
Luteinizing Hormone Regulates the Phosphorylation and 
Localization of the Mitochondrial Effector Dynamin Like 1 
(DRP1) and Steroidogenesis in the Bovine Corpus Luteum

Michele R. Plewes2,3, Xiaoying Hou2, Heather A. Talbott2, Pan Zhang2, Jennifer R. Wood4, 
Andrea S. Cupp4, John S. Davis2,3

2Olson Center for Women’s Health, Department of Obstetrics and Gynecology, University of 
Nebraska Medical Center, 983255 Nebraska Medical Center, Omaha, NE 68198-3255, USA

3Veterans Affairs Nebraska Western Iowa Health Care System, 4101 Woolworth Ave, Omaha, NE 
68105, USA

4Department of Animal Sciences, ANSC A224k, University of Nebraska–Lincoln, Lincoln, NE 
68583-0908, USA

Abstract

The corpus luteum is an endocrine gland that synthesizes and secretes progesterone. Luteinizing 

hormone (LH) activates protein kinase A (PKA) signaling in luteal cells, increasing delivery of 

substrate to mitochondria for progesterone production. Mitochondria maintain a highly regulated 

equilibrium between fusion and fission in order to sustain biological function. Dynamin-like-1 

(DRP1), is a key mediator of mitochondrial fission. The mechanism by which DRP1 is regulated 

in the ovary is largely unknown. We hypothesize that LH via PKA differentially regulates the 

phosphorylation of DRP1 on Ser616 and Ser637 in bovine luteal cells. In primary cultures of 

steroidogenic small luteal cells, LH and forskolin stimulated phosphorylation of DRP1 (Ser 637) 

and inhibited phosphorylation of DRP1 (Ser 616). Overexpression of a PKA inhibitor blocked the 

effects of LH and forskolin on DRP1 phosphorylation. Additionally, LH decreased the association 

of DRP1 with the mitochondria. Genetic knockdown of the DRP1 mitochondria receptor, and a 

small molecule inhibitor of DRP1 increased basal and LH-induced progesterone production. 

Studies with a general Dynamin inhibitor and siRNA knockdown of DRP1 showed that DRP1 is 

required for optimal LH-induced progesterone biosynthesis. Taken together, the findings place 

DRP1 as an important target downstream of PKA in steroidogenic luteal cells.
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Introduction

The corpus luteum (CL) is a transient endocrine gland that synthesizes the steroid hormone 

progesterone, which is essential for the establishment and maintenance of pregnancy in 

mammals (1). Following ovulation, the granulosa and theca cells of the ovarian follicle 

differentiate to form the large and small luteal cells, respectively, of the bovine corpus 

luteum (2). While both cell types produce progesterone, in vitro experiments revealed that 

the large cells produce large quantities of progesterone in the cow, (3, 4), goat (5), and ewe 

(6). However, when compared to large luteal cells, the small luteal cells are present in much 

larger numbers and are highly responsive to luteinizing hormone (LH) (7, 8). Luteinizing 

hormone binds to the LH receptor (LHCGR), a G-protein coupled, transmembrane receptor, 

present mainly on small luteal cells (9). Canonical signaling by the LHCGR involves 

stimulation of adenylyl cyclase leading to increases in intracellular cAMP (10), activation of 

protein kinase A (PKA), phosphorylation of PKA substrates, and ultimately stimulation of 

steroidogenesis (11–13). Luteal steroid biosynthesis requires energetically active 

mitochondria for the conversion of cholesterol into progesterone.

Mitochondria are functionally important in cellular physiology and impact cell survival, 

metabolism, and initiation of cell death mechanisms by producing ATP, free radicals and 

releasing apoptotic proteins (14, 15). Mitochondria are also structurally dynamic organelles 

that continuously undergo coordinated fission and fusion forming either individual units or 

interconnected mitochondrial networks within the cell to sustain biological function and the 

overall fate of the cell (16). In healthy cells, changes in mitochondrial morphology are under 

the control of fusion proteins [mitofusin 1 (MFN1), mitofusin 2 (MFN2) and optic atrophy 1 

(OPA1)]; and fission proteins [dynamin 1 (DNM1), dynamin 2 (DNM2), dynamin 1-like 

protein (DNM1L; commonly referred to as DRP1), mitochondrial fission factor (MFF), and 

fission 1 protein (FIS1)] (15, 17–19). These mitochondrial structural regulators are vital for 

proper development and tissue function. In vivo, MFN1 or MFN2 (20) or OPA1 (21) 

knockout mice are embryonic lethal, with mice dying at mid-gestation as a result of 

insufficient mitochondrial fusion. Knockout of genes encoding DNM2 (22) and DNM1 (23) 

are also embryonic lethal in mice; and DNM1L/DRP1 knockout mice die within two weeks 

of birth (24). Of the dynamin family, DRP1, a large dynamin GTPase, is a key mediator of 

outer mitochondrial fission (17). During mitochondrial fission, DRP1 is recruited to the 

mitochondria where DRP1 binds to its outer mitochondrial receptor, MFF, forming 

oligomeric complexes that surround to constrict and divide mitochondria. Knockdown of 

DRP1 and MFF, but not fission protein FIS1, disrupts exogenous stimuli–induced 

mitochondrial fission and apoptosis (25). Recently, dynamin proteins have become novel 

targets to treat cardiovascular (26–29) and neurodegenerative diseases (30), as well as, 

cancer therapy (31).

DRP1 is recognized as the major player in mitochondrial fission in mammals, but the 

mechanism by which DRP1 is regulated in steroidogenic tissues is largely unknown. DRP1 

has a N-terminal GTP binding domain thought to provide mechanical force, a dynamin-like 

middle assembly domain, a small variable domain, and a C-terminal GTPase effector 

domain (GED). The GED domain of DRP1 is important for mediating both intra- and 
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intermolecular interactions that are important for the formation of oligomeric DRP1 

complexes and regulation of GTPase activity that control mitochondrial fission (32). Four 

receptors have been identified that recruit DRP1 to mitochondria: mitochondrial fission 1 

protein (FIS1) (33), mitochondrial fission factor (MFF) (34), and mitochondrial dynamics 

proteins of 49 and 51 kDa (MiD49 and MiD51) (35).

The regulation of DRP1 by post-translational modifications and differential phosphorylation 

is important for DRP1 translocation to mitochondria and induction of mitochondrial fission. 

Phosphorylation of DRP1 at Ser616 by protein kinase C (PKC) (36) or cyclin dependent 

kinase (CDK) 1/Cyclin B (37) results in activation and translocation of DRP1 from 

cytoplasmic compartment to mitochondrial membrane receptors. Moreover, phosphorylation 

of DRP1 on Ser616 does not directly affect GTPase activity, but mediates DRP1 interactions 

with other proteins and mitochondrial receptors to activate fission (38). In contrast, 

phosphorylation of DRP1 within the GED domain at Ser637 inhibits DRP1 GTPase activity 

and inhibition of DRP1 translocation to mitochondria, thereby preventing mitochondrial 

fission (39–41). Further, the inactivation site, Ser637, has a PKA consensus sequence and is 

widely accepted as a site for phosphorylation by PKA (40). Because LH/PKA signaling and 

mitochondrial function are central to luteal steroidogenesis, we hypothesize that LH via 

PKA regulates the phosphorylation of DRP1 Ser637 in bovine luteal cells promoting optimal 

progesterone biosynthesis. The objectives of the current study were to determine the effects 

of LH and PKA activation on phosphorylation and localization of DRP1 and determine the 

contribution of DRP1 and MFF to progesterone secretion in LH-responsive bovine small 

luteal cells.

Materials and methods

Reagents

Penicillin G-sodium, streptomycin sulfate, HEPES, bovine serum albumin (BSA), 

deoxyribonuclease l, fetal bovine serum (FBS), Tris-HCl, sodium chloride, 

ethylenediaminetetraacetic acid (EDTA), ethylene glycol-bis(β-aminoethyl ether)-

N,N,N’,N’-tetraacetic acid (EGTA), sodium fluoride, Na4O2O7, Na3VO4, Triton X-100, 

glycerol, dodecyl sodium sulfate, β-mercaptoethanol, bromophenol blue, Tween-20, 

paraformaldehyde, Mdivi-1 and phorbol 12-myristate 13-acetate (PMA) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). The phosphate buffer solution, DMEM 

(Calcium-free, 4.0 g/L glucose), Penicillin Streptomycin Solution, trypan blue and 

Lipofectamine RNAimax were purchased from Invitrogen Corporation (Thermo Fisher, 

Carlsbad, CA). The opti-MEM, M199 culture medium, and gentamicin sulfate were 

purchased from Gibco (Thermo Fisher, Waltham, MA, USA). Collagenase was purchased 

from Atlanta Biologicals (Flowery Branch, GA, USA). No. 1 glass coverslips, microscope 

slide, and Chemiluminescent substrate (SuperSignal West Femto) were from Thermo Fisher 

Scientific (Waltham, MA, USA). Fluoromount-G and clear nail polish were purchased from 

Electron Microscopy Sciences (Hatfield, PA, USA). Bovine LH was purchased from Tucker 

Endocrine Research Institute (Atlanta, GA) and forskolin was purchased from EMD 

Millipore (Burlington, MA, USA). Bio-Rad protein assay was purchased from Bio-Rad 

(Hercules, CA, USA) and the non-fat milk was from local Kroger (Cincinnati, OH, USA). 
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The siRNA, siGLO, siDNM1L [ON-TARGETplus DNM1L (10059) SMARTpool, 95% 

matched to bovine) and siMFF (CTM-437194; SMICK-000007; Sense Sequence 

GUGCUUACGCUGAGUGAAAUU; Anti Sense Sequence 

UUUCACUCAGCGUAAGCACUU) were purchased from Dharmacon (Lafayette, CO, 

USA). Enzyme-linked immunosorbent assay kit for progesterone was purchased from DRG 

International, Inc (Springfield, NJ, USA). Table 1 lists all of the antibodies used in the study.

Tissue collection, cell preparation, and elutriation

Bovine ovaries were collected at a local slaughterhouse from first trimester pregnant cows 

(fetal crown-rump length < 10 cm). The ovaries were immersed in 70% ethanol and then 

transported to the laboratory at 4 °C in PBS.

Using sterile technique, the corpus luteum was surgically dissected from the ovary and 

minced finely using a microtome and surgical scissors. Tissue pieces were dissociated using 

collagenase (103 U/mL) in basal medium [M199 supplemented with antibiotics (100 U/ml 

penicillin G-sodium, 100 μg/ml streptomycin sulfate, and 10 μg/ml gentamicin sulfate)] for 

45 min in spinner flasks at 37 °C. Following incubation, the supernatant was removed and 

transferred to a sterile 15 mL culture tube. Cells were then washed three times with sterile 

PBS, re-suspended in 10 mL of elutriation medium (calcium-free DMEM medium, 4.0 g/L 

glucose, antibiotics, 25 mM HEPES, 0.1 % BSA, and 0.02 mg/mL deoxyribonuclease l; pH 

7.2), and placed on ice. Fresh dissociation medium was added to the remaining undigested 

tissue and incubated with agitation for an additional 45 min. The remaining cells were 

collected, washed twice with sterile PBS, and combined with the previous sample. After the 

final wash, cells were re-suspended in 10 mL of culture medium. Viability of cells was 

determined using trypan blue and cell concentration was estimated using a hemocytometer 

prior to cell elutriation.

Freshly dissociated cells were re-suspended in 30 mL elutriation medium. Dispersed luteal 

cells were enriched for small luteal cells (SLC) via centrifugal elutriation as previously 

described (42). Cells with a diameter of 15–25 μm were classified as small luteal cells 

(purity > 90%).

Cell preparation and treatments

Luteal cell cultures were plated in 12-well culture dishes at 5 × 105 cells/well. Cells were 

cultured in culture media [M199 supplemented with 5% FBS, 0.1% BSA and antibiotics] at 

37 °C in an atmosphere of 95% humidified air and 5% CO2, as described above.

Treatment with LH and forskolin

Prior to treatments, cells were rinsed with PBS and fresh culture medium was placed on 

cells and equilibrated at 37 °C in atmosphere of 95% air and 5% CO2 for 2 h. For 

concentration response experiments, cells were treated with culture medium alone or 

increasing concentration of LH (0–100 ng/mL) for 0.5 h at 37 °C in atmosphere of 95% air 

and 5% CO2. For time-response experiments, cells were treated with culture medium alone, 

LH (10 ng/mL) or the adenylyl cyclase activator forskolin (10 μM) for 0, 0.5, 1, 4, 6 or 24 h, 

at 37 °C in atmosphere of 95% air and 5% CO2.
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Drug inhibition of DRP1

To evaluate the role of DRP1 in progesterone synthesis, cells were pre-treated with Mdivi-1 

(0, 1, 5, 10, 20, or 50 μM) for 2 h. Following pre-treatment, luteal cells were stimulated with 

LH (10 ng/mL) for 4 h. Conditioned medium was immediately collected at stored at −20 °C 

until further analysis.

To further evaluate the role of dynamin proteins on progesterone synthesis, cells were pre-

treated with Dynasore (0, 5, 10, 20, 40, or 50 μM) for 2 h. Dynasore is a small molecule 

GTPase inhibitor that targets DNM1, DNM2 and DNM1L/DRP1. Following pre-treatment, 

luteal cells were stimulated with LH (10 ng/mL) for 4 h. Conditioned medium was 

immediately collected at stored at −20 °C until further analysis.

Treatment with adenoviruses

The adenoviruses expressing green fluorescent protein (Ad.GFP), β-galactosidase (Ad.βGal; 

prepared by Chris Wolford, Ohio State University, Columbus, Ohio) and the endogenous 

inhibitor of PKA, Ad.PKI were previously described (43–45). In brief, enriched small luteal 

cells were seeded into 12-well culture dishes and maintained at 37 °C in an atmosphere of 

95% humidified air and 5% CO2 for 24 hours prior to adenoviral infection. The Ad.GFP or 

Ad.PKI were added to cell cultures in serum-free culture medium. After 2 hours, the media 

was replaced with M199 enriched with 5% FBS and maintained for an additional 24 h at 37 

°C in an atmosphere of 95% humidified air and 5% CO2. The medium was changed, and 

cells were equilibrated for 2 h prior to treatment with control medium, LH (10 ng/mL), 

forskolin (10 μM), or phorbol 12-myristate 13-acetate (PMA; 20 nM) for 4-h. Following 

treatment, protein was extracted, quantified, and subject to western blotting.

siRNA Knockdown of DNM1L/DRP1 and MFF

DRP1 was knocked down using silencing RNA (siRNA) to determine the effects of DRP1 

on progesterone production. In brief, enriched small luteal cell populations were transfected 

with siGLO, DNM1L/DRP1 siRNA (75 nM) or MFF siRNA (100 nM) for 6 h using 

Lipofectamine RNAimax in opti-MEM1 culture medium. Following transfection, 5% FBS 

was added to culture medium and incubations were continued for 48 h. Successful 

knockdown of DRP1or MFF was confirmed by western blot for each experiment. Following 

knockdown of siDNM1L, or siMFF, the medium was changed, and cells equilibrated for 2 h 

prior to treatment with LH (10 ng/mL) for 4 h. Conditioned medium and cell lysates were 

immediately collected at stored at −20 °C until further analysis.

Western Blotting Analysis

Following incubation, cells were immediately placed on ice; the medium was removed, and 

cells rinsed three times with 1 mL of ice-cold PBS. Cells were lysed with 50 μL cell lysis 

buffer (10 mM Tris, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM 

Na4O2O7, 2 mM Na3VO4, 1% Triton X-100, 10% glycerol, 0.1% SDS, and 0.5% 

deoxycholate containing protease and phosphatase inhibitor cocktail). Cells were removed 

from the culture dish using a cell scraper and the cell lysates sonicated at 40% power setting 

(VibraCell, Model CV188) for 3 sec to homogenize the cell lysates. Following sonication, 

cell lysates were centrifuged at 4 °C at 12,000 × g for 10 min. Protein in the supernatant was 
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determined by the Bio-Rad protein assay per manufacturer’s protocol. Samples were 

suspended in 6× Laemmli buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-

mercaptoethanol, 0.01% bromophenol blue) and placed on a dry heat bath at 100 °C for 6 

min.

Proteins (30 μg/sample) were resolved using 10% SDS-PAGE and then transferred to 

nitrocellulose membranes. Membranes were blocked with TBS-T (10 mM Tris-HCl pH 7.4, 

140 mM NaCl, and 0.1% Tween 20) containing 5% non-fat milk solution at room 

temperature for 1 h. Membranes were incubated in primary antibody (Table 1) for 24 h at 4 

°C for detection of total and phosphorylated proteins. Membranes were rinsed three times 

with TBS-T for 5 min. Membranes were then incubated with appropriate horseradish 

peroxidase-linked secondary antibody (Table 1) for 1 h at room temperature. Blots were then 

rinsed three times with TBS-T for 5 min each. Chemiluminescent substrate was applied per 

manufacturer’s instructions. Blots were visualized using a UVP Biospectrum 500 Multi-

Spectral imaging system (UVP, Upland, CA, USA) and the percent abundance of 

immunoreactive protein was determined using densitometry analysis in VisionWorks (UVP).

Total proteins were normalized to ACTB or tubulin prior to calculation of fold induction. 

The ratio of phosphorylated DRP1 to total DRP1 was determined for each treatment and 

time point. Fold increases due to treatment (control versus LH, forskolin, or PMA) were 

then calculated.

Confocal microscopy

For all confocal experiments, sterile No. 1 glass coverslips (22 × 22 mm) were individually 

placed in each well of a 6-well culture dish. Enriched small luteal cell cultures were seeded 

at 5 × 105 cells/well.

The effects of LH or PMA on the phosphorylation of DRP1.—To determine the 

effects of LH on phosphorylation of DRP1, cells were equilibrated in fresh culture medium 

enriched with 1% BSA for 2 h prior to treatment with LH (10 ng/mL) or PMA (20 nM). 

Cells were maintained at 37 °C in an atmosphere of 95% humidified air and 5% CO2 for 30 

min, prior to termination of experiment.

The effects of LH on the colocalization of DRP1 with the mitochondria.—To 

determine the effects of LH on colocalization of DRP1 with mitochondria, cells were 

equilibrated in fresh culture medium enriched with 1% BSA for 2 h prior to treatment with 

control media or LH (10 ng/mL). Cells were maintained at 37 °C in an atmosphere of 95% 

humidified air and 5% CO2 for 4 h, prior to termination of experiment.

The effects of MFF on the colocalization of DRP1 with the mitochondria.—To 

further evaluate the effects of MFF on LH-induced localization of DRP1 with mitochondria, 

enriched small luteal cell populations were transfected with siGLO, or MFF siRNA (100 

nM) for 6 h using Lipofectamine RNAimax in opti-MEM1 culture medium. Following 

transfection, 5% FBS was added to culture medium and incubations were continued for 48 

h. Cells were then equilibrated in fresh culture medium enriched with 1% BSA for 2 h prior 
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to treatment with control media or LH (10 ng/mL). Cells were maintained at 37 °C in an 

atmosphere of 95% humidified air and 5% CO2 for 4 h, prior to termination of experiment.

The effects of Dynasore on LH-induced trafficking of cholesterol from luteal 
lipid droplets to the mitochondria.—To determine the effects of LH on colocalization 

of TopFluor Cholesterol with mitochondrial outer membrane protein, TOM20, cells were 

pre-treated with 5 μM TopFluor Cholesterol (Avanti Polar Lipids) for 48 h to allow 

incorporation in lipid droplets. Following incubation, cells were washed three times with 

PBS to remove unincorporated lipid probe from cells. Cells were pre-treated with 

aminoglutethimide (CYP11A1 inhibitor; 50 μM) for 1 h to prevent cholesterol from exiting 

the mitochondria as pregnenolone prior to treatment with LH (10 ng/mL) for 6 h. To 

determine the effects of DRP1 on LH-induced colocalization of TopFluor Cholesterol with 

TOM20, cells were pre-treated with aminoglutethimide and Dynasore (20 μM) for 1 h prior 

to treatment with LH. Cells were maintained at 37 °C in an atmosphere of 95% humidified 

air and 5% CO2 until termination of experiment.

For all experiments, cells were fixed with 200 μL 4% paraformaldehyde and incubated at 4 

°C for 30 min. Cells were rinsed 3 × with 1 mL PBS following fixation and then incubated 

with 200 μL 0.1% Triton-X in PBS-T (0.1% tween-20) at room temperature for 10 min to 

permeabilize the membranes. The permeabilized cells were rinsed three times with PBS and 

then blocked in 5% BSA for 24 h at 4 °C. Cells were then rinsed and appropriate antibodies 

for co-localization (Table 1) were added to each coverslip and incubated at room 

temperature for 60 min. Following incubation, cells were rinsed three times with PBS to 

remove unbound antibody. Cells were then incubated with appropriate secondary antibodies 

(Table 1) at room temperature for 60 min. Cells were rinsed three times with 1 mL PBS to 

remove unbound antibody. Following labeling with antibodies, coverslips containing labeled 

cells were mounted to glass microscope slides using 10 μL Fluoromount-G (Electron 

Microscopy Sciences). Coverslips were sealed to glass microscope slides using clear nail 

polish and stored at −20 °C until imaging.

Images were collected using a Zeiss 800 confocal microscope equipped with a 63× oil 

immersion objective (1.4 N.A) and acquisition image size of 1584 × 1584 pixel (77.96 μm × 

77.96 μm), and 1024 × 1024 pixel (101.31 μm × 101.31 μm). The appropriate filters were 

used to excite each fluorophore and emission of light was collected between 450 to 1000 

nm. Cells were randomly selected from each slide and 30–45 z-stacked (0.15 μm) images 

were generated from bottom to top of each experiment. To determine the effects of LH on 

Mean fluorescence intensity of phospho-DRP1, Images were converted to maximum 

intensity projections and processed utilizing ImageJ (National Institutes of Health) analysis 

software. Mean fluorescence intensity was determined as previously described (46, 47). The 

JACoP plug-in was used in Image J software to determine the Manders’ overlap coefficient 

for each image as previously described (48) and transformed into percent colocalization by 

multiplying Manders’ overlap coefficient by 100 for all colocalization experiments.
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Progesterone Analysis

Progesterone concentrations from conditioned medium was determined using a 

commercially available enzyme-linked immunosorbent assay (ELISA) kit per 

manufacturer’s protocol. Intra- and inter-assay coefficient of variation was 5.04% and 

9.15%, respectively, across 12 assays. Because basal progesterone secretion varies among 

cell preparations, results were expressed as fold changes. The average progesterone secretion 

in controls was 1,543 ± 191 ng/ml/4 hr, n=29.

Statistical Analysis

Each experiment was performed at least three times each using cell preparations from 

separate animals and dates of collection. All data are presented as the means ± SEM. The 

differences in means were analyzed by one-way ANOVA followed by Tukey’s multiple 

comparison tests to evaluate multiple responses, or by t-tests to evaluate paired responses. 

Two-way ANOVA was used to evaluate repeated measures with Bonferroni posttests to 

compare means. All statistical analysis was performed using GraphPad Prism software from 

GraphPad Software, Inc.

Results

Effects of luteinizing hormone (LH) or forskolin on phosphorylation of Dynamin-related 
protein-1 (DRP1).

Increased phosphorylation of DRP1 leads to opposing regulatory mechanisms of either 

fission (phospho-Ser616) or fusion (phospho-Ser637) (49). To determine whether DRP1 was 

differentially phosphorylated in steroidogenic luteal cells, enriched populations of small 

luteal cells were treated with increasing concentrations of LH (0–100 ng/mL) for 30 min and 

Western blot was used to determine the phosphorylation of DRP1 (Fig. 1 A). LH stimulated 

a concentration-dependent increase in the phosphorylation of DRP1 at Ser637 (P < 0.05; 

Fig. 1 B), with maximal increases in phosphorylation at Ser637 observed with 10 ng/mL 

LH. In contrast, LH provoked a concentration-dependent decrease on the phosphorylation of 

DRP1 at Ser616 when compared to control treated cells (P < 0.05: Fig. 1 C), with maximal 

reductions in phosphorylation at Ser616 observed with 10 ng/mL LH

To determine the temporal nature of the differential phosphorylation of DRP1, small luteal 

cells were treated with LH (10 ng/mL) or the adenylyl cyclase activator forskolin (10 μM) 

for up to 24 h and Western blot was used to determine the phosphorylation of DRP1 (Fig. 2 

A). Under these conditions LH-induced progesterone accumulation reached maximal levels 

after 4-h (Fig. 2 B). Treatment with LH stimulated a 2.6-fold increase in the phosphorylation 

of DRP1 (Ser637) within 30 min when compared to control (0-h; P < 0.05; Fig. 2 C). The 

phosphorylation of DRP1 (Ser637) was maximal after 1-h and remained elevated throughout 

the experimental period albeit at a lower level and approached control levels after 24 h. 

Treatment with LH also caused a rapid and significant decrease in the phosphorylation of 

DRP1 (Ser616) within 30 min (60% decrease; P < 0.05; Fig. 2 D). The phosphorylation of 

DRP1 (Ser616) was reduced throughout the experimental period; yet, approached control 

after 24 h.
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Treatment with the adenylyl cyclase activator forskolin exerted responses similar to those 

observed in response to LH. Forskolin increased phosphorylation of DRP1 (Ser637) within 

30 min (2.5-fold; P < 0.05; Fig. 2 E). The stimulatory response to forskolin was further 

increased after 1 h (3.2-fold) and slowly diminished toward controls over 24 h of incubation. 

Treating cells with forskolin also significantly decreased the phosphorylation of DRP1 

(Ser616) within 30 min when compared controls (50% decrease, P < 0.05; Fig. 2 F). The 

phosphorylation of DRP1 (Ser616) was reduced throughout the experimental period; 

however, approached control at later time points.

DRP1 is regulated by differential phosphorylation events, which are directly mediated by 

PKA (Ser637) and/or PKC/ERK (Ser616) signaling. We employed confocal microscopy to 

further determine the effect of LH/PKA on phosphorylation of DRP1. Representative 

micrographs showing the phosphorylation of DRP1 in response to LH and PMA, an 

activator of PKC/ERK signaling in luteal cells (50), are shown in Figure 3. Treatment with 

LH increased the mean fluorescent intensity of phospho-DRP1 on Ser637 193% when 

compared to control treated cells (P < 0.05; Fig. 3 B). Treatment with PMA also resulted in a 

modest increase in the mean fluorescent intensity of phospho-DRP1 on Ser637 when 

compared to control treated cells (P < 0.05; Fig. 3 B). In contrast, LH reduced the mean 

fluorescent intensity of phospho-DRP1 on Ser616 (P < 0.05; Fig. 3 C); while treatment with 

PMA increased in the mean fluorescent intensity of phospho-DRP1 on Ser616 153% when 

compared to control treated cells (P < 0.05; Fig. 3 C).

Effects of inhibition of Protein Kinase A on phosphorylation of DRP1.

To determine the role of PKA activation on the phosphorylation of DRP1, we employed a 

replication-deficient adenovirus containing the complete sequence of the endogenous 

inhibitor of PKA (PKI; Ad.PKI) (45). A representative Western blot showing the 

requirement for PKA on the responses to LH and forskolin is shown in Figure 4. Treatment 

with Ad.PKI abrogated the stimulatory effects of treatment with LH or forskolin on the 

phosphorylation of DRP1 on Ser637 when compared to control or Ad.GFP-infected cells (P 

< 0.05; Fig. 4 B). Treatment with Ad.PKI also completely blocked the ability of LH or 

forskolin to reduce the phosphorylation of DRP1 on Ser616 when compared to control or 

Ad.GFP-infected cells P > 0.05; Fig. 4 C). As expected, the stimulatory effects of LH on 

progesterone were blocked 73% by treatment with Ad.PKI (data not shown).

In contrast to PKA signaling, activation of PKC/ERK signaling has been shown to stimulate 

phosphorylation of DRP1 on the Ser616 residue (51). To test whether PKA and PKC 

signaling differentially regulated phosphorylation of DRP1 at Ser616, we treated luteal cells 

with PMA, a protein kinase C activator previously shown to increase ERK MAPK signaling 

in bovine luteal cells (50, 52). Treatment with PMA stimulated a robust 4.5±0.4-fold 

increase (P < 0.05, n = 3) in phosphorylation of DRP1 on Ser616 and a modest increase in 

phosphorylation of DRP1 on Ser637 (1.9 ± 0.6-fold increase) (Fig. 4 A).

Treatment with Ad.PKI did not alter phosphorylation of DRP1 on Ser637 in cells treated 

with PMA when compared to Ad.GFP-infected cells (PMA, 1.9 ± 0.6 vs Ad.PKI+PMA, 

2.2±0.3; P > 0.05; Fig. 4 A). Treatment with Ad.PKI did not significantly reduce the 
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stimulatory effect of PMA on the phosphorylation of DRP1 (Ser616) (PMA, 4.5±0.4 vs 

Ad.PKI+PMA, 3.2±0.6; P > 0.05, n = 3; Fig. 4 A).

Effects of LH on colocalization of DRP1 with mitochondria.

Studies have shown that DRP1 translocates from the cytosol to the mitochondria to interact 

and mediate mitochondria fission (53). In the present study, confocal microscopy was used 

to determine the influence of LH and PKA on the co-localization of DRP1 with 

mitochondria (Fig. 5). In control cells, under basal conditions 62.6±3.0% (mean ± sem) of 

the immunoreactive DRP1 was colocalized with the mitochondria (Fig. 5, A and B). 

Following treatment with LH for 4 h there was a 46% decrease in co-localization of DRP1 

with the mitochondria (P < 0.05; Fig. 5 B).

In cells transfected with Ad.βGal, under basal conditions 62.6±2.7% (mean ± sem) of the 

immunoreactive DRP1 was colocalized with the mitochondria (Fig. 5, A and B). Following 

treatment with LH for 4 h there was a 52% decrease in co-localization of DRP1 with the 

mitochondria (P < 0.05; Fig. 5 B). In cells transfected with Ad.PKI, under basal conditions 

60.6±1.4% (mean ± sem) of the immunoreactive DRP1 was colocalized with the 

mitochondria (Fig. 5, A and B). Surprisingly, blocking PKA did not elevate DRP1 

association with the mitochondria under basal conditions compared to control and Ad.βGal 

transfected cells (Fig. 5 B). Additionally, in cells transfected with Ad.PKI, treatment with 

LH was able to promote only a slight decrease in co-localization of DRP1 with Mitotracker 

(14%), which did not different from control cells transfected with Ad.PKI (P > 0.05; Fig. 5 

B).

Effect of the selective DRP1 inhibitor, Mdivi-1, on progesterone production.

To determine the role of DRP1 on LH-induced progesterone secretion enriched populations 

of small luteal cells were treated with increasing concentrations of Mdivi-1, a small 

molecule inhibitor specific for DRP1 (54). We observed a biphasic effect of Mdivi-1 on 

progesterone secretion. Treatment with 1, 5, and 10 μM Mdivi-1 increased basal 

progesterone secretion (P < 0.05; Fig. 6) and 50 μM Mdivi-1 decreased basal progesterone 

(P < 0.05; Fig. 6). Likewise, treatment with 1 and 5 μM Mdivi-1 increased LH-induced 

progesterone secretion (P < 0.05; Fig. 6) and treatment with 50 μM Mdivi-1 decreased LH-

induced progesterone (P < 0.05; Fig. 6).

Knockdown of Mitochondrial Fission Factor (MFF) increases progesterone production in 
small bovine luteal cells.

We demonstrated that LH/PKA-induced inactivation of DRP1 (phosphorylation of DRP1 at 

Ser637) and inhibition of DRP1 with Mdivi-1 promotes progesterone production. Since both 

phosphorylation of DRP1 at Ser637 and inhibition of DRP1 using Mdivi-1 prevent 

localization and interaction of DRP1 with MFF, the mitochondrial membrane receptor for 

DRP1, we employed specific siRNA targeting MFF to evaluate the role of DRP1 in small 

luteal cells (Fig. 7). Western blotting revealed a 75% decrease in expression of MFF in 

siMFF-treated luteal cells when compared to control cells (P < 0.05; Fig. 7 A). Treatment of 

luteal cells with siMFF resulted in a 40% increase in basal progesterone secretion (P < 0.05; 
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Fig. 7 B). Treatment of luteal cells with siMFF also resulted in a modest increase in LH-

induced progesterone secretion when compared to control cells, (P < 0.05; Fig. 7 B).

In siCTL treated cells, under basal conditions 44.6 ± 1.9% (mean ± sem) of the 

immunoreactive DRP1 was colocalized with the mitochondrial marker, Mitotracker (Fig. 7, 

C and D). In cells treated with siCTL, following treatment with LH for 4 h there was a 

significant decrease in co-localization of DRP1 with the mitochondria (34.6%, P < 0.05; Fig. 

7 D), and a corresponding decrease in co-localization of DRP1 with its mitochondrial 

receptor MFF (31.8%, P < 0.05; Fig. 7 E). Compared to siCTL cells approximately 50% less 

immunoreactive DRP1 was colocalized with the mitochondria (Fig. 7, C and D) or MFF 

(Fig. 7, C and E) in siMFF knockdown cells, under basal conditions (P <0.05, mean ± sem). 

These findings indicate knockdown of MFF effectively reduced DRP1 binding to luteal 

mitochondria. Additionally, in cells transfected with siMFF, treatment with LH was no 

longer able to promote decreases in co-localization of DRP1 with either mitochondria (Fig. 

7, C and D) or MFF (Fig. 7, C and E).

Knockdown of Dynamin 1-like (DNM1L/DRP1) inhibits progesterone production in small 
bovine luteal cells.

Another approach to determine the role of DRP1 employed specific siRNA targeting DRP1. 

Western blotting revealed a 68% decrease in expression of DRP1 in siDNM1L-treated luteal 

cells when compared to control cells (P < 0.05; Fig. 8, A and B). Stimulation with LH had 

no influence on expression of DRP1 in both siCTL and siDNM1L treated cells (P > 0.05; 

Fig. 7 B). Treatment of luteal cells with siDNM1L resulted in a 49.3% reduction in basal 

progesterone secretion (P < 0.05; Fig. 8 D). Treatment of luteal cells with siDNM1L also 

resulted in a 50% decrease in LH-induced progesterone secretion when compared to control 

cells, (P < 0.05; Fig. 8 D). The decrease in progesterone was not a result of a reduction in 

levels of components required for progesterone synthesis (Fig. 8 A). Stimulation with LH 

lead to a 227% and 241% increase in STAR protein expression in siCTL- and siDNM1L-

treated cells, respectively, when compared to control (P < 0.05; Fig. 7 D). LH provoked a 

35% and 33% increase in CYP11A1 in cells treated with siCTL and siDNM1L, respectively; 

however, this difference was not significantly different between siRNA treatments (P > 

0.05). Likewise, stimulation with LH lead to a 22% and 19% increase in HSD3B expression 

for siCTL and siDNM1L, respectively; which was not significantly different between siRNA 

treatments (P > 0.05).

Dynamin family inhibitor, Dynasore, decreased LH-induced progesterone production and 
colocalization of TopFluor Cholesterol with mitochondria in small luteal cells.

Although not extensively studied, reports indicate that dynamin-family regulation and 

mitochondrial homeostasis is important in reproductive tissues (55, 56). Moreover, DNM2, a 

dynamin-family protein has been suggested to play a role in mitochondrial fission, although 

this remains controversial. To provide additional evidence for a role of Dynamins on LH-

induced progesterone secretion, small luteal cells were treated with increasing 

concentrations of the dynamin inhibitor Dynasore, a small molecule GTPase inhibitor that 

targets DNM1, DNM2 and DNM1L/DRP1 (57). Treatment with Dynasore did not alter basal 

progesterone secretion (P > 0.05; Fig. S1 A) However, Dynasore caused a concentration-
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dependent reduction in LH-induced progesterone secretion, evident only at relatively high 

concentrations (P < 0.05; Fig. S1 A). Importantly, Dynasore had no influence on LH-

induced phosphorylation of DRP1 at Ser637, indicating a potential indirect mechanism for 

attenuating LH-induced progesterone production (P > 0.05; Fig. S1 B).

An emerging role of DNM2 is the regulation of cellular cholesterol, and Dynasore has been 

reported to impact intracellular cholesterol homeostasis (58, 59). The rate-limiting step to 

steroidogenesis in the corpus luteum is cholesterol availability and transporting free 

cholesterol across the mitochondria. In addition to targeting dynamin proteins DNM1, 

DNM2 and DRP1, Dynasore also blocks dynamin-dependent endocytosis, a mechanism 

used to in import lipoproteins from the blood for progesterone production. Confocal 

microscopy was used to determine whether Dynasore influenced mobilization of cholesterol 

to the mitochondria (Fig. S1 C). To determine the effects of Dynasore on LH-induced 

cholesterol mobilization from lipid droplets to mitochondrial enriched populations of small 

luteal cells were pre-loaded with TopFluor Cholesterol for 48 h to allow incorporation in 

lipid droplets. Cells were pre-treated with aminoglutethimide to inhibit CYP11A1, 

preventing cholesterol from exiting the mitochondria as pregnenolone, and allowing 

accumulation of TopFluor Cholesterol within the mitochondria. We observed a significant 2-

fold increase in the percent colocalization of TopFluor Cholesterol with the mitochondrial 

marker TOM20 following LH stimulation in control cells (P < 0.05; Fig. S1, C–E). To 

determine the influence of Dynasore on LH-induced trafficking of TopFluor cholesterol 

from lipid droplets to mitochondria, we pretreated cells with Dynasore (20 μM) for 1-h prior 

to stimulation with LH. There was no change in the percent colocalization of TOM20 with 

TopFluor Cholesterol following LH stimulation for cells treated with Dynasore (P > 0.05; 

Fig. S1, D, F and G), indicating that Dynasore treatment disrupted cholesterol homeostasis 

in LH-stimulated luteal cells corresponding to a disruption in progesterone synthesis.

Discussion

The function of DRP1 has been extensively studied; however, the mechanism by which 

DRP1 is regulated in ovarian tissues is largely unknown. The dynamic regulation of 

mitochondrial fusion and fission on mitochondrial morphology and cell fate has been studied 

in many physiologic systems, however little work regarding steroidogenesis has been 

conducted, specifically within the corpus luteum. To our knowledge, the present study 

provides the first demonstration that LH via a PKA signaling pathway regulates the 

phosphorylation and localization of DRP1 within mitochondria of the steroidogenic cells of 

the ovary. We observed that LH and PKA activators differentially phosphorylate DRP1 on 

residues known to reduce its activity and association with mitochondria. Approaches using a 

selective small molecule inhibitor of DRP1 and genetic disruption of MFF, the 

mitochondrial DRP1 receptor, resulted in elevated luteal progesterone production. Our 

findings indicate that DRP1 is a LH and PKA sensitive molecule that modulates 

steroidogenesis in the corpus luteum.

LH and PKA signaling are central for luteal steroidogenesis. Using LH-responsive small 

luteal cells, we found that LH and forskolin differentially regulate the phosphorylation of 

DRP1 at specific sites known to either inhibit or activate DRP1. LH and forskolin rapidly 
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stimulated the phosphorylation of DRP1 Ser637, an event associated with inactivation of 

DRP1 (40). Temporal studies revealed that the increases in DRP1 Ser637 phosphorylation 

were rapid and sustained for over 6 h following treatment with LH and forskolin. Moreover, 

the responses to LH and forskolin were associated with a rapid loss of phosphorylation on 

Ser616 in the DRP1 activation domain. The reductions in phosphorylation at the Ser616 site 

failed to completely rebound to basal levels throughout the 24 h duration. The pronounced 

increases in phosphorylation on DRP1 Ser637 and reduction on DRP1 Ser616 suggest that 

LH inactivates DRP1; in fact, the ratio of Ser637/Ser616 phosphorylation observed under 

basal conditions increased over six-fold following treatment with LH or forskolin. The LH-

induced changes in DRP1 phosphorylation (i.e., inactivation of DRP1) were accompanied by 

a 42% reduction in DRP1 localized on luteal mitochondria, reducing the ability of DRP1 to 

remodel luteal mitochondria. Thus, the rapid reduction in the ability of DRP1 to associate 

with and act on the mitochondria accompanies a rapid increase in luteal progesterone 

following LH treatment.

The ability of LH and PKA to control DRP1 phosphorylation presumptively inhibits DRP1 

activity. Active DRP1 is recruited to potential fission sites at the surface of the mitochondria 

(60) and the energy generated from GTP hydrolysis provides the mechanical force needed 

for mitochondrial fission (61). Unlike other Dynamins within the Dynamin family of 

proteins, DRP1 has evolved to form structures that fit the dimensions of the mitochondria 

(61). However, PKA-dependent phosphorylation of DRP1 at Ser637 blocks GTPase activity 

(40). We investigated the role of PKA signaling on DRP1 phosphorylation by utilizing a 

replication-deficient adenovirus that expresses the endogenous inhibitor of PKA, PKI. 

Overexpression of PKI abrogated both LH- and forskolin-induced phosphorylation of DRP1 

on Ser637, demonstrating that LH-induced phosphorylation of DRP1 at Ser637 is regulated 

by PKA in small luteal cells. Blocking PKA activity also reversed the inhibitory effect of LH 

and forskolin on the phosphorylation of DRP1 on Ser616, a site associated with DRP1 

recruitment to the mitochondria. The exact mechanism by which LH via PKA reduces 

phosphorylation of DRP1 Ser616 is unclear but could involve the direct phosphorylation and 

activation of a phosphoprotein phosphatase. Such a mechanism has been reported in rat 

granulosa cells in which PKA activates Protein Phosphatase 1 (PP1) and stimulates the 

dephosphorylation of serine residues on key regulatory molecules (62, 63). Additionally, a 

similar mechanism was reported in Leydig cells, linking cyclin dependent kinase 1 (CDK1) 

as a regulator of the phosphorylation of DRP1 at Ser616 (56). Intracellular cAMP signaling 

decreases CDK1 activity and therefore may not only increase DRP1 Ser637 

phosphorylation, but also can decrease DRP1 Ser616 phosphorylation. We tested this 

possibility in our laboratory; however, we determined that terminally differentiated bovine 

steroidogenic luteal cells used in our studies do not express CDK1, and an inhibitor of 

CDK1 had no effect (not shown). Although DRP1 phosphorylation at Ser616 is not directly 

correlated to the recruitment of DRP1 to mitochondria (49) recruitment to mitochondria is 

regulated by the phosphorylation status of the DRP1 receptor, MFF. The energy-sensing 

adenosine monophosphate (AMP)-activated protein kinase (AMPK) directly phosphorylates 

MFF and is sufficient to rapidly promote mitochondrial fragmentation in mouse embryonic 

fibroblasts (64). Since LH and PKA inhibit AMPK activity in luteal cells (65), it seems 

likely that LH-induced inhibition of AMPK disrupts the binding of DRP1 to mitochondria in 
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luteal cells. The ability of LH, via active PKA signaling, to coordinately regulate both DRP1 

and AMPK activity would ensure a reduction both in enzyme activity and localization to 

mitochondria.

The findings in this study indicate that hormonal regulation of DRP1 is required for optimal 

progesterone synthesis by luteal cells. This conclusion is supported by approaches using 

small molecule inhibitors and siRNA mediated knockdown of key molecules. Treatment 

with Mdivi-1, a compound widely reported to inhibit DRP1-dependent fission, increased 

basal and LH-stimulated progesterone in a concentration dependent manner. However, 

Mdivi-1 has been reported to reversibly inhibit complex I and modify mitochondrial ROS 

production (66), which may influence steroidogenesis independent of DRP1. Therefore, we 

selected a silencing RNA targeted for the DRP1 receptor, MFF, to inhibit the translocation of 

active DRP1 to the mitochondria without disrupting mitochondrial respiration and labile 

cholesterol as seen with other DRP1 chemical inhibitors (58, 59). We observed a 48.7% 

reduction in the localization of DRP1 with the mitochondria and a significant increase in 

both basal and LH-induced progesterone biosynthesis. In contrast, knock-down of DRP1 

with RNA interference gene targeting reduced levels of DRP1 and partially inhibited LH-

stimulated progesterone production. The knockdown of DRP1 did not alter the expression of 

steroidogenic proteins, STAR, CYP11A1, and HSDB3 indicating that the steps leading to 

conversion of cholesterol to progesterone were intact. Thus, mitochondrial remodeling may 

play an important role in cholesterol trafficking for progesterone synthesis. We also 

observed that the general Dynamin inhibitor Dynasore disrupted progesterone synthesis in 

LH-stimulated luteal cells. The inhibitory effect of Dynasore involved a blockage of 

cholesterol trafficking from lipid droplets to mitochondria, a response consistent with known 

actions of Dynasore on endocytosis and intracellular trafficking of vesicles (58, 59). 

Collectively, these findings suggest that DRP1 is important for luteal steroidogenesis, 

although further studies are required to determine how DRP1 localization facilitates LH-

induced progesterone production and how downregulation of DRP1 leads to decreased 

progesterone biosynthesis.

It is well-documented that DRP1-mediates mitochondrial fragmentation associated with 

apoptotic events in numerous cell types (31, 67–70). It is intriguing to speculate that DRP1 

may mediate events involved regression of the corpus luteum. In the bovine, prostaglandin 

(PG) F2α is the luteolysin that acts on luteal cells, leading to inhibition of progesterone 

biosynthesis and induction of apoptosis within the corpus luteum (71). The proximal 

signaling pathway activated following binding of PGF2α to its receptor is the 

phosphatidylinositol-phospholipase C intracellular signaling pathway that leads to activation 

of PKC and expression of genes that result in induction of apoptosis within the corpus 

luteum (71). Here we show that PMA, a PKC activator, stimulates a robust phosphorylation 

of DRP1 at Ser616, and this phosphorylation is independent of PKA activation. A recent 

study shows that the extracellular signal-regulated kinase (ERK) mitogen-activated protein 

kinase (MAPK) ERK2 leads to Ser616 phosphorylation and activation of DRP1 leading to 

mitochondrial fragmentation in mammalian cancer cells (51). Treatment of large luteal cells 

with either PGF2α or PMA leads to activation of ERK signaling via PKC (52), and 

ultimately apoptosis (72–74). Furthermore, PGF2α actives AMPK in bovine large luteal 

cells (75), which could recruit DRP1 to mitochondria. Caution is needed with this 
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speculation because studies have demonstrated opposing effects of AMPK on DRP1, both 

inhibiting (76–80) and promoting DRP1-mediated mitochondrial fission (64). Additional 

experiments are needed to determine whether DRP1 plays a role in PGF2α-induced luteal 

regression.

In conclusion, the present study indicates that stimulation of luteal cells with LH regulates 

the phosphorylation and inhibits the mitochondrial localization of DRP1, and this ability 

requires the activation of PKA in luteal cells. Genetic knockdown of the DRP1 mitochondria 

receptor, mitochondria fission factor (MFF) and a small molecule inhibitor of DRP1 

Mdivi-1, increased basal and LH-induced progesterone production. These findings imply 

that LH may stabilize luteal mitochondria and promote cholesterol trafficking for 

steroidogenesis in bovine luteal cells via modulating the phosphorylation and activity of the 

mitochondrial fission protein DRP1. These findings place DRP1 as an important target 

downstream of PKA in ovarian steroidogenic cells.
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Abbreviations

ACTB Beta Actin

ANOVA analysis of variance

BSA Bovine serum albumin

CDK cyclin dependent kinase

CL corpus luteum

CYP11A1 cholesterol side-chain cleavage enzyme, mitochondrial

DNM1 dynamin 1

DNM2 dynamin 2

DRP1 Mitochondrial Effector Dynamin Like 1

ERK1/2 extracellular signal-regulated protein kinase
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FBS Fetal bovine serum

FIS1 fission 1 protein

GED GTPase effector domain

GFP green fluorescent protein

HSD3B 3 beta-hydroxysteroid dehydrogenase/Delta 5→4 isomerase type 1

LH luteinizing hormone

LHCGR Luteinizing hormone receptor

MFF mitochondrial fission factor

MFN1 mitofusin 1

MFN2 mitofusin 2

MiD49/51 mitochondrial dynamics proteins of 49 and 51 kDa

OPA1 optic atrophy 1

PKA protein kinase A

PKC protein kinase C

PMA phorbol 12-myristate 13-acetate

SEM standard error of the mean

SLC small luteal cell

STAR steroidogenic acute regulatory protein
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Figure 1. Effects of increasing concentrations of luteinizing hormone (LH) on phosphorylation of 
Dynamin-related protein-1 (DRP1).
Enriched cultures of small luteal cells were treated for 30 min with increasing concentrations 

of luteinizing hormone (LH; 0–100 ng/mL) to determine the influence of LH on stimulation 

of Dynamin-related protein-1 (DRP1). Panel A: Representative western blot analysis for 

phospho- and total-DRP1 proteins. Panel B: Densitometric analyses of phospho-DRP1 

(Ser637). Panel C Densitometric analyses of phospho-DRP1 (Ser616). Bars represent 
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means ± sem, n = 3. **Significant difference between treatments as compared to Control, P 
< 0.05.
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Figure 2: Temporal effects of luteinizing hormone (LH) or forskolin on phosphorylation of 
Dynamin-related protein-1 (DRP1).
Small bovine luteal cells were treated with LH (10 ng/mL) or forskolin (10 μM) for 0, 0.5, 1, 

4, 6, or 24 h. Protein was extracted and subject to western blotting. Progesterone in the 

culture medium was measured by ELISA. Panel A: Representative western blot analysis on 

phosphorylation of DRP1 in small luteal cells. Panel B: Fold increase in progesterone 

following treatment with LH. *Significantly different from control, P < 0.05. Panel C: 
Densitometric analyses of phospho-DRP1 (Ser637). Panel D: Densitometric analyses of 
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phospho-DRP1 (Ser616). Panel E: Densitometric analyses of phospho-DRP1 (Ser637). 

Panel F: Densitometric analyses of phospho-DRP1 (Ser616). Panels C-F: Bars represent 

mean fold changes (means ± sem, n = 3). Open bars: Control 0-h. Closed bars: LH or 

forskolin-treated cells. Bars with different lettersabcd differ significantly within treatment (P 

< 0.05).
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Figure 3: Effects of luteinizing hormone (LH) or Phorbol 12-myristate 13-acetate (PMA) on the 
phosphorylation of Dynamin-related protein-1 (DRP1).
Bovine small luteal cells were treated with vehicle control (CTL), luteinizing hormone (LH; 

10 ng/mL) or the PKC activator, Phorbol 12-myristate 13-acetate (PMA; 20 nM) for 30 min 

and subject to confocal microscopy. Panel A: Representative micrographs showing the 

effects of Control, LH or PMA on phosphorylation of DRP1 Ser 637 and Ser616 in small 

luteal cells. Control (a-d), LH (e-h), and PMA (i-l). Panel B: Quantitative analyses of the 

mean fluorescence intensity of phospho-DRP1 (Ser637). Panel C: Quantitative analyses of 
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the mean fluorescence intensity of phospho-DRP1 (Ser616). Bars represent means ± sem (n 

= 3). Open bars represent control cells (0-h); Closed blue bars represent LH-treated cells; 

Closed black bars represent PMA-treated cells. **Significant difference between treatments 

as compared to Control, P < 0.05.
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Figure 4: Effects of overexpression of Protein Kinase Inhibitor peptide (PKI) on phosphorylation 
of Dynamin-related protein-1 (DRP1).
Bovine small luteal cells were treated with replication-deficient adenoviruses containing the 

complete sequence of endogenous green fluorescent protein (GFP) (Ad.GFP) or Protein 

Kinase Inhibitor (PKI) (Ad.PKI) to overexpress GFP or PKI. Following infection, cells were 

treated with vehicle control, luteinizing hormone (LH; 10 ng/mL), forskolin (10 μM), or 

phorbol 12-myristate 13-acetate (PMA; 20 nM). Succeeding treatment, protein was extracted 

and subject to western blotting. Panel A: Representative western blot analysis of the 
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phosphorylation of DRP1. Panel B: Densitometric analyses of phospho-DRP1 (Ser637). 

Panel C: Densitometric analyses of phospho-DRP1 (Ser616). Bars represent means ± sem, 

n = 3. *Significant difference between treatments as compared to Control, P < 0.05.
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Figure 5: Luteinizing hormone (LH) inhibits colocalization of Dynamin-related protein-1 (DRP1) 
on mitochondria.
Replication-deficient adenoviruses containing the complete sequence of endogenous β-

galactosidase (Ad.βGal) and Protein Kinase Inhibitor (PKI) (Ad.PKI) were utilized to 

overexpress βGal or PKI in small bovine luteal cells. Following infection, cells were treated 

with luteinizing hormone (LH; 10 ng/mL) for 4 h. Succeeding treatment, confocal 

microscopy was used to determine the influence of LH on colocalization of DRP1 with 

mitochondria. Panel A: Representative micrographs of (left to right) Mitotracker (A-F1), 
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MFF (A-F2), DRP1 (A-F3), merge of Mitotracker and DRP1 (A-F4), enlarged inlet of 

colocalization (A-F5), and alpha-Tubulin (A-F6) and (top to bottom) No Transfection SLC 

control (A#), No Transfection SLC + LH (B#), Ad.βGal viral control (C#), Ad.βGal viral 

control + LH (D#), Ad.PKI (E#), Ad.PKI + LH (F#). The micron bar represents 10 and 20 

μm. Panel B: Quantitative analysis of the colocalization of Mitotracker with DRP1. Bars 

represent means ± standard error. *Significant difference between treatment, P < 0.05.
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Figure 6: Effects of Selective Dynamin related protein 1 (DRP1) inhibitor, Mdivi-1, on basal and 
luteinizing hormone (LH)-induced progesterone production.
Small bovine luteal cells were pretreated with increasing concentrations of the cell-

permeable DRP1 inhibitor Mdivi-1 (0 – 50 μM) for 2 h and subsequently treated with 10 

ng/mL luteinizing hormone (LH) for 4-h. Following treatment progesterone was quantified 

by ELISA. Bars represent means ± standard error, n = 4 experiments. *Significant difference 

as compared to respective controls, P < 0.05.
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Figure 7: Effects of knockdown of mitochondrial fission factor (MFF) on progesterone 
production and DRP1 localization in bovine small luteal cells.
Mitochondrial fission factor (MFF) mRNA was silenced using siMFF in small bovine luteal 

cells. Following knockdown, cells were treated without (Control) or with luteinizing 

hormone (LH; 10 ng/mL) for 4 h. Panel A: Densitometric analyses of MFF protein 

expression. Bars represent means ± sem, n = 4. Inset representative western blot analysis 

showing expression of MFF in siMFF knockdown small luteal cells. Panel B: Medium 

progesterone. Bars represent means ± sem, n = 6. *Significant difference between treatment 
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as compared to control, P < 0.05. **Significant difference within treatment (CTL or LH), P < 

0.05. Panel C: Representative micrographs of (left to right) Mitotracker (a, g, m and s), 

MFF (b, h, n and t), DRP1 (c, i, o and u), merge of Mitotracker, MFF, and DRP1 (d, j, p and 

v), enlarged inlet of colocalization (e, k, q and w), and alpha-Tubulin (f, l, r and x) and (top 

to bottom) siCTL (a-f), siCTL + LH (10 ng/mL; g-l), siMFF (m-r) and siMFF + LH (10 

ng/mL; s-x), enlarged image (white box corresponding to adjacent image). Panel D: 
Quantitative analysis of the colocalization of DRP1 with Mitotracker. Panel E: Quantitative 

analysis of the colocalization of DRP1 with MFF. Bars represent means ± standard error; n = 

3. Red dashed line indicated analysis cut-off set at 10% colocalization. **Significant 

difference between treatment (control vs LH), P < 0.05.
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Figure 8: Effects of knockdown of Dynamin-related protein-1 (DRP1) on steroidogenic protein 
expression and progesterone production in small bovine luteal cells.
Dynamin-related protein-1 (DRP1) mRNA was silenced using siDNM1L in small bovine 

luteal cells. Following knockdown, cells were treated without (Control) or with luteinizing 

hormone (LH; 10 ng/mL) for 4 h. Panel A: Representative western blot analysis showing 

expression of DRP1 and steroidogenic proteins. Panel B: Densitometric analyses of DRP1 

protein expression. Bars represent means ± sem, n = 5. Panel C: Densitometric analyses of 

STAR protein expression. Bars represent means ± sem, n = 3. Panel D: Medium 
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progesterone. Bars represent means ± sem, n = 3. *Significant difference between treatment 

as compared to control, P < 0.05. **Significant difference within treatment, P < 0.05.
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