptor) was fused to the C-terminus of the 
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mammalian type I GnRHR exhibited rapid desensitization and internalization (32-38). The 

wildtype GnRHR is not completely exempt from internalization following GnRH treatment, 

however this process appears to undergo slow, constitutive, agonist-independent manner 

(38,39). Both the rat and human GnRHR internalize in a clathrin-dependent manner, 

colocalizing with transferrin which is internalized via clathrin-coated structures (33,39,40). 

Dynamin-mediated internalization, however, is species specific, in which rat GnRHR internalizes 

in a dynamin dependent manner (36), whereas the human internalizes independently of 

dynamin (41,42). 

These unique characteristics of the GnRHR enable the receptor to be readily available 

for the varying GnRH pulse frequencies and provide necessary signaling for the rapid 

preovulatory LH surge response. Therefore, appropriate trafficking and surface level expression 

of GnRHRs are important. Like abnormalities in GnRH, mutations in the GnRHR have also been 

linked to hypogonadotropic hypogonadism (43). Studies have shown that although certain 

mutations allow the GnRHR to bind GnRH normally, defective intracellular transport by 

misfolding, abnormal trafficking, and increased degradation can occur (44). Therefore, 

understanding mechanisms of proper GnRHR expression and membrane targeting can be 

useful as a therapeutic approach for disorders linked to inappropriate GnRH signaling and 

gonadotropin release. 

Previous researchers have investigated the lateral mobilization of the GnRHR on the 

plasma membrane. Fluorescence recovery after photobleaching (FRAP) studies demonstrated 

that GnRH receptors in the absence of agonist are dynamic monomeric proteins with substantial 

lateral mobility (45-47). However, upon agonist binding the lateral mobility of GnRH receptors 

decreases and the probability of homologous receptor interaction increases (45-48). In addition, 

fluorescence resonance energy transfer (FRET) studies established that GnRH receptor 

interactions increased following agonist exposure (45,46). 
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 Delayed kinetics in internalization and lateral mobilization dynamics of the GnRHR 

emphasizes the versatility of the plasma membrane as a critical foundation for many signaling 

cascades in gonadotropes. Contrary to previous models characterizing the plasma membrane 

as a uniform fluid mosaic with freely diffusing lipids and proteins, more recent evidence displays 

plasma membrane organization to be a heterogeneous network of spatially and functionally 

distinct domains (49-51). In gonadotropes, researchers investigated the biophysical properties 

of the plasma membrane and identified specialized compartments called “lipid rafts”, in which 

the GnRHR and other important proteins were often associated, characterized by low-bouyant 

density membrane fractions highly enriched with sphingolipids and cholesterol (52-54).  

Another emerging model in defining membrane domains emphasizes the importance of 

the cytoskeletal architecture to create signaling platforms. Actin is one of the most important 

cytoskeletal proteins involved in cell movement and organization, in which the highly dynamic 

processes of continual polymerization and depolymerization occur during different cellular 

responses (55,56). In gonadotropes, GnRH application stimulated morphology changes and 

rearrangement mediated by the actin cytoskeleton and actin binding proteins such as cortactin 

have been shown to be necessary for GnRH-induced cell movement at leading edges of 

gonadotropes and was important for gonadotropin hormone secretion (57,58). In addition, this 

dynamic plasticity seen in individual cells has been confirmed at population levels as well, in 

which ex vivo slices demonstrated cell movement in response to GnRH and in vivo analyses 

showed gonadotropes to be located near vasculature that would be important for hormone 

secretion (59).  

1.6 GnRH Signaling 

Upon GnRH binding to its receptors, a wide range of intracellular signaling pathways are 

activated in gonadotropes which ultimately regulate the synthesis and secretion of 

gonadotropins for reproductive functions. GnRH receptor binding follows the canonical GPCR 

initiation pathway in which ligand binding leads to receptor conformational changes that activate 
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the heterotrimeric G-proteins, comprised of Gα, β, and γ subunits. Specifically, GnRHR 

activation results in the exchange of GDP for GTP on the Gα subunit, and the GTP-loaded Gα 

dissociates from Gβ/γ to stimulate downstream effectors. Gonadotropes preferentially bind 

Gαq/11 subunits, although Gαs and Gαi have been found to be important in cell context 

dependent regulation for other signaling cascades (60-64). GTP loading of Gαq/11 leads to the 

activation of phospholipase Cβ (PLCβ). PLCβ contains an N-terminal pleckstrin homology (PH) 

domain, four EF hands, a catalytic domain, and a C2 domain. Specifically, the PH domain and 

long 200 amino-acid C-terminal extension allow for the enzymes to undergo constitutive and 

reversible membrane targeting necessary for signaling (65). PLCβ activation leads to rapid 

cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) to generate second messengers 

phophatidylinositol-trisphosphate (IP3) and diacylglycerol (DAG). In addition to the role of PLCβ 

as effector molecules, these enzymes also play a secondary role as GTPase activating proteins 

(GAP) to provide negative feedback and terminate additional signaling input by stimulating 

hydrolysis of Gαq/11 bound GTP (66,67).  

DAG facilitates subsequent translocation and activation of protein kinase C (PKC). PKC, 

a serine/threonine kinase, is involved in a multitude of cellular mechanisms, such as cellular 

growth and differentiation, metabolism, contraction, exocytosis, ion channel regulation, and 

gene expression (68,69). The structure of PKC includes an amino-terminal regulatory domain 

with conserved C1 and C2 regions tethered to a carboxy-terminal catalytic domain that makes 

up the kinase core of the protein. The regulatory domain binds PKC activators, including Ca2+ 

and DAG, and also contains motifs to mediate protein–protein interactions that are crucial for 

substrate recognition and localizing PKC to particular cellular compartments (70). The PKC 

family is composed of at least 10 related isoforms and are often classified into the three major 

groups: conventional (cPKC: α, β, and γ), novel (nPKC: δ, ε, θ, and η/λ) and atypical (aPKC: ξ 

and -ι/λ). Conventional PKCs, also known as “Ca2+-dependent PKCs,” require Ca2+ and can be 

activated by DAG and phosphatidylserine (PS). Novel PKCs are activated only by DAG and PS, 

https://en.wikipedia.org/wiki/Phosphatidylinositol_4,5-bisphosphate
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and therefore known as “Ca2+-independent PKCs”. Atypical isoforms are Ca2+ and DAG-

independent and activated by PS and other lipid mediators (71). Gonadotropes contain many of 

these PKC isoforms, in which fractionation experiments identified PKCα, ε, and ξ isoforms to be 

activated by GnRH (72), while other groups found GnRH treatment to stimulate PKCβ, ε, and δ 

gene expression in αT3-1 cells (73-75).  

Data suggests PKC activation leads to downstream cross talk with Ca2+ for gonadotropin 

mRNA expression and secretion (76-78). Therefore, understanding the role of Ca2+ is essential 

for GnRH signaling. Ca2+ ions are ubiquitous intracellular second messengers with wide-ranging 

physiological roles, such as fertilization, cell differentiation and proliferation, transcription factor 

activation, and apoptosis (79). Ca2+ has great versatility due to its varying kinetics, amplitude, 

and spatio-temporal distribution, and therefore capable to participate in different signaling 

cascades and function within the same cell (71). Similar to decoding GnRH frequencies and 

amplitude for different gonadotropin subunit expression, gonadotropes also have unique Ca2+ 

responses that have been implicated in pulse frequency interpretation (80,81). For example, 

gonadotropes have been shown to have distinct Ca2+ signatures, including both sub-threshold 

Ca2+ responses and baseline Ca2+ oscillations important for signaling (82-84). Interestingly, 

GnRH stimulation has also been shown to induce a biphasic elevation of intracellular Ca2+ (85). 

The initial phase is comprised of a sharp rise in cytosolic Ca2+, predominantly from IP3-mediated 

Ca2+ release from the endoplasmic reticulum (ER). The subsequent phase of a more sustained 

Ca2+ occurs through PKC-dependent extracellular Ca2+ influx through L-type Ca2+ channels 

(82,86). As with other classical secretory vesicle release, Ca2+ mobilization is necessary for 

gonadotropin release and exocytosis. “Hot spots” of Ca2+ near exocytotic sites were found to 

have the biphasic Ca2+ response, in which Ca2+ release from internal stores raised Ca2+ levels by 

five-fold near vesicle release sites, followed by a delayed, more sustained Ca2+ phase (87). 

If specific Ca2+ oscillation frequencies are important for decoding GnRH pulsatility for 

downstream events, experiments to recreate different Ca2+ pulses should lead to differential 



12 

 

gonadotropin subunit gene expression. Indeed, rat pituitary cells perifused with different pulses 

of the Ca2+ channel agonist BayK8644 or KCL resulted in distinct patterns of gonadotropin 

subunit transcription, in which faster Ca2+ pulse frequencies (~15-60 min pulses) led to maximal 

expression of αGSU and LHβ, while slower pulse frequencies (~180 minute pulses) produced 

preferential mRNA expression of FSHβ (88).  

1.7 GnRH-induced ERK signaling 

GnRH-mediated Ca2+ signals are ultimately necessary for gonadotropin subunit 

expression and secretion. The intermediate signaling mechanism between these signals 

involves mitogen-activated protein kinase (MAPK) cascades. MAPKs are highly conserved 

pathways that allow for signal transduction from the plasma membrane to the nucleus and 

regulate many cellular responses, such as cellular fate determination, proliferation, motility, and 

growth (89). Therefore, MAPKs are relevant mediators between GnRH-induced signaling on the 

cell surface and downstream gene expression. The MAPK cascades are comprised of tiered 

protein kinases that sequentially activate each other through phosphorylation steps. The 

pathway begins with phosphorylation of an upstream MAP kinase kinase kinase (MAPKKK), 

which phosphorylates and activates an intermediate MAP kinase kinase (MAPKK), which 

ultimately activates the terminal MAP kinase (MAPK) via dual phosphorylation of threonine and 

tyrosine residues (2). Activated MAPKs can then phosphorylate various substrates, including 

cytoskeletal structures and other enzymes, although the majority of activated MAPKs 

translocate into the nucleus to activate transcription factors (90,91). 

MAPK activation is mediated by a wide variety of pathways, including growth factors 

(e.g. epidermal growth factors), cytokines, and importantly GPCRs (24,92). Although many 

MAPKs have been identified, mammals most commonly have the conventional MAPK 

pathways: extracellular signal-regulated kinase (ERK), jun-N-terminal kinase (JNK), p38, and 

ERK5/BigMAP kinase (ERK/BMK). Indeed, in αT3-1 and LβT-2 gonadotrope cells, GnRH 

receptor stimulation led to activation of all four major cascades of MAPKs (93-97). The 
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mechanisms of differential MAPK activation by GnRH occurs in a cell-context dependent 

manner in which particular interactions with different intracellular protein complexes can lead to 

activation of specific signal transduction pathways (98).  

Since LH synthesis and secretion are critical to establish the LH surge necessary for 

ovulation, the mechanisms underlying LH transcription have been heavily investigated. ERK 

phosphorylation has been shown to play a key role for LH gene expression (99). ERK activation 

occurs rapidly and transiently following GnRH stimulation and involves PKC (92,100). However, 

subsequent mechanisms and specific protein interactions for this GnRH-induced ERK 

phosphorylation have been unclear, with varying results using different model systems and 

treatment parameters (101-104). ERK in other cell types can be activated in a β-arrestin 

dependent manner, but since the GnRHR lacks the C-terminal tail for β-arrestin interaction, this 

mechanism seems less likely to apply (105).  

GnRH stimulation leads to rapid translocation of activated ERK into the nucleus to 

initiate many transcriptional responses (106,107). In LβT-2 cells, many immediate early genes 

were upregulated within 60 min of GnRH treatment using microarray techniques (108). ERK 

phosphorylation has been shown to be important for the induction of many of those genes, 

including c-Fos, c-Jun, STAT, and Egr1 (99,109). Consequently, ERK-dependent activation of 

transcription factor Egr-1 binds to LHβ-subunit promoter regions to enhance LH gene 

expression (110-112). 

1.8 Regulation of ERK Activation 

ERK signaling for gonadotrope function and fertility is crucial, in which genetic loss of 

both ERK isoforms resulted in anovulatory infertility in female mice (113). Because of the 

important role for ERK in reproduction, understanding the cell machinery that regulate ERK 

activation is critical. Mechanisms that directly modulate ERK activity include: 1) the 

phosphorylation status of ERK, 2) GnRH pulsatility, 3) ERK compartmentalization, and 4) Ca2+ 

signaling. First, in order to have rapid ERK responses following GnRH treatment, direct action to 
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modify the phosphorylation status of ERK through phosphatases and intracellular negative 

feedback loops would be expected. The MAP kinase phosphatases (MKPs) represent a distinct 

subfamily within a larger group of dual-specificity protein phosphatases (DUSPs) that bind and 

dephosphorylate MAPKs to regulate MAPK signaling (114). In gonadotropes, MKP-1 and MKP-

2 (DUSP 1 and 4) were upregulated by GnRH and associated with inactivating both ERK and 

JNK activity (108,115-117). In addition, ERK activation and Egr-1 may play a role in mediating 

GnRH-dependent transcriptional activation of the MKP-2 gene, suggesting to a potential 

feedback loop for terminating ERK signaling (118). However, the role of MKPs for GnRH-

induced ERK regulation are unclear since others have reported that although GnRH increased 

expression of MKP-1 and MKP-2, knockdown of MKPs in heterologous expression systems did 

not alter GnRH-mediated ERK signaling (119). 

 Next, GnRH pulse frequency has been implicated in modulating Ca2+ signals and 

gonadotropin gene expression. Not surprisingly, GnRH pulsatility patterns can also regulate 

MAPK signaling as well, including ERK activation (80,120,121). Faster GnRH pulse frequencies 

in LβT2 cells and primary gonadotropes led to rapid maximal phosphorylation of ERK (within 10 

min) that was not sustained (returned to baseline within 20 min) relative to slower GnRH pulse 

frequencies. Therefore, GnRH pulsatility resulting in different patterns of ERK activation is a 

mechanism gonadotropes utilize for differential stimulation of LHβ and FSHβ transcription (121).  

 Third, to maintain specificity in signaling, highly arranged organization of membrane-

associated cascades following GnRH activation is necessary for ERK regulation. Due to the 

canonical role of ERK for gene expression, many studies have investigated the mechanisms of 

ERK translocation to the nucleus (99,104,122). However, ERK has also been shown to reside in 

extranuclear compartments and associate with membrane bound signaling complexes as well 

(123,124). ERK along with the GnRHR were found in plasma membrane regions in 

gonadotropes, particularly lipid raft fractions, in which cholesterol depletion uncoupled GnRHR 

signaling and decreased ERK activation (52). In addition, engagement of the actin cytoskeleton 
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has also been implicated in MAPK activation following GnRH stimulation (58,125). In 

gonadotropes, disruption of cytoskeletal components, whether directly disrupting actin or 

disturbing protein complexes that regulate actin, such as mTORC2/Rictor, c-Src, FAK and Rac 

have all been shown to reduce ERK phosphorylation (58,126,127). 

Lastly, given the importance for various Ca2+ patterns mentioned previously following 

GnRH pulsatility and its role for gonadotropin gene expression, direct regulation of MAPK 

pathways utilizing discrete Ca2+ signals in gonadotropes would be expected. Interestingly, 

Roberson et al. found different Ca2+ signals to be important for specific MAPK activation 

(86,128). In αT3-1 and primary rat pituitary cells, intracellular Ca2+ from IP3-mediated internal 

stores was necessary for JNK activation, and Ca2+ influx through plasmalemmal L-type Ca2+ 

channels was required for ERK activation. These findings demonstrate a divergence in Ca2+ 

signaling to uniquely regulate different MAPK pathways and mechanistically connects GnRH-

induced plasmalemmal events for downstream ERK phosphorylation. How the gonadotrope can 

decode these different Ca2+ signals from their different sources (e.g. Ca2+ influx from L-type Ca2+ 

channels vs. intracellular Ca2+ from internal stores) in the gonadotrope is unknown. Therefore, 

further understanding the properties and regulation of L-type Ca2+ channel signaling for ERK 

phosphorylation and LH synthesis requires additional investigation and understanding. 

1.9 L-type Ca2+ Channels and Sparklets 

There are many different types of voltage-dependent Ca2+ channels based on their 

gating properties, location, and function. L-type (long-lasting) Ca2+ channels were initially 

discovered in cardiac cells, but are found in many other systems, including endocrine cells, 

skeletal muscle, and neurons. L-type Ca2+ channels are comprised of several different subunits: 

α1, α2, δ, β1-4, and γ. The α1 subunit forms the ion conducting pore, and the other subunits are 

associated with modulating the gating properties of the Ca2+ channel. The α1 subunit is a single 

polypeptide of about 2000 amino acid residues with four homologous domains (I-IV). Within 

each domain, there are six transmembrane spanning segments, S1-S6 and a pore 
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loop. Segments S5, S6 and the pore loop are responsible for ion conduction, and the S4 

segment contributes to the voltage-sensing capabilities of the channel. The S4 segment 

contains many positively charged amino acid residues and serves as a sensor that detects 

changes in the electrical potential across the cell membrane. Therefore, membrane 

depolarization influences the charged amino acids such that the helix undergoes a 

conformational change, which in turn allows the channel pore to open (129). The associated 

subunits, such as the β subunit are important for shifting the kinetics and voltage dependence 

for gating Ca2+, and will alter the physiological function of the α1 subunit (130). 

Early work in cultured pituitary cells identified the requirement of extracellular Ca2+ 

following GnRH stimulation for gonadotropin release (131,132). However, nifedipine-sensitive L-

type Ca2+ channels were identified in gonadotropes when the biphasic Ca2+ response to GnRH 

was characterized, in which removal of external Ca2+ and Ca2+ channel antagonists abolished 

the slower, secondary Ca2+ response (133). Further characterization of the L-type Ca2+ channels 

occurred following the development of immortalized cell culture lines of gonadotropes. Hille et 

al. used classical electrophysiology to initially classify various ion channel function in αT3-1 

cells, which also included the identification of Na+ channels and K+ channels (134). These ion 

channels have been confirmed and studied in other animal models, including rat, ovine, and 

genetically labeled mouse gonadotropes (23,135-138). The electrical activity from these 

channels, however, are not coupled directly to GnRH-mediated secretion, but rather maintain 

the gonadotrope cell in a responsive state with [Ca2+]i near the threshold level for hormone 

release (135,137,139).  

Ca2+ localized into specific parts of the cell has been a prevalent and recurrent theme for 

understanding how this versatile intracellular messenger can provide specific cell signaling 

mechanisms. These Ca2+ microdomains have been explored in other cell types, and 

“elementary events,” defined as opening of single or small groups of Ca2+ channels, have been 

characterized (140). For example, Ca2+ sparks are areas of Ca2+ release from a group of 
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ryanodine receptors in cardiac cells important for excitation-contraction coupling (141). Ca2+ 

puffs are unitary events from the release of Ca2+ following IP3 binding to their receptors on the 

ER (142,143).  

Contrary to Ca2+ microdomains from channels located intracellularly, localized Ca2+ influx 

on the plasma membrane through L-type Ca2+ channels are termed Ca2+ sparklets. These Ca2+ 

channel events stimulated by membrane depolarization and L-type Ca2+ channel agonists were 

first identified in cardiac myocytes (144). Using a cell permeable ratiometric Ca2+ indicator to 

visualize localized Ca2+ influx events that were temporally comparable to single channel Ca2+ 

recordings, these Ca2+ sparklets were important for activating adjacent ryanodine receptors. 

Ca2+ sparklets have since been identified in other cell types for various functions, including a 

role for exocytosis at synaptic endings necessary for neurotransmitter release and increased 

firing rates in neurons, as well as being important for cell migration in endothelial cells 

(140,145,146). Further characterization and spatial resolution of these Ca2+ sparklets were 

determined using total internal reflection fluorescence (TIRF) microscopy (147). TIRF 

microscopy focuses the laser beam at an oblique angle in which the light is reflected away from 

the sample. However, this setup generates an evanescent wave that is capable of exciting 

fluorophores above the cover slip up to ~200 nm. Therefore, events and proteins at the cell 

surface and plasma membrane can be visualized with less excess fluorescence and intracellular 

interference. 

 Ca2+ sparklets in vascular smooth muscle have been highly characterized for their roles 

in regulating tone and arterial contraction. Native L-type Ca2+ sparklets were identified in smooth 

muscle cells using pharmacological manipulations with dihydropyridine (specific to L-type Ca2+ 

channels) agonists and antagonists and compared the Ca2+ influxes from Ca2+ indicators to the 

simultaneously recorded current traces. Further analysis of the ratiometric Ca2+ fluorescence led 

to quantification of single channel Ca2+ concentrations. In addition, multiple Ca2+ channels may 

be opened at a single Ca2+ sparklet site, seen by quantal steps in Ca2+ influx profiles, identical to 
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electrophysiology recordings, but with the added advantage of spatial visualization of Ca2+ influx 

in real time on the plasma membrane. Therefore, utilizing Ca2+ sparklet analyses are powerful 

tools in understanding localized L-type Ca2+ channel activity to understand cell signaling and 

biological function.  

Sparklet activity has often been characterized in two ways: sparklet activity and sparklet 

density. Sparklet activity quantifies how active one specific Ca2+ microdomain is on a cell, 

determined by calculating the nPs of each site (analogous to nPo values obtained from 

electrophysiological recordings), where n is the number of quantal levels detected, and Ps is the 

probability that the site is active. To quantify the number of Ca2+ sparklet sites on the cell 

surface, L-type Ca2+ channel sparklet site densities (Ca2+ sparklet sites per µm2) are defined as 

the number of active sites divided by the area of the cell membrane. When smooth muscle cells 

are voltage clamped at -70mV, detection of both low activity and high activity sites can be 

identified. Low activity sites are defined as having lower nPs values (nPs <0.2) with occasional 

gating, and high activity sites (nPs ≥ 0.2) have persistent gating and higher levels of Ca2+ influx 

(148-151). Characterization of these different types of Ca2+ sparklet activity have been shown to 

be physiologically relevant, in which high activity sparklets are associated with disease models 

by changing smooth muscle contraction and transcription (152,153).  

1.10 Reactive Oxygen Species (ROS) 

ROS consist of several reactive molecules and free radicals derived from molecular 

oxygen. The oxygen molecule has two unpaired electrons in separate orbits in its outer shell, 

and these electron structures make oxygen susceptible to radical formation. The sequential 

reduction of oxygen through the addition of electrons leads to the formation of various ROS, 

such as superoxide (O2
–), hydrogen peroxide (H2O2), hydroxide (OH−), and nitric oxide (NO). 

ROS have widely been studied for their role in disease states due to cellular apoptosis and 

oxidative stress. However, it is important to recognize that under physiological conditions, ROS 

are necessary signaling molecules for normal metabolism, and are involved in a multitude of 
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processes, including mitochondrial electron transport, signal transduction, activation of nuclear 

transcription factors, and gene expression (154). Therefore, it is important to distinguish the 

homeostatic balance between ROS production and removal, and to continue to understand 

ROS function and regulation mechanisms for biological functions.  

 One common form of ROS is H2O2, a product of incomplete reduction of O2, and a 

byproduct of many biological processes (155). Although H2O2 itself is a poorly reactive oxidizing 

agent, its ability to cross the plasma membrane and rapid conversion to alternative ROS makes 

H2O2 a useful signaling molecule. One-electron reduction of O2 initially generates the superoxide 

anion (O2–•), which is then spontaneously or enzymatically (via the action of superoxide 

dismutase) converted to H2O2. H2O2 can be reduced further to the hydroxyl radical (OH•) via the 

Fenton reaction in the presence of Cu2+ or Fe2+ ions. The ability of H2O2 to generate highly 

reactive OH• is important since it reacts with almost every macromolecule found in living cells, 

including nucleic acids, amino acids, membrane lipids, and carbohydrates. All ROS, including 

H2O2, modulate protein function most commonly by oxidizing thiol groups on key amino acids 

that operate as redox-dependent allosteric switches to form protein carbonyls. Specifically, 

sulfur containing amino acids, such as cysteine and methionine, are most susceptible to 

oxidative modification, and these changes to proteins can lead to alterations in enzymatic 

activity and binding (156). 

NADPH oxidase is one of the most common sources of generating ROS. NADPH 

oxidase is a multiple-subunit complex that functions to redox-couple NADPH and molecular 

oxygen to generate O2–•, a highly reactive radical that can spontaneously or enzymatically be 

degraded to H2O2 for protein oxidation. The NADPH complexes are composed of two 

membrane-bound subunits, a large glycosylated protein gp91phox and a smaller adapter protein 

p22phox, in addition to at least three cytoplasmic subunits (e.g. p47phox, p67phox, Rac2) (157). 

Mitochondria are also important in producing ROS. More than 90% of total cellular oxygen is 

reduced to water via electron carriers of the mitochondrial electron transport chain located on 
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the inner mitochondrial membrane (158). Isolated mitochondria have been shown to still 

inherently generate O2–• in the presence of inhibitors of electron transfer in the heart and brain 

samples of many mammalian species (159,160). Therefore, understanding mitochondrial ROS 

for physiological roles are equally as important as other ROS generators to understand 

oxidative metabolism and normal cell function. Furthermore, there has been evidence in which 

H2O2 led to greater mitochondrial H2O2 efflux (161). These events, known as ROS-induced ROS 

release (RIRR) are feed forward mechanisms in which signaling can be amplified beyond the 

initial activity in a self-accelerating cycle and demonstrate an interconnection among NADPH 

oxidase and mitochondria (162,163).  

 One important role for ROS are their functional coupling and reciprocal relationship to 

Ca2+. One suggested mechanism by which Ca2+ increases oxidant production includes Nox 

proteins responding directly to Ca2+ through N-terminal EF-hand motifs (164). Other studies 

have shown that Nox isoforms that lack EF-hand domains still are able to respond to Ca2+ 

through EF-hand Ca2+-binding proteins, MRP8 and MRP14, that sequentially associate with 

p47phox and p67phox to enhance oxidation (165). Conversely, ROS oxidation has been shown to 

also directly regulate Ca2+ signals. For example, in endothelial cells, H2O2 decreases the 

threshold of IP3 required to release intracellular Ca2+ from internal stores (166). The reciprocity 

of Ca2+ and ROS signaling provides a mechanism in which these second messenger molecules 

can modulate each other, allowing for rapid and localized feedback loops. 

Mitochondria are coupled to Ca2+ due to their innate ability to sequester large amounts of 

Ca2+ in the cell. In many cell types, mitochondria are often arranged in intimate association with 

the ER (167,168). Opening of ER Ca2+ channels have been shown to result in Ca2+ levels 

greater than 20-fold higher than other areas within the cytosol, and nearby mitochondria are 

necessary to sequester these Ca2+ signals. In gonadotropes, mitochondria were organized near 

sites of exocytosis to lower local Ca2+ and spatially limit the Ca2+ signal. In addition, mitochondria 



21 

 

take up Ca2+ rapidly during GnRH-induced Ca2+ elevation and accounted for 40% of the Ca2+ 

clearance from the cytosol during each burst of intracellular Ca2+ (169). 

Notably, ER Ca2+ channels associated with IP3 and ryanodine receptors are sensitive to 

oxidation. Consequently, adjacent mitochondrial oxidant production is necessary for 

physiological Ca2+ events (170). Ca2+ sparks, for example, are regulated by mitochondrial ROS 

in a wide variety of systems, including cerebral arteries, skeletal muscle, and cardiac myocytes 

(171-173). Oxidant regulation of L-type Ca2+ channels on the plasma membrane has also been 

widely investigated (174-176). For example, in cardiac myocytes H2O2 stimulation increased L-

type Ca2+ channel influx that resulted in increased intracellular Ca2+ concentrations. In smooth 

muscle cells, L-type Ca2+ channels have been shown to be oxidatively regulated increasing 

sparklet activity (149,177). 

 Despite ROS being ubiquitous molecules, they share similar properties to Ca2+ due to 

their capability to act locally. Localized ROS similar to Ca2+ microdomains would allow for the 

cell to distinguish between a global scale of ROS with nonspecific oxidative modifications that 

may occur during oxidative stress, compared to localized ROS in discrete regions for divergent 

and homeostatic signaling (164). Indeed, Nox subunits are directed to specific platforms and are 

regulated by actin cytoskeletal components for subcellular restriction. In endothelial cells, 

cytoskeletal disruption interrupted oxidant-mediated MAPK signaling, demonstrating an interplay 

among cytoskeletal rearrangement, ROS, and downstream signaling events (178).  

Previous studies have found that oxidative stress is implicated in endometriosis, 

polycystic ovarian syndrome (PCOS), and other fertility complications (179). Despite these 

studies, understanding ROS and their mechanistic role within the HPG axis has been limited. 

However, researchers have recently identified various Nox isoforms in gonadotropes and 

identified GnRH-induced ROS signaling important for ERK activation and gonadotropin gene 

expression (180). Although these findings are important in demonstrating ROS signaling in 
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gonadotropes, mechanisms of the signaling were not identified and should be further 

investigated to determine parallels of ROS signaling with Ca2+ in different biological systems. 

1.11 Conclusion  

In conclusion, this chapter highlights the importance of GnRH signaling in gonadotropes 

leading to Ca2+ signals that are essential for many reproductive functions, including activating 

various MAPK cascades for fertility. Prior work suggested that two different Ca2+ signals, Ca2+ 

influx through L-type Ca2+ channels at the plasma membrane and Ca2+ release from internal 

stores, activate two distinct MAPK signaling cascades: IP3-mediated Ca2+ release from the ER 

promotes JNK activation while Ca2+ influx through L-type channels activates ERK (86,128). 

Importantly, the activation of ERK is the key signal required for enhanced LH synthesis and the 

LH surge (181,182).  

In demonstrating these divergent Ca2+ signals in gonadotropes, Roberson and 

colleagues suggested a highly localized Ca2+ signal generated by the L-type Ca2+ channel is 

specifically necessary for ERK but not JNK activation. However, technical limitations precluded 

a direct experimental test of this intriguing proposition. The striking divergence in Ca2+ signaling 

to ERK and JNK is an exquisite demonstration of the importance of spatially restricted Ca2+ 

signaling in gonadotropes. Herein, this dissertation aims to examine this concept using an 

innovative imaging approach to confirm previous assumptions in order to explore novel 

mechanisms by which GnRH receptor activation leads to ERK phosphorylation.  

 In conclusion, this dissertation addresses my overall hypothesis that stimulation of the 

GnRH receptor leads to ERK activation through discrete Ca2+ microdomains produced by L-type 

Ca2+ channels. Furthermore, my proposal focuses on novel mechanistic molecular components 

and structures necessary for transducing GnRH receptor activation to these localized Ca2+ 

microdomains and ultimately phosphorylation of ERK. Specifically, this includes two specific 

mechanistic hypotheses regarding the regulation of localized Ca2+ influx in gonadotropes: 1) 

Test the hypothesis that actin cytoskeletal reorganization is necessary for transducing GnRH 
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receptor activation to localized Ca2+ influx and 2) Test the hypothesis that ROS are regulated by 

GnRH and coupled to local L-type Ca2+ channel function. Therefore, this dissertation adds to the 

field of GnRH signaling and supports the concept that precise structural and molecular elements 

create a microenvironment suitable for localized subplasmalemmal Ca2+ signaling necessary for 

gonadotrope function.  
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Chapter 2. GnRH Evokes Localized Subplasmalemmal Calcium Signaling in Gonadotropes1 

 

2.1 Overview 

Identifying how gonadotropes decode GnRH pulsatility for LH and FSH release is 

important since gonadotropin levels are dynamic during various stages of the ovulatory cycle. 

Therefore, the cellular machinery needs to distinguish different signals simultaneously. One 

method through which this may occur is unique utilization and compartmentalization of second 

messengers within the cell. For example, Ca2+ would not be global and nonspecific, but rather 

intracellular Ca2+ produced from internal stores would be distinct from Ca2+ influx through 

voltage-gated Ca2+ channels at the plasma membrane. Roberson et al. identified distinct Ca2+ 

populations necessary for ERK and JNK activation, and alluded to localized Ca2+, however, 

“experiments that provide definitive results in regard to the presence and function of a 

microdomain of Ca2+ would be technically difficult…[and] further biophysical studies are required 

to analyze Ca2+ flux through voltage-gated Ca2+ channels following activation” (86,128). Now, 

using techniques that provide this opportunity to separate Ca2+ signals, we can explore how 

GnRH impacts L-type Ca2+ channel activity in gonadotropes. In addition, manipulation of the 

signaling cascade to identify important intermediate players between the GnRH receptor and L-

type Ca2+ channel and identifying necessary components for organized signaling platforms at 

the plasma membrane can provide insight at a molecular scale necessary for reproduction.  

2.2 Summary 

The binding of gonadotropin-releasing hormone (GnRH) to its receptor initiates signaling 

cascades in gonadotropes which result in enhanced luteinizing hormone (LH) and follicle 

                                                           
1 Dang AK, Murtazina DA, Magee C, Navratil AM, Clay CM, Amberg GC. GnRH evokes localized 

subplasmalemmal calcium signaling in gonadotropes. Molecular endocrinology (Baltimore, MD) 2014; 

28:2049-2059 
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stimulating hormone (FSH) biosynthesis and secretion. This process is necessary for follicular 

maturation and ovulation. Ca2+ influx activates mitogen-activated protein kinases (MAPKs) which 

lead to increased transcription of LH and FSH genes. Previous research suggests that two 

MAPK signaling pathways, ERK and JNK, are activated by either Ca2+ influx through L-type Ca2+ 

channels or by global Ca2+ signals originating from intracellular stores, respectively. Here we 

continued this investigation to further elucidate molecular mechanisms transducing GnRH 

receptor stimulation to ERK activation. Although it is known that GnRH-activation of ERK 

requires Ca2+ influx through L-type Ca2+ channels, direct evidence supporting an underlying local 

Ca2+ signaling mechanism was lacking. Here we used a combination of electrophysiology and 

total internal reflection fluorescence (TIRF) microscopy to visualize discrete sites of Ca2+ influx 

(Ca2+ sparklets) in gonadotrope-derived αT3-1 cells in real time. GnRH increased localized Ca2+ 

influx and promoted ERK activation. The L-type Ca2+ channel agonist FPL 64176 enhanced Ca2+ 

sparklets and ERK activation in a manner indistinguishable from GnRH. Conversely, the L-type 

Ca2+ channel antagonist nicardipine inhibited not only localized Ca2+ sparklets but also ERK 

activation in response to GnRH. GnRH-dependent stimulation of L-type Ca2+ channels was 

found to require PKC and a dynamic actin cytoskeleton. Taken together, we provide the first 

direct evidence for localized L-type Ca2+ channel signaling in αT3-1 cells and demonstrate the 

utility of our approach for investigating signaling mechanisms and cellular organization in 

gonadotropes. 

2.3 Introduction 

The hypothalamic neuropeptide gonadotropin-releasing hormone (GnRH) is secreted 

into the hypophyseal portal circulation and binds to receptors on a subpopulation of anterior 

pituitary cells termed gonadotropes. The binding of GnRH to its cognate receptor elicits multiple 

transcriptional and biosynthetic events leading to increased synthesis and secretion of 

luteinizing hormone (LH) and follicle stimulating hormone (FSH). Most dramatic is the sharp rise 
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in LH secretion (the “LH surge”) that precedes and is necessary for final follicular maturation 

and ovulation (183).  

Following GnRH activation of the G-protein-coupled GnRH receptor, the Gαq/11 subunit 

stimulates phospholipase C (PLC) leading to cleavage of plasma membrane-bound 

phosphatidylinositol-4-5-bisphosphate (PIP2) and generation of the classical second 

messengers inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (63). While IP3 promotes 

Ca2+ release from the endoplasmic reticulum via activation of IP3 receptors, DAG stimulates 

various protein kinase C (PKC) isoforms including conventional isoforms (PKC α, β, and γ) 

which are activated by DAG and Ca2+ and novel isoforms (PKC δ, ε, θ, and η/λ) which are 

activated by DAG but are Ca2+ independent. Increased PKC activity ultimately stimulates Ca2+ 

influx through voltage-dependent L-type Ca2+ channels (71).  

Increased intracellular Ca2+ contributes to activation of mitogen-activated protein kinase 

(MAPK) signaling in gonadotropes. In general, Ca2+-dependent MAPK initiates transcriptional 

changes ultimately leading to increased production of LH and FSH (181). Prior work suggests 

that these two distinct Ca2+ signals (i.e., Ca2+ influx and Ca2+ release from the endoplasmic 

reticulum) activate two distinct MAPK signaling cascades: IP3-mediated Ca2+ release from the 

endoplasmic reticulum promotes jun-N-terminal kinase (JNK) activation while Ca2+ influx 

through L-type Ca2+ channels activates extracellular signal-regulated kinase (ERK) (86,128). 

Importantly, ERK is the key signal required for enhanced LH synthesis and the preovulatory LH 

surge (181,182). 

Previously, Roberson and colleagues (86,128) used a pharmacological approach to 

frame the hypothesis that a local L-type Ca2+ channel signal insensitive to intracellular chelation 

was necessary for ERK activation; however, technical limitations precluded direct experimental 

confirmation of this intriguing hypothesis. Herein, we employed a powerful Ca2+ imaging 

approach to directly test in real time the hypothesis that GnRH receptor activation leads to a 

local L-type Ca2+ channel-mediated signal coupled to ERK activation. 
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Our approach, based on a combination of voltage-clamp electrophysiology and total 

internal reflection fluorescence (TIRF) microscopy has allowed, for the first time, to 

unambiguously visualize localized Ca2+ influx through L-type Ca2+ channels (i.e., Ca2+ sparklets 

(1,148,184)) in single αT3-1 gonadotropes. Using this approach we found that GnRH increases 

local L-type Ca2+ channel sparklet activity. Furthermore, pharmacological manipulations 

demonstrate that L-type Ca2+ channel sparklets are coupled to ERK activation and that GnRH-

dependent activation of local L-type Ca2+ channel function requires PKC and a functional actin 

cytoskeleton. Our findings are not only consistent with the hypothesis that GnRH induces the 

local L-type Ca2+ channel signal that is critical for ERK activation, but demonstrate directly the 

existence of a biologically-relevant GnRH-induced Ca2+ microdomain in αT3-1 gonadotropes. 

Importantly, these findings open new and heretofore unavailable opportunities to further uncover 

the spatial and temporal events underlying the distinct subcellular biochemical and biophysical 

processes underlying GnRH stimulated gonadotropin synthesis. Finally, as Ca2+ sparklets have 

been identified predominantly in cardiovascular tissue, these data suggest a broader regulatory 

role for this unique Ca2+ signal in mediating a diverse array of cellular events and biological 

processes. 

2.4 Materials and Methods 

Materials  

DMEM was from HyClone (Logan, UT), Fetal Bovine Serum (FBS) was from Atlas 

Biologicals (Fort Collins, CO), and L-glutamine and the antibiotic-antimycotic solution were from 

Mediatech (Herndon, VA). Rabbit polyclonal antibodies to ERK (pERK (E-4) catalog # cs7388; 

ERK-1 (K-23) catalog #sc-94) were from Santa Cruz Biotechnology (Santa Cruz, CA), Matrigel 

was from BD Biosciences (San Jose, CA), and fluo-5F (pentapotassium salt) was from 

Invitrogen (Carlsbad, CA). All other chemicals were from Sigma (St. Louis, MO). 
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Cell culture 

αT3-1 cells (22), a generous gift from Pam Mellon (UCSD), were incubated in high-

glucose DMEM supplemented with FBS and horse serum (5% each), L-glutamine (2 mM), and 

Antibiotic-Antimycotic solution (1%). Cells were maintained at 37°C in 5% CO2 humidified air. 

Electrophysiology and total internal reflection fluorescence microscopy 

αT3-1 cells were plated onto Matrigel coated glass-bottomed Mattek dishes 24 hours 

prior to experimentation. Simultaneous electrophysiology and Ca2+ imaging experiments were 

carried out using the conventional dialyzed whole-cell patch clamp technique as described 

previously (1,148-150). Briefly, Ca2+ influx through L-type Ca2+ channels was visualized with a 

TILL Photonics (Victor, NY) through-the-lens TIRF system built around an inverted Olympus IX-

71 microscope (Center Valley, PA) with a 100X TIRF oil-immersion objective (numerical 

aperture = 1.45) and an Andor iXON EMCCD camera (Andor Technology, South Windsor, CT). 

To monitor Ca2+ influx, gonadotropes were loaded with the Ca2+ indicator fluo-5F (200 µM) and 

an excess of EGTA (10 mM; to lower background noise while minimally interfering with fluo-5F 

(1,148,149,184)) via the patch pipette. Membrane potential was controlled with an Axopatch 

200B amplifier (Molecular Devices, Sunnyvale, CA); fluo-5F excitation was achieved with a 491-

nm laser with excitation and emission light being separated with appropriate filters. Ca2+ influx 

was recorded with 2 mM external Ca2+ at a frame rate of 50 Hz and holding potential of -70 mV 

to increase the driving force for Ca2+ entry. To preclude potential contaminating Ca2+ release 

events from the endoplasmic reticulum, the Ca2+-ATPase inhibitor thapsigargin (1 µM) was 

present during all experiments. Cells were imaged for 2 min before acute treatment with GnRH 

(3 nM), the L-type Ca2+ channel agonist FPL 64176 (500 nM), the L-type Ca2+ channel 

antagonist nicardipine (10 µM), the PKC agonist phorbol 12, 13-dibutyrate (PDBu; 50 nM), the 

broad-spectrum PKC inhibitor GF109203X (GFX; 1 µM), the PKCα and β inhibitor Gӧ6976 (100 

nM), or the actin stabilizer jasplakinolide (100 nM) and imaged for an additional 10 min. Vehicle 
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controls were performed as appropriate. All experiments were performed at room temperature 

(22 - 25°C).  

L-type Ca2+ channel sparklet analysis 

Background subtracted fluo-5F fluorescence signals were converted to intracellular Ca2+ 

concentrations ([Ca2+]i) as described previously (148-150,185). Briefly, fluo-5F fluorescence 

images were analyzed with custom software kindly supplied by L. Fernando Santana (University 

of California, Davis) and L-type Ca2+ channel sparklet activity was determined by calculating the 

nPs of each site, where n is the number of quantal levels detected, and Ps is the probability that 

the site is active. nPs values were obtained using pCLAMP 10.0 (Molecular Devices, Sunnyvale, 

CA) on imported [Ca2+]i time course records using an initial unitary [Ca2+]i elevation of ≈ 20 nM 

as determined empirically. Active L-type Ca2+ channel sparklet site densities (Ca2+ sparklet sites 

per µm2) were calculated by dividing the number of active sites by the area of cell membrane 

visible in the TIRF images. Image stacks selected for analysis were obtained between 5 and 10 

min of pharmacological manipulation. 

Normally distributed data are presented as means ± SEM. Two-sample comparisons of 

these data were performed using either a paired or unpaired (as appropriate) two-tailed 

Student’s t test and comparisons between more than two groups were performed using a one 

way ANOVA with Tukey’s multiple comparison post-test. L-type Ca2+ channel sparklet activity 

(i.e. nPs) datasets were bimodally distributed (1,148,149), thus two-sample comparisons of nPs 

data were examined with the non-parametric Wilcoxon matched pairs test (two-tailed) and 

comparisons between more than two groups were performed using the non-parametric 

Friedman test with Dunn’s multiple comparison post-test. Arithmetic means of nPs datasets are 

indicated in the figures (solid grey horizontal lines) for nonstatistical visual purposes, and 

dashed grey lines mark the threshold for high-activity Ca2+ sparklet sites (nPs ≥ 0.2) (148-151). P 

values < 0.05 were considered significant and asterisks (*) used in the figures indicate a 

significant difference between groups. 
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Western blot analysis/ERK activation assay 

A monolayer of αT3-1 cells (≈ 8 x 105 cells) in 60 mm tissue culture dishes were washed 

twice with PBS and incubated in serum-free DMEM for 2 hours. After serum starvation, cells 

were exposed to either vehicle (0.1% DMSO) or GnRH (3 nM) with or without additional 

treatments for 5 or 10 min (at 37°C) on the same gel. Cells were washed in ice-cold PBS and 

lysed in RIPA buffer containing a protease inhibitor cocktail. Total cell lysates (10 - 15 µg) were 

separated on 10 % SDS-PAGE gels and transferred onto nitrocellulose membranes. 

Phosphorylated ERK, which we used as a surrogate measure of ERK activation, was detected 

with p-ERK antibody (1: 2000) using the ECL prime reagent. Following stripping, total ERK was 

probed with anti-ERK1 antibody (1: 2000) that recognizes ERK-1 and ERK-2 independent of 

phosphorylation state on the same blot. Data are presented as mean ± SEM phosphorylated 

ERK normalized to total ERK; comparisons were performed using ANOVA with Newman-Keuls 

multiple comparison post-test. 

2.5 Results 

To test the hypothesis that acute application of GnRH induces local Ca2+ influx through 

L-type Ca2+ channels and ERK activation in pituitary gonadotropes we proposed five 

experimental criteria: 1) L-type Ca2+ channels must produce observable sites of localized Ca2+ 

influx (i.e., Ca2+ sparklets) in response to GnRH; 2) L-type Ca2+ channel activators must 

increase Ca2+ sparklets and ERK signaling; 3) conversely, inhibition of L-type Ca2+ channels 

must prevent Ca2+ sparklets and decrease ERK signaling; 4) signaling modalities known to 

regulate localized L-type Ca2+ channel function (e.g., PKC) should regulate ERK signaling in a 

concurrent manner, and 5) changes in actin cytoskeletal organization should disrupt GnRH-

induced Ca2+ influx and ERK activation. 

Total internal reflection fluorescence (TIRF) microscopy reveals localized Ca2+ influx in 

αT3-1 cells following GnRH exposure 
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Conventional experimental approaches used to investigate intracellular Ca2+ dynamics 

(e.g., wide-field fluorescence microscopy) generally provide poor signal discrimination and 

limited temporal and spatial resolution. To overcome these technical inadequacies, we used a 

combination of electrophysiology and TIRF microscopy to visualize local Ca2+ influx in αT3-1 

cells. This approach provides high temporal and spatial resolution which is ideal for visualizing 

small Ca2+ influx events in the plasma membrane (1,184,186) due to the high signal-to-noise 

ratio achieved with the inherently limited depth of penetration of the TIRF evanescent wave (≈ 

100 nm; Figure 2.1A).  

 

 
Figure 2.1. GnRH induces localized Ca2+ influx in αT3-1 cells. A, Schematic illustrating the 
electrophysiological and TIRF imaging method used to visualize Ca2+ influx in αT3-1 cells. B, 
Representative TIRF images showing localized Ca2+ influx in αT3-1 cells before and after GnRH (3 
nM). C, Traces showing the time course of localized Ca2+ influx at the four circled sites before and 
after GnRH. The scale bar provides reference for changes in [Ca2+]i during the traces (see Materials 
and Methods). D, Plot of Ca2+ sparklet site activities (nPs; see Materials and Methods) before and 
after GnRH (n = 32 cells); solid grey lines are the arithmetic means of each group and dashed lines 
mark the threshold for high-activity Ca2+ sparklet sites (nPs ≥ 0.2; (1)). E, Plot of mean ± SEM Ca2+ 
sparklet site densities (Ca2+ sparklet sites/µm2) before and after GnRH (n = 32 cells). *P < 0.05 
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To begin, we applied GnRH (3 nM) to αT3-1 cells and monitored for changes in Ca2+ 

influx across the plasma membrane. To preclude potential contaminating Ca2+ release events 

from the endoplasmic reticulum the Ca2+-ATPase inhibitor thapsigargin (1 µM) was present 

during all experiments. In addition, cells were dialyzed with an excess of the Ca2+ chelator 

EGTA (10 mM) via the patch pipette to buffer global changes in intracellular Ca2+. Consistent 

with our hypothesis that GnRH induces a local Ca2+ signal, GnRH exposure promoted discrete 

sites of repetitive Ca2+ influx (i.e., Ca2+ sparklets; Figure 2.1, B & C and Supplemental Movie 1; 

n = 32 cells). The average area of these Ca2+ sparklets was 2.65 ± 0.10 µm2. Note that many 

areas of the plasma membrane visible in the TIRF image were optically silent (i.e., showed no 

evidence of Ca2+ influx) as illustrated by region iv in Figure 2.1, B & C.  

To quantify Ca2+ sparklet activity we determined the nPs value for each site where n is 

the number of quantal levels observed and Ps is the probability that the Ca2+ sparklet site is 

active (1,148,150,184). Similar to arterial smooth muscle cells (1,150), Ca2+ sparklet site activity 

(nPs) in αT3-1 cells was bimodal with low activity sites (nPs < 0.2) and high activity sites (nPs ≥ 

0.2). Qualitatively, low nPs sites are characterized as having short Ca2+ sparklet events resulting 

in minimal Ca2+ influx while high nPs sites have longer, more continuous Ca2+ sparklet events 

resulting in substantial Ca2+ influx (184). In αT3-1 cells, GnRH increased Ca2+ sparklet site 

activity (nPs) compared to vehicle control (Figure 2.1D; P < 0.05, n = 32 cells). The density of 

detected Ca2+ sparklet sites (number of Ca2+ sparklet sites per µm2) also increased following 

GnRH exposure (Figure 2.1E; P < 0.05, n = 32 cells). These data demonstrate that GnRH 

induces localized Ca2+ influx in αT3-1 cells by increasing the number of active Ca2+ sparklet 

sites and by increasing the activity at each of those sites. 

GnRH stimulates L-type Ca2+ channel sparklets in αT3-1 cells which contribute to ERK 

activation 

Next we used a pharmacological approach to test the hypothesis that Ca2+ sparklets 

observed in αT3-1 cells are produced by L-type Ca2+ channels. Consistent with this hypothesis, 
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the non-dihydropyridine (187) L-type Ca2+ channel agonist FPL 64176 (500 nM) increased Ca2+ 

sparklet activity and density (Figure 2.2, A & B; P < 0.05, n = 12 cells). Interestingly, the Ca2+ 

sparklet site activity and density following FPL 64176 exposure was not different from that 

induced by GnRH (P > 0.05). To more directly establish that Ca2+ sparklets induced by GnRH 

are produced through L-type Ca2+ channels we applied GnRH in the presence of the 

dihydropyridine L-type Ca2+ channel antagonist nicardipine (10 µM). 

 
Figure 2.2. GnRH-induced Ca2+ sparklets are mediated by L-type Ca2+ channels and promote 
ERK activation. A and C, Representative traces showing time courses of Ca2+ influx in an αT3-1 cell 
before and after application of (A) the L-type Ca2+ channel agonist FPL 64176 (500 nM) and (C) 
GnRH (3 nM) in the presence of the L-type Ca2+ channel antagonist nicardipine (10 µM). B and D, 
Plots of Ca2+ sparklet site activities (nPs) and mean ± SEM Ca2+ sparklet site densities (Ca2+ sparklet 
sites/µm2) before and after (B) FPL 64176 (n = 12 cells) and (D) GnRH in the presence of nicardipine 
(n = 7 cells). E, Western blot analysis of ERK activation (as measured by ERK phosphorylation) in 
αT3-1 cells exposed to GnRH (3 nM) or FPL 64176 (500 nM) in the presence of nicardipine (10 µM) 
for 5 or 10 min (n ≥ 3 independent experiments). *P < 0.05 versus nicardipine; † P < 0.05 versus 
nicardipine and P < 0.05 versus GnRH 



34 

 

In contrast to GnRH alone (see Figure 2.1), GnRH did not significantly increase Ca2+ sparklet 

activity or density in the presence of nicardipine (Figure 2.2, C & D; P > 0.05, n = 7 cells). These 

data provide strong evidence that the subplasmalemmal Ca2+ influx in αT3-1 cells as a result of 

GnRH is due to L-type Ca2+ channel sparklets. 

To further establish the importance of L-type Ca2+ channels we examined the effects of 

FPL 64176 (500 nM) on ERK activation in αT3-1 cells. For these and related experiments we 

used ERK phosphorylation as a surrogate measure of ERK activation. Similar to GnRH, FPL 

64176 (which promoted localized Ca2+ influx; Figure 2.2A) also promoted ERK activation (Figure 

2.2E; P < 0.05, n ≥ 3 independent experiments). Conversely, inhibition of L-type Ca2+ channels 

with nicardipine (10 µM) abolished FPL 64176-induced ERK activation (Figure 2.2E; P > 0.05, n 

≥ 3 independent experiments). Inhibition of local L-type Ca2+ channel signaling with nicardipine 

(e.g., Figure 2.2C) attenuated but did not eliminate GnRH-dependent ERK activation (Figure 

2.2E; P > 0.05, n ≥ 3 independent experiments). The observed loss or attenuation of ERK 

activation following inhibition of localized L-type Ca2+ channel activity in these experiments 

supports the hypothesis that localized L-type Ca2+ channel function regulates ERK activation in 

αT3-1 cells.  

PKC promotes localized L-type Ca2+ channel signaling and subsequent ERK activation in 

response to GnRH 

In arterial smooth muscle cells PKC promotes localized L-type Ca2+ channel sparklet 

activity similar to what we describe after GnRH exposure in αT3-1 cells (1,184). In gonadotropes 

PKC is known to induce global Ca2+ signals via dihydropyridine-sensitive Ca2+ channels in 

response to GnRH (86). Accordingly, we hypothesized that exposing αT3-1 cells to GnRH 

induces GnRH receptor-dependent PKC activation which in turn stimulates local L-type Ca2+ 

channel sparklets. Consistent with this hypothesis, the PKC agonist phorbol 12, 13-dibutyrate 

(PDBu; 50 nM) increased L-type Ca2+ channel sparklet site activity and density (Figure 2.3, A & 

B; P < 0.05, n = 11 cells). The increase in L-type Ca2+ channel sparklet activity and density 
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induced by PDBu was not different from that observed with GnRH or FPL 64176 (see Figures 

2.1 and 2.2; P > 0.05). Suggesting that the population of L-type Ca2+ channels stimulated by 

GnRH and PDBu are one in the same, the effects of GnRH and PDBu were not additive with 

respect to Ca2+ sparklet activity (median GnRH nPs = 0.19, interquartile range = 0.41; median 

GnRH + PDBu nPs = 0.24, interquartile range = 0.71; P > 0.05, n = 16 cells) or density (GnRH 

density = 0.010 ± 0.002 sparklet sites/µm2; GnRH + PDBu density = 0.007 ± 0.001 Ca2+ sparklet 

sites/µm2; P > 0.05, n = 16 cells).  

  We then used the broad-spectrum PKC inhibitor GF109203X (188,189) to link GnRH-

dependent activation of PKC to stimulation of L-type Ca2+ channel sparklets. Indicative of the 

necessity of PKC, inhibition with GF109203X (GFX; 1 µM) abolished GnRH-dependent 

stimulation of L-type Ca2+ channel sparklets (Figure 2.3, C & D; P > 0.05, n = 9 cells). At a 

concentration of 1 µM GFX inhibits the following PKC isoforms known to be expressed in αT3-1 

cells: α, β, δ, and ε (190). To narrow our investigation of the isoforms involved with L-type Ca2+ 

channel sparklets in αT3-1 cells we used the PKC inhibitor Gӧ6976 which is selective for PKCα 

and β (191). Application of Gӧ6976 (100 nM) had no significant effect on GnRH-dependent 

stimulation of L-type Ca2+ channel sparklet activity (median GnRH nPs = 0.19, interquartile 

range = 0.41; median GnRH + Gӧ6976 nPs = 0.06, interquartile range = 0.43; P > 0.05, n = 7 

cells) or density (GnRH density = 0.010 ± 0.002 sparklet sites/µm2; GnRH + Gӧ6976 density = 

0.011 ± 0.002 Ca2+ sparklet sites/µm2; P > 0.05, n = 7 cells). These data indicate that PKCα and 

β are not essential for GnRH-dependent activation of L-type Ca2+ channels in αT3-1 cells. This 

observation is consistent with previous work suggesting that PKCδ and ε play a greater role in 

GnRH-dependent ERK activation than PKCα and β (190).  

In agreement with our Ca2+ sparklet data, PKC stimulation with PDBu (50 nM) increased 

ERK activation (Figure 2.3E; P < 0.05, n ≥ 3 independent experiments). Demonstrating the 

necessity of Ca2+ influx through L-type Ca2+ channels, αT3-1 cells pre-incubated with nicardipine 

(10 µM) showed no significant increase in ERK signaling following PDBu exposure (Figure 2.3E; 
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P > 0.05, n ≥ 3 independent experiments). Once again in agreement with the effect on Ca2+ 

sparklets, PKC inhibition with GFX (1 µM) reduced GnRH-dependent ERK activation (Figure 

2.3E; P < 0.05, n ≥ 3 independent experiments) while Gӧ6976 (1 µM) was without effect (P > 

0.05, n ≥ 3 independent experiments; data not shown). Note that PKC inhibition with GFX had 

no effect on ERK phosphorylation induced by direct stimulation of L-type Ca2+ channels with 

FPL 64176 (Figure 2.3E; P > 0.05, n ≥ 3 independent experiments). 

 

Figure 2.3. GnRH-induced L-type Ca2+ channel sparklets and ERK activation require PKC. A 
and C, Representative traces showing time courses of Ca2+ influx in an αT3-1 cell before and after 
application of (A) the PKC activator PDBu (50 nM) and (C) GnRH (3 nM) in the presence of the 
broad-spectrum PKC inhibitor GF109203X (GFX; 1 µM). B and D, Plots of Ca2+ sparklet site activities 
(nPs) and mean ± SEM Ca2+ sparklet site densities (Ca2+ sparklet sites/µm2) before and after (B) 
PDBu (n = 11 cells) and (D) GnRH in the presence of GF109203X (n = 9 cells). E, Western blot 
analysis of ERK activation (as measured by ERK phosphorylation) in αT3-1 cells exposed to PDBu 
(50 nM) or PDBu with nicardipine (1 µM) for 5 min and αT3-1 cells exposed to GnRH (3 nM) or FPL 
64176 (500 nM) for 5 min in the presence or absence of GF109203X (1 µM; n ≥ 3 independent 
experiments). *P < 0.05 
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This suggests that PKC activity occurs upstream of L-type Ca2+ channels in the signaling 

cascade linking GnRH receptor stimulation to ERK activation. Taken together, our data indicate 

that GnRH induces localized PKC-dependent L-type Ca2+ channel sparklets and that this 

mechanism plays a fundamental role in GnRH-dependent activation of ERK signaling in αT3-1 

cells.  

A dynamic actin cytoskeleton is necessary for transducing GnRH receptor activation to 

localized Ca2+ influx and ERK activation 

Our data support the concept that precise structural and molecular elements create a 

microenvironment suitable for localized subplasmalemmal L-type Ca2+ channel signaling 

necessary for gonadotrope function. Thus, it is logical to suggest that cellular structural features 

such as the cortical actin cytoskeleton could be involved in the organization of molecular 

components responsible for transducing GnRH receptor activation to the L-type Ca2+ channel. In 

accordance with this hypothesis, previous work has demonstrated that rapid remodeling of the 

actin cytoskeleton occurs following GnRH treatment and that an intact actin cytoskeleton is 

necessary for GnRH signaling to ERK (57,58,125). However, the point(s) in this pathway where 

actin dynamics participate in ERK activation is (are) unclear.  

Therefore, we investigated if actin dynamics are involved with GnRH induction of 

localized Ca2+ sparklets upstream of ERK activation to narrow down where actin reorganization 

may be necessary in this signaling pathway. To begin we examined the effect of jasplakinolide 

(100 nM for 5 min), which stabilizes filamentous actin, on localized L-type Ca2+ channel function. 

By itself, jasplakinolide had no effect on basal L-type Ca2+ channel activity (Figure 2.4, B & C; P 

> 0.05, n = 9 cells). However, jasplakinolide reduced the stimulatory effect of GnRH (3 nM) on 

L-type Ca2+ channel sparklet activity (Figure 2.4, A & B; P < 0.05, n = 9 cells).  

Consistent with previous work (58), ERK activation in response to GnRH was also 

reduced by jasplakinolide (Figure 2.4D; P < 0.05; n ≥ 3 independent experiments). 
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Unlike Ca2+ sparklet site activity (i.e., nPs), Ca2+ sparklet site density (i.e., the number of Ca2+ 

sparklet sites/µm2) in response to GnRH was not reduced by jasplakinolide (Figure 2.4C; P > 

0.05; n = 9 cells). These observations suggest that actin stabilization does not perturb the 

 

Figure 2.4. Actin stabilization disrupts GnRH-dependent Ca2+ sparklet stimulation. A, 
Representative traces showing time courses of Ca2+ influx in αT3-1 cells exposed to GnRH (3 nM) in 
the presence or absence of jasplakinolide (100 nM for 5 min). B and C, Plots of Ca2+ sparklet site 
activities (nPs) and mean ± SEM Ca2+ sparklet site densities (Ca2+ sparklet sites/µm2) for GnRH (3 
nM; n = 9 cells in each group) with or without jasplakinolide (100 nM for 5 min). D, Western blot 
analysis of ERK activation (as measured by ERK phosphorylation) in αT3-1 cells exposed to GnRH 
(3 nM) with or without jasplakinolide (100 nM for 5 min; n ≥ 3 independent experiments). *P < 0.05; † 
P < 0.05 versus jasplakinolide and P < 0.05 versus GnRH 
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number of functional L-type Ca2+ channels available for stimulation following GnRH application. 

Rather, actin stabilization with jasplakinolide disrupts the ability of GnRH signaling to evoke 

high-activity Ca2+ sparklet sites.  

To test this hypothesis we examined the effect of the direct L-type Ca2+ channel activator 

FPL 64176 (500 nM) on Ca2+ sparklets in the presence and absence of jasplakinolide. In 

contrast to GnRH, jasplakinolide had no inhibitory effect on Ca2+ sparklet activation by FPL 

64176 (Figure 2.5, A & C; P > 0.05; n = 8). Jasplakinolide also had no effect on Ca2+ sparklet 

density (i.e., the number of Ca2+ sparklet sites/µm2; Figure 2.5D; P > 0.05; n = 8) induced by 

FPL 64176 and had no effect on subsequent ERK activation (Figure 2.5E; P > 0.05; n ≥ 3 

independent experiments). These observations are consistent with the hypothesis that 

stabilization of filamentous actin disrupts communication between the GnRH receptor and the L-

type Ca2+ channel rather than interfering with the L-type Ca2+ channel itself or subsequent ERK 

activation.  

 The observed effects of jasplakinolide indicate that actin dynamics are important for the 

transduction of GnRH receptor activation to stimulation of the L-type Ca2+ channel. Given the 

importance of PKC in this transduction pathway (128) and the data presented above (Figure 

2.3) we examined the effect of the PKC activator phorbol 12, 13-dibutyrate (PDBu; 50 nM) on 

cells pretreated with jasplakinolide. In contrast to GnRH, but similar to FPL64176, jasplakinolide 

had no effect on PDBu-dependent stimulation of Ca2+ sparklets (Figure 2.5, B, C & D; P > 0.05, 

n = 11 cells) and ERK activation (Figure 2.5E; P > 0.05; n ≥ 3 independent experiments). These 

data suggest that stabilization of filamentous actin does not preclude PKC-dependent activation 

of local L-type Ca2+ channel function and ERK activation. Taken together, our data support the 

concept that precise structural and molecular elements create a microenvironment suitable for 

localized subplasmalemmal Ca2+ signaling necessary for gonadotrope function.  
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2.6 Discussion 

Consistent with the hypothesis that GnRH binding to the GnRH receptor evokes a rapid 

increase in localized subplasmalemmal Ca2+ signals that lead to ERK activation in αT3-1 

 

 
Figure 2.5. Actin stabilization does not disrupt Ca2+ sparklet stimulation by direct activation of 
L-type Ca2+ channels or PKC. A and B, Representative traces showing time courses of Ca2+ influx in 
αT3-1 cells exposed to (A) the L-type Ca2+ channel agonist FPL 64176 (500 nM) or (B) the PKC 
activator PDBu (50 nM) with or without jasplakinolide (100 nM for 5 min). C and D, Plots of Ca2+ 
sparklet site activities (nPs) and mean ± SEM Ca2+ sparklet site densities (Ca2+ sparklet sites/µm2) for 
FPL 64176 (500 nM; n = 8 cells in each group) and PDBu (50 nM; n = 11 cells in each group) with or 
without jasplakinolide (100 nM for 5 min). E, Western blot analysis of ERK activation (as measured by 
ERK phosphorylation) in αT3-1 cells exposed to FPL 64176 (500 nM) and PDBu (50 nM) with or 
without jasplakinolide (100 nM for 5 min; n ≥ 3 independent experiments). *P < 0.05 
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gonadotropes we find that: 1) GnRH application promoted experimentally evident localized sites 

of Ca2+ influx across the plasma membrane (i.e., Ca2+ sparklets); 2) direct pharmacological 

activation of L-type Ca2+ channels induced localized Ca2+ influx and increased ERK signaling; 3) 

pharmacological inhibition of L-type Ca2+ channels decreased observable Ca2+ influx events and 

decreased ERK signaling; 4) PKC activation, which is associated with increased ERK signaling 

in gonadotropes and stimulation of L-type Ca2+ channel sparklets in arterial myocytes 

(1,149,150), increased localized L-type Ca2+ channel function in αT3-1 cells; 5) PKC inhibition 

decreased GnRH-dependent stimulation of L-type Ca2+ channel sparklets and ERK activation; 

and 6) actin cytoskeletal rearrangement, which is involved with GnRH receptor signaling 

(57,58,125), is necessary for GnRH-induced stimulation of localized Ca2+ influx through L-type 

Ca2+ channels and ERK activation. From these observations we conclude that GnRH-dependent 

activation of ERK signaling in αT3-1 gonadotropes requires localized PKC-dependent L-type 

Ca2+ channel activity. 

Our data provide strong evidence that Ca2+ influx in αT3-1 gonadotropes is highly 

localized across the plasma membrane (see Supplemental Movie 1). To quantify the spatial 

confinement of the observed Ca2+ influx we compared the average Ca2+ sparklet surface area 

(2.65 ± 0.10 µm2) to the estimated total surface area of the αT3-1 cells studied (2096 ± 56.04 

µm2) as determined by cell capacitance measurements obtained with voltage clamp (192). 

Individual Ca2+ sparklet sites therefore corresponded to ≈ 0.13% (2.65/2096) of the αT3-1 cell 

surface area; each cell had ≈ 20.96 ± 0.56 active sites (2096 µm2 x 0.01 Ca2+ sparklet 

sites/µm2). Thus, in αT3-1 cells stimulated with GnRH, Ca2+ influx was highly localized and 

limited to ≈ 2.72% (0.13% x 20.96) of the total surface area. In addition, high activity (nPs ≥ 0.2) 

Ca2+ sparklet sites with values > 1 were occasionally observed. This is of interest as it indicates 

clustering and functional coupling of L-type Ca2+ channels (186,193). Future experiments to 
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characterize the biochemical nature of these clusters in gonadotropes in greater detail are 

needed.  

Previous efforts using conventional experimental approaches have established the 

importance of PKC-mediated Ca2+ influx through L-type Ca2+ channels with respect to ERK 

activation in gonadotropes (86,128). On the basis of substantial indirect evidence a local Ca2+ 

signaling mechanism was hypothesized. Using our experimental approach we are able to 

visualize Ca2+ influx through L-type Ca2+ channels. This allows us not only to test directly and 

confirm a local Ca2+ signaling hypothesis but also permits investigation of participating signaling 

components (e.g., PKC and actin cytoskeletal dynamics) with unprecedented spatial and 

temporal resolution. Our data demonstrate that GnRH and PDBu stimulate Ca2+ sparklet activity 

within 5 min (at 22-25°C). This time course is similar to that observed by direct channel 

activation with the L-type Ca2+ channel activator FPL 64176. Consistent with a highly localized 

signaling process, GnRH receptor stimulation and (subsequent) PKC stimulation therefore 

appears to involve a relatively rapid mechanism of L-type Ca2+ channel activation.  

Consistent with previous work (190) and our Ca2+ sparklet data, we found that inhibition 

of PKC with the broad-spectrum PKC inhibitor GF109203X (but not the PKCα/β selective 

inhibitor Gӧ6976) reduced GnRH-dependent activation of ERK signaling. These observations 

suggest that other PKC isoforms such as PKCδ and/or PKCε are involved in ERK activation in 

αT3-1 cells. Future experiments with isoform-specific PKC inhibitors and isoform-selective 

knockdown approaches are necessary to further clarify the PKC isoform(s) involved with GnRH-

dependent activation of L-type Ca2+ channels. Note that PKC inhibition with GF109203X 

produced a modest reduction in ERK activation when compared to L-type Ca2+ channel 

inhibition with nicardipine. One scenario likely contributing to this observation involves 

differences in the effect of nicardipine and PKC inhibition on L-type channel Ca2+ sparklets: 

Nicardipine inhibits low (nPs < 0.2) and high activity (nPs ≥ 0.2) L-type channel Ca2+ sparklets 

whereas the effects of PKC inhibition are limited primarily to high activity Ca2+ sparklets 
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(1,150,184,194). In addition, when using 2 mM external Ca2+, as in our experiments, many low 

activity Ca2+ sparklets are likely below our detection threshold (1). Thus, substantial low activity 

Ca2+ sparklets (not necessarily evident in our recordings) present following PKC inhibition could 

result in more Ca2+ influx and ERK activation as compared to L-type Ca2+ channel inhibition with 

nicardipine. 

The findings presented here are consistent with previous research in arterial smooth 

muscle cells where localized L-type Ca2+ channel sparklets were previously described 

(1,148,150,184,186,195). Similar to the vasoconstrictor angiotensin II (148,196), which 

stimulates Gq-coupled AT1 receptors (197), GnRH receptor activation promoted Ca2+ influx in 

αT3-1 cells by increasing Ca2+ sparklet site activity (nPs) and density (sites per µm2). As with 

Ca2+ sparklet activity in arterial smooth muscle cells, Ca2+ sparklets in αT3-1 cells were 

stimulated by L-type Ca2+ channel agonists and inhibited by L-type Ca2+ channel antagonists 

(1,150). Also similar to arterial smooth muscle (1,148,150,194,198), L-type channel Ca2+ 

sparklets in αT3-1 cells are subject to PKC regulation (see Figure 2.3). However, in contrast to 

arterial smooth muscle where PKCα is the isoform responsible for stimulation of L-type channel 

Ca2+ sparklets (150), GnRH-dependent activation of Ca2+ sparklets in αT3-1 cells does not 

appear to be dependent on PKCα but rather seems to require other isoforms such as PKCδ 

and/or ε. Future studies should focus on clarifying this important issue.  

While PKC is known to activate ERK, the underling mechanism remains unclear 

(100,181,199). Direct activation of Raf-1 kinase by PKC has been proposed with little supporting 

evidence and Raf-1 involvement in GnRH-dependent activation of ERK activation is not 

apparent (2). Here, we demonstrate that GnRH-dependent activation of PKC stimulates Ca2+ 

influx through L-type Ca2+ channels. Further emphasizing the temporal relationship between 

GnRH receptor and L-type Ca2+ channel activation is our observation of enhanced ERK 

phosphorylation (via Western blot analysis) within 5 min of GnRH application (at 37°C). Thus, 

the time course of L-type Ca2+ channel sparklet activation (recordings made between 5 and 10 
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min after applying GnRH) roughly parallels that of ERK activation. Furthermore, our Western 

blot data (at 5 and 10 min) supports previous work where ERK was shown to be maximally 

phosphorylated within 5-15 min. (190). Future efforts are necessary to clarify the intermediate 

molecular mechanisms by which PKC stimulation of L-type Ca2+ channels leads to ERK 

activation in gonadotropes. 

Our data demonstrate the importance of spatially restricted subplasmalemmal Ca2+ 

microdomain signaling in mediating ERK activation in response to GnRH receptor stimulation. 

These findings suggest that a local Ca2+ signal (i.e., L-type Ca2+ channel sparklets) could 

promote discrete sites of ERK activation at or near the sites of Ca2+ influx. Consistent with this 

hypothesis, work in pancreatic beta cells has shown that localized Ca2+influx through L-type 

Ca2+ channels was sufficient for activating ERK in response to glucagon-like peptide-1 (200). In 

gonadotropes, evidence supporting the concept of localized ERK activation includes the 

observation that phosphorylated ERK not only associates with membrane fractions containing 

the GnRH receptor but the two proteins also coimmunoprecipitate with one another (54). Given 

these observations we hypothesize that the localized L-type Ca2+ channel sparklet signaling 

described in this study could lead to localized ERK activation at the sites of Ca2+ influx. Future 

studies are required to examine this important concept. 

Dynamic remodeling of the actin cytoskeleton is necessary for GnRH receptor-

dependent ERK activation (57,58,125). Here, we have identified that the necessity of actin 

cytoskeletal organization occurs downstream of GnRH receptor activation but upstream of PKC-

dependent activation of L-type Ca2+ channels as direct stimulation of the channels (with FPL 

64176) or PKC (with PDBu) leads to Ca2+ influx in the presence of jasplakinolide. These data 

suggest that stabilization of filamentous actin does not preclude PKC-dependent activation of 

local L-type Ca2+ channel function and ERK activation per se. However, as global phorbol ester-

induced activation of PKC is non-physiological it is unreasonable to conclude that actin 

dynamics are not involved with physiologically relevant instances of PKC activation (e.g., by 
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GnRH receptor stimulation). Future studies are required to address this important issue and to 

further dissect the role of actin cytoskeletal dynamics with respect to the subcellular structural 

organization required for the generation of biologically-relevant L-type channel Ca2+ 

microdomains in gonadotropes.  

Although we provide compelling evidence demonstrating the importance of localized 

Ca2+ influx in mediating ERK activation, our observations do not preclude the involvement of 

other mechanisms. Close inspection of our data suggests that other mechanisms could be 

involved. PKC inhibition and actin cytoskeletal disruption with jasplakinolide abolished the 

stimulatory effect of GnRH on L-type Ca2+ channels but the inhibitory effects on ERK activation 

were incomplete. Similarly, nicardipine eliminated L-type Ca2+ channel sparklet activity in 

response to GnRH but did not fully eliminate changes in ERK phosphorylation. These findings 

are in contrast to experiments where we bypassed GnRH receptor signaling altogether and 

stimulated the L-type Ca2+ channels directly with FPL 64176. With this approach we found that 

nicardipine not only eliminated Ca2+ sparklet activity but also abolished FPL 64176-mediated 

ERK activation. Taken together, we conclude that while local L-type Ca2+ channel signaling is a 

major mechanism underlying ERK activation in response to GnRH other contributing 

mechanisms are likely involved. 

In summary, we provide the first direct evidence for localized, subplasmalemmal Ca2+ 

signaling in gonadotropes. Since our approach allows us to detect and quantify GnRH-induced 

Ca2+ sparklets in real time, the field is now positioned to address an entirely new set of 

questions as to the identity of proximate cellular and molecular events that convey the 

extracellular GnRH signal to its most distal and biologically critical intracellular targets. From the 

therapeutic perspective this is key as the ability of the gonadotrope to integrate multiple 

molecular events in response to a GnRH signal resides at the core of the hypothalamic-pituitary-

gonadal axis and, thus, reproductive function in mammals. In light of this, it is not surprising that 

the gonadotrope is the primary target of the vast majority of pro- and anti-fertility drugs (201-
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204). Thus, increasingly refined pharmacological modulation of reproductive and sexual function 

unequivocally depends on a complete understanding of GnRH signaling in the pituitary. Finally, 

understanding localized Ca2+ signaling in αT3-1 cells may well have relevance beyond GnRH 

action. Indeed, the similarities between L-type Ca2+ channel sparklets in arterial smooth muscle 

(186) and pituitary endocrine cells suggests a conserved signaling mechanism fundamental to a 

diverse group of physiological and cellular processes.  
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Chapter 3. Reactive Oxygen Species Modulate GnRH-induced Local L-type Ca2+ Channel 

Signaling in Gonadotropes 

 

3.1 Overview 

The previous chapter outlined novel characteristics of L-type Ca2+ channel activity in 

gonadotropes. Now that we have discovered GnRH activation of localized Ca2+ influx on the cell 

surface, our next goal was to examine intermediate players within this physiological cascade. 

Given the endless possibilities, we narrowed our focus to signaling molecules that would most 

likely regulate these L-type Ca2+ channel sparklets based on stringent criteria. These 

parameters include identifying molecular candidates capable of localized signaling with rapid 

and sensitive cellular responses. Molecules with slower activation kinetics would be inconsistent 

in modulating this receptive and dynamic GnRH signaling cascade that leads to L-type Ca2+ 

channel activation. In addition, likely candidates would have inherent properties to signal in 

organized compartments, and in this case, specifically at the plasma membrane. Finally, the 

intermediate would also need to have evidence of modulating Ca2+ and be regulated by GnRH 

in gonadotropes for physiological relevance. Given this paradigm, a prospective candidate that 

encompasses all these characteristics led us to focus on reactive oxygen species (ROS). ROS 

are ubiquitous signaling molecules that regulate multiple aspects of cell function, and identifying 

whether they play a role in gonadotropes and L-type Ca2+ channel signaling would provide great 

insight for reproduction and further understanding of conditions in which oxidative imbalance 

would create aberrant signaling and complications. 

3.2 Summary 

The binding of GnRH to its receptor on gonadotrope cells initiates signaling cascades 

that result in the activation of extracellular signal-regulated kinase (ERK) and subsequently 

enhanced LH biosynthesis. Most dramatic is the sharp rise in LH secretion (“LH surge”) that 

precedes and is necessary for follicular maturation and ovulation. Previous work has 
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established that Ca2+ influx through L-type Ca2+ channels is necessary for ERK phosphorylation. 

More recently, we have identified discrete microdomains of GnRH-induced Ca2+ influx mediated 

by L-type Ca2+ channels (“Ca2+ sparklets”). ROS are cognate signaling molecules that mediate 

cell function, but their role in regulating Ca2+ in gonadotropes is unknown. We hypothesize that 

ROS are modulated by GnRH and are important in modulating local L-type Ca2+ channel 

activity. We found that GnRH induced spatially localized ROS “puncta” in αT3-1 cells. Using a 

combination of electrophysiology and TIRF microscopy to visualize discrete sites of Ca2+ influx, 

we found that hydrogen peroxide (H2O2) increased local Ca2+ channel activity in both αT3-1 cells 

and mouse gonadotropes. Conversely, inhibition of endogenous ROS decreased GnRH-

mediated ROS formation and Ca2+ influx on the plasma membrane. Mitochondria are another 

important source of ROS, in which GnRH stimulation increased mitochondrial oxidation activity 

at the subplasmalemmal surface of gonadotropes and mitochondrial ROS increased L-type Ca2+ 

channel activity. In addition, active L-type Ca2+ channels are associated with subplasmalemmal 

mitochondria. Collectively, these data provide strong evidence that ROS signaling plays an 

important role in GnRH-dependent Ca2+ channel activity in gonadotropes.  

3.3 Introduction 

The hypothalamic-pituitary-gonadal (HPG) axis regulates reproductive function and 

requires precise signaling events. The HPG axis signaling cascade is initiated by gonadotropin-

releasing hormone (GnRH), a hypothalamic neuropeptide that is secreted into the hypophyseal 

portal system and binds to GnRH receptors on anterior pituitary cells called gonadotropes. 

Gonadotropes synthesize and secrete the gonadotropins luteinizing hormone (LH) and follicle 

stimulating hormone (FSH). In females, an acute rise in LH is obligatory for inducing ovulation 

and as such is a mandatory event for reproduction and fertility. 

Following activation of the GnRH receptor, Gαq proteins stimulate phospholipase C 

(PLC) leading to cleavage of phosphatidylinositol-4-5-bisphosphate (PIP2) and generation of the 

second messengers inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (205). While IP3 
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promotes Ca2+ release from the endoplasmic reticulum (ER), DAG stimulates protein kinase C 

(PKC) which ultimately increases Ca2+ influx through voltage-dependent L-type Ca2+ channels. 

These two Ca2+ signals activate key components necessary for ovulation, including mitogen-

activated protein kinases (MAPKs). MAPKs transduce signals from the cell surface to the 

nucleus where phosphorylation initiates transcriptional activation of gonadotropin genes. 

A large body of evidence indicates that jun-N-terminal kinase (JNK) activation relies on 

Ca2+ from the ER while Ca2+ influx via L-type Ca2+ channels is necessary for activating 

extracellular signal-regulated kinase (ERK) (86,128). The divergence of Ca2+-dependent 

regulation of ERK and JNK is an exquisite demonstration of the importance of spatially 

restricted Ca2+ signaling. Furthermore, we have demonstrated that Ca2+ channel influx occurs at 

very discrete, localized sites on the plasma membrane termed “Ca2+ sparklets” in gonadotropes 

(206). These microdomains of Ca2+ influx are regulated by GnRH and PKC, occur through the L-

type Ca2+ channel, and are fundamental for downstream ERK activation necessary for LH 

production. 

Our primary goal now is to understand specific molecular signaling mechanisms that 

modulate L-type Ca2+ channel activity following GnRH receptor activation in gonadotropes. 

Reactive oxygen species (ROS) are recognized as cognate signaling molecules that regulate 

cell function. Interestingly, evidence suggests that GnRH-dependent ERK signaling also 

involves ROS (180). However, the mechanistic role of ROS upstream of these MAPK events 

has not been investigated in gonadotropes. We hypothesize that ROS are important in 

regulating localized L-type Ca2+ channels in gonadotropes. The functional relationships between 

Ca2+ and ROS signaling pathways, as well as underlying mechanisms, are unknown in 

gonadotropes. Ca2+ and ROS are ubiquitous signaling molecules that, as second messengers, 

share four key attributes relevant to this hypothesis: 1) Ca2+ and ROS signaling cascades can 

reside spatially in subcellular compartments (79,164); 2) Ca2+ and ROS signaling events have 

been shown to be functionally coupled (207,208); 3) the vast majority of cells employ Ca2+ and 
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ROS signaling cascades for specific cellular functions; and 4) disruption of Ca2+ and ROS 

homeostasis is strongly associated with the development of major chronic diseases including 

but not limited to metabolic, endocrine, neoplastic, cardiovascular, and neurodegenerative 

pathologies (209-212). Understanding how ROS can mediate downstream Ca2+ channel activity 

following GnRH receptor activation can provide further insight into signaling mechanisms used 

in gonadotropes necessary for reproduction. However, given the range of Ca2+ and ROS 

signaling and the various mechanisms they regulate, conclusions and concepts from these 

findings can be applicable to many biological systems. 

The sources of ROS in many cell types include the plasmalemmal NADPH oxidase 

enzyme complexes and the mitochondrial electron transport chain. Therefore, we explored 

GnRH regulation of both NADPH oxidase and mitochondrial sources of ROS and how these 

ROS generators modulate L-type Ca2+ channel activity in gonadotropes. In addition, we also 

explored GnRH-mediated mitochondrial oxidation changes, and the localization of ROS at the 

subplasmalemmal surface and its relative distribution compared to active Ca2+ sparklet sites.  

We found that GnRH induced localized, punctate ROS formation on the 

subplasmalemmal surface in gonadotropes. In addition, hydrogen peroxide (H2O2) stimulated 

localized Ca2+ influx through L-type Ca2+ channels in both αT3-1 cells and primary mouse 

gonadotropes. Conversely, endogenous ROS played a role in GnRH-mediated ROS formation 

and Ca2+ influx on the plasma membrane since inhibition of ROS with catalase and NADPH 

oxidase inhibitors prevented increases in subplasmalemmal ROS generation and Ca2+ channel 

activity. In addition, GnRH modulated mitochondrial oxidation and ROS from mitochondrial 

sources affected L-type Ca2+ channel sparklets. We also found active L-type Ca2+ channels 

associated with subplasmalemmal mitochondria in gonadotropes. Taken together, we have 

identified functionally coupled Ca2+ and ROS microdomain signaling in gonadotropes following 

GnRH receptor activation. This is clearly important relative to the regulation of fertility, in which 
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the wide-spread clinical use of GnRH receptor agonists and antagonists underscores the need 

for a better understanding of GnRH receptor function (213-215).  

3.4 Materials and Methods 

Materials 

DMEM was from HyClone (Logan, UT), Fetal Bovine Serum (FBS) was purchased from 

Atlas Biologicals (Fort Collins, CO), Matrigel was from BD Biosciences (San Jose, CA) and 

MitoTEMPO was purchased through Enzo (Farmingdale, NY). Fluo-5F (pentapotassium salt), 

WGA-Alexa Fluor 633 conjugate, sodium pyruvate, MitoSOX-Red, DCF, and mitoTracker Green 

FM were purchased from Invitrogen (Carlsbad, CA). Catalase and papain were from 

Worthington Biochemical (Lakewood, NJ). All other chemicals were from Sigma (St. Louis, MO).  

Cell culture 

αT3-1 gonadotrope cells (22), a generous gift from Pam Mellon (UCSD), were incubated 

in high-glucose DMEM supplemented with FBS (10%) and sodium pyruvate (1 mM). Cells were 

maintained at 37°C in 5% CO2 humidified air. 

Mouse pituitary cell dissociation and gonadotrope isolation 

Transgenic mice with genetically-labeled fluorescent gonadotropes as a result of animals 

with a GnRHR promoter driven Cre recombinase (GRIC) crossed to ROSA26-YFP and ROSA-

tdTomato animals were used to identify gonadotropes (23). Sexually mature (6-12 weeks of 

age) male and female mice were euthanized with sodium pentobarbital (200 mg/kg 

intraperitoneally) in accordance with institutional guidelines and approved by the Institutional 

Animal Care and Use Committee of Colorado State University. Whole pituitaries were removed 

and enzymatically digested in Ca2+-free buffer containing papain (10 U/mL) and dithiothreitol (1 

mg/mL) for 15 min at 37°C followed by a second incubation (15 min at 37°C) in Ca2+-free buffer 

supplemented with collagenase (300 U/mL, Type II). Pituitary tissue was then washed with and 

placed in high-glucose DMEM for 30 min after which trituration with a fire-polished Pasteur 

pipette was used to create a cell suspension and plated on poly-L-lysine coated Mattek dishes 
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overnight at 37˚C and 5% CO2. Cells were used for experiments the following day within 24-36 h 

of dispersion. Both YFP and tdTomato-labeled gonadotrope transgenic mice were used to 

ensure consistency among different mouse lines. There were no significant differences between 

the groups for each treatment and therefore all the data were combined for analysis. 

Detection of ROS generation 

αT3-1 cells were plated onto Matrigel coated glass-bottomed Mattek dishes 24 hours 

prior to experimentation. TIRF microscopy was used to visualize subplasmalemmal ROS 

generation as described previously (2). Cells were loaded in Ca2+-free buffer supplemented with 

the cell-permeant ROS indicator 5-(and- 6)-chloromethyl-2'7'-dichlorodihydrofluorescein 

diacetate acetyl ester (DCF; 1μM;) for 30 min at room temperature (22 - 25°C). Following 

removal of excess DCF, cells were placed in Ca2+-free or Ca2+ (2 mM) buffer, excitation of 

subplasmalemmal DCF was achieved with a 491-nm laser and excitation and emission light was 

separated with appropriate filters. Similar to Ca2+ sparklets (1) and ROS puncta in smooth 

muscle (148,149), for an area of elevated DCF fluorescence to be considered a localized site of 

increased ROS generation (a ROS “puncta”), a grid of 3 x 3 contiguous pixels must have a 

fluorescence amplitude equal to or larger than the mean basal DCF fluorescence plus three 

times its standard deviation (2, 26). ROS puncta densities (ROS puncta per µm2) were 

calculated by dividing the number of sites detected by the area of cell membrane visible in the 

TIRF images. Cells chosen had 1-2 baseline nascent ROS puncta to ensure that the cell was 

properly loaded with DCF. Changes in DCF fluorescence (∆ DCF) were calculated from the 

mean pixel intensities of the background DCF fluorescence of the cell surface area visible in the 

TIRF images (average ∆ DCF) and the areas confined to nascent ROS puncta (puncta ∆ DCF).  

Electrophysiology and total internal reflection fluorescence microscopy 

αT3-1 cells were plated onto Matrigel coated glass-bottomed Mattek dishes 24 hours 

prior to experimentation. Simultaneous electrophysiology and Ca2+ imaging experiments were 

carried out using the conventional dialyzed whole-cell patch clamp technique as described 
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previously (1,148-150,206). Briefly, subplasmalemmal Ca2+ influx through L-type Ca2+ channels 

was visualized with a TILL Photonics (Victor, NY) through-the-lens TIRF system built around an 

inverted Olympus IX-71 microscope (Center Valley, PA) with a 100X TIRF oil-immersion 

objective (numerical aperture = 1.45) and an Andor iXON EMCCD camera (Andor Technology, 

South Windsor, CT). To monitor Ca2+ influx, gonadotropes were loaded with the Ca2+ indicator 

fluo-5F (200 µM) and an excess of EGTA (10 mM; to lower background noise while minimally 

interfering with fluo-5F (1,148,149,216)) via the patch pipette. Membrane potential was 

controlled with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA); fluo-5F 

excitation was achieved with a 491-nm laser with excitation and emission light being separated 

with appropriate filters. Ca2+ influx was recorded with 2 mM external Ca2+ at a frame rate of 50 

Hz and holding potential of -70 mV to increase the driving force for Ca2+ entry. To preclude 

potential contaminating Ca2+ release events from the endoplasmic reticulum, the Ca2+-ATPase 

inhibitor thapsigargin (1 µM) was present during all experiments. Cells were imaged for 2 min 

before acute treatment with GnRH (10 nM), H2O2 (100 μM), L-type Ca2+ channel antagonist 

nicardipine (10 µM), NADPH oxidase inhibitor apocynin (25 µM), catalase (500 U/mL), 

mitochondrial Complex III inhibitor antimycin A (500 nM), or mitochondrial ROS inhibitor 

mitoTEMPO (25 nM) and imaged for an additional 10 min. Vehicle controls were performed as 

appropriate. All experiments were performed at room temperature (22 - 25°C).  

L-type Ca2+ channel sparklet analysis 

Background subtracted fluo-5F fluorescence signals were converted to intracellular Ca2+ 

concentrations ([Ca2+]i) as described previously (148-150,185,206). Briefly, fluo-5F fluorescence 

images were analyzed with custom software kindly supplied by L. Fernando Santana (University 

of California, Davis) and L-type Ca2+ channel sparklet activity was determined by calculating the 

nPs of each site, where n is the number of quantal levels detected, and Ps is the probability that 

the site is active. nPs values were obtained using pCLAMP 10.0 (Molecular Devices, Sunnyvale, 

CA) on imported [Ca2+]i time course records using an initial unitary [Ca2+]i elevation of ≈ 20 nM 
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as determined empirically. L-type Ca2+ channel sparklet activity (i.e. nPs) datasets were 

bimodally distributed (1,148,149), thus two-sample comparisons of nPs data were examined 

with the non-parametric Wilcoxon matched pairs test (two-tailed) and comparisons between 

more than two groups were performed using the non-parametric Friedman test with Dunn’s 

multiple comparison post-test. Arithmetic means of nPs datasets are indicated in the figures 

(solid grey horizontal lines) for non-statistical visual purposes, and dashed grey lines mark the 

threshold for high-activity Ca2+ sparklet sites (nPs ≥ 0.2) (148-151). Statistically, nPs values are 

presented as median values and their interquartile range. Active L-type Ca2+ channel sparklet 

site densities (Ca2+ sparklet sites per µm2) were calculated by dividing the number of active sites 

by the area of cell membrane visible in the TIRF images. To maintain consistency and enhance 

reproducibility, image stacks of Ca2+ sparklet activity were analyzed after a minimum of 5 min 

and before a maximum of 10 min following each manipulation in all experiments. Normally 

distributed data are presented as means ± SEM. Two-sample comparisons of these data were 

performed using either a paired or unpaired (as appropriate) two-tailed Student’s t-test and 

comparisons between more than two groups were performed using a one-way ANOVA with 

Tukey’s multiple comparison post-test. P values < 0.05 were considered significant and 

asterisks (*) used in the figures indicate a significant difference between groups. 

Mitochondrial ROS activity  

Mitochondrial oxidation activity was measured using the cell permeant fluorescent 

indicator MitoSOX-Red (1 µM). αT3-1 cells were incubated in Ca2+-free buffer containing the 

indicator for 30 min at 37ºC. MitoSOX-Red excitation was achieved with a 491-nm laser with 

excitation and emission light being separated with appropriate filters with the TIRF microscope. 

Cells were then exposed to treatments of GnRH (10 nM) or mitochondrial Complex III inhibitor 

antimycin A (500 nM) with or without pretreatment (10 min) with mitochondrial oxidative 

phosphorylation uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 1 µM) or NADPH 

oxidase inhibitor apocynin (25 µM). For analysis of the fluorescence intensity (indicative of 
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mitochondrial oxidation), raw images were background subtracted using the average 

background value per treatment group and mitochondrial region of interests (ROIs) were 

selected and compared. For an area of elevated MitoSOX-Red fluorescence to be considered 

indicative of subplasmalemmal mitochondria, a grid of 3 x 3 contiguous pixels must have a 

fluorescence amplitude equal to or larger than the mean basal fluorescence plus three times its 

standard deviation. Using this criterion, we identified normalized ROIs to compare mitochondrial 

oxidation before and after treatments. Background fluorescence within and between groups was 

not significantly different, therefore background subtracted intensity values were compared 

across different treatments. 

Confocal microscopy 

Laser scanning confocal microscopy was used to image the plasma membrane and 

mitochondria in αT3-1 cells. Mitochondria were labelled with MitoTracker Green (200 nM for 15 

min) in Ca2+-free buffer at 37˚C. The extracellular face of the plasma membrane was marked 

with a wheat germ agglutinin Alexa 633 conjugate (5 µg/mL, 5 min at room temperature (22 - 

25°C)) and Alexa 633 was excited with a 633-nm laser and MitoTracker Green was excited with 

a 488-nm laser; excitation and emission light was separated with appropriate filters. Data were 

analyzed with Volocity 3D Image Analysis Software (PerkinElmer). Mitochondrial-associated 

fluorescence located ≤ 0.5 µm from the center of the Alexa 633-WGA signal was designated as 

peripheral as this value falls within the predicted functional distance of intracellular signaling 

H2O2. 

Imaging of subplasmalemmal mitochondria with Ca2+sparklets 

TIRF microscopy was also used to image subplasmalemmal mitochondria in αT3-1 

gonadotrope cells. Briefly, cells were incubated with MitoTracker Green (200 nM) for 15 min in 

Ca2+-free buffer at 37˚C. Subplasmalemmal MitoTracker Green was excited with a 491-nm laser 

and excitation and emission light was separated with appropriate filters. For an area of elevated 

MitoTracker fluorescence to be considered indicative of subplasmalemmal mitochondria the 
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fluorescence amplitude had to be equal to or larger than the mean basal fluorescence plus three 

times its standard deviation. Using this criterion, we generated thresholded MitoTracker TIRF 

images to establish clear mitochondrial boundaries. The percentage of plasma membrane 

associated with subplasmalemmal mitochondria was calculated by dividing the area of 

membrane associated with mitochondria by the area of plasma membrane visible. We defined 

mitochondrial associated L-type Ca2+ channel sparklet sites as those sites with peaks (pixels of 

highest intensity) ≤ 0.5 µm from the edge of the nearest thresholded MitoTracker signal. Note 

that the subplasmalemmal MitoTracker fluorescence was obtained from the same cell in which 

Ca2+ influx was also recorded using the electrophysiology protocol and was done sequentially 

after MitoTracker Green incubation and imaging.  

3.5 Results 

To test the hypothesis that ROS are mediated by GnRH and induces local Ca2+ influx 

through L-type Ca2+ channels in pituitary gonadotropes we proposed the following experimental 

criteria: 1) GnRH must affect ROS formation on the subplasmalemmal surface; 2) H2O2 must 

stimulate localized Ca2+ influx through L-type Ca2+ channels in both immortalized gonadotropes 

and primary mouse gonadotropes; and 3) inhibition of endogenous ROS should decrease 

GnRH-mediated ROS formation and Ca2+ influx on the plasma membrane. Additionally, if ROS 

generated from mitochondria are important in GnRH-induced L-type Ca2+ channel activity in 

gonadotropes, then 1) mitochondrial ROS activity should increase with GnRH stimulation; 2) 

mitochondrial ROS must regulate L-type Ca2+ channel sparklets; and 3) active L-type Ca2+ 

channels should associate with subplasmalemmal mitochondria. 

GnRH induces ROS formation on the plasmalemmal surface 

If ROS are important for signaling to the L-type Ca2+ channel, we wanted to observe if 

ROS are spatially located on the plasma membrane. Therefore, our initial experiment used TIRF 

microscopy to image subplasmalemmal changes in intracellular oxidation in immortalized αT3-1 

gonadotrope cells. αT3-1 cells were exposed to a physiologically relevant ROS, hydrogen 
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peroxide (H2O2; 100 μM), and oxidation was visualized with the cell-permeant fluorescent ROS 

indicator 2',7'-dichlorodihydrofluorescein diacetate (DCF; 1 μM). H2O2 is an important ROS 

signaling molecule and H2O2-dependent modulation of protein function is thought to occur by 

oxidation of key amino acids (e.g., cysteine) that operate as allosteric redox-dependent switches 

(7, 24, 42). H2O2 treatment produced a global increase in fluorescence (Figure 3.1A), indicating 

a homogenous increase in intracellular oxidation at the subplasmalemmal surface in 

gonadotropes as demonstrated by the two-fold increase in average background fluorescence 

 
Figure 3.1. Hydrogen peroxide generates ROS on the plasmalemmal surface in αT3-1 cells. A, 
Representative TIRF images showing localized fluorescence (indicating ROS generation) in αT3-1 
cells before and after H2O2 treatment (H2O2; 100 μM) using cell permeable ROS-indicator DCF (1μM). 
Note the yellow circles are sites of DCF fluorescence (ROS “puncta”) that satisfied the criteria to be 
considered as a site of increased local ROS generation (see Materials and Methods). B, Plot of the 
normalized mean ± SEM cell background fluorescence (arbitrary units [AU]) before and after H2O2.  
C, Plot of the mean ± SEM ROS puncta density (ROS puncta sites/µm2) before and after H2O2 (n = 7 
cells). D, Plot of the normalized mean ± SEM ROS puncta fluorescence amplitude (arbitrary units 
[AU]) before and after H2O2. *P < 0.05 
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compared to control conditions (Figure 3.1B; P < 0.05; n = 7 cells). These observations 

demonstrate that the DCF indicator in our TIRF imaging experiments report changes at the level 

of the subplasmalemmal space without non-uniform intracellular compartmentalization of 

oxidation due to uneven loading of the fluorescent ROS indicator throughout the cell.  

In addition to the increase in background fluorescence, the DCF indicator also 

demonstrated few, but very discreet, localized ROS “puncta” on the plasma membrane, seen 

under basal conditions in αT3-1 cells (yellow circles in Figure 3.1A). Despite H2O2 increasing 

DCF fluorescence globally across the cell membrane, the ROS puncta density, calculated by 

dividing the number of ROS puncta sites by the cell surface area did not significantly increase 

with H2O2 stimulation compared to control conditions (Figure 3.1C; P > 0.05; n = 7 cells). 

Additionally, the fluorescence amplitudes of the localized DCF generation also did not differ 

between groups (Figure 3.1D; P > 0.05). These data demonstrate that exogenous H2O2 

stimulation globally changes the oxidation on the cell surface of gonadotropes, but does not 

change the local ROS puncta distribution in gonadotropes.  

More importantly, however, we next investigated how ROS are regulated by GnRH 

receptor signaling. αT3-1 cells exposed to acute treatment with GnRH (10 nM) did not increase 

ROS globally like H2O2, but instead increased the number of distinct, localized areas of ROS on 

the subplasmalemmal surface as seen by elevated DCF fluorescence at discrete sites on the 

plasma membrane (Figure 3.2A). In the presence of GnRH, there is a four-fold increase in the 

ROS puncta density after 5 minutes of GnRH treatment (density before GnRH = 0.0021 ± 

0.00047 ROS puncta sites/µm2; density after GnRH = 0.0088 ± 0.0011 ROS puncta sites/µm2; P 

< 0.05; n = 17 cells, Figure 3.2B). Therefore, GnRH receptor activation leads to an increase of 

very particular sites of ROS accumulation on the plasma membrane. This supports the concept 

of GnRH leading to very quick (within minutes), discreet microdomains on the cell surface for 

signaling, very similar to our previous data demonstrating GnRH receptor activation inducing 
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very distinct, localized L-type Ca2+ channel influx (Ca2+ sparklets) in gonadotropes for 

downstream ERK activation (206).  

The increase in GnRH-induced ROS puncta density, however, only occurs when 

physiological levels of Ca2+ (2 mM) are present. In a Ca2+ free-buffer, there was a slight 

 
Figure 3.2. GnRH induces ROS formation on the plasmalemmal surface in αT3-1 cells. A, 
Representative TIRF images showing localized fluorescence (indicating ROS generation) in αT3-1 
cells before and after GnRH (10 nM) in 2mM [Ca2+] solution using cell permeable ROS-indicator DCF 
(1 μM). B and D, Plot of the mean ± SEM ROS puncta density (ROS puncta sites/µm2) before and 
after GnRH in (B) 2 mM [Ca2+] or (D) Ca2+-free buffer (n = 17 cells in Ca2+ buffer, n = 8 cells in Ca2+ 
free buffer). C, Representative TIRF images showing localized fluorescence (indicating ROS 
generation) in αT3-1 cells before and after GnRH (10 nM) in Ca2+-free buffer using DCF (1 μM). E, 
Plot of the normalized mean ± SEM cell background fluorescence (arbitrary units [AU]) before and 
after GnRH. F, Plot of the normalized mean ± SEM ROS puncta fluorescence amplitude (arbitrary 
units [AU]) before and after GnRH. Note that only sites of DCF fluorescence circled in yellow satisfied 
the criteria to be considered as a site of increased local ROS generation (see Materials and 
Methods). *P < 0.05 
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increase in ROS puncta density, but this was not significant (Figure 3.2, C & D; P > 0.05; n = 8 

cells). This ROS puncta density increase under Ca2+ conditions is unique to gonadotropes and 

different than in other cells types, such as in smooth muscle cells in which ROS puncta 

stimulation with angiotensin was Ca2+-independent (148,149). The average background 

fluorescence did not increase significantly with GnRH treatment in Ca2+ or Ca2+-free buffer 

(average ∆DCF fluorescence over time does not increase) and the amplitude of the DCF puncta 

fluorescence before and after GnRH treatment was not different (P > 0.05, Figure 3.2, E &F). 

These data demonstrate that GnRH induces spatially regulated ROS generation in αT3-1 cells 

by increasing the number of ROS puncta sites on the plasma membrane in a Ca2+-dependent 

manner. 

Hydrogen peroxide stimulates localized Ca2+ influx through L-type Ca2+ channels in αT3-1 

cells 

Now that we have identified GnRH-induced localized ROS puncta on the plasma 

membrane, we next tested if ROS could modulate the activity of nearby L-type Ca2+ channels in 

gonadotropes. To do so, we used a combination of electrophysiology and TIRF microscopy to 

visualize local Ca2+ influx in αT3-1 cells in order to visualize small Ca2+ influx events in the 

plasma membrane with high temporal and spatial resolution (206). Exogenous H2O2 (100 μM) 

promoted discrete sites of repetitive Ca2+ influx (i.e. Ca2+ sparklets; Figure 3.3A). To quantify 

Ca2+ sparklet activity we determined the nPs value for each site where n is the number of 

quantal levels observed and Ps is the probability that the Ca2+ sparklet site is active 

(1,148,150,184). 

In αT3-1 cells, H2O2 increased Ca2+ sparklet site activity (nPs) compared to vehicle 

control (Figure 3C; median control nPs = 0.010, interquartile range (IQR) = 0.016, median H2O2 

nPs = 0.25 IQR = 0.41; P < 0.05; n = 9 cells). The density of detected Ca2+ sparklet sites 

(number of Ca2+ sparklet sites per µm2) also increased following H2O2 exposure (Figure 3.3C; 

control density = 0.0024 ± 0.00083 sites/µm2; H2O2 density = 0.011 ± 0.00088 sites/µm2; P < 
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0.05). These data demonstrate that H2O2 induces localized Ca2+ influx in αT3-1 cells by 

increasing the number of active Ca2+ sparklet sites and by increasing the activity within each of 

those sites. The time frame of L-type Ca2+ channel activity (within 5 min) and the values for 

sparklet activity and density following H2O2 treatment was similar to that induced by GnRH 

(206), indicating that ROS can activate the Ca2+ channel in a similar fashion as GnRH receptor 

activation. These Ca2+ sparklets stimulated by H2O2 occurred specifically through L-type 

 
Figure 3.3. Hydrogen peroxide stimulates localized Ca2+ influx through L-type Ca2+ channels in 
αT3-1 cells. A, Representative TIRF images and traces showing time courses of localized Ca2+ influx 
in αT3-1 cells before and after (B) H2O2 (100 µM). The scale bar provides reference for changes in 
[Ca2+]i during the traces (see Materials and Methods). B, Representative TIRF images and traces 
showing time courses of Ca2+ influx in an αT3-1 cell before and after application of H2O2 in the 
presence of the L-type Ca2+ channel antagonist nicardipine (10 min pretreatment). C, Plot of Ca2+ 
sparklet site activities (nPs; see Materials and Methods) before and after H2O2 treatment with or 
without nicardipine (n = 9 H2O2, n=12 for H2O2 + nicardipine cells); solid grey lines are the arithmetic 
means of each group and dashed lines mark the threshold for high-activity Ca2+ sparklet sites (nPs ≥ 
0.2; (1)). D, Plot of mean ± SEM Ca2+ sparklet site densities (Ca2+ sparklet sites/µm2) during H2O2 
treatment with or without nicardipine. *P < 0.05 
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Ca2+ channels, since H2O2 applied in the presence of the dihydropyridine L-type Ca2+ channel 

antagonist nicardipine (10 µM) did not significantly increase Ca2+ sparklet activity or density 

(Figure 3.3, B & C; P > 0.05; n = 12 cells). Taken together, these data support our hypothesis 

that ROS can stimulate localized L-type Ca2+ channel activity in gonadotrope cells. 

Primary mouse gonadotropes also produce L-type Ca2+ channel sparklets induced by 

GnRH or hydrogen peroxide stimulation 

Experiments thus far have been done using αT3-1 cells, which are immortalized 

gonadotropes. αT3-1 cells were carefully selected as this cell line recapitulates proximal GnRH 

receptor signaling mechanisms observed in native gonadotropes. Importantly, L-type Ca2+ 

channel-dependent ERK activation is observed in αT3-1 cells and in primary gonadotropes 

(86,128). In contrast, this mechanism appears to play a minor role in ERK activation in LβT2 

cells (217). Consistent with this, our previous observations also indicate that L-type Ca2+ 

channel activity promotes ERK activation in αT3-1 cells (206). However, we cannot simply 

assume that our findings of L-type Ca2+ sparklets in αT3-1 cells reflect mechanisms occurring in 

native gonadotropes. To address this, we compared results from αT3-1 cell experiments with 

labelled primary mouse gonadotropes (23). 

Our first key experiment in primary mouse gonadotropes demonstrated that GnRH does 

in fact induce localized Ca2+ channel activity as seen in αT3-1 cells (Figure 3.4A). GnRH 

increased Ca2+ sparklet site activity (Figure 3.4E; median before GnRH nPs = 0.11, IQR = 0.25; 

median after GnRH nPs = 0.32, IQR = 0.66) and density compared to vehicle controls (density 

before GnRH = 0.0033 ± 0.0015 sites/µm2; after GnRH = 0.019 ± 0.0035 sites/µm2; P < 0.05; n 

= 15 cells). The Ca2+ sparklet activity observed in mouse gonadotrope cells are qualitatively 

similar to αT3-1 cells (e.g., nPs values, bimodal activity distribution, quantal amplitude of single 

channel Ca2+ influx events, and size of the Ca2+ sparklet itself) (206). Primary cells, however, 

had higher Ca2+ sparklet density values due to smaller total surface areas. 
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As expected, ROS are important for signaling in primary gonadotropes as well, 

regulating the L-type Ca2+ channel similarly to αT3-1 cells. H2O2 increased Ca2+ sparklet site 

activity (nPs) in mouse gonadotrope cells (Figure 3.4, B & F; median control nPs = 0.060, IQR = 

0.06; median H2O2 nPs = 0.36, IQR: 0.91; P < 0.05; n = 10 cells). Ca2+ sparklet density also 

increased following H2O2 exposure in primary gonadotrope cells (Figure 3.4F; control density = 

0.0047 ± 0.0017 sites/µm2; H2O2 density = 0.016 ± 0.0024 sites/µm2; P < 0.05). Demonstrating 

the importance of the L-type Ca2+ channel for plasma membrane signaling, both GnRH-induced  

 
Figure 3.4. Primary mouse gonadotropes also produce L-type Ca2+ channel sparklets induced 
by GnRH or H2O2 stimulation. A and C, Representative TIRF images and traces showing time 
courses of localized Ca2+ influx in mouse gonadotrope cells exposed to (A) GnRH (10 nM, n = 15 
cells) and (C) GnRH (10 nM) in the presence of L-type Ca2+ channel antagonist nicardipine (10 µM, n 
= 19 cells). B and D, Representative TIRF images and traces showing time courses of L-type Ca2+ 
channel influx in mouse gonadotrope cells exposed to (B) H2O2 (100 µM, n = 10 cells) and (D) H2O2 
(100 µM) in the presence of L-type Ca2+ channel antagonist nicardipine (10 µM, n = 21 cells). E and 
F, Plots of Ca2+ sparklet site activities (nPs) and mean ± SEM Ca2+ sparklet site densities (Ca2+ 
sparklet sites/µm2) before and after (E) GnRH and (F) H2O2 in the presence of nicardipine. *P < 0.05 
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(Figure 3.4, C & E; n = 19 cells) and H2O2-stimulated (Figure 3.4, D & F; n = 21 cells) Ca2+ 

sparklet activity and density were reduced in the presence of L-type Ca2+ channel inhibitor 

nicardipine (10 µM; P > 0.05). 

We provide the first evidence of GnRH and H2O2-induced localized L-type Ca2+ channel 

microdomains in primary mouse gonadotropes to reveal a physiologically meaningful context. 

The fundamental concept that both GnRH and ROS modulate specific sites of Ca2+ influx seen 

in αT3-1 cells also translates to primary mouse gonadotropes and may suggest similar signaling 

pathways from GnRH receptor activation to L-type Ca2+ channel signaling necessary for ERK 

phosphorylation. 

Inhibition of endogenous ROS decreases GnRH-mediated ROS formation on the plasma 

membrane 

Our data thus far suggests GnRH increases ROS puncta density on the plasma 

membrane that can be important in activating downstream Ca2+ channel activity. In addition, 

H2O2 increased localized Ca2+ sparklets in a similar fashion to GnRH. Therefore, next we 

investigated if H2O2 production is mediated by GnRH physiologically. If this occurs, experiments 

blocking endogenous ROS during GnRH treatment may help identify the sources of ROS 

generation used for signaling. We examined GnRH-induced ROS puncta generation with TIRF 

microscopy in the presence of catalase, a physiologically relevant enzyme that converts H2O2 

into water and oxygen. Pretreatment of αT3-1 cells with the membrane permeant PEGylated 

form of catalase (PEG-catalase; 500 Units/mL) before GnRH treatment reduced the observed 

number of subplasmalemmal ROS sites when decomposing H2O2 in the cell (Figure 3.5A). 

While PEG-catalase had no effect on baseline ROS production which was minimal to begin 

with, decomposing H2O2 attenuated the ROS puncta density in response to GnRH (Figure 3.5C; 

P > 0.05; n = 14 cells). GnRH in combination with PEG-catalase had no effect on puncta DCF 

fluorescence or the average background fluorescence (Figure 3.5D, P > 0.05). Therefore, these 
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data strengthen our hypothesis that H2O2 is important in GnRH-mediated ROS production at the 

cell surface in gonadotropes.  

The plasmalemmal nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

protein complex is a common source of ROS generation in many cell types. Therefore, to 

examine the involvement of NADPH oxidase-derived ROS, which includes H2O2, we inhibited 

NADPH oxidase to investigate the effects on GnRH-dependent ROS puncta generation. 

Suggesting NADPH oxidase involvement, pretreatment of gonadotropes with NADPH oxidase 

inhibitor apocynin (25 µM) abolished the effect of GnRH on localized ROS generation, 

decreasing ROS puncta density in αT3-1 cells (Figure 3.5, B & C; n = 14 cells; P > 0.05). 

NADPH oxidase inhibition did not affect the average background DCF fluorescence or 

 
Figure 3.5. Inhibition of endogenous ROS decreases GnRH-mediated ROS formation on the 
plasma membrane. A and B, Representative TIRF images showing punctate DCF fluorescence in 
αT3-1 cells before and after GnRH in the presence of (A) NADPH oxidase inhibitor, apocynin (25 µM) 
or (B) cell permeant PEG-catalase (500 U/mL). C, Plot of the mean ± SEM ROS puncta density of 
gonadotrope cells exposed to apocynin (n = 14 cells) or PEG-catalase (n = 14 cells) before and after 
GnRH treatment. D, Plot of the normalized mean ± SEM background fluorescence and ROS puncta 
fluorescence amplitude before and after GnRH with apocynin or PEG-catalase pretreatment (10 min). 
Note that only sites of DCF fluorescence circled in yellow satisfied the criteria to be considered as a 
site of increased local ROS generation (see Materials and Methods). *P < 0.05 
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fluorescence intensity of the DCF ROS puncta themselves (Figure 3.5D; P > 0.05). From these 

experiments, endogenous ROS play a role in GnRH-induced ROS generation since catalase 

and NADPH oxidase inhibition prevented GnRH from increasing localized subplasmalemmal 

sites of increased oxidation in gonadotropes. These data suggesting NADPH oxidase regulation 

in gonadotropes supports previous findings that identified Nox isoforms in gonadotrope cells 

(180). 

Inhibition of endogenous ROS generation decreases GnRH-induced Ca2+ influx 

Next we examined the role of endogenous ROS in GnRH-dependent activation of L-type 

Ca2+ channels. Consistent with previous results (206), we found that GnRH (10 nM) increased 

L-type Ca2+ channel activity by increasing the number of active channel sites and by increasing 

the activity of the channels at those sites in αT3-1 cells (Figure 3.6, A & D; P < 0.05; n = 15 

cells). However, pretreatment of cells with apocynin (25 µM) to inhibit NADPH oxidase activity 

reduced GnRH-dependent stimulation of L-type Ca2+ channels (Figure 3.6B). This suggests 

ROS generation involving NADPH oxidase mediates Ca2+ influx through L-type Ca2+ channels, 

since decreasing NADPH oxidase activity reduced Ca2+ sparklet activity and density in αT3-1 

cells despite GnRH receptor stimulation (Figure 3.6D; P > 0.05; n = 19 cells). This finding is 

consistent with our previous observation that apocynin prevented GnRH-induced ROS 

generation on the subplasmalemmal surface of gonadotropes and suggests a role for the 

localized ROS in modulating L-type Ca2+ channel activity.  

We have shown that although H2O2 stimulation produces global ROS across the plasma 

membrane, H2O2 can stimulate localized Ca2+ sparklet sites in a similar fashion to GnRH 

receptor activation. To examine the necessity of H2O2 for oxidant-dependent regulation of L-type 

Ca2+ channels in a more relevant, GnRH-dependent manner, we used catalase to decompose 

intracellular H2O2 during GnRH application. Intracellular application of catalase (by including 500 

U/mL of the enzyme in the internal pipette solution of dialyzed cells) significantly decreased the 
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stimulation of L-type Ca2+ channels by GnRH by reducing both Ca2+ sparklet activity and density 

compared to GnRH control (Figure 3.6, C & D; P < 0.05; n = 19 cells). Catalase dialysis had no 

effect on basal L-type Ca2+ channel activity (P > 0.05). From these data, we further emphasize 

the importance for H2O2 as the key oxidant second messenger in GnRH-dependent stimulation 

of L-type Ca2+ channels in gonadotropes. In context with our other experiments, these data 

support our hypothesis that localized generation of ROS stimulates Ca2+ sparklet activity in 

 
Figure 3.6. Inhibition of endogenous ROS generation decreases GnRH-induced Ca2+ influx. A, 
B, C, Representative TIRF images and time courses showing localized Ca2+ influx in αT3-1 cells 
treated with (A) GnRH (10 nM), or GnRH in the presence of (B) NADPH oxidase inhibitor apocynin 
(25 µM) or (C) catalase (500U/mL). D, Plots of Ca2+ sparklet site activities (nPs) and mean ± SEM 
Ca2+ sparklet site densities (Ca2+ sparklet sites/µm2) during GnRH treatment alone (n = 15 cells) or 
with apocynin (n = 19 cells) or catalase (n = 19 cells). *P < 0.05 
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gonadotrope cells since oxidative-dependent stimulation of L-type Ca2+ channels were 

prevented by blocking NADPH oxidase or through H2O2 removal. 

Mitochondrial ROS activity increased with GnRH 

Another common source of ROS originates from mitochondria during metabolism via the 

electron transport chain. During the physiological process of cellular respiration, ROS are 

generated as byproducts of shuttling electrons onto molecular oxygen. Given their prevalence 

and necessity in a cell, we were interested to see if mitochondrial ROS are sources that affect 

Ca2+ signaling. Therefore, we investigated whether mitochondrial ROS activity is regulated by 

GnRH or modulates L-type Ca2+ channel activity, in addition to identifying the distribution of 

mitochondria and L-type Ca2+ channels at the level of the plasma membrane. 

In order to detect rates of oxidation specifically from mitochondria, we used a 

mitochondrial matrix-targeted fluorescent probe MitoSOX-Red (1 µM). Consistent with the 

previous data that demonstrated GnRH receptor activation increasing ROS puncta in 

gonadotropes, GnRH treatment (10 nM; n = 9 cells) increased the MitoSOX-Red fluorescence 

intensity of the mitochondria on the plasma membrane compared to Ca2+ only controls (n = 5 

cells), indicating GnRH can specifically increase mitochondrial ROS in αT3-1 cells (Figure 3.7, A 

& F; P < 0.05). As a control to ensure measurement of specifically mitochondrial oxidation and 

not oxidation from other sources, we used antimycin A (500 nM), an electron transport chain 

complex III inhibitor that is known to increase oxidation in the matrix of mitochondria, and found 

similar increases in MitoSOX-Red fluorescence intensity compared to GnRH (Figure 3.7, B & F; 

n = 7 cells) (158,163). This increase in oxidation is specific to mitochondrial ROS since 

pretreatment with carbonyl cyanide 3-chlorophenylhydrazone (CCCP; 1 µM), a compound that 

uncouples oxidative phosphorylation in mitochondria, reduced the fluorescence of both GnRH 

(Figure 3.7, C & F; n = 6 cells) and antimycin A (Figure 3.7, D & F; n = 5 cells) treated 

gonadotropes (P > 0.05). The density of the mitochondria did not significantly change within or 

between treatment groups (P > 0.05), indicating that there was no recruitment or mobilization of 
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mitochondria on the cell surface, and that only oxidation of the existing mitochondria was 

altered. Distribution and shape of mitochondrial ROS on the cell surface of αT3-1 cells using 

TIRF microscopy were similar to the DCF puncta, in which there were discrete areas of 

mitochondrial oxidation on the plasma membrane without significant increases in background 

fluorescence across treatment groups. This is consistent with the notion that ROS signaling is 

localized and tightly regulated by GnRH, important for the modulation of Ca2+ channels nearby. 

 

 
Figure 3.7. Mitochondrial ROS activity increased with GnRH. A and B, Representative TIRF 
images showing changes in fluorescence intensity in αT3-1 cells using cell permeable mitochondrial 
oxidation indicator MitoSOX-Red (1 µM) in GnRH (10 nM), mitochondrial Complex III inhibitor 
(increases mitochondrial oxidation) antimycin A (500 nM). C, D, and E, Representative TIRF images 
showing changes in fluorescence intensity in αT3-1 cells of MitoSOX-Red (1 µM) in cells pretreated 
(10 min) with (C and D) mitochondrial oxidative phosphorylation uncoupler carbonyl cyanide 3-
chlorophenylhydrazone (CCCP, 1 µM), or (E) apocynin (25 µM) before GnRH (10 nM) or antimycin A 
(500 nM). F, Plot of the normalized mean ± SEM mitochondrial ROS puncta fluorescence amplitude 
(arbitrary units [AU]) using MitoSOX-Red (1 µM) in αT3-1 cells before and after GnRH (10 nM, n = 9 
cells), antimycin A (500 nM, n = 7 cells), or pretreatment (10 min) with CCCP (1 µM; Antimycin + 
CCCP n = 5 cells, Antimycin + GnRH = 6 cells), or apocynin (25 µM, n = 5 cells) *P < 0.05 
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We next determined if ROS on the plasma membrane can influence ROS from another 

source such as mitochondria, known as ROS-induced-ROS release (RIRR) that occurs in 

different biological systems (162,163). Therefore, we looked at the role of NADPH oxidase in 

regulating mitochondrial oxidation. To test this hypothesis, GnRH was used to stimulate 

mitochondrial ROS, but to evaluate the role of NADPH oxidase activity, we treated 

gonadotropes with apocynin (25 µM) while measuring mitochondrial oxidation fluorescence. 

Inhibition of NADPH oxidase activity decreased mitochondrial ROS activity despite GnRH 

stimulation (Figure 3.7, E & F; P > 0.05; n = 5 cells). Therefore, these data suggest that ROS on 

the plasma membrane can regulate mitochondrial ROS activity in a reciprocating fashion and 

that mitochondrial RIRR may be an important mechanism in gonadotropes. 

Mitochondrial ROS affects L-type Ca2+ channel sparklets 

We have demonstrated that GnRH stimulates ROS puncta on the cell surface and can 

increase mitochondrial oxidation. In addition, H2O2 stimulated L-type Ca2+ channels in both αT3-

1 cells and primary mouse gonadotropes. As mitochondria are important sources of ROS, we 

tested the hypothesis that localized ROS generated by subplasmalemmal mitochondria can 

stimulate nearby L-type Ca2+ channels. To promote mitochondrial ROS generation, we again 

exposed gonadotrope cells to the electron transport chain complex III inhibitor antimycin A (500 

nM). As expected based on previous data showing antimycin A increasing mitochondrial 

oxidation, it also induced localized L-type Ca2+ channel sparklet activity and density (median 

before antimycin A nPs = 0.020, IQR = 0.010; median after antimycin nPs = 0.20, IQR = 0.54; 

density before antimycin A = 0.00078 ± 0.00042 sites/µm2; after antimycin = 0.0048 ± 0.00079 

sites/µm2; Figure 3.8, A & C; P < 0.05; n = 14 cells). These data are consistent with the 

hypothesis that promotion of localized mitochondrial ROS generation as seen with the increased 

mitochondrial ROS oxidation is able to stimulate L-type Ca2+ channels. 

Our previous results using the NADPH oxidase inhibitor apocynin (25 µM) indicate that 

NADPH oxidase activity is necessary for local regulation of L-type Ca2+ channels by GnRH–
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induced ROS microdomain signaling. GnRH also induced mitochondrial ROS generation. 

Therefore, we tested the effect of inhibiting mitochondrial ROS generation on GnRH–dependent 

 
Figure 3.8. Mitochondrial ROS affects L-type Ca2+ channel sparklets. A and B, Representative 
TIRF images and traces showing the time course of localized Ca2+ influx in αT3-1 cells treated with 
(A) antimycin A (500 nM), (B) GnRH (10 nM) in the presence of mitochondrial ROS 
inhibitor/scavenger MitoTEMPO (25 nM). C, Plots of Ca2+ sparklet site activities (nPs) and mean ± 
SEM Ca2+ sparklet site densities (Ca2+ sparklet sites/µm2) during antimycin (n = 14 cells) or GnRH 
treatment with (n = 7 cells) or without (n = 14 cells) MitoTEMPO. Note the GnRH treated cells were 
done in parallel to αT3-1 cells pretreated with MitoTEMPO before GnRH treatment. *P < 0.05 D, 
Representative TIRF images showing localized fluorescence in αT3-1 cells using cell permeable 
ROS-indicator DCF (1 μM) before and after GnRH (10 nM) with mitoTEMPO (25 nM) pretreatment 
(10 min). E, Plot of the mean ± SEM ROS puncta density (ROS puncta sites/µm2) before and after 
GnRH in the presence of mitoTEMPO (25 nM; n = 12 cells). 
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stimulation of L-type Ca2+ channels. The mitochondrial-targeted antioxidant MitoTEMPO (25 nM; 

n = 7 cells) (218) attenuated the stimulatory effect of GnRH on L-type Ca2+ channel sparklet site 

activity and density compared to experiments done in parallel with GnRH treatment alone 

(Figure 3.8, B & C; P > 0.05; n = 14 cells). From these data, we can conclude a role for 

mitochondrial ROS-dependent regulation of Ca2+ influx in gonadotropes since the mitochondrial 

ROS production increased L-type Ca2+ channel activity and quenching mitochondrial ROS 

generation decreased GnRH-induced Ca2+ sparklet activity. 

If mitochondrial ROS generation affects GnRH-induced ROS puncta on the cell surface, 

this would be additional evidence that would support the notion of RIRR. To test this concept, 

we pretreated gonadotropes with mitochondrial ROS inhibitor MitoTEMPO (25 nM) before 

GnRH (10 nM) application and used the ROS indicator DCF (1 µM) to identify ROS puncta 

changes on the plasma membrane. Interestingly, mitoTEMPO reduced the GnRH-induced ROS 

puncta density (Figure 3.8, D & E; P > 0.05; n = 12 cells). Although mitochondrial ROS inhibition 

did not completely abolish the ROS density following GnRH stimulation, the puncta density was 

less than GnRH treatment alone (compare to Figure 3.2B). This was an interesting observation 

since it may suggest a role for mitochondrial oxidation in modulating other ROS sources such as 

NADPH oxidase and demonstrates crosstalk between ROS and mitochondria in regulating 

important physiological events following GnRH receptor activation.  

GnRH-induced L-type Ca2+ channel sparklets associate with subplasmalemmal 

mitochondria 

Our results thus far have demonstrated that GnRH can increase mitochondrial oxidation 

and that mitochondrial ROS can affect L-type Ca2+ channel activity. Therefore, it would be 

plausible that mitochondria are positioned close enough to L-type Ca2+ channels at the level of 

the plasma membrane to permit local oxidative regulation. To directly assess the subcellular 

distribution of mitochondria in gonadotropes, we labeled mitochondria with fluorescent indicator 

MitoTracker Green (200 nM) and the plasma membrane of cells with a wheat germ agglutinin 
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conjugate (Alexa 633-wheat germ agglutinin (WGA); 5µg/mL), visualizing the fluorescence with 

confocal microscopy (Figure 3.9A, Panel 1 & 2). We found that 9.86 ± 0.88% of the total cell 

 
Figure 3.9. Plasma membrane associated mitochondria in gonadotropes. A, Representative 
confocal images showing mitochondria (MitoTracker fluorescence, green, Panels 1 and 3) and the 
plasma membrane (Alexa 633-wheat germ agglutinin [WGA] fluorescence, red, Panels 2 and 3) in an 
αT3-1 gonadotrope cell and. In panel 3, subplasmalemmal mitochondria (≤0.5 µm from the plasma 
membrane) are highlighted in yellow. B, Plot of the mean ± SEM mitochondrial and non-mitochondrial 
volumes (% of total cell volume; n=6 cells). C, Plot of the mean ± SEM non-peripheral (>0.5 µm from 
the plasma membrane) and subplasmalemmal (≤0.5 µm) mitochondrial volumes (% total 
mitochondrial volume; n = 6 cells). 
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volume was occupied by mitochondria (Figure 3.9B). Although the majority of the MitoTracker 

signal was located centrally (>0.5 µm from the center of the Alexa 633-WGA signal), 28.38 ± 

6.36% of the mitochondrial volume was peripheral (≤0.5 µm; yellow signal in Figure 3.9A, Panel 

3 & 3.9C). 

Now that we have identified a subpopulation of mitochondria that associate with the 

plasma membrane in gonadotropes, the next crucial step is to examine whether specific 

mitochondrial populations on the plasma membrane associate or are located near active L-type 

Ca2+ channels. Therefore, to complement previous Ca2+ and ROS experiments, we imaged 

subplasmalemmal mitochondria and Ca2+ channel sparklets in the same cell to link L-type Ca2+ 

channel influx and ROS puncta to peripheral mitochondria. For these experiments, we used 

TIRF microscopy with fluorescent mitochondrial indicator MitoTracker Green (200 nM) in 

conjunction with voltage-clamp electrophysiology and Ca2+ indicator fluo-5F to identify Ca2+ 

channel sparklets in the same gonadotrope cell. MitoTracker fluorescence in αT3-1 cells with 

TIRF microscopy demonstrated the presence of subplasmalemmal mitochondria (Figure 3.10A, 

panel 1). Analysis of thresholded MitoTracker images revealed 13.34% ± 2.20% of the visible 

plasma membrane was associated with mitochondria (Figure 10A, Panel 2). L-type Ca2+ 

channel sparklets stimulated with GnRH (10 nM) in this experiment were not significantly 

different from the L-type Ca2+ channel sparklets observed previously with similar sparklet site 

activities and densities (Figure 3.10A, Panel 3).  

To visualize the spatial relationship between subplasmalemmal mitochondria and Ca2+ 

sparklets, we overlaid both plasmalemmal Ca2+ fluorescence and thresholded MitoTracker 

images for analysis (Figure 3.10A, panel 4). We measured the distance from L-type Ca2+ 

channel sparklet site peaks (pixels of highest intensity) to the edge of the nearest thresholded 

MitoTracker signal (Figure 3.10A, Panel 2) and plotted the cumulative values (Figure 3.10B; n = 

13 cells). Mitochondrial-associated L-type Ca2+ channel sparklet sites were defined a priori as 

those sites with peaks ≤ 0.5 µm from the edge of the nearest thresholded MitoTracker signal 
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(Figure 10B, vertical dashed gray line). From this analysis, we discovered that L-type Ca2+ 

sparklets were associated with subplasmalemmal mitochondria. The half distance of the 

observed L-type Ca2+ channel sparklet sites (n = 26 sites) to the nearest mitochondria was 0.64 

(95% confidence interval, 0.54-0.74) µm, whereas the half distance of random points (n = 130 

sites, 10 random sites per cell) within the visible plasma membrane to the nearest mitochondria 

was 2.78 (95% confidence interval, 2.69-2.87) µm. 

Next, we compared the activity of mitochondrial-associated (distance ≤ 0.5 µm) and non-

associated (> 0.5 µm) L-type Ca2+ channel sparklet sites. GnRH–induced L-type Ca2+ channel 

 
Figure 3.10. GnRH induced L-type Ca2+ channel sparklets associate with subplasmalemmal 
mitochondria. A, Representative total internal reflection fluorescence (TIRF) images showing 
subplasmalemmal mitochondria (MitoTracker fluorescence, panel 1; thresholded MitoTracker 
fluorescence, panel 2), L-type Ca2+ channel-mediated Ca2+ influx (fluo-5F fluorescence; panel 3), and 
an overlay of panels 2 and 3 (panel 4). Yellow circles in panels 3 and 4 indicate sites of L-type Ca2+ 
channel sparklet activity. B, Euclidean distance mapping showing cumulative distribution functions 
representing the distance of observed Ca2+ sparklet site peaks from mitochondria (solid black line; n = 
13 cells) and from randomly distributed points (130 points, 10 points per cell) within the visible TIRF 
footprint (dashed black line). Solid red lines are best fits of the cumulative distributions with a single 
exponential function (see Methods). The vertical dashed gray line marks the distance separating 
mitochondrial associated (≤ 0.5 µm) and non-associated (> 0.5 µm) Ca2+ sparklet sites. C, Plot of 
Ca2+ sparklet site activities (nPs) at sites > 0.5 and ≤ 0.5 µm from the nearest thresholded MitoTracker 
signal (n = 13 cells). The horizontal dashed gray line marks the threshold for high-activity Ca2+ 
sparklet sites (nPs ≥ 0.2). *P < 0.05. 
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sparklet sites associated with mitochondria were more active than those not associated with 

mitochondria (Figure 3.10C; P < 0.05). Although most of the Ca2+ sparklets were high activity 

(nPs > 0.2), sparklets with higher nPs values were closer to mitochondria (median nPs = 0.72, 

IQR = 0.88) than Ca2+ sparklets with lower nPs values (median nPs = 0.24 IQR = 0.20). From 

these data, we conclude that the spatial distribution of L-type Ca2+ channel activity is highly 

correlated with subplasmalemmal mitochondria and supports the notion that mitochondrial ROS 

oxidation is able stimulate neighboring L-type Ca2+ channels in gonadotropes. 

3.6 Discussion 

In this study, we combined TIRF imaging with electrophysiological techniques to test the 

hypothesis that ROS are regulated by GnRH and affects L-type Ca2+ channel activity in 

gonadotropes. The major findings that support this hypothesis include: 1) GnRH induces 

subplasmalemmal ROS puncta; 2) ROS influence localized L-type Ca2+ channel activity in both 

αT3-1 cells and primary mouse gonadotrope cells; 3) mitochondrial ROS are regulated by 

GnRH receptor activation and affects L-type Ca2+ channel sparklets; and 4) active L-type Ca2+ 

channels associate with subplasmalemmal mitochondria. 

Herein we investigated the role of ROS as a physiological signaling molecule, and 

identified these diffuse molecules to act locally in gonadotropes. Although ROS generation 

occurred throughout the entire cell using exogenous H2O2 treatment, GnRH only stimulated very 

particular discreet microdomains of ROS “puncta”. This localized response can be important in 

rapid downstream signaling, and is consistent with other sources that demonstrate high 

compartmentalization of H2O2 production (219-221). If there is dysfunction or disruption of 

normal signaling, such as an excess or imbalance of ROS availability, this can lead to different 

disease states due to altered bioavailability of NADPH or increased oxidative stress. Our results 

suggest that NADPH oxidase is involved in ROS-dependent stimulation of L-type Ca2+ channels 

in gonadotropes since inhibition of NADPH oxidase with apocynin prevented GnRH-dependent 

stimulation of both localized ROS generation (Fig. 3.5) and L-type Ca2+ channel function (Fig. 
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3.6). However, apocynin is reported to have intrinsic antioxidant properties that are independent 

of NADPH oxidase inhibition (222). Although these effects were shown at concentrations  

greater than that used in our study (25 µM), and despite our data being consistent with studies 

demonstrating an inhibitory effect specifically on NADPH oxidase activity that used alternative 

NADPH oxidase inhibitors (149,177,186), it is possible that a portion of the observed inhibitory 

effect of apocynin on ROS puncta generation and L-type Ca2+ channel function could result from 

antioxidant activity rather than NADPH oxidase inhibition. This implies that alternative sources 

of H2O2 (e.g., mitochondria) could participate in oxidant-dependent regulation of L-type Ca2+ 

channels in gonadotropes. Future studies should address this hypothesis to better understand 

physiological oxidative mechanisms to provide insight into understanding normal or disrupted 

cell function. 

Since the spatial distribution of ROS generation mirrors that of local Ca2+ influx through 

L-type Ca2+ channels, we predicted ROS to be strong candidates for linking GnRH signaling and 

Ca2+ regulation in gonadotropes. Indeed, we provided evidence that ROS signaling are involved 

in GnRH-dependent stimulation of L-type Ca2+ channels. In addition, we also found that GnRH-

mediated ROS generation required Ca2+. These data strengthen the notion that Ca2+ and ROS 

microdomains are spatially localized and functionally coupled. Consistent with previous studies 

that identified the functional coupling of ROS and Ca2+ in other biological systems (148,149) and 

data indicating Ca2+ to be important in enhancing NADPH oxidase and mitochondrial-dependent 

ROS generation (207,223,224), we suggest that these colocalized microdomains produce a 

self-amplifying unit via a reciprocal coupling mechanism with two outputs (i.e., Ca2+ and ROS). 

This functional coupling may result at least in part from oxidation-dependent activation of PKC 

(225), which induces local Ca2+ influx through L-type Ca2+ channels. A recent study identifying 

PKC isoforms in specific compartmentalized subcellular regions supports this notion of locally 

regulated PKC (75). Exploring oxidative regulation of PKC for downstream L-type Ca2+ channel 

signaling will be a future area of investigation.  
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Recently, researchers have demonstrated the role of ROS regulating ERK activation and 

early response genes in gonadotropes (180). Our data complement these findings by 

establishing a mechanistic link between ROS and ERK phosphorylation, in which localized ROS 

generation modulated local influx through L-type Ca2+ channels necessary for downstream ERK 

activity. We have also identified these single channel Ca2+ influx events in primary mouse 

gonadotropes as well, demonstrating that these localized L-type Ca2+ channel events seen in 

αT3-1 cells to be physiologically pertinent, especially since localized Ca2+ sparklets were 

modulated by both GnRH and H2O2 in mouse gonadotrope cells. This exquisite specificity for 

subcellular compartmentalization on the plasma membrane may suggest that Ca2+ and ROS 

play crucial roles for signaling cascades necessary for physiological homeostasis. Therefore, 

identification of Ca2+ and ROS signaling components are important for potential therapeutic 

targets that manipulate GnRH receptor function for fertility, obesity-related endocrine 

dysfunction (226), polycystic ovarian syndrome (227,228), and GnRH-sensitive carcinomas 

(213,215,229). 

In addition to NADPH oxidase regulation of Ca2+ activity, we also identified an important 

role for mitochondrial ROS in gonadotropes. GnRH receptor activation modulated mitochondrial 

oxidation in gonadotropes, suggesting that mitochondria may be important for downstream 

signaling. This supports recent findings in which mitochondrial components were associated 

with the GnRH receptor (230). Furthermore, we identified a subset of mitochondria associated 

with the plasma membrane, strengthening our hypothesis of localized microdomains at the 

subplasmalemmal surface that could regulate nearby L-type Ca2+ channels. Indeed, we show for 

the first-time mitochondrial ROS as an important source to regulate Ca2+ channel activity and 

provided evidence that areas of higher Ca2+ influx through L-type Ca2+ channels associated with 

nearby mitochondria in αT3-1 cells. Additionally, our findings demonstrating NADPH oxidase to 

influence mitochondrial oxidation, and inhibition of mitochondrial ROS decreasing ROS puncta 

on the cell surface may suggest an interdependence between different ROS sources in 
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gonadotropes. This method for RIRR would be an interesting mechanism for cells to amplify 

appropriate signals in spatially confined areas, however further exploration to clarify this 

possible interaction are needed. Nonetheless, these data provide exciting new insight into Ca2+- 

and ROS-dependent modulation of mitochondrial function in gonadotropes. Although 

mitochondria have gained popularity as potential therapeutic targets in different disease states 

(218,231), little is known about the mechanistic properties of mitochondria for reproduction. 

Genetic mutations in mitochondrial DNA that disrupt electron transport complexes have been 

shown to produce faulty mitochondrial production in infants (Leigh syndrome) (232-234), but 

specific mitochondrial oxidation perturbations within the HPG axis have been unexplored 

despite its possible role in impacting reproduction. 

GnRH signaling is highly regulated by actin cytoskeleton dynamics (57,58,125,126) and 

an intact cellular structural framework is necessary for Ca2+ channel signaling (206). With these 

additional findings of GnRH-regulated ROS and oxidative modulation of L-type Ca2+channels, 

we suggest a functional mechanistic link between the cytoskeletal reorganization and these 

ROS components may be possible. A dynamic cytoarchitecture creating localized signaling 

microdomains is necessary for cells to be positioned appropriately for physiological purposes, 

such as cell-to-cell communication and ultimately hormone release. Interestingly, we empirically 

observed that some cells had ROS puncta and mitochondria distributed near processes and 

extensions of the gonadotrope, which may be important for cell migration and mobilization. 

However, these observations of ROS-mediated actin cytoskeletal dynamics need to be further 

investigated. Indeed, there has been evidence that actin dynamics can be oxidatively regulated 

(235-239), so future directions would include whether cytoskeletal components (e.g. cofilin, 

Rac1) are important for GnRH receptor signaling and their effects on Ca2+ and ROS 

microdomains. 

In conclusion, these data provide evidence that ROS generation from NADPH oxidase 

and mitochondria are involved in GnRH-dependent stimulation of L-type Ca2+ channels. This 
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supports the concept that there is crosstalk between Ca2+ and ROS with the notion of spatially 

colocalized Ca2+ and ROS compartmentalization. We propose that these coupled signaling 

microdomains underlie macro-physiological processes such as gonadotrope activation and 

subsequent ovulation and reproductive behavior. Moreover, our functionally coupled Ca2+ and 

ROS microdomain hypothesis implies that reciprocal modulation of L-type Ca2+ channels and 

ROS generated from NADPH-oxidase and mitochondria extends beyond that of simple 

colocalization of ROS generation and Ca2+ influx. For example, this model suggests potential 

regulation of cellular function in conditions such as metabolic dysfunction (e.g., obesity and 

diabetes) by influencing the availability of the reducing equivalent NADPH or bioenergetic 

activity in adjacent subplasmalemmal mitochondria. 
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Chapter 4. Conclusion 

 

Very early works in gonadotropes identified various voltage-gated channels in 

gonadotropes, including classification of Ca2+ channels on the plasma membrane using classical 

electrophysiology techniques (87,135). Additionally, many studies focused on the role of this 

extracellular Ca2+ for GnRH-stimulated gonadotropin secretion (131,132,240). However, later 

research and emphasis shifted to the role of intracellular Ca2+ and various Ca2+ oscillation 

patterns since this robust rapid rise in Ca2+ from internal stores was also important for 

gonadotropin release. However, the discovery of divergent Ca2+ signals for separate MAPK 

cascades has provided a unique pathway with compartmentalized signaling cascades for 

downstream gonadotropin gene expression (86,128). This demonstrated the ability of a cell to 

separate and distinguish different Ca2+ sources for various intracellular functions that provide 

specific physiological responses (e.g. FSH vs. LH production) during different stages of the 

ovulatory cycle. These findings suggest that microdomains of Ca2+ would be plausible in order to 

parse out the differences in gonadotropin synthesis, but technical limitations hindered the 

identification of these localized signals and further characterization for the role of L-type Ca2+ 

channels in GnRH signaling were limited. 

However, the use of combined TIRF microscopy and electrophysiology techniques has 

provided greater insight into understanding L-type Ca2+ channel signaling in gonadotropes. We 

have been able visualize with high spatial and temporal resolution L-type Ca2+ channel sparklets 

in localized microdomains on the plasma membrane, separate from Ca2+ from internal stores. 

Using this method, we were also able to identify various mechanisms in the GnRH signaling 

cascade that regulate these Ca2+ sparklets. Given past evidence for the importance of an 

organized cellular architecture for signaling, we identified the need for dynamic actin 

cytoskeletal components for GnRH-induced L-type Ca2+ influx. In addition, by observing the 

functional coupling of Ca2+ and ROS in other cell types, we have identified NADPH oxidase and 
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mitochondria to be important in modulating Ca2+ sparklets as well. This section concludes the 

dissertation by providing a summary of the major findings of this dissertation and future 

directions to build upon these discoveries. 

4.1 GnRH Signaling 

The central dogma of reproduction and appropriate fertility relies on precise 

asynchronous and unparalleled phased secretion of LH and FSH in response to GnRH during 

the ovulatory cycle. Our experiments identifying localized L-type Ca2+ channel activity following 

GnRH receptor activation provided a compelling mechanism for fast acting, specific signaling 

downstream for ERK activation and LH transcription, contrary to JNK activation for FSH 

secretion. Acute and lower concentrations of GnRH treatment (using 10nM for 5-10 minutes) to 

identify rapid and immediate events following GnRH receptor activation gives greater insight into 

proximal events after GnRH stimulation than other experiments that use longer and greater 

GnRH treatments (e.g. 100nM for 30 minutes or more). Consistent with the notion of rapid and 

precise signaling, previous studies have shown that genes were also rapidly regulated by GnRH 

in LβT2 cells (108). The biosynthetic rate of the induced genes was dependent on GnRH 

concentration, and regulated genes were all activated by 1 hour and actually returned to basal 

levels at 3 hours (241). Therefore, narrowing down the timeframe and understanding the role for 

rapid and sensitive plasmalemmal signaling for downstream nuclear gene expression is 

essential.  

Additionally, identifying acute GnRH stimulation is important since previous studies 

found prolonged GnRH exposure to reduce gonadotropin secretion. This was possibly due to 

either desensitization of the GnRHR, decreased GnRHR availability at the cell surface, or 

changes in Gαq/11 levels in αT3-1 cells (42,242,243). Therefore, it is likely GnRH release from 

GnRH neurons trigger rapid dynamic changes through quick and localized L-type Ca2+ channel 

responses following GnRH receptor activation, allowing for quick recovery for downstream 

signaling and increased sensitivity for each incoming pulse during various stages of the 
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ovulatory cycle. Given the inherent pulsatile nature of GnRH secretion, future experiments to 

recapitulate appropriate GnRH pulse frequencies and subsequent L-type Ca2+ sparklet 

responses would provide a more physiologically relevant paradigm beyond acute GnRH 

treatment.  

In addition to GnRH pulsatility, further knowledge of GnRH receptor mobilization is 

important to understand how GnRH activates localized Ca2+ domains. The unique slower 

kinetics of GnRHR desensitization and the prolonged availability for signaling at the plasma 

membrane supports an interaction with the L-type Ca2+ channel. Previous studies demonstrated 

a decrease in lateral mobilization of GnRHRs following GnRH stimulation (45-47). Given our 

findings that L-type Ca2+ sparklets only make up less than 3% of the cell surface, exploring the 

possibility that GnRHRs mobilize to discrete L-type Ca2+ channel clusters on the plasma 

membrane to elicit a localized response is enticing.  

Using methods that provide real time localization and funcion would progress the study 

of GnRH pathways dramatically compared to traditional methods of protein–protein and 

enzyme–substrate interactions that lose kinetic information of cell signaling. New advancements 

in technology such as single particle tracking of labeled proteins and receptors allow for real 

time tracking of individual GnRHRs in living cells and provide insightful information on organized 

receptor signaling. In addition, this technique with simultaneous labeling of L-type Ca2+ channels 

or Ca2+ sparklets can provide evidence of spatial and temporal organization and possible 

microdomains in gonadotropes.  

 As seen previously, appropriate architecture with extensive cytoskeletal regulation is 

necessary for rapid, plasmalemmal signaling in gonadotropes. Lack of these signaling 

complexes can lead to interrupted and aberrant signaling. Given that the GnRHR is not 

internalized rapidly, an organized platform at the plasma membrane is likely to be important for 

downstream events. We have identified actin dynamics to be important for GnRH-mediated L-

type Ca2+ channel sparklets (Fig 2.4). Recently, researchers have identified a role for dynamin, a 
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GTPase that possesses mechanochemical properties important in cellular membrane 

remodeling events, in GnRH-mediated actin reorganization in gonadotropes (244). Specifically, 

dynamin was found at plasma membrane protrusions and co-localized with actin and cortactin 

at the leading edges of the membrane following GnRH stimulation. Importantly, disruption of 

dynamin also affected L-type Ca2+ channel influx as well, decreasing both GnRH-induced Ca2+ 

sparklet activity and density in αT3-1 cells. Given these findings, experiments to see if disruption 

of actin cytoskeletal elements change the distribution of GnRH receptor mobilization on the cell 

surface relative to the areas of localized Ca2+ should be further investigated in the future.  

  Previously, PKC was shown to be required for ERK activation, but the mechanisms were 

unknown. Some provided studies demonstrating an interdependence between PKC and Ca2+ in 

regulating gonadotropin mRNA expression and secretion (76-78). Our findings provide a 

mechanistic connection among previous findings with evidence that PKC mediates an increase 

in L-type Ca2+ channel sparklets (Fig 2.3) necessary for downstream ERK phosphorylation. 

However, further details about which specific isoforms of PKC regulate Ca2+ sparklets and how 

PKC activates the L-type Ca2+ channel are still unknown. In other cell types, different isoforms of 

PKC have been shown to phosphorylate serine residues on L-type Ca2+ channel subunits 

(245,246). However, it is unknown whether direct phosphorylation by PKC or intermediates 

between PKC and the L-type Ca2+ channel is necessary for L-type Ca2+ channel sparklets in 

gonadotropes. 

4.2 L-type Ca2+ Channel Activity in Gonadotropes 

 Identification of Ca2+ sparklets in gonadotropes has been useful in further understanding 

L-type Ca2+ channel responses to GnRH. Specifically, our studies suggest L-type Ca2+ channels 

spatially cluster together, often with multiple channels grouped at one site to produce high 

activity Ca2+ sparklets. However, alternative methods to address this organization of L-type Ca2+ 

channels using super resolution microscopy (e.g. STORM or PALM) can provide additional 

evidence to support this notion. In addition, further investigation of the mechanisms that allow 
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for channels to cluster together would be useful. AKAP, an anchoring protein was found to be 

important in L-type Ca2+ channel clustering in specific cell types (194,247), but the role for AKAP 

in gonadotropes has yet to be addressed. Also, pharmacological inhibitors lack specificity for 

distinguishing specific isoforms of L-type Ca2+ channels, and alternative methods to identify the 

role of Cav1.2 compared to Cav1.3 in gonadotropes and whether different isoforms can cluster 

together would be insightful. 

4.3 Ca2+-mediated ERK Activation 

In recognizing the importance of ERK activation for downstream LH synthesis and 

secretion, attempts to explore signaling mechanisms required for ERK phosphorylation have 

been heavily explored. Our findings add to this body of knowledge by identifying a role for 

localized Ca2+ sparklets within a rapid timeframe (~5-10 minutes) that is consistent with maximal 

phosphorylation of ERK (Fig 2.2). However, exact mechanisms for how localized Ca2+ influx 

leads to ERK activation and whether an appropriate Ca2+ influx threshold at these particular 

sites is necessary for phosphorylating ERK is unknown. Given previous findings of ERK in lipid 

raft compartments, ERK may be activated within the membrane bound signaling platforms 

(123,124). This supports our hypothesis of a localized signaling microdomain and very localized 

Ca2+ at the plasma membrane able to activate nearby ERK. Future experiments to identify exact 

compartmentalization and localization of ERK, using methods such as ERK reporters (248,249) 

that can show ERK activation in discrete compartments of the cell are necessary to investigate 

where ERK activation occurs relative to the L-type Ca2+ channel sparklets. 

The transduction mechanisms between plasma membrane signaling events and ERK 

have been elusive in gonadotropes. Canonical MAPK cascade activation suggests the GTP-ase 

Ras leading to Raf activation ultimately phosphorylates ERK. It has been suggested that 

discretely localized Ca2+ domains are necessary for Ras signaling at the plasma membrane 

(250), but direct experiments to address this interaction in gonadotropes to demonstrate if L-

type Ca2+ channel sparklet activity can interact with Ras need to be conducted. Furthermore, 
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Raf is widely believed to be the key upstream activator of ERK signaling in gonadotropes. PKC 

has been suggested to directly activate Raf, but little evidence exists of this interaction. 

Additionally, Raf in GnRH-induced ERK activation has also not been identified. Therefore, our 

findings of the localized L-type Ca2+ channel activity may be one component of this mechanistic 

link for plasma membrane signaling and the initiation of the MAPK cascade, but studies to 

conclusively identify this relationship need to be conducted. 

4.4 ROS Signaling and Ca2+ Coupling 

ROS have been previously shown to play a role in gonadotrope signaling and ERK 

activation (180), but we have provided a mechanistic link in which ROS from NADPH oxidase 

and mitochondrial modulate localized L-type Ca2+ channel activity in gonadotropes. Additionally, 

we have identified that GnRH generated confined ROS puncta at the level of the plasma 

membrane, consistent with the concept of an organized platform for localized and rapid 

signaling (Fig 3.2). We provided some evidence that H2O2 plays a role as the key oxidant 

second messenger, although the role of other ROS such as O2
– would clarify if more than one 

form of ROS is necessary. Additionally, although we have been able to demonstrate spatially 

localized areas of ROS on the plasma membrane, temporal information has not been 

addressed. Therefore, future experiments utilizing ratiometric ROS sensors would be a valuable 

tool to understand the kinetics of ROS signaling in gonadotropes and its relationship to L-type 

Ca2+ channel activity. 

 Although we have demonstrated that H2O2 stimulation increased Ca2+ sparklet activity 

and inhibition of NADPH oxidase decreased GnRH-induced L-type Ca2+channel influx in 

gonadotropes (Fig 3.6), these mechanisms have yet to be established. As mentioned 

previously, we found PKC to be important for GnRH-induced increases in Ca2+ influx through L-

type Ca2+ channels. Therefore, it would be possible that ROS and PKC are interdependent for 

activating L-type Ca2+ channels. Indeed, there is evidence that cysteine residues found in the C1 
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domain of conventional PKCs are preferentially oxidized under lower levels of oxidant exposure 

(225), but further identification of this mechanism in gonadotropes is needed.  

 ROS generation from mitochondria also play a role in stimulating L-type Ca2+ sparklets in 

gonadotropes. We have identified a high number of mitochondria associated near the plasma 

membrane, and even showed higher activity Ca2+ sparklets spatially associated with 

mitochondria (mean distance <0.5µm; Figure 3.10). Mitochondria located near Ca2+ sources in 

cellular compartments such as ER-mitochondria contact sites have been studied in other cell 

types (251,252). However, understanding how mitochondria are contained to the plasma 

membrane near these L-type Ca2+ channels in gonadotropes is unknown. Whether mitochondria 

mobilization is GnRH-dependent, a dynamic and mobile process, or if cytoskeletal components 

help traffic mitochondria to the specific compartments of the plasma membrane or areas of 

highly localized Ca2+ from L-type Ca2+ channels are intriguing questions to answer. Mobilization 

of mitochondria utilizing motor proteins across microtubules and Ca2+ sensitive Miro GTP-ases 

have been investigated in other biological systems (253,254), and whether parallel mechanisms 

occur in gonadotropes is worth exploring.  

Experiments demonstrating NADPH oxidase inhibition decreasing GnRH-induced 

mitochondrial oxidation and L-type Ca2+ channel influx suggests a relationship among localized 

Ca2+, NADPH oxidase and mitochondria. Localization of ROS and Ca2+ into compartmentalized 

domains, and tight regulation of ROS signal amplification via RIRR allows for specific areas of 

Ca2+ and ROS interaction within a cell. In contrast, global elevation of ROS can lead to non-

specific activation of various cascades associated with oxidative stress. Additional experiments 

are needed to investigate the mechanisms of RIRR in gonadotropes. Given the importance of 

cytoskeletal dynamics for appropriate GnRH signaling and L-type Ca2+ channel activity, 

investigating the oxidative regulation of cytoskeletal components can provide valuable insight on 

the how these components cooperatively modulate L-type Ca2+ channel influx. In other systems, 

NOX subunits were directed to specific platforms and oxidants were found to concentrate within 
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membrane ruffles, indicative of oxidant-dependent cytoskeletal function (255). Additionally, 

NADPH oxidase subunits were found to bind to proteins on the leading edge of lamellipodia 

(256,257). In addition, whether oxidative regulation of actin cytoskeletal proteins (e.g. cofilin and 

rac1) seen in other biological systems (235-239) occurs in gonadotropes would also support our 

hypothesis that integrates the role of ROS in conjunction with an organized signaling domain for 

localized L-type Ca2+ channel activity.  

4.5 Final Remarks 

In this study, we provided the first evidence for localized L-type Ca2+ influx important for 

GnRH signaling and downstream ERK activation. Additionally, we identified different 

mechanisms that regulate L-type Ca2+ channel influx, recognizing that Ca2+ sparklet activity is 

PKC-dependent and requires an active cytoskeletal organization for appropriate GnRH 

signaling. We also identified GnRH-mediated ROS generation in spatially confined areas at the 

plasma membrane from both NADPH oxidase and mitochondria, and find this to be important 

for L-type Ca2+ sparklet influx in gonadotropes. These findings highlight elegant cell signaling 

mechanisms, in which signaling cascades occur in tightly regulated domains to provide 

specificity. This is important for physiological purposes since gonadotropes are sensitive to 

GnRH pulsatility and need to quickly adapt to various GnRH pulse frequencies during different 

stages of the ovulatory cycle for appropriate gonadotropin gene expression and secretion. 

Therefore, understanding the cell machinery and regulation of L-type Ca2+ channels can provide 

insight into therapeutic solutions when normal processes become disrupted leading to 

reproductive dysfunction or disease states. 
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