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ABSTRACT 

Luteinizing Hormone Receptor Signaling Regulates MAP2D 

Phosphorylation in Preovulatory Granulosa Cells 

Maxfield P. Flynn 

 

The actions of luteinizing hormone (LH) to induce ovulation and luteinization of 

preovulatory follicles are mediated principally by activation of cAMP-dependent protein kinase 

(PKA) in granulosa cells. PKA activity is targeted to specific cellular locations by A-kinase 

anchoring proteins (AKAPs). I previously showed that follicle-stimulating hormone (FSH) 

induces expression of the AKAP microtubule-associated protein (MAP) 2D and that MAP2D co-

immunoprecipitates with PKA regulatory subunits in rat granulosa cells. Here I describe a rapid 

and targeted dephosphorylation of MAP2D at Thr256/Thr259 after treatment with LH receptor 

agonist hCG. This event is mimicked by treatment with forskolin or a cAMP analog and blocked 

by the PKA inhibitor myristoylated-PKI, indicating a role for PKA signaling in phospho-

regulation of granulosa cell MAP2D. I show that Thr256/Thr259 dephosphorylation is blocked 

by the protein phosphatase (PP) 2A inhibitor okadaic acid and demonstrate interactions between 

MAP2D and PP2A by co-immunoprecipitation and microcystin-agarose pulldown. I also show 

that MAP2D interacts with glycogen synthase kinase (GSK) 3β and is phosphorylated at 

Thr256/Thr259 by this kinase in the basal state. Increased phosphorylation of GSK3β at Ser9 

and PP2A B56δ subunit at Ser566 is observed after treatment with hCG, corresponding to LH 

receptor-mediated inhibition of GSK3β and activation of PP2A, respectively. MAP2D 

dephosphorylated at Thr256/Thr259 appears to redistribute into a vimentin-enriched cell fraction 
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coincident with hCG-stimulated phosphorylation of vimentin on two PKA sites (Ser38 and 

Ser72). I show that MAP2D is localized to vimentin filaments and microtubules in granulosa 

cells and that LH receptor activation induces remodeling of the vimentin cytoskeleton. MAP2D 

binds directly to immobilized vimentin protein in overlay assays and this binding is diminished 

by GSK3β phosphorylation of MAP2D in vitro. These results are consistent with the hypothesis 

that LH-stimulated dephosphorylation of MAP2D may facilitate the progesterone biosynthesis 

that is obligatory for fertility by altering intermediate filament dynamics.  
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CHAPTER I:  INTRODUCTION 

The mid-cycle surge in luteinizing hormone (LH) from the pituitary triggers acute changes in the 

function of the ovarian preovulatory (PO) follicle. In particular, LH binding to the LH receptors 

of PO granulosa cells promotes dramatic alterations in gene expression and signal transduction, 

particularly via the cAMP/PKA pathway. These changes stimulate a variety of events essential 

for fertility, including oocyte maturation, ovulation, steroidogenesis, and luteinization, and it is 

likely that these critical events require substantial changes in the granulosa cell cytoskeleton. I 

explore how LH receptor activation of the cAMP/PKA pathway in PO granulosa cells influences 

the A-kinase anchoring protein (AKAP) MAP2D and the granulosa cell cytoskeleton and 

propose a role for MAP2D in the process of LH-dependent follicle maturation.  

Hypothalamic-Pituitary-Ovarian Axis 

 At the time of puberty, as development of the hypothalamus reaches maturity, specialized 

neurons projecting from the arcuate nucleus of the medial basal hypothalamus to the median 

eminence release pulsatile secretions of the luteinizing hormone releasing hormone (LHRH or 

GnRH) into the portal vessels (1). These pulses of LHRH act on gonadotrophs of the anterior 

pituitary expressing cell surface LHRH receptors, resulting in the pulsatile release of the pituitary 

gonadotropins, follicle stimulating hormone (FSH), and luteinizing hormone (LH). FSH and LH 

are released in various amounts, depending largely on feedback signals from the ovary in the 

form of steroids and other ovarian factors, such as the inhibins and activins (2). 
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 The ovarian follicle, located in the outer cortex of the ovary, is the basic unit of ovarian 

function, and the pituitary-derived gonadotropins primarily act on ovarian follicles to promote 

their maturation (1) (Fig. 1). The less mature primary and secondary follicles, also referred to as 

preantral follicles, consist of a central oocyte surrounded by a thin layer of granulosa cells. In the 

case of secondary follicles, this layer is more than one cell-layer thick and is also surrounded by 

a layer of thecal cells (1). Low levels of LH secreted by the pituitary bind to receptors on thecal 

cells of preantral follicles to stimulate secretion of androgens, precursors for the production of 

estradiol by the granulosa cells (2). FSH binds to FSH receptors of granulosa cells of these 

preantral follicles to induce the expression of P-450 aromatase in these cells, enhancing their 

ability to convert thecal androgens into estradiol (3, 4). FSH also stimulates proliferation and 

differentiation of granulosa cells in the preantral follicle, and induces the expression of LH 

receptors in these cells (5) to prepare the enlarging follicles for the approaching LH surge (2).  

 As follicles mature to tertiary follicles, granulosa cell layers continue to proliferate and a 

fluid-filled space, called the antrum, forms between the mural granulosa cells, on the wall of the 

follicle, and cumulus granulosa cells, in the cumulus oophorus surrounding the oocyte (1). Mural 

granulosa cells express high levels of steroidogenic enzymes and LH receptors, whereas cumulus 

granulosa cells have fewer LH receptors and have lower steroidogenic activity (6-9), but develop 

specialized junctional communications with the oocyte in what is called the cumulus-oocyte 

complex (1, 10). A cohort of follicles, called antral or preovulatory (PO) follicles, rapidly 

increase in size and produce even greater levels of estradiol. Rising levels of estradiol, along 

with other factors, provide negative feedback on pituitary secretion of FSH and positive feedback 

on pituitary secretion of LH. This positive feedback on LH secretion reaches a peak at mid-cycle,  
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Figure 1  Regulation of ovarian follicle maturation by pituitary gonadotropins 

FSH binds FSH receptors on granulosa cells of the preantral ovarian follicles resulting in 

granulosa cell proliferation and differentiation, and expression of genes encoding a variety of 

proteins, including LH receptors and MAP2D. A mid-cycle surge of LH activates LH receptors 

on granulosa cells of the PO (antral) follicle triggering events leading to ovulation and 

steroidogenesis. The ovulated follicle luteinizes to become the corpus luteum (adapted from 

(11)). 

FSH 

LH 
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resulting in a surge of LH which activates LH receptors on granulosa cells and triggers events 

leading to enhanced progesterone steroidogenesis, ovulation, and luteinization of the theca and 

granulosa cell layers (1). These luteinizing cells will differentiate to become the corpus luteum, a 

“transient endocrine gland” (12). Levels of steroidogenic enzymes are increased as the corpus 

luteum becomes the main site of progesterone biosynthesis to support pregnancy and provide 

feedback to the pituitary to keep gonadotropin levels low (12). During pregnancy, the corpus 

luteum is controlled and maintained by hormones from the pituitary, decidua, and placenta, in 

particular prolactin, from the pituitary and later the trophoblast, and estradiol, from the ovary and 

later the trophoblast. Autocrine regulation by androgens and progesterone from the corpus 

luteum also plays a role in the rodent ovary (12). Without oocyte fertilization and implantation, 

or at the end of pregnancy, progesterone production is markedly decreased. Luteal cells undergo 

programmed cell death and the corpus luteum becomes drastically remodeled into a connective 

tissue rich corpus albicans (12). Falling progesterone levels allow the cycle to begin again with 

the release of gonadotropins from the pituitary.  

Gonadotropins and Follicle Maturation 

 The gonadotropins, LH and FSH, are glycoprotein hormones composed of two peptide 

subunits, α and β, which bind noncovalently. The α subunit is common to LH and FSH, as well 

as thyroid stimulating hormone (TSH) and hCG. The β subunit of each hormone is distinct and 

confers a unique activity to each hormone (1). It should be noted, however, that both LH and 

hCG may bind and activate the LH receptor and hCG is often used in studies requiring LH 

receptor activation in PO granulosa cells (1). 
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 FSH receptors, expressed on granulosa cells, are seven membrane-spanning G-protein 

coupled receptors which bind only FSH through interaction with a large extracellular N-terminal 

domain. Activation of FSH receptors in preantral granulosa cells results in signal transduction 

through the cAMP/PKA, Ca2+, and phosphatidylinositol(PI) 3-kinase pathways (13). Their 

activation leads to increased expression of a number factors important for follicular maturation, 

including the α subunit of the hormone inhibin, which feeds back to repress pituitary FSH 

production; P-450 aromatase, an important enzyme in estrogen production; cytochrome P-450 

cholesterol side chain cleavage enzyme (P-450 SCC) and 3β-hydroxysteroid dehydrogenase, 

which are important for production of progesterone; and increased expression of membrane 

receptors for LH and EGF, both of which are necessary for ovulation (10, 13). FSH receptor 

activation also induces expression of a number of signaling proteins in granulosa cells, including 

the AKAP MAP2D (14). 

 LH receptors, expressed by theca-interstitial cells and by granulosa cells in large PO 

follicles, are seven membrane-spanning G-protein coupled receptors which may bind both LH 

and hCG through interaction with a large extracellular N-terminal domain. Activation of PO 

granulosa cell LH receptors during the LH surge is essential for ovulation. LH receptor null mice 

and humans with disrupting mutations of LH receptors are infertile with follicle development 

arrested at the early antral stage but no PO follicles, ovulation, or corpora lutea present (15, 16). 

Activation of LH receptors in PO granulosa cells results in signal transduction predominantly 

through the cAMP/PKA pathway, though PKA-independent signaling may also occur (13). LH 

receptor activation by the LH surge promotes expression of genes required for a number of 

events including suppression of granulosa cell division, cumulus expansion, final maturation of 
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the oocyte, remodeling and rupture of the follicle wall, and differentiation of granulosa and 

theca cells to form the corpus luteum (13, 17). In addition, steroid hormone biosynthesis is 

increased by persistent elevation of levels of P-450 SCC (18), a key enzyme in progesterone 

synthesis, and of the steroidogenic acute regulator protein (StAR) (19), which is involved in the 

transfer of cholesterol across the mitochondrial membrane. 

LH Receptor Signaling 

cAMP/PKA Signaling 

The LH receptor couples to and activates Gs (20, 21) and adenylyl cyclase, resulting in 

increased synthesis of cAMP (22-24), and accounting for, it is believed, the majority of LH 

responses (Fig. 2). This is supported by the ability of the adenylyl cyclase activator forskolin and 

cell-permeable cAMP analogs to mimic LH-induced expression of a number of target genes (25-

27). 

In granulosa cells, increased cAMP as a result of LH receptor signaling predominantly 

activates cAMP-dependent protein kinase (PKA) (28). While it is also possible for LH-receptor 

mediated increases in cAMP to activate the cAMP-activated guanine nucleotide exchange factor 

Epac or a cyclic nucleotide-gated channel (29-32), signaling to these alternate cAMP pathways 

in PO granulosa cells has not been reported. PKA is a tetrameric holoenzyme consisting of a 

dimeric regulatory (R) subunit and two catalytic (C) subunits. Binding of cAMP to the R 

subunits causes the release of the active C subunits and allows phosphorylation of PKA 

substrates. PKA may be inhibited with the small molecule inhibitor H89, a competitive ATP 

antagonist, or the selective, cell-permeable C subunit inhibitor peptide myristoylated-PKI (Myr-

PKI). PKI, the active portion of the ubiquitous PKA inhibitor protein, functions as a pseudo- 
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Figure 2  Luteinizing hormone receptor signaling in preovulatory granulosa cells 

LH activates the LH receptor (LHR) to stimulate signaling via PKA to targets including the 

MEK/ERK pathway, histone H3, and CREB. LH receptors also signal via the p38 MAPK and 

IP3/Ca2+ pathways. cAMP signaling by LH receptors also induces release of EGF-family 

members from mural granulosa cells, which bind and activate EGF receptors on cumulus 

granulosa cells. (Adapted from (13).) 
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substrate, attaching to the substrate binding site of the C subunits and blocking interactions 

with other PKA substrates. Inhibition of PKA in granulosa cells blocks the induction of a number 

of LH responses, including progesterone biosynthesis (33). 

PKA activation in granulosa cells by LH receptor-mediated increases in cAMP results in 

phosphorylation of the classical PKA substrate CREB on Ser133 (34, 35). This phosphorylation 

is blocked by PKA inhibition (34). Phosphorylation-dependent binding of CREB to cAMP 

response elements in the promoter regions of a number of LH-responsive target genes, including 

the gene encoding StAR, has been demonstrated (36), revealing the fundamental importance of 

CREB phosphorylation by PKA for progesterone biosynthesis. 

LH receptor phosphorylation and activation of ERK is also PKA-dependent, based on 

studies with H89 and Myr-PKI (34). Interestingly, in PO granulosa cells PKA regulates ERK by 

influencing signaling at a step upstream of MEK, as increased MEK phosphorylation by LH 

receptor signaling is H89-sensitive (34). The upstream site of this regulation has not been 

determined in granulosa cells but may involve activation of Ras, as reported for LH receptor 

signaling in primary Leydig cells (37). Thus, the mechanism of ERK activation by LH receptor 

signaling contrasts sharply with that of FSH receptor signaling, which involves disinhibition of 

ERK signaling by PKA-dependent phosphorylation and disassociation of an ERK-associated 

phosphotyrosine phosphatase (38). The role of ERK activation in PO granulosa cells is not clear, 

though involvement in expression of LH-responsive genes, including induction of StAR, has 

been postulated based on data showing that the MEK inhibitor PD98059 blocks downstream 

transcription activation of these genes (25, 39). Furthermore, a number of LH target genes, 
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including StAR (36, 39, 40) and P-450 SCC (41, 42), require binding of SF-1 for expression 

and SF-1 phosphorylation by ERK stabilizes this transcription factor in the active conformation 

(43). 

Lastly, LH receptor signaling leads to phosphorylation of histone H3 on Ser10, which 

likely contributes to reorganization of gene promoters. This phosphorylation is also PKA-

dependent, based on studies with H89 (34), but whether this occurs by direct-phosphorylation by 

PKA or via another phospho-regulatory mechanism downstream of PKA has not been evaluated. 

Other Signaling Pathways 

Based on studies in heterologous cells expressing LH receptors, it has been postulated 

that LH signaling increases inositol trisphosphate (IP3) and intracellular Ca2+ levels through 

activation of PLC (44), and this signaling appears to be independent of cAMP (45, 46). Indeed, 

LH receptor signaling increases IP3 in rat granulosa cells (47). However, while LHR activation 

of Gs and adenylyl cyclase has been well characterized, the identity of other G proteins that may 

activate the IP3/Ca2+ pathway in granulosa cells remains unclear, though the involvement of β/γ 

subunits released by Gi2 activation has been proposed (20, 21, 48, 49). 

The downstream effects of LH-mediated increases in intracellular Ca2+ have not been 

definitively determined in granulosa cells. Ca2+ increases may activate one of the 

Ca2+/calmodulin-dependent protein kinases (CaMKs), which appear to be important for 

progesterone production, based on experiments using the CaMK inhibitor Kn93 (33). LH-

mediate rises in Ca2+ may also activate one or more PKC isoforms, a hypothesis supported by the 

ability of PMA (phorbol myristate acetate, an activator of many PKC isoforms) added to 

subovulatory concentrations of LH to mimic a number of effects of ovulatory LH concentrations, 
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including progesterone production and luteinization of granulosa cells (50). Contrary to these 

studies, however, LH receptor activation does not promote the activation of the conventional (α 

and β; Ca2+-dependent) or novel (δ and ε) classes of PKC isoforms in granulosa cells by a variety 

of criteria (34). However, LH receptor activation is reported to stimulate membrane translocation 

of the atypical PKC isoform PKCζ in PO granulosa cells (51), which may induce P-450 

aromatase expression (52). 

LH receptor signaling also phosphorylates p38 MAPK in PO granulosa cells (34). The 

upstream kinases MKK3 and MKK6 are also phosphorylated (53). Signaling into this pathway 

appears to be independent of PKA, based on the inability of H89 to block its phosphorylation 

(34), and the signaling targets of the p38 MAPK pathway are unknown (13).  

As reviewed above, LH receptors in cumulus cells are expressed at far lower levels than 

in mural cells (54). In spite of this apparent insensitivity, LH receptor signaling still influences 

events in cumulus granulosa cells, such as cumulus expansion and the cumulus cell-mediated 

modulation of oocyte maturation (10).  A mechanism for this seeming paradox may have been 

revealed recently by studies showing the expression of the epidermal growth factor (EGF) family 

members amphiregulin, epiregulin, and beta-cellulin on the surface of mural granulosa cells in 

response to LH-stimulated cAMP signaling (55). Addition of these factors to cultured cumulus-

oocyte complexes (consisting of oocytes surrounded only by the cumulus layer of granulosa 

cells) mimicked LH-stimulated oocyte maturation, but this effect required the presence of 

cumulus granulosa cells (55). A model for mural to cumulus granulosa cell communication was 

proposed in which EGF family members are released from the surface of mural granulosa cells 

in response to cAMP-dependent LH receptor signaling and these factors then bind to and activate 
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EGF receptors on the surface of cumulus granulosa cells resulting in activation of signaling 

necessary for support of oocyte maturation and ovulation (10). Data supporting this model 

include an observed increase in EGFR activating phosphorylation occurring at a time slightly 

after the more immediate LH receptor signaling events in mural granulosa cells (55, 56), and a 

block in oocyte maturation after treatment with EGF receptor kinase inhibitors (55).  

Granulosa Cell Cytoskeleton 

 Similar to the majority of animals cells, the granulosa cell cytoskeleton is composed of a 

complex network of three distinct components: microtubules, microfilaments, and intermediate 

filaments. Numerous studies have examined the role of the granulosa cell cytoskeleton in such 

functions as membrane receptor dynamics and topography (57), intracellular lysosome and 

endosome movement (58, 59), and steroidogenesis (60-62) at a variety of stages of 

differentiation. However, a clear understanding of cytoskeletal changes induced by LH receptor 

signaling in PO granulosa cells remains elusive.  

Microtubules 

 PO granulosa cell microtubules, in a pattern common to many cell types, are organized in 

a fibrous network emanating from a centrosomal organizing center into the cell periphery (63). 

In mature granulosa cells obtained from human patients receiving hCG treatment for ovulation 

prior to IVF treatment, induction of increased cAMP levels by a variety of methods produced 

little or no change in the microtubule pattern (64). Treatment of similarly obtained cells with 

hCG produced no measurable change in synthesis of α- or β- tubulin (65). As observed in other 

cell models, taxol treatment of rat PO granulosa cells leads to increased bundling of  
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microtubules around the centrosomal organizing center (66), and treatment with microtubule 

disruptors such as nocodazole or colchicine resulted in complete disintegration of microtubule 

networks (58, 61, 67). 

Actin Microfilaments 

Actin microfilaments in PO granulosa cell are organized into abundant stress fibers which 

stretch the length of the cell and into the periphery (66). In mature human granulosa cells from 

IVF patients, increased cAMP levels promoted disassembly of actin stress fibers leaving 

centrally-localized staining (64), and treatment of similar cells with hCG resulted in decreased 

synthesis of actin and a number of other actin-associated proteins (65, 68).  

Intermediate Filaments 

 The most abundant intermediate filament protein in PO granulosa cells is vimentin, a 

class III intermediate filament protein (67, 69, 70). While some types of keratin may also be 

prevalent in less mature human granulosa cells, these are decreased during granulosa cell 

maturation to the PO phenotype and are not detected at all in rat, porcine, and bovine granulosa 

cells (69, 70), emphasizing the importance of vimentin as these cells mature.  

Vimentin is organized into filamentous structures in granulosa cells, and these filaments 

are well spread around the nucleus and into the peripheral cytoplasm of PO granulosa cells (66).  

Vimentin is considered one of the most phosphorylated polypeptides in granulosa cells by some 

estimates (67), and phosphorylation of vimentin by a variety of kinases, including PKA (71-74), 

is often correlated with reorganization or destabilization of vimentin filaments. In agreement 

with this, increased cAMP levels in mature human granulosa cells from IVF patients have been 
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shown to promote destabilization of vimentin filaments in the cytosolic periphery of the cell 

and thickening of vimentin filaments surrounding the nucleus (64). Vimentin destabilization in 

other steroidogenic cell types, including adrenal cells and LH-responsive testicular Leydig cells, 

is thought to result in increased transport of cholesterol ester droplets to the mitochondrial 

membrane for steroid production (75-77). 

A similar collapse of the peripheral vimentin cytoskeleton into a thickened peri-nuclear 

region is observed following microtubule destabilization by nocodazole or colchicine (67, 78-

84). It thought that this phenomenon is due to the dependence of the vimentin on microtubule-

dependent transport of vimentin particles for the formation of filaments (reviewed in (85)). 

Interestingly, destabilization of microtubules, which results in this vimentin remodeling, has 

been reported to result in increased progesterone production (61) similar to the effects of 

vimentin remodeling in other steroidogenic cells (75). 

MAP2 Family Proteins 

 The MAP2 proteins (reviewed in (86)) are a family of heat-stable proteins abundant in 

the mammalian central nervous system where they are important in modulation of cytoskeletal 

dynamics, neuronal plasticity and neurite outgrowth (87). The human MAP2 proteins consist of 

two groups of four isoforms generated by alternative splicing: high molecular weight isoforms, 

MAP2A and MAP2B, and low molecular weight isoforms, MAP2C and MAP2D. MAP2C and 

MAP2D contain the same N- and C-terminal regions as the high molecular weight isoforms, but 

lack a central domain found in MAP2A and MAP2B (Fig. 3). All isoforms have at least three 

microtubule binding domains (MTBD), containing conserved KXGS motifs, in their C-termini as 

well as a highly conserved proline-rich domain just N-terminal to the MTBD (88, 89). MAP2D  
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Figure 3  MAP2 family proteins 

The human MAP2 proteins consists of four isoforms generated by alternative splicing: high 

molecular weight isoforms, MAP2A and MAP2B, and low molecular weight isoforms, MAP2C 

and MAP2D. All isoforms have at least three C-terminal microtubule binding domains (MTBD), 

a highly conserved proline-rich domain, and an N-terminal RII binding domain. MAP2D and 

some MAP2B splice variants contain a 4th tubulin binding domain. 
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and some MAP2B splice variants contain an additional 93-bp insertion encoding a 4th tubulin-

binding domain (90-92). The N-terminal region of MAP2 proteins contain a unique 31 residue 

domain which allows binding to the RII subunits of the PKA holoenzyme (93, 94), the functional 

definition of an AKAP. We recently described expression of the low molecular weight MAP2D 

isoform in PO granulosa cells where it binds to R subunits of the PKA holoenzyme (14) and may 

be important for LH receptor signaling. 

MAP2 and Cytoskeletal Interactions 

MAP2 family members were first isolated from brain tissue and their ability to bind to a 

number of cytoskeletal elements in neurons has been extensively studied (reviewed in (86, 95)). 

Perhaps best recognized is the capacity of MAP2 to bind to microtubules, via the MTBD (96), 

which results in increased microtubule assembly (97), stability and rigidity (98-100), and 

microtubule bundling in heterologous systems (101, 102). In addition to the MTBD, the presence 

of the nearby proline-rich domain also is important for binding to microtubules (103, 104). 

MAP2 similarly may bind to and bundle actin microfilaments (105, 106), also via the MTBD, 

resulting in increase stability of microfilaments. Observations of binding to both microtubules 

and microfilaments in neuronal cells have lead to the hypothesis that MAP2 may coordinate 

simultaneous reorganization of microfilaments and microtubules during neurite outgrowth (87, 

107). Lastly, MAP2 has been reported to bind to at least two classes of intermediate filaments, 

vimentin and neurofilaments (83, 108-112), apparently using a binding site different than that 

used for microtubules (113), and it has been shown that MAP2 may form cross-bridges between 

microtubules and intermediate filaments (114). Phosphorylation of  MAP2 appears to regulate 
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binding to each of these cellular components (101, 105, 106, 108), indicating the importance 

of MAP2 phospho-regulation in cytoskeletal dynamics. 

MAP2 as a Signaling Scaffold 

 MAP2 was the first A-kinase anchoring protein (AKAP) to be identified and was initially 

recognized based on its ability to bind the RII subunits of the PKA holoenzyme (115). AKAPs, 

as a functional class of proteins, generally consist of a RII-binding domain and a specific 

subcellular targeting domain. The targeting domain allows localization of the AKAP and 

associated PKA holoenzyme to specific cellular locations and, in this way, may focus 

cAMP/PKA signaling on particular cellular locations and substrates (reviewed in (116, 117)). 

Recently it has been recognized that AKAPs not only bind PKA, but can also function as 

scaffolds to coordinate signaling cascades by binding phosphodiesterases, phosphatases, 

additional kinases, and other signaling proteins (118). Confinement of PKA and other associated 

signaling cascades to the AKAP scaffold in a discrete cellular location is thought to increase the 

efficiency of signaling and eliminate inappropriate cross-talk among pathways (118).  

 The hypothesis that MAP2 family proteins may serve as signaling scaffold for molecules 

in addition to PKA is supported by a variety of evidence. MAP2 isoforms may be heavily 

phosphorylated by a large number of kinases (86), as discussed below, and it is reasonable to 

hypothesize that one or more of these kinases may bind MAP2. Also, protein phosphatase (PP) 

2A and PP1 have activity against MAP2 and so the AKAP may interact with these signaling 

proteins (119). Finally, it has been observed that MAP2C may directly interact with the Src 

homology 3 (SH3) domains of the Src-family non-receptor tyrosine kinase Fyn and Grb2 (120-

122). 
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MAP2 Phosphorylation 

MAP2 proteins may be heavily phosphorylated, reaching up to 46 moles of phosphate per 

mole of protein in high molecular weight isoforms (86). At least 15 predicted sites of 

phosphorylation of are conserved in the lower molecular weight MAP2D isoform, particularly 

the Ser and Thr residues in the C-terminal proline-rich and microtubule-binding domains (86). 

MAP2 may be phosphorylated in vitro at numerous sites by a wide variety of kinases, including 

PKA (123), CaMK II (124), PKC (125, 126), microtubule affinity regulating kinases (127), Src-

family kinases (120), and proline directed kinases, including GSK3, CDKs, and MAPK 

superfamily kinases (119, 128, 129). In addition, MAP2 may be dephosphorylated at various 

sites in vitro by PP1, PP2A, and PP2B (119, 130, 131). Phosphorylation at a number of sites can 

alter the association between MAP2 and various cytoskeletal components (101, 105, 106, 108), 

which may modulate the stability and dynamics of these cytoskeletal networks (86). 

MAP2D in granulosa cells appears to be highly phosphorylated (14). I have focused on 

the phosphorylation state of two residues, Thr256/Thr259 (equivalent to Thr1620/Thr1623 in the 

higher molecular weight isoforms), located in the proline-rich domain adjacent to the first 

MTBD. Phosphorylation of MAP2D on Thr256/Thr259 in granulosa cells is coincident with 

FSH-induced increases in MAP2D expression (14) and the majority of the MAP2A/2B present in 

growth cones of hippocampal neurons is also phosphorylated at these residues (132). These 

residues are 100% conserved in mouse, rat and human species and are also highly conserved in 

the corresponding domain of the related MAP, tau (133). Thr256/Thr259 residues are in vitro 

targets for the proline-directed kinases GSK3, CDKs, and MAPK superfamily kinases (119) as 

are the corresponding residues in tau (Ser199/Ser202) (134). Moreover, phosphorylation of 
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Thr256/Thr259 in COS-1 cells overexpressing both MAP2C (a low molecular-weigh isoform 

similar to MAP2D) and GSK3β inhibits microtubule bundling consistent with reduced binding of 

MAP2C to microtubules (101). 

Upon LH receptor activation in the PO granulosa cell, the substantial majority of LH 

receptor signaling is carried out by the cAMP/PKA pathway, initiating events such as 

steroidogenesis, ovulation, and luteinization which likely necessitate fundamental changes in the 

granulosa cell cytoskeleton. Coincident with these new demands, MAP2D, a protein with unique 

abilities to direct PKA signaling and to modulate cytoskeletal dynamics, is expressed. In the 

following studies, I characterize the phospho-regulation of MAP2D by LH receptor signaling 

and begin to elucidate its role in coordinating PKA signaling and cytoskeletal changes in the PO 

granulosa cell. 
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CHAPTER II:  LUTEINIZING HORMONE RECEPTOR ACTIVATION IN 

OVARIAN GRANULOSA CELLS PROMOTES PROTEIN KINASE A-DEPENDENT 

DEPHOSPHORYLATION OF MAP2D 

Summary 

The actions of LH to induce ovulation and luteinization of PO follicles are mediated 

principally by activation of PKA in granulosa cells. PKA activity is targeted to specific locations 

in many cells by A-kinase anchoring proteins (AKAPs). We previously showed that FSH induces 

expression of MAP2D, an 80 kD AKAP, in rat primary granulosa cells, and that MAP2D co-

immunoprecipitates with PKA regulatory subunits in these cells. Here I report a rapid and 

targeted dephosphorylation of MAP2D at Thr256/Thr259 after treatment with hCG, an LH 

receptor agonist. This event is mimicked by treatment with forskolin or a cAMP analog and is 

blocked by the PKA inhibitor myristoylated-PKI, indicating a role for cAMP and PKA signaling 

in phospho-regulation of granulosa cell MAP2D. Furthermore, I show that Thr256/Thr259 

dephosphorylation is blocked by the PP2A inhibitor okadaic acid and demonstrate interactions 

between MAP2D and PP2A by co-immunoprecipitation and microcystin-agarose pulldown. I 

also show that MAP2D interacts with GSK3β and is phosphorylated at Thr256/Thr259 by this 

kinase in the basal state. Increased phosphorylation of GSK3β at Ser9 and the PP2A B56δ 

subunit at Ser566 is observed after treatment with hCG and appears to result in LH receptor-

mediated inhibition of GSK3β and activation of PP2A, respectively. Taken together, these 

results show that the phosphorylation status of the AKAP MAP2D is acutely regulated by LH 

receptor-mediated modulation of kinase and phosphatase activity via PKA. 



 32 

Introduction 

Granulosa cells of mature PO ovarian follicles respond to a mid-cycle surge of pituitary 

LH by altering gene expression to promote luteinization and ovulation. These responses are 

initiated through binding of LH to surface LH receptors. The LH receptor is a seven 

transmembrane protein that couples to the stimulatory guanine nucleotide-binding protein Gs and 

signals to adenylyl cyclase (135). Activation of adenylyl cyclase rapidly increases the local 

concentration of the second-messenger cAMP resulting in activation of PKA (28). cAMP and 

PKA are largely responsible for early events of LH signaling which drive granulosa cell 

differentiation and steroid synthesis and culminate in ovulation of the oocyte (27, 34, 35, 136, 

137). 

PKA is a tetrameric holoenzyme consisting of a dimeric R subunit and C subunits. 

Binding of cAMP to the R subunits causes the release of the active C subunits and allows 

phosphorylation of PKA substrates. PKA is often targeted to specific cellular locations by 

AKAPs, a family of proteins functionally identified by their binding affinity for PKA R subunits 

(reviewed in (138, 139)). Cellular localization of AKAPs and associated PKA holoenzyme is 

achieved by interaction between an AKAP targeting domain and a cellular organelle or structure, 

such as a component of the cytoskeleton. Targeting of PKA activity by AKAPs increases the 

specificity of PKA action by controlling its access to various substrates. However, AKAPs also 

bind to a variety of signaling molecules, including other kinases, phosphatases, 

phosphodiesterases, and PKA substrates. Thus, the scaffolding function of AKAPs may allow for 

spatial regulation of numerous cellular signaling events. 
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We previously showed that FSH induces the expression of an 80-kDa AKAP in 

granulosa cells as they mature to a PO phenotype (140). We identified this AKAP as MAP2D, a 

low molecular weight splice variant of the MAP2 family of proteins (14). MAP2 family 

members are well characterized as neuronal microtubule-associated proteins and AKAPs and are 

expressed as splice-variants from a single gene (141-143). They contain an N-terminal R-subunit 

binding domain that allows for binding to PKA (115, 123). MAP2 isoforms also bind to 

numerous cytoskeletal elements including microtubules, via three or four C-terminal MTBDs; 

microfilaments, also via MTBDs; and, perhaps, intermediate filaments (reviewed in (86)) (83, 

105, 106, 110, 112, 113).  

The high-molecular weight MAP2A and MAP2B isoforms appear to be highly 

phosphorylated at serine/threonine residues in vivo, and at least 15 phosphorylatable residues are 

conserved in the low-molecular weight MAP2D isoform (reviewed in (86)). Two residues, 

Thr256/Thr259 (equivalent to Thr1620/Thr1623 in MAP2A/B), are present in a proline-rich 

domain that lies immediately N-terminal to the first MTBD. These residues are phospho-

regulated in vitro by a variety of proline directed kinases (119) and by protein-phosphatase 1 

(PP1) and/or PP2A (119). Similar regulation has been observed in cultured neurons (132) and rat 

brain tissue (131). Furthermore, phosphorylation of these residues was observed in COS-1 cells 

overexpressing both GSK3 and the highly homologous MAP2C isoform and resulted in 

regulation of microtubule binding affinity and microtubule polymerization dynamics (101). 

Recently we showed that MAP2D in granulosa cells is phosphorylated at Thr256/Thr259 

coincident with its FSH-induced expression (14). Based on the physiological expression of this 

predominately neuronal protein in the ovary at a time when the organ is exposed to the mid-cycle 
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surge of LH, I sought to investigate the in vivo phosphorylation state of MAP2D in PO ovarian 

granulosa cells, to identify the kinase(s) that promote phosphorylation at Thr256/Thr259, and to 

determine the effects of LH on the phosphorylation state at these sites. My results show that 

cAMP/PKA-dependent LH receptor signaling  promotes a rapid decrease in phosphorylation at 

Thr256/Thr259. This change appears to be mediated by a simultaneous activation of PP2A 

activity, which I identify as a MAP2D binding partner, and inhibition of GSK3, another MAP2D 

binding partner and the predominant Thr256/Th259 kinase in granulosa cells. 

Results 

Ovarian granulosa cell MAP2D exists in a phosphorylated state and is susceptible to an 

endogenous phosphatase activity. 

Based on previous reports that phosphorylation of MAP2 family proteins at multiple sites 

may result in changes in electrophoretic mobility (141, 144-146), the electrophoretic mobility of 

MAP2D in rat PO granulosa cell lysates was analyzed by Western blot. MAP2D protein 

migrated through polyacrylamide gel in at least two distinct bands (Fig. 4). When cell extracts 

were incubated (30 min at 30°C) in buffer containing standard phosphatase inhibitors, the 

majority (89%) of MAP2D protein was detected in a slower migrating band at approximately 80 

kDa (Fig. 4, lane 1). The remaining MAP2D protein (11%) was detected in a faster migrating 

band at approximately 70 kDa. 

To verify that the presence of two MAP2D bands resulted from distinct phosphorylation 

states of MAP2D, lysates were incubated (30 min at 30°C) in buffers with variable 

permissiveness toward phosphatase activity or in the presence of exogenous phosphatase 

activity. When phosphatase inhibitors were removed from the incubating buffer, 37% of MAP2D 
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Figure 4  Ovarian granulosa cell MAP2D exists in a phosphorylated state and is 

susceptible to an endogenous phosphatase activity 

Rat PO granulosa cells were collected and lysed by sonication in buffer with the phosphatase 

inhibitors EDTA, sodium orthovanadate, sodium fluoride, and sodium pyrophosphate (lane 1; 

Complete Buffer A), buffer without phosphatase inhibitors (lane 2; Minimal Buffer A), or buffer 

with MnCl2 (lanes 3-5; MnCl2 Phosphatase Reaction Buffer). For further details, see Materials 

and Methods. Clarified lysates were incubated at 30°C for 30 min following addition of no 

phosphatase (lanes 1-3) or 1600 U (lane 4) or 4000 U (lane 5) of Lambda protein phosphatase 

(PPase). Arrows indicate faster (~70 kDa) and slower (~80 kDa) migrating MAP2D bands. 

Positions of Mr standards are indicated. Western blots of lysates were probed with the indicated 

antibodies. Total Akt levels were analyzed by Western blotting and used as a loading control 

(Load Con). Lines between lanes indicate cropped images.  Results are representative of three 

separate experiments. 
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was now detected in the faster migrating band (Fig. 4, lane 2). The addition of 2 mM MnCl2, 

which can activate phosphatases including PP2A under certain conditions (147, 148), further 

increased the proportion of MAP2D protein in the faster band (to 70%; lane 3). Finally, the 

addition of Lambda phosphatase increased the proportion of MAP2D protein in the faster band to 

up to 78% (lanes 4 and 5). These results confirm that the majority of MAP2D in ovarian 

granulosa cells exists in a phosphorylated state and suggest that this phosphorylation may be 

susceptible to endogenous phosphatase activity. I also evaluated the migration position of 

MAP2D phosphorylated on Thr256/Thr259 in the proline-rich domain using a phospho-specific 

antibody developed against a synthetic peptide containing these sites (Cell Signaling 

Technology; Danvers, MA). MAP2D phosphorylated at Thr256/Thr259 was detected at the size 

comparable to the slower migrating MAP2D band, but only in the presence of phosphatase 

inhibitors (~80 kDa; lane 1). These results also show that additional sites are phosphorylated on 

MAP2D, based on the abundance of MAP2D at 80 kDa under conditions in which 

Thr256/Thr259 signal is not detected (lane 2).  

 

Phosphorylation of MAP2D at Thr256/Thr259 is rapidly decreased upon LH-receptor 

stimulation. 

Based on the ability of LH receptor signaling to modulate many critical functions in PO 

granulosa cells (27, 34, 35, 136, 137), I analyzed the phospho-regulation of MAP2D 

Thr256/Thr259 in PO granulosa cells isolated from PMSG-primed rats upon activation of the LH 

receptor by the LH receptor agonist hCG. Cultured cells were treated with or without hCG for 

various times and Western blots of total cell lysates were probed with phospho-specific antibody. 
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MAP2D phosphorylation at Thr256/Thr259 was readily detected in untreated cells (Fig. 5A, 

lanes 1, 6, and 8). Treatment with hCG (lanes 2-5 and 7) caused a rapid decrease in 

Thr256/Thr259 phosphorylation, with a significant decrease to 18 ± 3% (n=28, p<0.01) of 

untreated control by 10 min. The timing of this decrease in phosphorylation occurred as early as 

2 min and lasted as long as 1 h, corresponding with activation of PKA as demonstrated by 

increased phosphorylation of CREB at Ser133, a direct PKA target in granulosa cells (34, 35). 

Changes in phosphorylation of MAP2D at a different site, Ser136, were not observed after hCG 

treatment (Fig. 5A). These results indicate that MAP2D undergoes a rapid and specific decrease 

in Thr256/Thr259 phosphorylation upon activation of LH receptor signaling. 

 To verify that the decrease in MAP2D Thr256/Thr259 phosphorylation is a physiological 

response to hormone in vivo, PMSG-primed rats were treated with 50 IU hCG by intraperitoneal 

injection for various times before preparation of whole ovarian extracts. Results show that 

phosphorylation of MAP2D at Thr256/Thr259 is readily detected in ovarian extracts from saline-

injected rats (Fig. 5B, lane 1) and decreased to approximately 20% of vehicle control by 2 h 

post-hCG injection (compare lanes 1 and 3). The in vivo timing of MAP2D dephosphorylation 

corresponded with activation of PKA as demonstrated by increased phosphorylation of CREB at 

Ser133. These results confirm that a decrease in MAP2D phosphorylation at Thr256/Thr259 

occurs in vivo as well as in cultured cells in response to activation of LH receptor signaling. 
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Figure 5  Phosphorylation of MAP2D at Thr256/Thr259 is rapidly decreased upon LH-

receptor stimulation 

In Panel A, PO granulosa cells from PMSG-primed rats were isolated and plated overnight on 

fibronectin. Cells were then left untreated (–) or treated with 1 IU/ml hCG for the indicated 

times. Western blot results are representative of three separate experiments. In Panel B, PMSG-

primed rats were injected with 50 IU hCG or saline (veh) for the indicated times before ovaries 

were harvested and whole ovary extracts prepared in homogenization buffer, as described in 

Materials and Methods. Clarified homogenates were used for Western blot. Results are 

representative of two separate experiments. 
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LH-dependent decrease in MAP2D phosphorylation at Thr256/Thr259 occurs via cAMP and 

PKA signaling. 

As cAMP is recognized as the predominant second messenger downstream of LH 

receptor signaling in granulosa cells, I determined the role of cAMP in the LH-dependent 

decrease in MAP2D phosphorylation at Thr256/Thr259 using the direct pharmacological 

adenylyl cyclase activator forskolin and the cell permeable cAMP analogue, 8-CPT-cAMP. 

Treatment of granulosa cells for 10 min with forskolin or 8-CPT-cAMP activated PKA signaling, 

as evidenced by increased phosphorylation of CREB at Ser133 (Fig. 6A, compare lane 1 versus 

lanes 3 and 6, respectively). Similarly forskolin (Fig. 6A, lane 3) or 8-CPT-cAMP (lanes 4-6) 

mimicked the effect of hCG and induced decreases in phosphorylation of MAP2D at 

Thr256/Thr259 to undetectable levels, compared to untreated cells (lane 1). These results 

indicate that increased cAMP signaling is sufficient to cause a decrease in MAP2D 

phosphorylation at Thr256/Thr259.  

 Increased production of cAMP leads to activation of a number of cAMP-dependent 

signaling pathways. Most commonly, cAMP activates PKA. In some cells, cAMP has also been 

shown to activate signaling independently of PKA by binding to the Rap1 guanine nucleotide 

exchange factor, Epac (Exchange protein activated by cAMP) (31, 149). To investigate whether 

the LH-dependent decrease in MAP2D phosphorylation at Thr256/Thr259 is PKA dependent, 

granulosa cells were treated for 10 min with 8-pCPT-2’-O-Me-cAMP, a cell permeable cAMP 

analogue capable of activating Epac but not PKA (150). As shown in Fig. 6A, no decrease in 

phosphorylation of MAP2D at Thr256/Thr259 was observed in 8-pCPT-2’-O-Me-cAMP-treated  
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Figure 6  cAMP/PKA-dependent signaling participates in the LH receptor-mediated 

decrease in phosphorylation of MAP2D Thr256/Thr259 

In Panel A, PO granulosa cells were left untreated (–) or treated with 1 IU/ml hCG, 10 µM 

forskolin (Fsk), or the indicated concentrations of 8-CPT-cAMP or 8-pCPT-2’-O-Me-cAMP for 

10 min, as indicated. In Panel B, PO granulosa cells were left untreated (–) or pretreated with 50 

µM myristoylated-PKI (Myr-PKI) for 60 min and then left untreated (–) or treated with 1 IU/ml 

hCG for 10 min, as indicated. Western blot results are representative of 4 separate experiments. 

In Panel C, Thr256/Thr259 phosphorylated MAP2D levels were quantified by densitometric 

analysis of Western blot results, as stated under Materials and Methods, and normalized to total 

MAP2D protein levels. Values for hCG-treated samples are expressed as the percentage of the 

corresponding untreated (–) controls (100%), with no inhibitor pretreatment (–) or 60 min Myr-

PKI pretreatment, as indicated. Values are the mean ± SE from four separate experiments. **, p 

< 0.05. 
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cells compared with untreated cells (lanes 7-9 versus lane 1). These results suggest that cAMP 

activation of PKA, not Epac, is necessary for this effect. 

 To confirm this role for PKA, granulosa cells were pretreated for 1 h with the heat-stable, 

cell-permeable PKA inhibitor Myr-PKI prior to treatment for 10 min with or without hCG. Myr-

PKI pretreatment inhibited PKA activation under hCG treatment, as evidenced by decreased 

phosphorylation of CREB at Ser133 (Fig. 6B, compare lanes 1 and 2 versus lanes 3 and 4). PKA 

inhibition by Myr-PKI significantly prevented the LH-dependent decrease in MAP2D 

phosphorylation at Thr256/Thr259 (Fig. 6C; 12 ± 5.5 %  of ph-MAP2D remains after hCG-

treatment with no inhibitor present versus 72 ± 8.6% of ph-MAP2D in the presence of Myr-PKI; 

n=4, p<0.05). These results indicate that PKA activation is necessary for the observed decrease 

in MAP2D Thr256/Thr259 phosphorylation. 

 

LH-dependent decrease in MAP2D phosphorylation at Thr256/Thr259 is blocked by pre-

treatment with a PP2A-selective concentration of the Ser/Thr-phosphatase inhibitor okadaic 

acid. 

Both PP2A and PP1 are capable of dephosphorylating synthetic MAP2A/B peptides at 

Thr1620/Thr1623 (equivalent to Thr256/Thr259 in MAP2D) in in vitro reactions (119) and a 

Ser/Thr phosphatase appears to be involved in phospho-regulation of this site in cultured neurons 

(132) and rat brain tissue (131). In the following experiments, the involvement of PP2A and/or 

PP1 in the LH-receptor mediated phospho-regulation of MAP2D at Thr256/Thr259 was 

evaluated. At appropriate doses, okadaic acid and tautomycin have been reported to be 

preferential inhibitors of PP2A and PP1, respectively (151-153). Granulosa cells were pretreated 
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with a PP2A-preferential dose (0.2 µM) of okadaic acid prior to treatment with or without 

hCG. Western blot analysis of cell lysates showed that okadaic acid pretreatment reduced the 

LH-dependent decrease in MAP2D phosphorylation at Thr256/Thr259 (Fig. 7A, compare lanes 1 

and 2 versus lanes 3 and 4). This reduction was found to be significant (Fig. 7B; 8.7 ± 2.8% of 

ph-MAP2D remains after hCG treatment with no inhibitor present versus 72 ± 12% of ph-

MAP2D in the presence of okadaic acid; n=4, p<0.01). 

Pretreatment of granulosa cells with a PP1-preferential dose (1 µM) of tautomycin did 

not block the LH-dependent decrease in MAP2D phosphorylation at Thr256/Thr259 (Fig. 7C). 

Tautomycin, however, blocked the hCG-stimulated dephosphorylation of MLC2 at Ser19, a 

known target of PP1 (154). These results suggest that the decrease in phosphorylation of 

MAP2D Thr256/Thr259 after LH receptor activation is mediated, at least in part, by PP2A 

activity but not by PP1 activity.   

 

Co-immunoprecipitation and affinity-pull-down analyses from PO granulosa cells reveal 

interactions between MAP2D and PP2A catalytic subunits. 

Based on my indirect evidence for the involvement of PP2A in MAP2D phospho-

regulation, I determined if there is an interaction between MAP2D and PP2A in ovarian 

granulosa cells. Affnity-pull-down analysis was performed from clarified granulosa cell lysates 

using microcystin-agarose, an affinity reagent that binds both PP2A and PP1. As expected, 

microcystin-agarose precipitated both PP2A and PP1 (Fig. 8, lane 8). The microcystin-agarose 

pulldown assay also isolated MAP2D from granulosa cell lysates, suggesting that MAP2D forms 

interactions with one or both of these Ser/Thr phosphatases. Immunoprecipitation analyses were 
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Figure 7  PP2A-preferential treatment with the Ser/Thr phosphatase inhibitor okadaic 

acid blocks the hCG-induced decrease in MAP2D phosphorylation at Thr256/Thr259 

In Panel A, PO granulosa cells were left untreated (–) or pretreated with 0.2 µM okadaic acid 

(OA) for 60 min and then left untreated (–) or treated with 1 IU/ml hCG for 10 min, as indicated. 

Western blot results are representative of four separate experiments. In Panel B, Thr256/Thr259 

phosphorylated MAP2D levels were quantified by densitometric analysis of Western blot results, 

as stated under Materials and Methods, and normalized to total MAP2D protein levels. Values 

are for hCG-treated samples expressed as the percentage of the corresponding untreated (–) 

controls (100%), with no inhibitor pretreatment (–) or 60 min okadaic acid pretreatment, as 

indicated. Values are the mean ± SE from four separate experiments. ***, p < 0.01. In Panel C, 

PO granulosa cells were left untreated (–) or pretreated with 1 µM tautomycin (TAU) for 5.5 h 

and then left untreated (–) or treated with 1 IU/ml hCG for 10 min, as indicated. 
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Figure 8  Co-immunoprecipitation and affinity-pull-down analyses reveal interactions 

between MAP2D and PP2A, but not PP1 catalytic subunits 

Detergent soluble PO granulosa cell extracts were subjected to co-immunoprecipitation (IP) and 

affinity-pull-down analyses as described in Materials and Methods. IPs were performed with 

MAP2 (HM-2) monoclonal antibody (Sigma), PP2A-c (1D6) monoclonal antibody (Upstate 

Biotechnology/Millipore), or control (Con) antibody against an irrelevant epitope (HA-Tag 

monoclonal antibody, Cell Signaling Technology). Pulldown analysis was performed with 

microcystin-agarose (MC, Upstate Biotechnology/Millipore), a PP2A/PP1 affinity-pull-down 

reagent. Input, unbound, and bound immunoprecipitated proteins were probed by Western blot 

with the indicated rabbit polyclonal antibodies. Input reflects 5% of total lysate, unbound reflects 

13.3% of total unbound fraction, and bound reflects 100% of immunoprecipitated/pulled-down 

protein. Immunoprecipitation results are representative of three separate experiments. 
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also performed using monoclonal antibodies specifically recognizing PP2A catalytic subunit, 

MAP2 protein, or an irrelevant epitope (anti-HA-Tag mAb). Immunoprecipitation of PP2A 

catalytic subunit co-immunoprecipitated MAP2D (Fig. 8, lane 7). Conversely, MAP2D 

immunoprecipitation co-immunoprecipitated PP2A catalytic subunit but did not co-

immunoprecipitate PP1 catalytic subunit (lane 6). Taken together, these results suggest that 

MAP2D forms a complex in granulosa cells with PP2A but not with PP1.   

 

LH receptor signaling modulates phosphorylation of MAP2D at Thr256/Thr259 through 

regulation of both GSK3β and PP2A. 

LH receptor-regulated dephosphorylation of MAP2D at Thr256/Thr259 could be mediated not 

only by enhanced PP2A activity towards MAP2D but also by reduced activity of the kinase that 

phosphorylates MAP2D Thr256/Thr259. We initially investigated the kinase(s) responsible for 

basal phosphorylation of MAP2D Thr256/Thr259 in granulosa cells. In vitro phosphorylation of 

high-molecular weight MAP2 by proline-directed kinases, such as GSK3, cyclin-dependent 

kinases (CDKs), and mitogen-activated protein kinase (MAPK) superfamily members, has been 

demonstrated (119). PO granulosa cells were pretreated with a panel of GSK3 inhibitors, the 

CDK inhibitor roscovitine, or the MAPK extracellular signal-regulated kinase (ERK) pathway 

inhibitor PD98059 at a variety of doses prior to 10 min treatment with or without hCG. Western 

blot analysis of cell lysates indicated that inhibition of GSK3 activity by pretreatment with 

lithium chloride reduced basal state phosphorylation of MAP2D Thr256/Thr259 in the absence 

of hCG to undetectable levels (Fig. 9A, top panel, compare odd-numbered lanes). Basal state 

phosphorylation of Ser136, a recognized phosphorylation site on MAP2A/2B/2C for proline-  
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Figure 9  GSK3 inhibitors block basal state phosphorylation of MAP2D at 

Thr256/Thr259 

In Panel A, PO granulosa cells were pretreated with the indicated concentrations of the GSK3 

inhibitors lithium chloride, AR-A014418, SB415286, SB216763, or control (50 mM NaCl or 

dimethylsulfoxide) for the indicated times and then left untreated (–) or treated with 1 IU/ml 

hCG for 10 min. Results of lithium chloride and AR-A014418 pretreatments are representative 

of at least three separate experiments.  In Panel B, PO granulosa cells were pretreated with the 

indicated concentrations of the CDK inhibitor roscovitine or vehicle control (dimethylsulfoxide) 

for 2 h and then left untreated (–) or treated with 1 IU/ml hCG for 10 min. Results are 

representative of two separate experiments. In Panel C, PO granulosa cells were pretreated with 

50 µM of the MEK inhibitor PD98059 or vehicle control (dimethylsulfoxide) for 90 min and 

then left untreated (–) or treated with 1 IU/ml hCG for 10 min. Western blot results are 

representative of three separate experiments.  In Panel D, detergent soluble PO granulosa cell 

extracts from cells left untreated or treated with 1 IU/ml hCG for 10 min were subjected to co-

immunoprecipitation, as described under Materials and Methods, with agarose-conjugated 

GSK3α/β monoclonal antibody (Santa Cruz) or control agarose-conjugated mouse IgG (Santa 

Cruz). Input, unbound, and bound/immunoprecipitated proteins were probed by Western blot 

with the indicated antibodies. To avoid overexposure, input and unbound images shown for the 

MAP2 Western are from shorter exposures than bound/immunoprecipitated images. IP results 

are representative of three separate experiments. Input and unbound fractions reflect 6.25% of 

total lysate and bound reflects 100% of total lysate. DMSO, dimethylsulfoxide. 
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directed kinases (155), was not affected by the 2-h pretreatment with lithium chloride (Fig. 

9A, top panel, odd-numbered lanes). Similar results were observed using the GSK3 inhibitors 

AR-A014418, SB415286, and SB216763 (Fig. 9A, middle and bottom panels). Inhibition of 

roscovitine-sensitive CDK activity by roscovitine pretreatment not only failed to reduce MAP2D 

phosphorylation but also appeared to enhance phosphorylation at this site (Fig. 9B, compare odd 

numbered lanes). Basal state phosphorylation of MAP2D at Ser136 was also not reduced by 

roscovitine pretreatment. Inhibition of ERK pathway activity by the MAPK kinase (MEK) 

inhibitor PD98059 reduced ERK activation (Fig. 9C, compare lanes 2 and 4) but failed to reduce 

MAP2D Thr256/Thr259 phosphorylation (compare lanes 1 and 3). Taken together, these results 

suggest that GSK3 is necessary for basal phosphorylation of MAP2D at Thr256/Thr259. Given 

that GSK3 inhibition reduced MAP2D phosphorylation at Thr256/Thr259 to undetectable levels, 

GSK3 appears to be responsible for most of the phosphorylation at these sites in granulosa cells.  

Consistent with these results, MAP2D co-immunoprecipitated with GSK3  from 

granulosa cells left untreated or treated with hCG (Fig. 9D, lanes 9 and 10) but was not pulled 

down with control IgG (lanes 11 and 12). The apparent increased association of GSK3  and 

MAP2D in hCG-treated cells was unexpected and is not understood. 

GSK3β is recognized to be basally active in most cells and to be inhibited by 

phosphorylation at Ser9 by a number of kinases, including Akt, p90RSK, and PKA (reviewed in 

(156)). As the dephosphorylation of Thr256/Thr259 is both rapid and PKA-dependent, I 

determined whether LH receptor activation lead to phosphorylation of GSK3β at Ser9 in 

granulosa cells. GSK3β phosphorylation at Ser9 was detected at low levels in untreated cells 

(Fig. 5A, lanes 1, 6, and 8). Treatment with hCG (lanes 2-5 and 7) caused a rapid increase in 



 54 

Ser9 phosphorylation, comparable in timing to the dephosphorylation of MAP2D 

Thr256/Thr259. The timing of this increased phosphorylation also corresponded with activation 

of PKA, as demonstrated by increased phosphorylation of CREB at Ser133. Indeed, it was found 

that cAMP/PKA signaling regulates GSK3β phosphorylation, as treatment with forskolin or 8-

CPT-cAMP was sufficient to induce Ser9 phosphorylation of GSK3β (Fig. 10A) and 

pretreatment with the PKA inhibitor Myr-PKI blocked the hCG-induced increase in Ser9 

phosphorylation (Fig. 10A, compare lanes 4 and 6). I next determined whether the effect of PKA 

on phosphorylation of GSK3β Ser9 is direct or is mediated by signaling through Akt or p90RSK. 

LH receptor activation by hCG induced Akt phosphorylation at Ser473 (Fig. 10B, compare lanes 

1 and 2), and this activating phosphorylation was blocked by pretreatment with the PI 3-kinase 

inhibitor LY294002 (lanes 3 and 4). However, PI 3-kinase inhibition did not block 

phosphorylation of GSK3β at Ser9. Ser9 phosphorylation of GSK3β was also unaffected by the 

MEK inhibitor PD98059 (Fig. 9C). These results suggest that GSK3β is rapidly inhibited upon 

activation of LH receptor signaling by PKA-catalyzed phosphorylation of Ser9 independent of PI 

3-kinase/Akt signaling or MEK/ERK/p90RSK signaling. 

 I next investigated the mechanism by which PP2A activity could be regulated. The PP2A 

holoenzyme consists of a catalytic C subunit, a scaffolding A subunit, and one of a large variety 

of possible regulatory B subunits (157). Although PP2A activity can be regulated by a variety of 

mechanisms targeting any one of these subunits (reviewed in (157)), the rapid timing and PKA-

dependence of MAP2D dephosphorylation suggests that phospho-regulation is a likely 

mechanism for these events. Though regulation of PP2A activity by cAMP and/or PKA has been 

reported under a variety of conditions (158-161), the mechanism of this regulation was until  
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Figure 10  Modulation of MAP2D at Thr256/Thr259 through LH-mediated regulation of 

both GSK3β and PP2A 

In Panel A, PO granulosa cells were left untreated or pretreated with 50 µM myristoylated-PKI 

(Myr-PKI) for 60 min and then left untreated (–) or treated with 10 µM forskolin (Fsk), 500 µM 

of 8-CPT-cAMP, or 1 IU/ml hCG for 10 min, as indicated. Western blot results are 

representative of two separate experiments. Lines between lanes indicate cropped images. In 

Panel B, PO granulosa cells were pretreated with 12.5 µM of the PI 3-kinase inhibitor LY294002 

in dimethylsulfoxide or an equivalent concentration of dimethylsulfoxide for 60 min and then 

left untreated (–) or treated with 1 IU/ml hCG for 10 min, as indicated. Western blot results are 

representative of three separate experiments. In Panel C, PO granulosa cells were first left 

untreated (–) or pretreated with the indicated concentrations of the GSK3 inhibitor lithium 

chloride (LiCl) for 50 min; cells were then left untreated (–) or pretreated with the PP2A 

inhibitor okadaic acid (OA) for an additional 35 min; cells were then left untreated (–) or treated 

with 1 IU/ml hCG for 10 min. Similar results were obtained using okadaic acid combined with 

the GSK3 inhibitor AR-A014418 (not shown). DMSO, dimethylsulfoxide. 
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recently unknown. However, it has recently been shown that PKA phosphorylates the B56δ 

regulatory subunit of PP2A in vitro and in HEK293 cells and, in particular, PKA 

phosphorylation of Ser566 of the B56δ subunit was found to be necessary and sufficient for 

activation of PP2 (162). To observe possible LH receptor-dependent phospho-regulation of the 

B56δ subunit, cultured granulosa cells were treated with or without hCG for various times and 

Western blots of total cell lysates were probed with a phospho-specific antibody against Ser566 

of the B56δ subunit of PP2A. Phosphorylation at Ser566 was detected at low levels in untreated 

cells (Fig. 5A, lanes 1, 6, and 8). hCG caused a rapid increase in phosphorylation of B56δ 

Ser566 (lanes 2-5 and 7), comparable in timing to the dephosphorylation of MAP2D 

Thr256/Thr259 and with the activation of PKA. Indeed, treatment with forskolin or 8-CPT-

cAMP was sufficient to induce Ser566 phosphorylation of the B56δ subunit (Fig. 10A) and 

inhibition of PKA by Myr-PKI blocked Ser566 phosphorylation by LH receptor signaling 

(compare lanes 4 and 6). Pretreatment with the PI 3-kinase inhibitor LY294002 had no effect on 

B56δ subunit phosphorylation at Ser566 (Fig. 10B, compare lanes 2 and 4). These results 

demonstrate that the B56δ subunit of PP2A is rapidly phosphorylated in a PKA-dependent 

manner upon activation of LH receptor signaling, suggesting a mechanism for hormonal 

regulation of PP2A activity. 

It could be argued that the role of PP2A in MAP2D phospho-regulation as demonstrated 

by inhibition with okadaic acid is a static one and that active regulation of Thr256/Thr259 occurs 

exclusively through inhibitory phosphorylation of GSK3β. To determine whether PP2A activity 

against Thr256/Thr259 is actively regulated by LH receptor signaling, cultured granulosa cells 

were pretreated with a combination of inhibitors: first cells were pretreated without or with the 
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GSK3β inhibitor lithium chloride for 50 min; next cells were further pretreated without or 

with the PP2A inhibitor okadaic acid for an additional 35 min; and finally, cells were treated for 

10 min without or with hCG. In agreement with results shown in Figure 9A, lithium chloride 

pretreatment alone inhibited basal phosphorylation of MAP2D Thr256/Thr259 (Fig. 10C, lanes 

1,3, and 5), but even with substantial inhibition of basal phosphorylation (approximately 18% of 

control; compare lanes 1 and 5), hCG treatment resulted in a decrease in the remaining 

phosphorylation at this site (compare lanes 5 and 6). However, even when combined with the 

same inhibitory concentrations of lithium chloride, PP2A inhibition by okadaic acid pretreatment 

was capable of potently inhibiting this hCG-induced decrease in phosphorylation (compare lanes 

11 and 12). Similar results were observed using okadaic acid combined with the GSK3 inhibitor 

AR-A014418 (data not shown). Taken together, these results demonstrate that active regulation 

of both the kinase and the phosphatase is necessary for phospho-regulation of Thr256/Thr259.   

Discussion 

Activation of the LH receptor in PO granulosa cells triggers gene expression leading to 

ovulation, oocyte maturation, and differentiation of granulosa to luteal cells to radically remodel 

the structure and function of ovarian follicles. While many downstream transcriptional targets of 

LH have been identified (19), little is known about how LH signals to effect this dramatic 

transformation in granulosa cell structure and function. PO granulosa cells selectively express 

MAP2D, a lower molecular weight splice variant of the neuronal protein MAP2 that binds 

microtubules and microfilaments and regulates cytoskeletal dynamics in neurons (98-100, 102, 

106). I have identified a novel LH-receptor signaling mechanism in granulosa cells by which LH 

orchestrates a coordinated increase of phosphatase activity and decrease of kinase activity 
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against MAP2D to promote selective dephosphorylation of Thr256/Thr259. Specifically, the 

LH analog hCG stimulates PKA-mediated phosphorylation of GSK3β on Ser9 to inhibit GSK3β 

activity and of the B56δ regulatory subunit of PP2A on Ser566 to increase phosphatase activity 

towards Thr256/Thr259 on MAP2D. 

MAP2 proteins are highly phosphorylated, particularly on Ser and Thr residues in the C-

terminal proline-rich and microtubule-binding domains. MAP2 may be phosphorylated in vitro 

or in neuronal cells at numerous sites by a wide variety of kinases. Phosphorylation by one or 

more kinases is generally believed to alter the association between MAP2 and various 

cytoskeletal elements (reviewed in (86)). 

MAP2D in granulosa cells also appears to be highly phosphorylated (see Fig. 4 and (14)). 

I focused on the phosphorylation state of two residues, Thr256/Thr259, located in the proline-

rich domain adjacent to the first MTBD. These residues are 100% conserved in mouse, rat and 

human species and are also highly conserved in the corresponding domain of the related MAP, 

tau (133) and appear to be phosphorylated by GSK3β resulting in inhibition of microtubule 

interactions (101). 

Phosphorylation of MAP2D on Thr256/Thr259 in granulosa cells is coincident with FSH-

induced increases in MAP2D expression (14). My results using a collection of cell-permeable 

inhibitors for GSK3, CDKs, and the ERK pathway indicate that GSK3 is required for most, if not 

all, of this basal phosphorylation of MAP2D at Thr256/Thr259 in granulosa cells. Moreover, 

GSK3β is present in a protein complex with MAP2D, based on its co-immunoprecipitation with 

MAP2D in granulosa cells. GSK3β exists in an active state in cells (163) consistent with the 

seemingly coincident expression and phosphorylation of MAP2D at these residues in granulosa 
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cells (14). Also, GSK3 has been shown to phosphorylate MAP2 at Thr256/Thr259 and tau at 

Ser199/Ser202 in neuronal systems (132, 164). While GSK3 phosphorylation of substrate 

proteins often occurs at residues that have been “primed” by prior phosphorylation, I found no 

indication that priming by CDK5 or ERK was necessary for phosphorylation of MAP2D at 

Thr256/Thr259, as inhibition of these kinases did not have an inhibitory effect on basal 

phosphorylation of this site. However, I cannot rule out the possibility that priming of nearby 

sites by another kinase may contribute to GSK3β-dependent phosphorylation at MAP2D 

Thr256Thr259 (128, 129, 165). 

The LH receptor agonist hCG promotes a rapid yet transient dephosphorylation of 

MAP2D at Thr256/Thr259 in granulosa cells in vitro and in vivo. My results suggest that rather 

than promoting a global dephosphorylation of MAP2D, LH receptor signaling appears to be 

targeted specifically to Thr256/Thr259. While MAP2D in granulosa cells is also phosphorylated 

at Ser136, a site located near the N-terminal RII binding domain (155), phosphorylation at this 

site is not regulated by LH receptor signaling. MAP2D dephosphorylated at Thr256/Thr259 

continues to migrate with the slower migrating 80 kDa band and not with the dephospho-

MAP2D at 70 kDa (see Figs. 4 and 5). Finally, total levels of MAP2D phosphorylation, 

measured by 32Pi incorporation, are not decreased by hCG treatment (14). 

While the LH receptor couples to Gs, Gi, and Gq/11 in granulosa cells (21), the majority 

of LH receptor signaling appears to be mediated by cAMP/PKA (reviewed in (10, 13)). Indeed, 

LH is recognized to activate PKA (28) and to signal via PKA to activate ERK (34) and 

downstream ERK-regulated target genes such as the low density lipoprotein receptor, early 

growth response 1, and steroidogenic acute regulatory protein, thus contributing to enhanced 
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steroidogenesis and luteinization of granulosa cells (reviewed in (13)). LH also signals via 

cAMP to promote expression of EGF-like growth factors to activate the EGF receptor and ERK, 

among other possible targets, leading to expression of cyclooxygenase-2 and resulting cumulus 

expansion and oocyte maturation (55, 166) by a pathway dependent on PKA activation (33). 

However, not all of the LH receptor signaling is PKA dependent. LH signals via cAMP to 

activate p38 MAPK by an apparently PKA-independent pathway (34).  

My results show that dephosphorylation of MAP2D Thr256/Thr259 in response to LH 

receptor signaling is also regulated by PKA, based on inhibition by Myr-PKI and ineffectiveness 

of the cAMP analog that serves as an agonist for the Rap1 guanine nucleotide exchange factor 

Epac but not for PKA (150). I reasoned that PKA-dependent dephosphorylation of MAP2D at 

Thr256/Thr259 could be mediated by either reduced activity of GSK3β, by activation of a 

phosphatase, or by a combination of both. My data show that, indeed, both kinase and 

phosphatase activities are modulated by LH receptor signaling, resulting in rapid and potent 

dephosphorylation of MAP2D at Thr256/Thr259. First I showed that phosphorylation of GSK3β 

at Ser9 increased rapidly upon activation of LH receptor signaling. LH receptor-stimulated 

phosphorylation of Ser9 on GSK3β was not inhibited by the PI 3-kinase inhibitor LY294002 or 

by the MEK inhibitor PD98059 but was inhibited by Myr-PKI, suggesting that Ser9 on GSK3β 

is a direct PKA target. This result is consistent with previous reports that PKA directly 

phosphorylates GSK3β on Ser9 (reviewed in (167)). Second, my results support a role for PP2A 

in actively dephosphorylating MAP2D at Thr256/Thr259. This conclusion is based in part on the 

ability of preferential inhibition of PP2A by okadaic acid, at nM concentrations, to prevent 

dephosphorylation of MAP2D at Thr256/Thr259 compared to the ineffectiveness of preferential 
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PP1 inhibition by tautomycin (151-153, 168). Using a combination of PP2A and GSK3β 

inhibitors, I demonstrate that, even in the absence of most GSK3 activity, PP2A is necessary for 

the hCG-induced decrease in phosphorylation. This result supports the hypothesis that both a 

decrease in kinase activity as well as an increase in phosphatase activity against MAP2D is 

responsible for regulation of phosphorylated Thr256/Thr259. Furthermore, immunoprecipitation 

and microcystin-agarose pulldown analyses demonstrated interactions between MAP2D and 

PP2A catalytic subunit in granulosa cells. My results thus suggest that PP2A binds to MAP2D 

and, upon stimulation by LH receptor signaling through PKA, actively dephosphorylates 

Thr256/Thr259. 

The PP2A holoenzyme consists of a catalytic C subunit, a scaffolding A subunit, and one 

of a large variety of possible regulatory B subunits (reviewed in (157)). LH-dependent regulation 

of PP2A activity could occur by regulation of subunit expression, acute regulation of intrinsic C 

subunit activity by changes in Leu309 methylation (169, 170) and/or Tyr307 phosphorylation 

(171, 172), or regulation of the substrate specificity of C subunit activity through modification of 

regulatory B subunits (157). In granulosa cells, the rapid timing and PKA-dependence of PP2A 

activation suggests phospho-regulation is a likely mechanism. Activation of PP2A activity by 

cAMP and/or PKA has been reported previously under a variety of conditions (158-160). Earlier 

studies indicated that the B56δ regulatory subunit (originally called B’’δ) can be phosphorylated 

in vitro by PKA leading to changes in substrate specificity of the PP2A holoenzyme (173). 

Expanding upon this report, it has recently been shown that PKA phosphorylates Ser566 on 

B56δ in vitro and that phosphorylation of this residue by PKA is necessary and sufficient to 

activate PP2A in transfected HEK293 cells as well as in striatal neurons (162). My results here 
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show that the B56δ regulatory subunit of PP2A in granulosa cells is rapidly phosphorylated at 

Ser566 by LH receptor signaling, and that this phosphorylation is inhibited by Myr-PKI. Taken 

together, these results suggest that the B56δ regulatory subunit of PP2A is a direct PKA target in 

granulosa cells that accelerates the dephosphorylation of Thr256/Thr259 on MAP2D.  

MAP2D was originally identified in granulosa cells based on its ability to bind to PKA 

RII subunits (140). I hypothesize, based on my co-immunoprecipitation results, that a 

multiprotein complex exists in granulosa cells, in which a pool of MAP2D phosphorylated on 

Thr256/Thr259 binds not only PKA but also the PP2A holoenzyme and GSK3β (Fig. 19). In this 

signaling complex, both B56δ PP2A regulatory subunit and GSK3β appear to be direct PKA 

targets that selectively regulate the phosphorylation of MAP2D at Thr256/Thr259. I hypothesize 

that the convergence of PKA, GSK3β, and PP2A with the pool of MAP2D phosphorylated at 

Thr256/Thr259 facilitates the ability of the LH receptor to signal to MAP2D to promote its 

dephosphorylation at these specific sites. 

In summary, MAP2D in granulosa cells is basally phosphorylated (in the absence of LH-

receptor signaling) on Thr256/Thr259 primarily by GSK3β. LH receptor signaling in PO 

granulosa cells promotes rapid dephosphorylation of MAP2D Thr256/Thr259 via PKA-

dependent phosphorylation of Ser566 on the B56δ regulatory subunit of PP2A and PKA-

dependent phosphorylation of Ser9 on GSK3β. These phosphorylation events are recognized to 

promote activation of PP2A (162) and inactivation of GSK3β (163), respectively. Moreover, 

these proteins appear to be present in a complex consisting of the AKAP MAP2D, PKA, GSK3β, 

and PP2A. This is the first report of the regulation of the phosphorylation status of MAP2D 

Thr256/Thr259, sites that are conserved in MAP2C and the larger MAP2A/MAP2B isoforms, by 



 64 

a PKA signaling pathway that both stimulates protein phosphatase activity and inhibits protein 

kinase activity. This mechanism might also contribute to regulation of these MAP2 

phosphorylation sites, as well as corresponding sites in tau, in neuronal cells, where these MAPs 

are especially abundant and are believed to contribute to neurite outgrowth as well as 

cytoskeletal dynamics (87). 
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CHAPTER III: MAP2D PHOSPHORYLATION REGULATES BINDING TO 

VIMENTIN INTERMEDIATE FILAMENTS 

Summary 

A mid-cycle surge of LH activates receptors on granulosa cells of PO ovarian follicles to 

rapidly induce progesterone steroidogenesis, ovulation, and follicle luteinization. These acute 

changes in follicle function are likely dependent on dynamic changes in the granulosa cell 

cytoskeleton. We previously showed that MAP2D is expressed in primary rat PO granulosa cells 

and that LH receptor-mediated dephosphorylation of MAP2D at Thr256/Thr259 occurs through 

interaction with a signaling complex involving GSK3β, PP2A B56δ, and PKA. MAP2 family 

proteins have been extensively characterized in neuronal systems with a particular focus on their 

binding to microtubules, actin microfilaments, and intermediate filaments. Here I describe direct 

binding and colocalization of granulosa cell MAP2D and vimentin intermediate filaments. This 

binding is reduced by phosphorylation of MAP2D by GSK3β. I present data supporting the 

hypothesis that LH receptor-mediated MAP2D dephosphorylation coordinates redistribution of 

MAP2D and associated PKA-signaling complex to vimentin filaments, allowing for PKA-

dependent vimentin phosphorylation and reorganization of the vimentin cytoskeleton. I propose 

that such vimentin remodeling may facilitate the biosynthesis of progesterone that is obligatory 

for ovulation. 
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Introduction 

The mid-cycle surge of pituitary LH stimulates granulosa cells of PO ovarian follicles to 

induce events essential for progesterone steroidogenesis, luteinization and ovulation. This 

response is initiated through binding of LH to surface LH receptors resulting in activation of 

adenylyl cyclase (135) and signaling primarily through the cAMP/PKA signaling pathway (28). 

We previously showed that the AKAP MAP2D is expressed in PO granulosa cells and binds the 

regulatory R subunits of PKA, suggesting that MAP2D may be important for particular PKA-

dependent granulosa cell functions (14, 140).  

MAP2 family members were first isolated from brain tissues and have typically been 

studied in neuronal systems (reviewed in (86, 95)). While, as an AKAP, they contain an N-

terminal R-subunit binding domain that allows for binding to PKA (115, 123), MAP2 isoforms 

also bind to a number of cytoskeletal elements in neurons. Most renowned is their ability to bind 

microtubules, via three or four C-terminal MTBDs on MAP2 (96), resulting in increased 

microtubule assembly (97), stability and rigidity (98-100), and microtubule bundling in 

heterologous systems (101, 102), which appears to be required for neurite outgrowth (174, 175). 

MAP2 similarly may bind to and bundle actin microfilaments (105, 106), also via the MTBDs, 

leading to the hypothesis that MAP2 may coordinate the reorganization of microfilaments and 

microtubules during neurite outgrowth (87). Lastly, MAP2 has been reported to bind to at least 

two classes of intermediate filaments, vimentin and neurofilaments (83, 108-112), apparently 

using a binding site different than that used for microtubules (113), and it has been shown that 

MAP2 may form cross-bridges between microtubules and intermediate filaments (114). 

Phosphorylation of  MAP2 appears to regulate binding to each of these cellular components 
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(101, 105, 106, 108), indicating the importance of MAP2 phospho-regulation in cytoskeletal 

dynamics. 

The most abundant intermediate filament protein in PO granulosa cells is vimentin, a 

class III intermediate filament protein (67, 69, 70). While some types of keratin may also be 

prevalent in less mature human granulosa cells, these are decreased during granulosa cells 

maturation to the PO phenotype and are not detected at all in rat, porcine, and bovine granulosa 

cells (69, 70), emphasizing the importance of vimentin as these cells mature. Vimentin appears 

to be a good in vitro and in vivo substrate for PKA (71), and phosphorylation by this kinase has 

been reported to lead to reorganization of vimentin filaments (72-74). In particular, 

phosphorylation of vimentin at Ser38 and Ser72 in the N-terminal head domain has been linked 

to changes in the vimentin assembly/disassembly equilibrium (71). Though PKA signaling is the 

predominant pathway in PO granulosa cells, the potential for PKA-dependent phosphorylation of 

vimentin by LH receptor signaling has not been evaluated.  

While a well recognized role of intermediate filaments is to provide cells with strength 

and flexibility against mechanical stress (reviewed in (176)), vimentin filaments are also 

involved in a large number of cellular functions, including cell adhesion, migration and motility, 

and signal transduction (reviewed in (177, 178)). Additionally, vimentin filaments may play a 

unique role in steroidogenic cells (reviewed in (75)). Evidence of such a role in adrenal cells 

includes the finding that vimentin filaments bind both cholesterol ester droplets (179, 180), the 

primary substrate of steroidogenesis, as well as mitochondria (181), the site of steroid hormone 

production. Similarly, binding of vimentin to these structures has been described in LH-

responsive rat Leydig cells (182), which share some similarities with granulosa cells. Thus, it has 
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been proposed that, in steroidogenic cells, the tethering of these components to vimentin limits 

the access of cholesterol to the mitochondria until, with the appropriate stimulus, vimentin 

networks are rearranged, allowing these structures to come together and for cholesterol to enter 

the steroidogenic pathway (75). In agreement with this, chemical disruption of vimentin 

filaments has been reported to increase steroidogenesis in adrenal cells (77). The direct effect of 

vimentin disruption on progesterone synthesis in granulosa cells has not been evaluated. 

Based on the physiological dephosphorylation of granulosa cell MAP2D at 

Thr256/Thr259 in response to the mid-cycle surge of LH, I sought to assess the importance of 

this phospho-regulation to granulosa cell functions. My results show that MAP2D 

phosphorylated at Thr256/Thr259 is predominantly soluble and, upon dephosphorylation at these 

sites, redistributes into a vimentin-enriched cell fraction. Confocal immunofluorescence imaging 

and solid phase overlay assays confirm that MAP2D binds both microtubules and vimentin 

filaments and that this interaction is inhibited by phosphorylation by GSK3β. I also show that 

redistribution of MAP2D to the vimentin-enriched fraction occurs coincident with hCG-

stimulated phosphorylation of vimentin and reorganization of vimentin intermediate filaments in 

granulosa cells. Finally, I present results consistent with the hypothesis that LH-stimulated 

dephosphorylation of MAP2D leads to vimentin remodeling and facilitates the biosynthesis of 

progesterone that is obligatory for ovulation. 

Results 

MAP2D dephosphorylated at Thr256/Thr259 by LH receptor signaling redistributes into a 

vimentin-enriched cell fraction. 
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MAP2 family proteins are recognized to interact with a variety of cytoskeletal 

components, including microtubules (reviewed in (86)), microfilaments (105, 106, 183), and 

intermediate filaments (83, 108-114), and these cytoskeletal interactions are often blunted by 

MAP2 phosphorylation (86, 105, 108). To investigate the potential interaction between MAP2D 

and  these components of the granulosa cell cytoskeleton, and to evaluate the possibility that 

phospho-regulation of MAP2D at Thr256/Thr259 modulates such an interaction, PO granulosa 

cells were treated with or without hCG for 15 min followed by cytoskeletal fractionation to 

distinguish proteins which were contained in intermediate filament, microtubule, and soluble 

fractions. The intermediate filament-enriched fraction contained nearly all detectable vimentin 

(Fig. 11A, lane 1), the predominant intermediate filament protein in PO granulosa cells (67); the 

majority of β-tubulin was detected in the microtubule-enriched fraction (lane 3); β-actin was 

detected in both the soluble and microtubule-enriched fractions (lanes 2 and 3). Unexpectedly, 

while some MAP2D protein was detected in both microtubule-enriched and soluble fractions, the 

majority (~75%) of MAP2D was detected in the vimentin-enriched fraction of vehicle-treated 

granulosa cells (lane 1). As reported in Chapter II, granulosa cell MAP2D migrates on SDS-

PAGE as a faster band ~70 kDa and a slower band ~ 80 kDa, reflecting various states of 

phosphorylation. MAP2D phosphorylated on Thr256/Thr259 migrates at 80 kDa with the slower 

migrating band. However, as shown in Chapter II, migration position does not appear to be 

largely affected by this site as LH-receptor stimulated dephosphorylation of Thr256/Thr259 does 

not result in increased migration at 70 kDa. The majority (∼60%) of the MAP2D phosphorylated 

at Thr256/Thr259 was localized to the soluble fraction in vehicle-treated cells (lane 2). 

Treatment of granulosa cells with hCG resulted in no detectable MAP2D phosphorylated at  
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Figure 11  Ovarian granulosa cell MAP2D co-isolates with vimentin intermediate 

filaments 

In Panel A, PO granulosa cells were left untreated (–) or treated with 1 IU/ml hCG for 15 min 

before lysis at 37°C by sonication in Cytoskeletal Extraction Buffer. Intermediate-filament 

enriched fraction (IF) was pelleted by low speed centrifugation (13,000 x g; 35°C). Low speed 

supernatants were centrifuged at high speed (100K x g; 35°C) to separate intact microtubule 

networks and associated proteins (MT) from soluble protein (Sol). For further details, see 

Materials and Methods. Soluble fraction contains 58 ± 10% of MAP2D phosphorylated at 

Thr256/Thr259. Results are representative of five separate experiments. In Panels B-D, total 

MAP2D levels in the IF, Sol, and MT fractions of untreated (–) and 1 IU/ml hCG treated 

granulosa cells were quantified by densitometric analysis of Western blot results, as stated under 

Materials and Methods. Values are for MAP2D levels as a percentage of total MAP2D for each 

treatment condition, as indicated. Values are the mean ± SE from five separate experiments, with 

p = 0.07, 0.03 (**), and 0.30 for IF, Sol, and MT fractions, respectively. In Panel E, the change 

in % of MAP2D in the IF and Sol fractions after hCG treatment (from Panels B and C) is shown, 

demonstrating similar changes to these fractions. 
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Thr256/Thr259 (lanes 4-6), consistent with my previous observations of LH receptor-mediated 

dephosphorylation of these sites. Moreover, the total amount of MAP2D protein detected in the 

soluble fraction was significantly reduced by hCG treatment (Fig. 11A, compare lanes 2 and 5; 

Fig. 11C, from 11.3 ± 2.5% in untreated to 5.2 ± 2.3% in hCG-treated, as a percentage of total 

MAP2D protein detected in all three fractions; n=5, p<0.05). I consistently detected a 

corresponding increase in MAP2D in the vimentin-enriched fraction in hCG-treated cells (Fig. 

11A, compare lanes 1 and 4), although the increase of the relatively small amount of MAP2D 

into the vimentin-enriched fraction was not statistically significant (Fig. 11B, from 74.8 ± 3.6% 

to 83.7 ± 2.8%; n=5, p=0.07). The relative increase in % MAP2D in the vimentin-enriched 

fraction (8.9% ± 3.7%) after hCG treatment corresponded closely with the consistent decrease in 

% MAP2D in the soluble fraction (6.1 ± 1.9%; Fig. 11E). The distribution of MAP2D to the 

microtubule-enriched fraction was not altered by hCG treatment (Fig. 11D, n-5, p=0.30). These 

results demonstrate that, while a portion of MAP2D is soluble or co-isolates with the 

microtubule cytoskeleton, a substantial portion of MAP2D co-isolates with vimentin and this 

interaction appears to be modulated by LH receptor-mediated phospho-regulation of MAP2D. 

 

MAP2D colocalizes with the vimentin intermediate filament and microtubule cytoskeletons in 

granulosa cells. 

 In order to verify my fractionation results and to better characterize the location of 

MAP2D relative to components of the granulosa cell cytoskeleton, confocal 

immunofluorescence microscopy was utilized. Dual staining of fixed granulosa cells with 

antibodies against β-tubulin and MAP2D revealed that, as has been reported for other MAP2 
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family proteins,  a substantial portion of MAP2D localizes to the microtubule cytoskeleton in 

PO granulosa cells (Fig. 12A). However, in agreement with cell fractionation results, dual 

staining for vimentin and MAP2D demonstrated that a large amount of MAP2D also localizes to 

vimentin intermediate filaments (Fig. 12B). This was particularly true for vimentin in the peri-

nuclear region (Fig. 12B, arrowheads). Comparisons between MAP2D and microfilaments, as 

determined by staining for β-actin, revealed no colocalization (Fig. 12C), as we have shown 

previously (14). These results demonstrate that MAP2D localizes to both the microtubule and 

vimentin intermediate filament cytoskeletons in granulosa cells. 

 

MAP2D and vimentin intermediate filament localization is dependent on microtubule stability in 

granulosa cells. 

As vimentin particles largely rely on microtubule-dependent transport by molecular 

motors for the formation of filaments (reviewed in (85)), vimentin networks are often assembled 

in close proximity to the microtubule cytoskeleton (78, 84). This dependence on microtubules is 

such that microtubule destabilization often results in reorganization or even collapse of 

intermediate filaments into thickened “peri-nuclear cables” (67, 78-84). To evaluate the 

importance of microtubule stability for vimentin and MAP2D localization in granulosa cells, 

tubulin and vimentin were observed by dual staining confocal immunofluorescence microscopy. 

In untreated cells, vimentin and microtubule cytoskeletal networks were often found colocalized, 

particularly in the peri-nuclear region of granulosa cells (Fig. 13A). Furthermore, upon 

disruption of the microtubule cytoskeleton by treatment with 1 µg/ml nocodazole for 60 min 

(Fig. 13B), vimentin networks became unorganized, disappearing from the periphery of cells and  
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Figure 12  MAP2D colocalizes with the vimentin intermediate filament and microtubule 

cytoskeletons in granulosa cells 

Confocal microscopy was performed on PO granulosa cells plated on fibronectin-coated glass 

coverslips, fixed in methanol (-20°C), and visualized by indirect immunofluorescence as stated 

under Materials and Methods. In Panel A, cells were stained with MAP2 rabbit polyclonal 

antibody (red) and β-tubulin mouse monoclonal antibody (green). In Panel B, cells were stained 

with MAP2 rabbit polyclonal antibody (red) and vimentin mouse monoclonal antibody (green). 

Arrowheads indicate peri-nuclear colocalization of vimentin and MAP2D. In Panel C, cells were 

stained with MAP2 rabbit polyclonal antibody (red) and β-actin mouse monoclonal antibody 

(green). Results are representative of at least three separate experiments. Similar results were 

obtained using MAP2 mouse monoclonal antibody (not shown). Scale bars indicate 10 µM.  
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Figure 13  MAP2D and vimentin intermediate filament localization is dependent on 

microtubule stability in granulosa cells 

Confocal microscopy was performed on PO granulosa cells plated on fibronectin-coated glass 

coverslips, fixed in methanol (-20°C), and visualized by indirect immunofluorescence as stated 

under Materials and Methods. In Panel A, untreated cells were fixed and stained with antibodies 

against vimentin (red) and β-tubulin (green). In Panels B and C, PO granulosa cells were treated 

with 1 µg/ml nocodazole for 60 min (+ Nocodazole) to destabilize microtubules. In Panel B, 

cells were stained with antibodies against MAP2 (red) and β-tubulin (green). In Panel C, cells 

were stained with antibodies against MAP2 (red) and vimentin (green). All results are 

representative of at least two separate experiments. Scale bars indicate 10 µM.   
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collapsing into a thickened layer surrounding the nucleus (Fig 13C), as has been described 

previously (67). MAP2D was also localized to this region and remained colocalized with 

vimentin (Fig. 13C). These results confirm that MAP2D and vimentin are co-localized and their 

localization is dependent on microtubule stability in granulosa cells. 

 

Granulosa cell MAP2D binds to vimentin in a phosphorylation-dependent manner. 

To verify the interaction between granulosa cell MAP2D and vimentin and to further 

investigate the effect of MAP2D phosphorylation on this interaction, solid-phase overlay assays 

were performed using granulosa cell lysates containing MAP2D in various states of 

Thr256/Thr259 phosphorylation. Clarified granulosa cell lysates were incubated for 30 min at 

4°C or 30°C with or without 0.2 µM okadaic acid, an inhibitor or PP2A and PP1, as indicated 

(Fig. 14A). Incubation of lysates at 4°C maintained phosphorylation of MAP2D at 

Thr256/Thr259 (lane 1). Incubation at 30°C resulted in dephosphorylation of MAP2D at 

Thr256/Thr259 (lane 2) by endogenous phosphatase activity. Inhibition of endogenous PP2A and 

PP1 by the addition of 0.2 µM okadaic acid was sufficient to block this dephosphorylation of 

Thr256/Thr259 at 30°C (lane 3). Solid-phase overlay assays were then performed, as described 

by others (113). Granulosa cell lysates from Fig. 14A were incubated with purified tubulin, 

vimentin, and actin immobilized on nitrocellulose membranes, and MAP2D bound to the 

immobilized protein was detected by MAP2 polyclonal antibody (Fig. 14B). MAP2D that was 

phosphorylated at Thr256/Thr259 (incubated at 4°C or 30°C with OA) bound in detectable 

amounts to vimentin and tubulin but only very weakly to actin (Fig. 14B, top and bottom). No 

change in actin binding was observed for MAP2D dephosphorylated at Thr256/Thr259  
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Figure 14  Granulosa cell MAP2D binds to vimentin in a phosphorylation-dependent 

manner 

Plated PO granulosa cells were lysed by sonication in Overlay Buffer and centrifuged to remove 

insoluble material. Soluble extracts were incubated at 4°C or 30°C with or without 0.2 µM 

okadaic acid (OA), as indicated. For further details, see Materials and Methods. In Panel A, 

Western blots were performed post-incubation with the indicated antibodies to confirm the 

phosphorylation state of MAP2D in the extracts. In Panel B, 5 µg of the cytoskeletal proteins 

tubulin (T), vimentin (V), and actin (A) were electrophoretically separated and transferred to 

membrane for use in solid-phase overlay assays, as described under Materials and Methods. 

Membranes were incubated with rotation for 1.5 h in soluble granulosa cell extracts from (A). 

Membranes were washed and incubated with MAP2 polyclonal antibody followed by secondary 

antibody and ECL to detect MAP2D bound to immobilized cytoskeletal proteins. Total amounts 

of membrane-bound cytoskeletal proteins were verified by staining with Amido Black. Results 

are representative of 3 separate experiments. In Panel C, vimentin-bound MAP2D levels were 

quantified by densitometric analysis, as stated under Materials and Methods, and normalized to 

total vimentin protein levels as determined by Amido Black staining. Values are the mean ± SE 

from three separate experiments. **, p < 0.05.  
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(incubated at 30°C) and only a small increase in tubulin binding was observed (Fig. 14B, 

middle). In comparison, binding between vimentin and dephosphorylated MAP2D (incubated at 

30°C) was ~4-fold greater (p<0.05) than for phosphorylated MAP2D (incubated at 30°C with 

OA) (Fig. 14B, middle and Fig. 14C). No binding was detected when the assay was performed 

using cell-free buffer only, no primary antibody, or with an irrelevant primary antibody (data not 

shown.) These findings confirm that granulosa cell MAP2D binds directly or indirectly to 

vimentin and that this binding is dependent on MAP2D phosphorylation.  

 

In vitro GSK3β phosphorylation regulates direct binding between MAP2D and vimentin. 

 As shown in Chapter II, the kinase GSK3β maintains basal phosphorylation of MAP2D 

at Thr256/Thr259 in unstimulated PO granulosa cells. To determine whether MAP2D can bind 

directly to vimentin and to investigate regulation of this interaction by GSK3β-mediated 

phosphorylation of MAP2D, solid-phase overlays were performed using in vitro phosphorylated 

recombinant MAP2D. These experiments were performed by Sarah Fiedler and Dr. Daniel Carr 

at Oregon Health and Sciences University, in collaboration with my own research. Bacterially 

expressed and purified MAP2D was labeled with Alexa Fluor 680 and incubated in 

phosphorylation reactions with no kinase added, PKA catalytic subunit only, or in sequential 

reactions with PKA catalytic subunit and GSK3β. Phosphorylation at MAP2D Thr256/Thr259 

was not detected by Western blot on unphosphorylated or PKA-only phosphorylated MAP2D 

(Fig. 15A, lanes 1 and 2). However, the Thr256/Thr259 residues of MAP2D were strongly 

phosphorylated after sequential phosphorylation by PKA and GSK3 (lane 3). Solid-phase 

overlay assays were then performed by incubating Alexa Fluor 680-labeled MAP2D  
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Figure 15  In vitro GSK3β phosphorylation regulates direct binding between MAP2D 

and vimentin 

Bacterially expressed and purified MAP2D was labeled with AlexaFluor 680 and then subjected 

to sequential phosphorylation by PKA and GSK3β, as stated under Materials and Methods. In 

Panel A, unphosphorylated MAP2D (N), MAP2D phosphorylated by PKA only (–), or MAP2D 

phosphorylated by PKA and GSK3β sequentially (+) was analyzed by Western blot with a 

phospho-specific antibody against MAP2D Thr256/Thr259. In Panel B, the indicated amounts of 

RIIα, tubulin, vimentin, and IgG were immobilized by spotting onto Immobilon-FL membrane 

and incubated overnight with PKA and GSK3β phosphorylated (+ GSK3β phos) or PKA-only 

phosphorylated (– GSK3β phos) AlexaFluor 680-labeled MAP2D from (A). After washing, 

binding of AlexaFluor 680-labeled MAP2D was detected using the Odyssey Infrared Imaging 

System (LiCor). For further details, see Materials and Methods. In Panel C, densities of MAP2D 

bound to each amount of immobilized RII, vimentin, or tubulin protein were quantified as 

before. Values are the mean from three separate experiments. Significance was determined from 

raw values using a paired, two-tailed Student’s t-test to compare all PKA values with all 

PKA/GSK3β values. P values are 0.62, 0.004, and 0.014 for PKA/GSK3β phospho-regulation of 

MAP2D binding to RII, vimentin, and tubulin, respectively. p < 0.05 was considered statistically 

significant. Slopes of line fit to plotted data were calculated. The ratio of slopes for PKA vs. 

PKA/GSK3β phosphorylated MAP2D, which correlate with the fold increase in binding affinity 

due to GSK3β phosphorylation, are 1.01, 2.03, 2.44 for RII, vimentin, and tubulin, respectively.
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phosphorylated by PKA-only or PKA and GSK3β with various amounts of purified RIIα, 

vimentin, or tubulin immobilized on Immobilon-FL membranes. MAP2D phosphorylated by 

PKA-only (labeled “– GSK3β”) bound strongly to RIIα, tubulin, and vimentin (Fig. 15B, left 

side). In comparison, MAP2D sequentially phosphorylated by both PKA and GSK3β (labeled “+ 

GSK3β”) displayed significantly reduced binding to tubulin and vimentin (Fig. 15B, right side). 

MAP2D binding to RIIα, a well-characterized AKAP binding protein, was not regulated by 

GSK3β phosphorylation of MAP2D. For all conditions, the density of bound MAP2D increased 

in a linear fashion with rising amounts of immobilized protein (Fig. 15C). Slopes of lines fit to 

the data were determined and the ratio of the PKA-alone slope to PKA and GSK3β  slope was 

calculated. These ratios, which correlate with the fold decrease in binding affinity due to GSK3β 

phosphorylation, were 1.01, 2.03, and 2.44 for RII, vimentin, and tubulin, respectively. These 

results demonstrate that, similar to the well described interaction between MAP2 and tubulin, 

MAP2D binds directly to vimentin and the affinity of this interaction is reduced by GSK3β 

phosphorylation at sites including Thr256/Thr259. 

 

MAP2D recruitment to vimentin intermediate filaments is coincident with LH receptor-

dependent phosphorylation of vimentin and redistribution of the vimentin cytoskeleton. 

The function of AKAPs is to recruit PKA into close proximity with substrate proteins to 

allow for their efficient phosphorylation. It may be predicted, therefore, that relocation of a 

dynamic pool of the AKAP MAP2D under hormone treatment would allow more efficient PKA 

phosphorylation of a localized substrate. As vimentin is phosphorylated in vivo at Ser38 and 

Ser72 by PKA (71), the apparent LH-dependent redistribution of the AKAP MAP2D, 
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dephosphorylated at Thr256/Thr259, into the vimentin-enriched fraction (Fig. 11) prompted 

me to investigate the phosphorylation of vimentin at these sites. Treatment of granulosa cells 

with hCG for 10 or 30 min resulted in increased vimentin phosphorylation at Ser38 and Ser72 

(Fig. 16A, lane 2) and pretreatment with the PKA inhibitor Myr-PKI blocked the hCG-induced 

increase in vimentin phosphorylation at Ser38 (Fig. 16B, compare lanes 2 and 4). These results 

indicate that coincident with PKA-dependent dephosphorylation of MAP2D at Thr256/Thr259 

and its apparent redistribution to the vimentin-enriched cell fraction, vimentin is phosphorylated 

in a PKA-dependent manner at recognized PKA sites. 

It has been well established that intermediate filaments are dynamic structures (reviewed 

in (85)) and are important for changes in cell shape and morphology (184). Furthermore, it has 

been shown that turnover of vimentin filaments is regulated by phosphorylation (71). In 

particular, phosphorylation of vimentin at Ser38 and Ser72 by PKA has been linked to 

disassembly of vimentin filaments in vivo (71). Based on my observation of LH receptor 

mediated phosphorylation of vimentin at these PKA sites, I sought to evaluate the effect of LH 

receptor signaling on the various components of the granulosa cell cytoskeleton. Cells were 

treated with or without 1 IU/ml hCG prior to visualization of vimentin and MAP2D protein by 

confocal immunofluorescence. In the untreated condition, granulosa cells were widely spread 

with vimentin filaments reaching into the periphery (Fig. 17, top panel). In comparison, after 30 

min hCG treatment, granulosa cells were contracted and vimentin filaments were redistributed, 

appearing mostly in a thickened layer surrounding the nucleus (Fig. 17, bottom panel). MAP2D 

was clearly localized to the vimentin filaments surrounding the nucleus. These results 

demonstrate that, coincident with LH receptor signaling, vimentin is phosphorylated at two PKA  
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Figure 16  LH receptor activation results in vimentin phosphorylation at PKA sites 

In Panel A, PO granulosa cells were treated with 1 IU/ml hCG for the indicated times. Results 

are representative of 3 separate experiments. In Panel B, cells were left untreated or pretreated 

with 50 µM myristoylated-PKI (Myr-PKI) for 60 min and then left untreated (–) or treated with 1 

IU/ml hCG for 10 min.  
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Figure 17  LH receptor signaling stimulates reorganization of the vimentin cytoskeleton 

Granulosa cells plated on fibronectin-coated glass coverslips were left untreated (–) or treated 

with 1 IU/ml hCG for 30 min before being fixed in methanol (-20°C) and stained with antibodies 

against MAP2 (red) and vimentin (green). Confocal microscopy was performed by indirect 

immunofluorescence as stated under Materials and Methods. Clusters of granulosa cells were 

chosen for imaging as these cells appeared most responsive to hormonal treatment. Results are 

representative of at least three separate experiments. Scale bars indicate 10 µM. 
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sites and granulosa cells contract as vimentin filaments are reorganized from the periphery 

into a thickened layer surrounding the nucleus. 

 

Disruption of vimentin results in increased progesterone production in PO granulosa cells.  

 In view of the observed changes in granulosa cell morphology and vimentin 

reorganization following treatment with hCG, I sought to illuminate the possible functional 

consequences of these cytoskeletal changes by LH receptor signaling. A dynamic vimentin 

cytoskeleton is thought to play a unique role in steroidogenic cells by modulating the 

accessibility of cholesterol ester-containing lipid droplets to mitochondria (reviewed in (75)). 

Trophic hormones via PKA (185) promote the rapid mobilization of cholesterol from 

intracellular lipid droplets to the outer mitochondrial membrane (186) by a series of events that 

appear to include the disassembly of vimentin filaments (75-77). I therefore determined whether 

the disruption of the vimentin intermediate filament network affected LH-dependent granulosa 

cell progesterone production. Granulosa cells grown on glass coverslips were treated with 1% 

β,β’-iminodipropionitrile (IDPN) (v/v), a reversible intermediate filament disrupting agent (76, 

82, 109, 187), for 60 min. This treatment successfully destabilized vimentin filaments, as they 

were observed in a thickened band surrounding the nucleus (Fig. 18A). Intermediate filament 

destabilization resulted in characteristic cell rounding but had no apparent effect on microtubule 

stability (Fig. 18A), in agreement with the observations of others (77, 82). Cell culture medium 

was collected from granulosa cells after IDPN treatment and secreted progesterone levels were 

measured by RIA. Disruption of vimentin assembly by IDPN treatment correlated with 

significantly increased progesterone levels (Fig. 18B). However, pretreatment with okadaic acid  
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Figure 18  Vimentin disruption stimulates increased progesterone secretion by granulosa 

cells 

In Panels A and B, PO granulosa cells plated on glass coverslips were left untreated (–) or treated 

for 60 min with a 1% (v/v) β,β’-iminodipropionitrile (IDPN), an intermediate filament-

disrupting agent. In Panel A, cells were stained with antibodies against vimentin (red) and β-

tubulin (green) to confirm disruption of the vimentin cytoskeleton by IDPN treatment. Scale bars 

indicate 10 µM. In Panel B, progesterone secretion levels from IDPN-treated granulosa cells 

were measured in the surrounding media by sensitive progesterone radioimmunoassay (RIA). 

Progesterone levels were normalized to untreated control levels (–) and values are presented as 

mean ± SE of five separate experiments. p < 0.05 was considered statistically significant (**). 

Mean basal progesterone levels were 5.0 ng/ml. In Panel C, PO granulosa cells plated on glass 

coverslips were left untreated or pretreated for 60 min with 0.2 µM okadaic acid (OA) prior to 

treatment with or without 1 IU/ml hCG for 4h. Progesterone secretion levels from OA-pretreated 

granulosa cells were measured from the surrounding media by sensitive RIA. Progesterone levels 

are normalized to untreated control levels at 0h, and values are presented as mean ± SE of four 

determinations from one experiment. Mean basal progesterone levels were 2.9 ng/ml. 
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abrogated LH receptor-dependent progesterone secretion by granulosa cells (Fig. 18C), similar 

to findings in luteal cells (188). Taken together, these results are consistent with the hypothesis 

that LH-dependent Thr256/Thr259 dephosphorylation of MAP2D by PP2A and the apparent 

movement of this dephosphorylated MAP2D into the vimentin-enriched fraction coupled with 

phosphorylation of vimentin on Ser38 and Ser72 facilitates vimentin disassembly that is 

necessary for progesterone production (Fig. 19). 

Discussion 

LH receptor activation in PO granulosa cells initiates extensive changes in the structure 

and function of ovarian follicles resulting in steroidogenesis, ovulation, and differentiation of 

granulosa to luteal cells. PO granulosa cells selectively express MAP2D, a lower molecular 

weight splice variant of the neuronal protein MAP2 that binds a variety of cytoskeletal elements 

in neurons (83, 99, 100, 102, 105, 106, 108, 109, 111, 114). Phosphorylation of  MAP2 appears 

to regulate binding to each of these cellular components (101, 105, 106, 108). In granulosa cells, 

MAP2D is found in a complex containing PKA, GSK3β, and PP2A B56δ and regulation of these 

signaling molecules by LH receptor signaling results in phospho-regulation of MAP2D at 

Thr256/Thr259.  

Here I have begun to elucidate the importance of LH-dependent MAP2D phospho-

regulation to granulosa cell functions. Cytoskeletal fractionation was pursued in order to 

determine where the signaling complex containing MAP2D, PKA, GSK3β, and PP2A B56δ 

might be localized in granulosa cells. While one might predict that MAP2D would be primarily 

associated with microtubules, my results indicate that only a small portion of MAP2D was 

localized to the microtubules and another small portion remained soluble. The majority of  
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Figure 19  MAP2D functions as a scaffold for LH receptor signaling in preovulatory 

granulosa cells which may regulate vimentin cytoskeletal dynamics 

Shown is a model for LH receptor signaling whereby MAP2D functions as a signaling scaffold 

for a protein complex composed of PKA, PP2A, and GSK3β, allowing for rapid and selective 

dephosphorylation of MAP2D at Thr256/Thr259. This dephosphorylation recruits MAP2D and 

associated PKA to the vimentin cytoskeleton, allowing LH receptor-stimulated phosphorylation 

and reorganization of vimentin filaments. Vimentin reorganization promotes the rapid 

mobilization of cholesterol from intracellular lipid droplets to the outer mitochondrial membrane, 

facilitating progesterone steroidogenesis.
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MAP2D was associated with the vimentin-enriched intermediate-filament fraction. There is 

evidence that other MAP2 family proteins bind to intermediate filaments including vimentin (83, 

108-112), perhaps simultaneously with microtubules (113, 114). Moreover, the portion of 

MAP2D phosphorylated at Thr256/Thr259 localized primarily to the soluble fraction, suggesting 

that the signaling complex composed of PKA, MAP2D, PP2A B56δ, and GSK3β is contained 

within this soluble fraction. 

 In order to further elucidate the location of MAP2D, granulosa cells were examined by 

confocal immunofluorescence microscopy. Previously we reported that MAP2D was not bound 

to the granulosa cell cytoskeleton but instead appeared in a peri-nuclear region that localized 

with markers for the Golgi apparatus and was dispersed by the Golgi-disrupting chemical 

Brefeldin A (14). However, these experiments were not performed under conditions that 

maintained microtubule integrity. Based on the recognized dependence of vimentin filament 

localization on microtubule stability (67, 78-84), the reported interactions between vimentin and 

the Golgi apparatus (189-191), and the recent finding that Brefeldin A causes disruption of 

vimentin filaments (192), it appears likely that, in the absence of microtubules, MAP2D was 

localized to this region by an interaction with vimentin. Here I confirm that MAP2D is localized 

to both the microtubule and vimentin intermediate filament cytoskeletons when these networks 

are intact. Furthermore, I find that, upon disruption of microtubules by treatment with 

nocodazole, vimentin filaments and associated MAP2D collapse into a ring surrounding the 

nucleus. Therefore, my current findings are consistent with our previous observations of 

subcellular MAP2D localization and provide further evidence of an interaction with vimentin. 
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My results suggest that phospho-regulation of Thr256/Thr259 on MAP2D may 

modulate the association of MAP2D to the cytoskeleton. Indeed, in cytoskeletal fractionation 

experiments, most of the soluble MAP2D in untreated cells was shifted out of this fraction and 

apparently into the vimentin-enriched intermediate-filament fraction upon LH receptor 

activation. To better evaluate this regulation of MAP2D-vimentin binding, solid-phase overlay 

assays were performed with immobilized cytoskeletal proteins and either MAP2D from 

granulosa cell extracts or recombinant MAP2D. Dephosphorylated MAP2D from granulosa cell 

extracts incubated at 30°C bound vimentin significantly more than MAP2D from extracts 

incubated with OA, suggesting that regulation of Ser/Thr phosphorylation may effect this 

interaction. Moreover, in vitro phosphorylation of MAP2D sites by GSK3β may also change 

vimentin binding. Recombinant MAP2D was phosphorylated at Thr256/Thr259 by sequential 

incubation with PKA and GSK3β but was not phosphorylated at these sites by PKA alone. 

(Incubation with GSK3β alone also did not phosphorylate Thr256/Thr259, suggesting that a 

prior priming phosphorylation (167) of MAP2D at a nearby site may be necessary for efficient 

phosphorylation of Thr256/Thr259 by GSK3β). MAP2D phosphorylated by PKA and GSK3β 

bound vimentin less avidly than MAP2D phosphorylated by PKA alone. While I cannot rule out 

a role for phosphorylation of other MAP2D sites by GSK3β, the putative change in vimentin 

association after LH receptor signaling in cytoskeletal fractionation experiments and my 

extensive data demonstrating phospho-regulation of Thr256/Thr259 by GSK3β and PP2A 

suggests that phospho-regulation of these sites may be important for modulation of the vimentin-

MAP2D interaction. 
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 Vimentin is the predominant intermediate filament protein and one of the most 

abundant phospho-proteins in granulosa cells (67). Phosphorylation by PKA is recognized to 

modify intermediate filament protein organization, often collapsing the filaments into tight 

bundles (72-74).  In particular, the in vivo phosphorylation of vimentin at Ser38 and Ser72 

enhances vimentin dynamics by increasing the extent of vimentin disassembly (71). In light of 

the well established role of MAP2D as an AKAP and my data suggesting the recruitment of a 

dynamic pool of this AKAP into the vimentin-enriched fraction upon LH receptor activation, I 

hypothesized that MAP2D phospho-regulation might function to enhance efficient PKA activity 

against vimentin at Ser38 and Ser72, resulting in remodeling of the intermediate filament 

cytoskeleton.  Results presented herein demonstrate that LH receptor signaling through 

cAMP/PKA leads to phosphorylation of vimentin at these critical residues. Furthermore, 

following LH receptor activation and coincident with these events, vimentin filaments are 

collapsed away from the periphery into the region surrounding the nucleus. Though this effect is 

very similar to the reorganization of vimentin observed after microtubule destabilization, the 

microtubule cytoskeleton remains intact in hCG-treated cells. I have not yet directly linked the 

movement of MAP2D dephosphorylated at Thr256/Thr259 into the vimentin-enriched fraction to 

the vimentin phosphorylation and filament reorganization observed after LH receptor activation. 

However, based on these observations, I hypothesize that localization of MAP2D to vimentin 

filaments allows for more efficient vimentin phosphorylation by PKA at Ser38 and Ser72, 

resulting in an imbalance between filament assembly and disassembly and subsequent changes in 

the granulosa cell cytoskeleton.  
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 One of the most prominent actions of the mid-cycle surge of LH is the induction of 

progesterone biosynthesis. Indeed, progesterone receptor null mice do not ovulate (193) and 

blockade of LH-stimulated progesterone biosynthesis with the P-450 SCC inhibitor 

aminoglutethimide blocks ovulation (194). Cholesterol, the substrate for all steroid hormone 

biosynthesis, is stored in steroidogenic cells in cholesterol-ester lipid droplets (reviewed in 

(186)). Upon stimulation of steroidogenic cells by trophic hormones such as LH, cholesterol is 

de-esterified and transported to the outer membrane of the mitochondria via a PKA-dependent 

pathway (185). Thereafter, cholesterol moves from the outer to the inner mitochondrial 

membrane, mediated by the activity of StAR and is then cleaved to pregnenolone by P-450 SCC 

(186, 195). The cellular mechanisms that mediate the transfer of cholesterol from lipid droplets 

to the outer mitochondrial membrane are poorly understood. My findings here demonstrate that 

inhibition of PP2A by pretreatment with okadaic acid inhibits LH receptor-stimulated 

progesterone production in PO granulosa cells without effecting basal progesterone levels. 

Similarly, reports have shown that both LH-stimulated and cAMP analog-stimulated 

progesterone secretion in luteal cells is inhibited by low doses of okadaic acid, without effecting 

basal progesterone levels (188). Interestingly, in these cells PP2A inhibition did not appear to 

interfere with the activity of the steroidogenic enzymes as 22R-hydroxycholesterol, a freely 

diffusible substrate for P-450-SCC, stimulated progesterone production in the presence of 

okadaic acid (188). This has lead to the hypothesis that inhibition of progesterone 

steroidogenesis by okadaic acid occurs at a step occurring after PKA activation but prior to P-

450 SCC activity, perhaps in the transport of cholesterol to the mitochondrial surface (188). 
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There is evidence that cholesterol ester lipid droplets are caged in vimentin-enriched 

structures (196, 197), and that vimentin disassembly in various steroidogenic cell models is 

necessary for cholesterol trafficking to mitochondria (75-77). Similarly, it has been reported that, 

after destabilization of PO granulosa cell microtubules with nocodazole or colchicine which also 

results in vimentin destabilization, progesterone production was increased (61). My results 

showing enhanced progesterone production in granulosa cells in response to the vimentin 

filament disrupting agent IDPN (76, 82) are consistent with the notion that cholesterol 

mobilization is facilitated by disruption of the vimentin intermediate filament network (76, 77).  

One of the PKA-dependent steps in cholesterol mobilization is activation of cholesterol 

ester hydrolase to de-esterify cholesterol (198). However, there may be additional PKA-

dependent steps in this pathway leading to cholesterol mobilization, such as MAP2D 

dephosphorylation and vimentin phosphorylation. The ability of okadaic acid to abrogate LH 

receptor-dependent progesterone biosynthesis by granulosa cells is consistent with the notion 

that MAP2D dephosphorylation may be necessary for proper cholesterol trafficking. However, 

direct proof for the involvement of vimentin phosphorylation and MAP2D dephosphorylation in 

progesterone production requires additional studies. 

In summary, my results support the hypothesis that phospho-regulation of MAP2D at 

Thr256/Thr259 serves to regulate the association of MAP2D and possibly PKA with the 

intermediate filament protein vimentin. This association may facilitate efficient phosphorylation 

of vimentin at Ser38 and Ser72 by PKA, resulting in the observed restructuring of vimentin 

intermediate filaments after hCG treatment. Finally, binding between MAP2D and vimentin and 
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subsequent vimentin remodeling may play a role in the LH-dependent progesterone 

production by granulosa cells, which is essential for fertility. 
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CHAPTER IV:  MATERIALS AND METHODS 

Materials – The following were purchased: rabbit skeletal muscle actin, recombinant Syrian 

hamster vimentin, and bovine brain tubulin from Cytoskeleton, Inc. (Denver, CO); human 

chorionic gonadotropin (hCG) from Abraxis Pharmaceutical Products (Schaumburg, IL); 

pregnant mare serum gonadotropin (PMSG), forskolin, pepstatin A, leupeptin, benzamidine, 

phenylmethylsulfonyl fluoride (PMSF), soybean trypsin inhibitor (STI), SB415286, SB216763, 

and Amido Black total protein stain from Sigma-Aldrich (St. Louis, MO); antipain 

dihydrochloride, calpain inhibitor II, E-64, and aprotinin from Roche; protein A/G PLUS-

agarose from Santa Cruz Biotechnology (Santa Cruz, CA); λ Protein Phosphatase and Reaction 

Buffer from New England Biolabs (Ipswich, MA); adenosine 3’,5’-cyclic monophosphate, 8-(4-

chlorophenylthio) cAMP (8-CPT-cAMP), myristoylated PKA inhibitor amide 14-22 (Myr-PKI), 

lithium chloride, AR-A014418 (GSK-3β Inhibitor VIII), roscovitine, and PD98059 from EMD 

Biosciences/Calbiochem (La Jolla, CA); 8-(4-chlorophenylthio)-2’-O-methyl cAMP (8-pCPT-

2’-O-Me-cAMP) from Biolog Life Science Institute (Bremen, Germany); okadaic acid and 

tautomycin from Alexis Biochemicals (Lausen, Switzerland); human fibronectin from BD 

Biosciences (San Jose, CA); β,β’-iminodipropionitrile (IDPN) from Fisher Scientific/Acros 

Organics (Waltham, MA); Immobilon-FL membrane was from Millipore (Billerica, MA), and 

ECL reagents, Rainbow molecular weight markers, and Hybond-C Extra nitrocellulose 

membranes from Amersham Biosciences/GE Healthcare (Buckinghamshire, UK). 

Antibodies – Anti-phospho PP2A-B56δ (Ser566) and total PP2A-B56δ polyclonal antibodies, 

generated against the phospho-peptide LRRKpSELPQC or purified rat B56δ, respectively (162), 

were a gift from Dr. Juhn Ahn, Dr. Thomas McAvoy, and Dr. Angus Nairn. Vimentin (serum 
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314) rabbit polyclonal antibody, generated against bacterially produced hamster vimentin, 

was a gift from Dr. Robert Goldman. Phospho-MAP2 (Thr1620/Thr1623) antibody was 

purchased from Cell Signaling Technology (Danvers, MA) and was purified and tested for 

phospho-specific reactivity by this company. This antibody was used for Western blot detection 

of MAP2D phosphorylation at residues Thr256/Thr259 (equivalent to Thr1620/Thr1623 in 

MAP2A/B). The following were purchased: MAP2 (HM-2), β-Actin (AC-15), β-Tubulin (TUB 

2.1), and Vimentin (V9) mouse monoclonal antibodies from Sigma-Aldrich (St. Louis, MO); 

MAP2, Akt, phospho-MAP2 (Ser136), phospho-myosin light chain (MLC) 2 (Ser19), phospho-

p44/42 MAP kinase (Thr202/Tyr204) (ph-ERK1/2), phospho-Akt (Ser473), and phospho-

GSK3α/β (Ser21/9) rabbit polyclonal antibodies, GSK3β (27C10) rabbit monoclonal antibody, 

and anti-HA tag (6E2) mouse monoclonal antibody from Cell Signaling Technology (Danvers, 

MA); phospho-CREB (Ser133) (10E9) and PP2Ac (1D6) mouse monoclonal antibodies, PP1 and 

PP2Ac rabbit polyclonal antibodies, and microcystin-agarose from Upstate 

Biotechnology/Millipore (Lake Placid, NY); MAP kinase (Zymed ERK-798) mouse monoclonal, 

Alexa Fluor 488 goat anti-mouse IgG, and Alexa Fluor 568 goat anti-rabbit IgG antibodies from 

Invitrogen (Carlsbad, CA); phospho-Vimentin (Ser72) (EP1070Y) rabbit monoclonal antibody 

from Epitomics (Buringame, CA); and phospho-Vimentin (Ser38) rabbit polyclonal antibody, 

GSK3α/β mouse monoclonal-agarose conjugate and normal mouse IgG-agarose conjugate from 

Santa Cruz Biotechnology (Santa Cruz, CA). 

Animals – Sprague-Dawley rats (Charles River Laboratories, Inc,; Portage, MI) were obtained at 

17 days of age, housed at Northwestern University animal care facilities, and maintained in 
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accordance with the Guidelines for the Care and Use of Laboratory Animals by protocols 

approved by the Northwestern University ACUC committee. 

PO Granulosa Cell Culture – Granulosa cells were mechanically isolated from ovaries of 24-

day-old rats primed by subcutaneous injections of 10 IU PMSG in 0.1 ml PBS on day 22 to 

promote maturation of follicles to the PO phenotype. Collected cells were utilized immediately 

or plated overnight on fibronectin (BD; San Jose, CA)-coated plastic dishes in DMEM/F12 

serum-free medium supplemented with 10 nM estradiol-17β, 100 U/ml penicillin, and 100 µg/ml 

streptomycin, and treated with indicated additions ∼20 h after plating (199). 

Protease Inhibition – Protease Inhibitor Cocktail was prepared and added to various buffers such 

that final concentrations included 10 µg/ml pepstatin A, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 

50 µg/ml STI, 25 mM benzamidine, 10 µg/ml E-64, 1 mM PMSF, 7 µg/ml calpain inhibitor II, 

and 50 µg/ml antipain dihydrochloride. 

Whole Ovarian Extracts – Twenty-four-day-old rats, primed by subcutaneous injections with 10 

IU PMSG 48 h prior, were given intraperitoneal injections of 50 IU hCG or saline. Ovaries were 

harvested at various time points after injections; dissected free of bursa, fat, and oviducts; 

weighed; and homogenized at 4°C in homogenization buffer (10 mM Tris, pH 7.0, 5 mM EDTA, 

1 mM EGTA, 0.32 M sucrose, 1 mM sodium orthovanadate, 20 mM sodium fluoride, 2.5 mM 

sodium pyrophosphate and Protease Inhibitor Cocktail) using 12 strokes with a ground glass 

homogenizer. Homogenates were clarified by centrifugation at 10,000 x g at 4°C for 20 min. 

Supernatants were added to 0.5 x volume SDS-sample buffer and denatured by boiling. Protein 

concentrations were controlled by homogenization at a 10:1 ratio of homogenization buffer 

(ml)/wet tissue weight (g) followed by loading equal volumes for each SDS-PAGE gel lane. 
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Electrophoresis and Western Blot Analysis – For plated cells, treatments were terminated by 

aspirating medium and rinsing cells once with PBS. Total cell extracts were collected by 

scraping cells in SDS-sample buffer (28) and denatured by boiling. Protein concentrations were 

controlled by plating identical cell numbers per plate in each experiment followed by loading 

equal volumes for each SDS-PAGE gel lane. Separation of ovarian lysate protein was by SDS-

PAGE using 10% or 13% separating gels (200). Separated protein was electrophoretically 

transferred to Hybond-C Extra nitrocellulose membrane (Amersham Pharmacia Biotech). 

Membranes were incubated with primary antibody overnight at 4°C, and protein-antibody 

complexes were detected using HRP-linked anti-IgG (Cell Signaling Technology, Danvers, MA) 

and enhanced chemiluminescence (Amersham Biosciences/GE Healthcare, Buckinghamshire, 

UK). Films were scanned with an Epson 1640SU scanner and Adobe Photoshop version 7.0 

software with minimal processing. Relative protein quantities were calculated from 

densitometric measurements of Western band intensities using Molecular Analyst software (Bio-

Rad Laboratories, Inc., Hercules, CA). Statistical analyses are presented as mean ± SE and were 

performed by paired Student’s t-test; p < 0.05 was accepted as significant (201). 

In Vitro Phosphatase Assay for Electrophoretic Migration Analysis – PO rat granulosa cells in 

suspension were collected and lysed by sonication in Minimal Buffer A (50 mM PIPES, pH 6.6, 

100 mM NaCl, 0.5% Nonidet P-40, 2 mM EGTA, and Protease Inhibitor Cocktail), Complete 

Buffer A (Minimal Buffer A plus 1 mM EDTA, 1 mM sodium orthovanadate, 20 mM sodium 

fluoride, and 2.5 mM sodium pyrophosphate), or MnCl2 Phosphatase Reaction Buffer (50 mM 

Tris HCl, pH 7.5, 100 mM dithiothreitol, 0.1 mM EGTA, 0.01% Brij 35, 2 mM MnCl2, 0.5% 

Nonidet P-40, 2 mM EGTA, and Protease Inhibitor Cocktail). Lysates were clarified by 
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centrifugation at 10,000 x g for 5 min, then incubated at 30°C for 30 min, with or without the 

addition of exogenous Lambda protein phosphatase (New England Biolabs). 

Co-immunoprecipitation and Microcystin Pulldown Analysis – Primary rat PO granulosa cells in 

suspension were collected and lysed by sonication in Complete Buffer A. Lysates were clarified 

by centrifugation at 10,000 x g for 5 min, after which a fraction was removed as input. For 

immunoprecipitation, detergent soluble cell extracts were precleared by incubation with protein 

A/G PLUS-agarose for 30 min at 4°C on a rotator. Extracts were then incubated overnight at 4°C 

on a rotator in the presence of 60 µl microcystin-agarose, protein A/G PLUS-agarose and 10 µl 

mouse monoclonal antibodies against MAP2, PP2A catalytic subunit, or an irrelevant epitope 

(HA-Tag mAb), or 40 µl GSK3β mAb-agarose or IgG-agarose conjugates. Unbound protein in 

the flow-through was collected and denatured in SDS-PAGE sample buffer. Agarose beads were 

washed in Complete Buffer A with 10% glycerol added. Bound proteins were eluted and 

denatured in SDS-PAGE sample buffer. 

Confocal Immunofluorescence Microscopy – Treatments of granulosa cells cultured on 

fibronectin-coated glass coverslips were terminated by aspirating medium and rinsing cells once 

with PBS. Cells were fixed in -20°C methanol for 5 min, rinsed in PBS for 20 min at room temp, 

blocked in 1 mg/ml normal goat serum (Jackson Immunoresearch) for 15 min at 37°C, and 

incubated in primary antibody for 30 min at 37°C. Coverslips were washed once in 0.05% 

Tween-20 in PBS and twice in PBS before incubation for 30 min at 37°C with goat anti-mouse 

IgG or goat anti-rabbit IgG antibody conjugated to Alexa Fluor 488 or Alexa Fluor 568, 

respectively (Invitrogen, Carlsbad, CA). Coverslips were washed as before, dried, and mounted 

with Gelvatol onto glass slides. Slides were analyzed at the Cell Imaging Facility, Northwestern 
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University Feinberg School of Medicine, using a Zeiss LSM510 laser-scanning confocal 

microscope. 

Cytoskeletal Fractionation – Primary PO rat granulosa cells were treated with hormone in 

suspension, collected, and lysed at 37°C by sonication in Cytoskeletal Extraction Buffer (50 mM 

PIPES, pH 6.6, 0.5% Nonidet P-40, 2 mM EGTA, 1 mM MgCl2, 2 mM dithiothreitol, 1 mM 

sodium orthovanadate, 20 mM sodium fluoride, 2.5 mM sodium pyrophosphate, and Protease 

Inhibitor Cocktail). To ensure observation of the endogenous cytoskeletal environment with 

minimal disruptions, paclitaxel was not added. Intermediate filament-enriched fractions were 

pelleted by low speed centrifugation (9,000 x g) for 10 min at 35°C. Low speed supernatant was 

centrifuged at high speed (100K x g) at 35°C for 30 min to pellet microtubule-enriched 1fraction. 

Remaining supernatant contained soluble fraction. Samples were heat denatured in SDS-PAGE 

sample buffer. 

Solid-phase Overlay Assays with Granulosa Cell MAP2D – Overlays were performed according 

to methods described by Heimann et al. (113), with some modifications. 5 µg of tubulin, 

vimentin, or actin protein were separated by SDS-PAGE in 10% separating gels. Separated 

protein was electrophoretically transferred to nitrocellulose membrane to immobilize protein. 

Membranes were blocked with Overlay Blocking Buffer (5% bovine serum albumin in 0.05 M 

Tris, pH 7.4, containing 5 mM EDTA, 0.19 M NaCl, and 2.5% Triton X-100) for 3 h to remove 

bound SDS and saturate nonspecific binding sites on the nitrocellulose. Primary PO rat granulosa 

cells were plated on fibronectin overnight and then lysed by sonication in Overlay Lysis Buffer 

(12.5 mM Tris, pH 7.2, 100 mM NaCl, 0.5% Nonidet P-40, 1 mM EGTA, and Protease Inhibitor 

Cocktail). Lysates were centrifuged at 16,000 x g for 20 min at 4°C to remove detergent 
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insoluble material and supernatants were incubated for 30 min at 4°C or 30°C, with or 

without the addition of 0.2 µM OA. Phosphatase inhibitors were then added (1 mM sodium 

orthovanadate, 20 mM sodium fluoride, 2.5 mM sodium pyrophosphate, and 0.2 µM OA, if not 

already added) to stop endogenous phosphatase activity. Nitrocellulose-immobilized cytoskeletal 

proteins were incubated with the resulting granulosa cell extracts at room temp for 1.5 h with 

rotation, washed three times in Overlay Wash Buffer (12.5 mM Tris, pH 7.2, 100 mM NaCl with 

1 mM sodium orthovanadate, 20 mM sodium fluoride, 2.5 mM sodium pyrophosphate, and 0.2 

µM okadaic acid added for the first wash only), and incubated for 2 h at room temp with MAP2 

primary antibody (Cell Signaling Technology, 1:500 dilution in 5% milk-TBS). Membranes 

were washed as before, incubated with secondary antibody for 1 h at room temp, washed again, 

and bound MAP2 protein/primary antibody/secondary antibody complexes were detected by 

enhanced chemiluminescence. Membranes were stained with Amido Black to visualize total 

protein. 

Solid-phase Overlay Assays with Recombinant MAP2D – These procedures were performed by 

Sarah Fiedler and Dr. Daniel Carr at Oregon Health and Sciences University, in collaboration 

with our own research. Full-length rat MAP2D-pET30a was expressed in E. coli BL21 (DE3) 

pLysS (Novagen) by 1mM IPTG (Sigma-Aldrich) induction and purified in a HiTrap Chelating 

HP column (GE Healthcare).  Purification was confirmed by western blot (not shown). After 

purification, MAP2D-pET30 was dialyzed into PBS, and then labeled with the AlexaFluor680 

Protein Labeling Kit, according to kit instructions (Molecular Probes, Eugene, OR). Purified, 

AlexaFluor680-labeled MAP2D-pET30 was incubated in kinase buffer (50mM MOPS, 10mM 

MgCl2, 0.25mg/ml BSA, pH7.0) with 2mM MgATP, and 0.22µg PKA C subunit (or water for 
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non-phos control) for 20 min at room temp.  GSK3β (2µl, or water for non-phos and PKA-

only controls) was then added and incubated for 1 h at 30°C.  Purified recombinant murine RIIα-

pET11 (described previously (140)), rabbit IgG, microtubules, and unpolymerized vimentin were 

spotted onto Immobilon-FL membrane (Millipore).  Membranes were allowed to dry completely 

and then blocked 2 h in 5% milk-PBS, before overnight incubation with the AlexaFluor680-

labeled, phosphorylated MAP2D-pET30. Membranes were then washed 4X in PBS and bound 

MAP2D detected using the Odyssey Infrared Imaging System (LiCor). 

Progesterone Radioimmunoassay – Sensitive progesterone radioimmunoassay (RIA) was 

performed by the University of Virginia Center for Research in Reproduction Ligand Assay and 

Analysis Core; NICHD (SCCPRR) U54-HD28934. 
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CHAPTER V : CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

Signaling downstream of the LH receptor in PO granulosa cells, predominantly through 

the cAMP/PKA pathway, triggers a radical remodeling of the structure and function of ovarian 

follicles to support ovulation, oocyte maturation, and luteinization. While many downstream 

transcriptional targets of LH have been identified (19), little is known about how LH signals via 

PKA to effect this dramatic transformation in granulosa cells, nor have changes in the granulosa 

cell cytoskeleton been thoroughly evaluated as a necessary step in these events. PO granulosa 

cells selectively express MAP2D, a cytoskeletal-associated signaling protein with the unique 

ability and temporal expression appropriate to coordinate PKA signaling and dynamic 

cytoskeletal reorganization in granulosa cells. 

I have identified a novel LH-receptor signaling mechanism in granulosa cells by which 

LH signaling by PKA coordinates increased PP2A activity and decreased GSK3β activity against 

MAP2D to promote rapid and selective dephosphorylation of Thr256/Thr259. This coordinated 

phospho-regulation is made possible, I propose, by the ability of MAP2D to function as a 

signaling scaffold for a protein complex composed of PKA, PP2A, and GSK3β (Fig. 19). The 

ability to act as a signaling scaffold is shared by other AKAP proteins and likely allows for strict 

spatial and temporal control over PKA signaling (117, 139). In the PO granulosa cell, MAP2D 

serves as both scaffold and substrate. This likely allows for very rapid and precise regulation of 

MAP2D phosphorylation by the bound kinase and phosphatase. Indeed, the phosphorylation of 

MAP2D at Thr256/Thr259 concurrent with induction of MAP2D expression suggests that 
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GSK3β becomes immediately bound to newly generated MAP2D and, by maintaining this 

interaction, preserves Thr256/Thr259 phosphorylation until LH receptor activation of PKA turns 

it off. Similarly, LH receptor-mediated dephosphorylation MAP2D at Thr256/Thr259 is detected 

within 2 min, likely reflecting the close association of PKA with GSK3β and PP2A. 

 Based on GSK3β phosphorylation-dependent in vitro binding of MAP2D to immobilized 

vimentin, LH receptor-mediate phosphorylation of vimentin at PKA sites reported to regulate 

filament disassembly, and observations of vimentin rearrangement in PO granulosa cells after 

LH receptor activation, I have proposed a model by which LH receptor signaling may induce 

remodeling of the vimentin cytoskeleton to allow transport of cholesterol esters to the 

mitochondrial membrane. Regulation of vimentin networks by trophic hormones to promote 

steroidogenesis has been described in other steroidogenic systems, such as ACTH stimulation of 

adrenal cells and LH stimulation of Leydig cells (75). Furthermore, a report using nocodazole to 

disrupt microtubules in PO granulosa cells found vimentin was also disrupted and progesterone 

levels were increased (61). Thus, my evidence of increased progesterone production after 

vimentin disruption is supportive of the hypothesis that a vimentin-dependent steroidogenic 

regulatory mechanism exists in PO granulosa cells.  

Future Directions 

Disruption of PKA/AKAP interactions by AKAP inhibitory peptides 

 The data presented above supports the hypothesis that PO granulosa cell MAP2D 

functions as an AKAP to target PKA signaling to the vimentin cytoskeleton. The design and use 

of synthetic peptides that bind with the RII subunit of PKA to disrupt PKA/AKAP interactions 

have been described (202, 203). Therefore, application of these AKAP inhibitory peptides to 
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granulosa cell signaling would be useful in testing the hypothesis that the AKAP function of 

MAP2D is required for vimentin phosphorylation at PKA sites, for vimentin remodeling after 

LH receptor activation, and for LH receptor-dependent progesterone production. 

 

Knockdown of PP2A B56δ subunit or vimentin expression by adenoviral delivered siRNA 

 Knockdown of gene expression levels can be achieved through the expression of siRNA 

(short interfering RNA) to trigger RNA interference pathways. As our cultured primary 

granulosa cells are non-dividing and have very low (<5%) transfection efficiency, use of an 

adenoviral delivery system will ensure highly efficient expression (204). 

 One potential target for gene silencing is the B56δ regulatory subunit of PP2A. As 

demonstrated above, B56δ is acutely phosphorylated at Ser566 by PKA-dependent LH receptor 

signaling, an event which is necessary and sufficient for activation of PP2 in other systems (162). 

Knockdown of B56δ mRNA and protein levels will further test the hypothesis that a PP2A 

holoenzyme containing this regulatory subunit is necessary for MAP2D dephosphorylation under 

LH receptor signaling. Moreover, disruption of signaling through this specific PP2A holoenzyme 

may clarify the importance of phospho-regulation of MAP2D at Thr256/Thr259 under LH 

receptor signaling for vimentin binding and remodeling and progesterone production. 

 Another potential target for gene silencing is vimentin. Knockdown of vimentin mRNA 

and protein leads to disruption of the vimentin filamentous cytoskeleton and has been used as a 

confirmation of observations made after treatments with the vimentin disruptor IDPN (82). By 

disrupting granulosa cell vimentin filaments in this way, I might confirm my hypothesis that 

vimentin disruption stimulates progesterone production. 
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MAP2D mutations to determine specificity of Thr256/Thr259 phosphorylation on vimentin 

binding.  

Above I have presented evidence that GSK3β phosphorylation of MAP2D reduces its ability to 

bind to immobilized vimentin protein. Furthermore, I show that GSK3β activity in granulosa 

cells is required for basal levels of MAP2D phosphorylation at Thr256/Thr259 and that 

bacterially-expressed recombinant MAP2D is phosphorylated at these sites by sequential in vitro 

phosphorylation by PKA and GSK3β but not by PKA alone. This data supports that hypothesis 

that phosphorylation of MAP2D at Thr256/Thr259 contributes to the regulation of MAP2D-

vimentin binding, however I cannot rule out the possibility that phosphorylation by GSK3β at 

another site is responsible for this effect. Two MAP2D expressing constructs with either Thr to 

Ala or Thr to Glu point mutations at both Thr residues (256 and 259) have been designed by our 

collaborator, Dr. Daniel Carr at Oregon Health and Sciences University. Mutations from Thr to 

Ala will provide a MAP2D mutant protein that can not be phosphorylated at the amino acid 

residues 256 and 259. Inversely, mutations from Thr to the negatively charged amino acid Glu 

may mimic post-translational phosphorylation at these sites in regard to interactions with binding 

partners (205). Therefore, use of mutant MAP2D protein expressed from these constructs in 

solid-phase overlay assays would test the hypothesis that phosphorylation of MAP2D 

specifically at Thr256/Thr259 is necessary for regulation of the MAP2D-vimentin interaction.
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