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ABSTRACT 

 

The mechanistic events leading to infertility issues in women have 

been investigated for over 50 years and although progress has been made 

in identifying the potential causes, many cases of infertility remain 

idiopathic. This becomes problematic when attempting to provide 

treatments for women striving to conceive a child. One cause of infertility 

is attributed to a unique component of ovarian tissue that develops 

following the ovulation of an ovum, the corpus luteum (CL). The CL is a 

highly vascular tissue that develops at a rate similar to an aggressive 

tumor and is essential for the maintenance of pregnancy through the 

synthesis and secretion of the steroid hormone, progesterone. Defects or 

abnormalities in a CL are believed to account for approximately 65% of 

recurrent miscarriages. Many of the defects are attributed, in part, to 

abnormal vascularization (angiogenesis) of the CL, which occurs 

primarily during the development stage of the luteal lifespan. Leptin is an 

adipokine hormone that is synthesized and secreted by the CL and 

exhibits angiogenic promoting properties. Induced luteal leptin deficiency 

throughout development and maturation of a CL altered the vascular 

landscape by increasing (P<0.05) the number of large diameter vessels. 

Furthermore, the leptin deficient CL had a higher occurrence of 

abnormal, underdeveloped morphology (P<0.05) and a higher (P<0.05) 

ratio of large luteal cells to small luteal cells. Leptin replacement therapy 

following an induced leptin deficiency during the development stage of 

the CL appeared to have accelerated tissue development, increasing 

overall tissue mass (P<0.05) and forming a structure that resembled a 

mature CL. This suggests that luteal leptin deficiency increased tissue 

sensitivity promoting compensatory development with hormone 

replacement. Collectively, the evidence supports the supposition that 

leptin is involved in the normal architecture of a developing CL including 

the vascular and cellular landscape of the tissue.  

 

Keywords: leptin, corpus luteum, morphology, angiogenesis 

 

 

INTRODUCTION 

 

Abnormal vasculature of the CL is a defect that leads to abnormal 

development, decreased progesterone production, and subsequent loss of a 

conceptus (Glock and Brumsted, 1995, Hazzard and Stouffer, 2000). 
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Identifying and understanding the underlying mechanisms of luteal 

angiogenesis may lead to a reduction in luteal-related infertility and 

alternate methodology for regulation of reproductive cycles. The luteal 

neo-vascularization process is attributed to the biological activity of 

fibroblast growth factor 2 (FGF2), angiopoietin 1 (Ang1), and vascular 

endothelial growth factor (VEGF). Both VEGF and FGF2 promote 

capillary membrane destabilization, endothelial cell differentiation, 

proliferation, migration, and vascular tube formation in human, bovine, 

and ovine luteal tissue (Suzuki et al., 1998, Reynolds and Redmer, 1998). 

Maturation and stabilization of nascent vessels is then promoted by Ang1 

through the recruitment of stromal support cells, including pericytes and 

smooth muscle cells (Shalaby et al., 1995). Each of these angiogenic 

regulatory factors is regulated by leptin in both non-ovarian and ovarian 

tissues (Cao et al., 2001, Aleffi et al., 2005, Wiles et al., 2014).  

Both leptin and its receptor (ObRb) have been identified in normal and 

polycystic ovaries of various species (Loffler et al., 2001; Ruiz-Cortez et 

al., 2000; Ryan et al., 2003; Munoz-Gutierrez et al., 2005), particularly in 

steroidogenically active follicles and luteal tissue. However, in order to 

substantially modify steroid production cells must be incubated with leptin 

in the presence of a growth promotant (Spicer and Francisco 1997; Spicer 

and Francisco 1998; Zachow and Magoffin 1997; Karlsson et al., 1997; 

Brannian et al., 1999), which suggests that an ancillary role for leptin in 

ovarian tissue, such as angiogenesis, may exist. It has recently been 

reported that leptin is present in luteal vascular endothelial cell and in 

small and large luteal cells of a developing CL (Wiles et al., 2014). 

Furthermore, leptin upregulates the expression of angiogenic factors in the 

CL (Wiles et al., 2014). Collectively, the evidence supports the supposition 

that leptin may be involved in the development of a CL, which may 

include proper vascularization of the tissue. Understanding the 

mechanisms of the development of luteal tissue may lead to a future 

reduction in the occurrence of luteal-associated infertility. Therefore, it is 

hypothesized that blocking the availability of leptin in the ovary will 

disrupt normal CL development following ovulation and leptin hormone 

replacement therapy will correct the abnormality. The study reported 
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herein is a two-phase in vivo project: Phase I confirms the validity of 

treatment administration methodology utilized to reduce leptin action in 

the ovary and Phase II investigates the role of leptin during luteal 

development using the confirmed treatment methodology from Phase I.  

 

 

MATERIALS AND METHODS 

 

Animals 

 

Phase I: Fourteen mature, cycling multiparous crossbred (Boer X 

Spanish) female goats (does), Capra aegagrus hircus, of similar age and 

body condition, from the Texas A&M University-Kingsville (TAMUK) 

farm were utilized. Animals were randomly allocated to one three 

treatment groups: 1) Control [C; saline, n = 5], 2) rabbit anti-leptin 

polyclonal antibody [AL (1:10 dilution, Pierce Biotechnology, Rockford, 

IL); n = 5], and 3) rabbit polyclonal IgG antibody [IgG (1:10 dilution, 

Santa Cruz Biotechnologies, Santa Cruz, CA; n = 4]. Polyclonal antibody 

dilution was based on previous publications (Wiles et al., 2014; Yegla and 

Parikh, 2014). The IgG treatment group served as a negative control for 

non-specific effects of IgG on luteal development. Animals were housed in 

an outdoor, covered facility (30 m x 30 m) with ad libitum access to hay 

and supplemented with an alfalfa based pelleted feed. Females were 

checked twice daily for classical, behavioral estrus using a cryptorchid 

male for 2 consecutive estrous cycles. To ensure normal cycle length, 

tissue collection did not take place until does were well within the onset of 

the breeding season, i.e., cycling began in late August and tissue collection 

occurred between the months of November and February. On the 3rd 

consecutive estrous cycle, does received prostaglandin F2α (PGF2α; 

Lutalyse, TW Medical, Austin TX) on day 10 of the estrous cycle to 

synchronize ovarian activity for Alzet® osmotic pump (Phase I: model # 

1002; Phase II: model # 1007; Cupertino, CA) insertion, i.e., 48 h after 

PGF2α injection (estrus; day 0). Phase II: Twelve mature, cycling 

multiparous crossbred (Boer X Spanish) female goats (does), Capra 
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aegagrus hircus, from the TAMUK farm were utilized. Animals were 

randomly allocated into one of four treatment groups containing 2 

components/group: 1) Control [C; saline in heparin (vehicle) only, n = 3], 

2) rabbit anti-leptin polyclonal antibody (1:10 dilution) and saline [ALS; n 

= 3], 3) saline and leptin [SL; 1μg recombinant ovine leptin, Thermo 

Scientific, Rockford, IL; n = 3], and 4) rabbit anti-leptin antibody (1:10) 

and leptin (1μg) [ALL; n = 4]. Animal management, estrus detection, and 

estrous cycle synchronization procedures were conducted as described in 

Phase I in preparation for surgical insertion of catheter-osmotic pump 

apparatus. 

 

 

Treatment Administration and Tissue Collection 

 

Does were fasted for 18-22 h and water was removed ~10 h prior to the 

procedure. After the fasting period, animals were transported to the 

surgical facility at the TAMUK farm where they were anesthetized using 

inhalation of isoflurane gas from a vaporizer set at 4%, mixed with O2 at a 

flow rate of 4 L/min. After initial induction, the vaporizer was set to 2.5%-

3% with an O2 flow rate of 2.8–3.2 L/min. A 3-4 inch vertical incision was 

made immediately anterior of the udder to expose the reproductive tract. 

Phase I treatment administration: Osmotic pumps filled with treatment 

were incubated in normal saline at 37°C for 12 h to establish steady-state 

pumping rates and then surgically placed in apposition to the convoluted 

ovarian artery at the ovarian hilus. To prevent blood clot formation around 

the pumps 2.5 U of heparin was added (Harada et al., 1996) to treatment 

vehicle. Osmotic pumps infused treatment over a 14-day period (day 0 – 

day 14 of the estrous cycle; Figure 1) at a flow rate of 0.25 μl/h. To ensure 

depletion of osmotic pump contents the ovary and pumps were removed on 

day 15 of the estrous cycle. Ovaries were removed via blunt dissection and 

placed in ice-cold Hanks solution for transportation. Gross morphology of 

each harvested CL was recorded then divided and processed for paraffin 

embedding and extraction of total RNA and protein. Blood samples were 

collected daily, via jugular venipuncture, from day 0 (day of pump 
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insertion) to day 15 (day of pump recovery) of the estrous cycle for 

analysis of serum progesterone and leptin during the infusion period. Phase 

II treatment administration: The two-component treatment was 

administered using an osmotic pump connected to a catheter surgically 

placed in apposition to the convoluted ovarian artery on day 0 of the 

estrous cycle and removed on day 7 of the estrous cycle. Each treatment 

group consisted of 2 separate components (except the C group) to be 

administered on specific days during the 7-day infusion period (Figure 1). 

At the beginning of the infusion period the first component was 

administered from the catheter over 72 h. Over the next 96 h osmotic 

pressure forced the second component out of the osmotic pump chamber 

and into the catheter following the first component, separated by mineral 

oil (0.5 μl), at a flow rate of 0.5 μl/h. Due to Phase I it was determined that 

surgical removal of pumps one day after the infusion period to ensure 

complete evacuation of pump contents was not necessary. 

 

 

Figure 1. Phase I and Phase II experimental design for treatment infusion during the 

estrous cycle in caprine does. 
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Gross and Microscopic CL Analysis 

 

Phase I: Gross morphology of harvested day 15 CL were evaluated 

using parameters previously reported by Simões et al., (2007) that 

characterized CL morphology throughout the luteal phase of the estrous 

cycle in caprine does. Normal late stage CL (nlCL) were identified as those 

having a large luteal tissue mass surrounding a small, central fluid-filled 

cavity and abnormal late stage CL (alCL) were identified as those having 

diminished luteal mass surrounding a large, central fluid-filled cavity. 

Phase II: Gross morphology of harvested day 7 CL were also evaluated 

using parameters previously reported by Simões et al., (2007). Normal 

early stage CL (neCL) were identified as those having a small luteal tissue 

mass surrounding a large, central fluid-filled cavity and abnormal early 

stage CL (aeCL) were identified as those having diminished luteal mass 

surrounding a large, central fluid-filled cavity. For microscopic evaluation 

tissue was embedded, sectioned, and stained as previously described 

(Wiles et. al., 2014). Briefly, luteal tissue collected from each treatment 

was placed in an ice-cold (4°C) fixative solution (10% Formalin, ~4% 

formaldehyde; Sigma, St. Louis, MO) for 24 h at 4°C on a shaker and then 

rinsed twice in 1x phosphate buffered saline (PBS) for 1 h each. Tissue 

was then placed in a graded series of ethanol baths (40% (v/v), 60%, 80%, 

95% (2x), and 100% (2x) ethanol; Sigma) for 1 h each, at 4°C, and 2 

separate 1 h rinses in xylene. Dehydrated tissue was transferred to a 

paraffin (TissuePrep; Fisher Scientific, Pittsburgh, PA) bath for 2 h and 

then embedded in a paraffin-filled histological cassette mold. Tissue was 

sectioned (6 μm) and placed on positive charged glass slides (2 serial 

sections per slide) and stained with hematoxylin for 1 min, rinsed, dried, 

and mounted with Permount medium. Six randomly identified areas (13.3 

X 104 mm2/section/slide) were quantified for the number of large and small 

luteal cells and the number of large blood vessels. For the late-stage day 15 

CL, small luteal cells are classified as spindled shaped cells between ∼12-

20 µm in size and the large luteal cells were more spherical in shape and 
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ranged between ∼22-50 µm in size (Sharma and Sharma, 1998, O’Shea et 

al., 1979). In the early-stage day 7 lutea the small luteal cells in the caprine 

are between 5-10 μm and the large are 13-20 μm (AZMI and Bongso, 

1985; Farin et al., 1986; Kalender and Arikan, 2007).  

 

 

Immunohistochemistry 

 

Immunohistochemistry of VEGF, FGF2, Ang1, and leptin were 

processed as previously published (Wiles et al., 2014) to determine effect 

of treatment on cellular localization of each hormone. Briefly, tissue was 

embedded, sectioned as described above. Following deparaffinization 

tissue was incubated in 3% hydrogen peroxide for 10 min to block 

endogenous peroxidase activity. Sections were boiled in 10 mM sodium 

citrate for antigen recovery, cooled to room temperature, and rinsed in 

buffer [1% (w/v) bovine serum albumin (BSA) in PBS] for 5 min. Slides 

were processed as per manufacturer’s recommendations using the 

Vectastain ABC kit (Vector Laboratories, Burlingame, CA). To block 

nonspecific binding, tissue was incubated for 30 min at room temperature 

with blocking solution [1% (w/v) BSA and 0.3% (v/v) Triton-X-100 in 

PBS] and normal goat or horse serum (1% v/v; Vector Laboratories). 

Following a rinse in buffer, slides were incubated in 3% BSA in PBS for 

blocking at 37°C for 1 h. Following another buffer rinse, slides were 

incubated with VEGF (1:50;SC-7269; Santa Cruz Biotechnologies Inc, 

Santa Cruz, CA), FGF2 (1:50; CA0259; Cell applications, San Diego, CA), 

Ang1 (1:50; CA0636, Cell Applications), or leptin (1:500; PA1-052; 

Thermo Scientific, Waltham, MA) primary antibodies in buffer. For each 

slide incubated with primary polyclonal antibody, a consecutive slide was 

incubated in normal serum (1.5% v/v) as a control. Slides were rinsed and 

incubated with biotinylated secondary antibody (0.5% v/v; Vector 

laboratories) for 30 min at room temperature. Following secondary 

antibody incubation, tissue sections were rinsed, incubated in an avidin 
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biotinylated horseradish peroxidase complex (1% v/v) for 30 min at room 

temperature, rinsed, and incubated with peroxidase substrate solution 

(NovaRED Substrate Kit; Vector) for 10 min at room temperature. Slides 

were rinsed in buffer and stained with hematoxylin, with the exception of 

Phase I CL. Leptin in a normal day 15 CL is almost undetectable with IHC 

(Wiles et al., 2014), which is exacerbated with hematoxylin. Therefore, the 

hemotoxylin step was omitted for the Phase I day 15 CL to better detect 

leptin in treatment CL. Following staining, slides were rinse with water, air 

dried, mounted in Permount medium and analyzed. To validate primary 

antibody binding antibodies were pre-incubated with 1 μg of corresponding 

hormone for 1 h and used during the primary antibody step as was 

previously reported (Wiles et al., 2014). Slides were observed at 20x for 

location of NovaRED staining, including small (neCL = 5-10μm; nlCL=5-

20μm) and large (neCL=13-20 μm; nlCL= >20 μm) luteal cells (AZMI and 

Bongso, 1985; Farin et al., 1986; Kalender and Arikan, 2007), and vessels 

(Shirasuna et al., 2010). Microscopic size analysis of vessel diameter 

(Phase I) and large luteal cell size (Phase II) was determined through the 

analysis of six random areas (26.6 X 104 μm2) per each tissue section using 

the Olympus cellSens Entry measurement software (Olympus; Center 

Valley, PA).  

 

 

Gene Expression  

 

To validate the antibody blockade on available ovarian leptin in Phase 

I, leptin gene expression was analyzed. Total RNA was extracted from CL 

tissue (10-20 mg) using a phenol:chloroform solution, as previously 

reported (Garcia et al., 2002). Leptin expression was analyzed using qPCR 

with the DNA Engine Opticon II (Bio Rad, Hercules, CA) as previously 

reported (Wiles et al., 2014; O’Gorman et al., 2010). Briefly, 2 μg of total 

RNA was treated with DNase (Promega, Madison, WI) in a reaction mix 

consisting of moloney murine leukemia virus reverse transcriptase 5X 

reaction buffer (M-MLV RT; Promega, Madison, WI), 1 μl of nucleotide 

mix (0.04 mM/ μl, Promega) and 1 μl of DNase-1 (1 u/μl, RQ1 DNase; 
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Promega) and diethyl pyrocarbonate (Sigma) treated water in a total 

volume of 25 μl. The RT mix was incubated at 37°C for 30 min for DNase 

treatment which treats for possible DNA contamination, followed by a 

75°C incubation for 8 min to terminate DNase1 activity. After a 2 min 

incubation on ice, 2 μl of Oligo dT15 primers (500 μg/ml, Promega) and 1 

μl of M-MLV Reverse Transcriptase (200 u/μl, Promega) were added and 

incubated at 37°C for 1 h to RT mRNA into cDNA. Samples were then 

incubated at 85°C for 5 min to terminate RT enzymatic activity. 

Complementary DNA (4 μl of RT product) was amplified by real-time 

PCR using 25 pmol of primers. Primer sequence for leptin was previously 

reported (Wiles et al., 2014) and synthesized by Integrated DNA 

Technologies (IDT; Coraville, IA). PCR was performed using Takara 

SYBR® Green (Madison, WI). The PCR cycles were as follows: a 10 min 

hotstart at 94°C, 94°C for 30 s, anneal temperature of 52°C for 30 s, 68°C 

or 72°C (relative to primer pair) for 60 s for 34 or 44 cycles, ending with a 

72°C 10 min extension. Cyclophilin mRNA in porcine liver was used for 

the creation of a standard curve for relative quantification purposes, as 

previously reported (Matsumoto et al., 2006; O’Gorman et al., 2010, Wiles 

et al., 2014), a scientifically accepted method for real time quantification 

(Bustin, 2000, Bustin 2002). Briefly, a series of ten-fold dilutions were 

created using 1 μg of total RNA and ending with 10 pg of total RNA. A 

previously published primer pair designed to detect the ubiquitously 

expressed gene cyclophilin (Dozois et al., 1997) was utilized to generate a 

standard curve using the serial diluted total RNA. This method generates a 

consistently reproducible (98.7%) standard curve and r2 of 0.974 + 0.002. 

All reported values were calculated by Opticon II software using the 

fluorescent intensity of each standard of the specified standard curve. All 

target gene values were well within the range of the standard curve. To 

correct for procedural variability within each sample, L19 (housekeeping 

gene) mRNA was used to normalize the targeted leptin amplicon as 

previously reported (Wiles et al., 2014). Cyclophilin was not an 

appropriate housekeeping gene for normalization of the experimental 

samples analyzed herein due to a high degree of variability in its 

expression associated with the parameters of collected tissue. Relative 
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values of leptin gene expression were quantified using the generated 

relative standard curve. Values were transformed to log10 and normalized 

with L19. Agarose gel electrophoresis, containing ethidium bromide, was 

used to confirm the presence of a single band of the expected size of the 

PCR product for each of the PCR primer pair reactions. 

 

 

Western Blotting 

 

To validate the antibody blockade on available ovarian leptin in Phase 

I, leptin protein was analyzed. Tissue protein was extracted, 

electrophoresed, and electroblotted as previously reported (O’Gorman et 

al., 2010). Briefly, ~20 mg of total protein from luteal tissue was extracted 

using the Total Protein Extraction kit by Millipore (Billerica, MA). Total 

protein concentrations were determined using bicinchoninic acid (BCA) 

protein assay by Pierce Biotechnology (Rockford, IL). Forty μg of total 

extracted protein was loaded in a Laemmli (separating and stacking gel) 

12% SDS polyacrylamide gel and electrophoresed for immuno-detection 

via the Li-Cor Odyssey Infrared Imaging System (Li-Cor Biosciences, 

Lincoln, NE). Following electrophoresis, proteins were electroblotted to a 

nitrocellulose membrane, rinsed 2X with millipore water and incubated in 

blocking buffer [3% skim milk in Tris Base-Tween (TBS-T; 0.05% Tween 

20; Sigma)] for 1 h. For detection of leptin, the membrane was incubated 

with rabbit anti-leptin polyclonal antibody (1:1000; PA1-052; Thermo 

Fisher Scientific Pierce, Rockford, IL) in 3% skim milk in TBS-T for 1 h. 

To normalize for sample preparation and loading variability mouse anti-β-

Actin (1:3000; MAB1501; EMD Millipore, Billerica, MA) was co-

incubated with leptin antibody. After primary antibody incubation, 

membranes were rinsed in millipore water and incubated with donkey anti-

rabbit IgG IRDye 800 (1:15,000, green fluorescence; Li-Cor) or donkey 

anti-mouse IgG IRDye 680 (1:15,000, red fluorescence, LiCor) in 1% skim 

milk in TBS-T for 1 h, for the simultaneous infrared detection of leptin and 

β-actin, as previously reported (O’Gorman et al., 2010). Values were 

obtained using the Odyssey® Infrared Imaging Software (2.1 version; Li-
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Cor), transformed to Log10, normalized with β-actin, and statistically 

analyzed as described in the statistical analyses section. 

 

 

Radioimmunoassay  

 

Concentrations of progesterone in serum were determined by 

radioimmunoassay (RIA, Coat-A-Count®; Siemens Corp, New York, NY; 

Novak et al., 2003) to determine the presence of a functional CL in Phase I 

and Phase II. Progesterone concentrations were validated as previously 

reported (Wiles et al., 2014). Inter- and intra-assay coefficients of variation 

for all assays were <10%. Sensitivity of the assay was 0.1 ng/mL and intra-

assay CV averaged 3.3%, as previously reported for caprine serum (Wiles 

et al., 2014).  

 

 

Statistical Analyses 

 

The effect of treatment on CL gross morphology was analyzed using 

the Chi Squared procedure of SAS. Serum hormones were analyzed using 

the MIXED procedure of SAS for repeated measures. Gene expression and 

protein values obtained from tissue were analyzed using the PROC 

MIXED procedure of SAS with treatment as a source of variation. 

Microscopic anatomy of the CL was analyzed using the PROC MIXED 

procedure of SAS with treatment as a source of variation. Comparisons 

between small and large luteal cells, vessel diameter, and capillary number 

relative to treatment(s) were obtained using the PDIFF option of the PROC 

MIXED procedure of SAS when significance was detected in the model. 

All values are represented as least squares means plus or minus the 

standard error of the mean (LSmeans ± SEM).  
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RESULTS 

 

Phase I 

 

Day 15 CL Morphology 

The average CL size (10-12 mm) did not differ relative to treatment 

(Figure 2); however, the probability in the occurrence of an alCL was 43-

47% greater (P<0.01) in the AL treated ovaries compared to the control 

groups (C: 13.3±0.56%; IgG: 9.09±0.23%; Figure 2, Table 1). Moreover, 

luteal cavity diameter was significantly larger (P<0.001) in the AL treated 

group compared to the control groups (AL: 8.0±0.3 mm, C: 3.30.4 mm, 

IgG: 2.20.3 mm). Overall, AL treatment accounted for 75% of all 

persistent, large cavity lutea across treatment groups. However, upon 

microscopic evaluation, there was no difference between nlCL and alCL. 

Both nlCL and alCL in the AL treated group had a higher (P<0.001) 

number of large luteal cells, a lower (P<0.005) number of small luteal 

cells, and a higher (P=0.0001) ratio of large:small luteal cells compared to 

CL in the C and IgG groups (Table 2). Additionally, all the CL in the AL 

treated group had a greater (P<0.001) number of large lumen diameter 

vessels then the control groups (AL: 33.00.03 m, C: 21.30.02 m, IgG: 

20.00.01 m; Table 2).  

 

Table 1. Gross morphology of day 15 CL from each treatment 

 

Treatment # of Does Avg. # CL/Doe 
nlCL§ frequency 

(%) 

alCL§ frequency  

(%) 

Control 5 3 86.67a,1 13.33b,1 

IgG 4 2.75 90.91a,1 9.09b,1 

AL 5 3.2 43.75a,2 56.00b,2 
a,bSuperscripts are different within treatment group (P<0.01);  
1,2Superscripts are different between treatment groups (P<0.01);  
§nlCL=normal late stage CL, alCL=abnormal late stage CL. 
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Table 2. Microscopic morphology of day 15 CL from each treatment 

 

Treatment 

 

Avg # of large 

luteal cells  

per area*# 

Avg. # of 

small luteal 

cells per area*# 

Ratio of 

large:small luteal 

cells per area*# 

Avg. large vessel 

diameter* 

(mm) 

Control 59.20±1.54a 43.94±2.15a 1.4±0.08a 21.3±0.03a 

IgG 62.48±1.74a 43.07±2.96a 1.5±0.15a 20.0±0.01a 

AL 76.3±1.79b 33.11±1.16b 2.3±0.32b 33.0±0.33b 
a,bSuperscripts indicates significance between treatment groups (P<0.01); *Effect of 

treatment is significant (P<0.001); #Area of tissue = 26.6 X 104μm2 at 20X magnification.  

 

 

Figure 2. Phase I representative day 15 CL divided in half from each treatment group, 

control (C; n = 5), rabbit immunoglobulin G (IgG; n = 4), and anti-leptin (AL; n = 5) 

treated does, collected on day 15 after a 14-day infusion of treatment. Arrow identifies 

the luteal cavity. 
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Day 15 CL Leptin Gene and Protein Expression 

Leptin gene expression was ~4 fold greater (P<0.001) in AL treated 

luteal tissue compared to C and IgG treatment groups; however, tissue 

leptin protein only tended (P=0.10) to be lower in the AL treated luteal 

tissue compared to the control groups (Figure 3).  

 

 

 

Figure 3. Phase I gene (top graph panel) and protein (bottom graph panel) expression of 

leptin in day 15 CL harvested in control (C; n = 5), rabbit immunoglobulin G (IgG; n = 4), 

and anti-leptin (AL; n = 5) treated does. For leptin gene expression, relative quantities of 

PCR amplicons were transformed to log10 and normalized with L19. Leptin was ∼4 fold 

greater (P < 0.0001) in the AL treatment group. For leptin protein expression leptin blot 

pixel density were transformed to log10 and normalized to β-actin. A representative 

immunofluorescent image of leptin (16kDa; green band) and β-actin (42kDa; red band) for 

each treatment group are above each graphical bar. Leptin protein was not significantly 

different among treatment groups.*Means differ (P ≤ 0.001) by treatment. 
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Circulating Concentrations of Progesterone and Leptin 

Despite gross morphological classification, circulating concentrations 

of progesterone did not differ relative to treatment throughout the infusion 

period, but did increase incrementally over time in all treatment groups 

(P<0.05; Figure 4). Overall, leptin tended (P=0.09) to be lower in the AL 

treatment group compared to the C and IgG groups. Interestingly, in the 

control groups, leptin differed (P=0.03) relative to days of the estrous 

cycle, increasing as the mid-luteal stage progressed, and moderately 

decreasing thereafter.  

 

 

Figure 4. Phase I mean serum concentrations of progesterone (top graph panel) and 

leptin (bottom graph panel) throughout the infusion period (Day 0-14 of the estrous 

cycle) in control (C; n = 5), rabbit immunoglobulin G (IgG; n = 4), and anti-leptin (AL; 

n = 5) treated does. Progesterone increased (P<0.05) over time but did not differ by 

treatment group. Overall, leptin did not differ among treatment groups; however, leptin 

did differ (P=0.03) between days 6-11 of the estrous cycle between the AL and control 

treatment groups.  
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Day 15 CL Immunohistochemistry 

Spatial binding of the luteal angiogenic factors did not appear to differ 

among treatment groups, furthermore, localization and staining saturation 

concurred with previously published data characterizing VEGF, FGF2, and 

Ang1 in a caprine day 15 CL (Wiles et al., 2014). However, in the AL 

treated CL, leptin was visually detected and predominantly localized to 

vessels and the surface of luteal cells (Figure 5). In contrast, leptin was 

virtually undetectable in the C and IgG treatment groups, which concurs 

with the previous report (Wiles et al., 2014).  

 

 

Figure 5. Phase I representative immunohistochemistry of leptin in day 15 CL tissue from 

control (C; n = 5), rabbit immunoglobulin G (IgG; n = 4), and anti-leptin (AL; n = 5) treated 

does. Leptin was virtually undetectable in the C and IgG treatment groups, but was visible 

around vessels and large luteal cells in the AL treatment group. White open triangles and 

black arrows represent large luteal cells and vessels, respectively. Tissue sections were 

observed at 20X magnification. 
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Phase II 

 

Day 7 CL Morphology 

The average CL size differed (P<0.01) relative to treatment group with 

ALS having the largest and SL having the smallest average size (C: 12.42 

± 4.04 mm; ALS: 25.56 ± 3.01 mm; SL: 11.00 ± 3.68 mm; ALL: 14.00 ± 

4.04 mm). The frequency in the occurrence of an aeCL was greater 

(P<0.01) in the ALL treated ovaries compared to all other treatment groups 

(Figure 6, Table 3); furthermore, aeCL were only identified in treatment 

groups receiving leptin (Table 3). Upon microscopic evaluation, the CL in 

the C group had the highest (P<0.0001) number of large and small luteal 

cells and the highest ratio (P<0.0001) or large:small luteal cells compared 

to all other treatment groups (Table 4). Additionally, the C group had a 

higher number of observable capillaries (P<0.0001; Table 4), followed by 

the ALL group. The ALL and ALS treated groups had the lowest 

(P<0.0001) number of large and small luteal cells; however, ALS had the 

lowest (P=0.001) ratio of large:small luteal cells compared to C, ALL, and 

SL groups (Table 4). Furthermore, large luteal cell size was greatest in the 

ALL group compared to all other treatment groups (Table 4). 

 

 

Figure 6. Phase II representative day 7 CL divided in half from each treatment group, 

control (C; n = 3), saline and leptin (SL; n = 3), anti-leptin and saline (ALS; n = 3), and 

anti-leptin and leptin (ALL; n = 3) harvested after a 7-day infusion of treatment. 



The Role of Leptin in the Development of the Corpus Luteum 91 

Table 3. Gross morphological evaluation of day 7 CL  

from each treatment 

 

Treatment # of Does # of CL 
neCL§ frequency  

(%) 

aeCL§ frequency  

(%) 

Control 3 7 100.0a,1 0.0b,1 

SL 3 6 83.33a,1 16.67b,2 

ALS 3 9 100.0a,1 0.0b,1 

ALL 3 5 0.0a,2 100.0b,3 

a,bSuperscripts are different within treatment group (P<0.01); 1,2,3Superscripts are 

different between treatment groups (P<0.01); §neCL=normal early stage CL, 

aeCL=abnormal early stage CL. 

 

Table 4. Microscopic morphology of day 7 CL from each treatment 

 

Treatment 

 

Avg. # of 

large luteal 

cells per 

area*# 

Avg. # of 

small luteal 

cells per 

area*# 

Ratio of 

large:small 

luteal cells 

per area*# 

Avg. large 

luteal cell size 

per area*# 

(μm) 

Avg. # of 

observable 

capillaries 

per area*# 

Control  
235.84 ± 

6.11a 

82.92 ± 

3.25a 

3.06 ±  

0.08a 

16.32 ±  

0.65a 

8.26 ± 

1.07a 

SL 
136.45 ± 

3.95b 

74.77 ± 

1.91b 

1.86 ±  

0.05b 

17.40 ±  

0.91a 

3.88 ± 

0.52b 

ALS 
92.27 ± 

2.34c 

65.11 ± 

1.56c 

1.57 ±  

0.15c 

16.36 ±  

0.73a 

1.91 ± 

0.23c 

ALL 
85.32 ± 

3.34c 

51.76 ± 

2.43d 

1.86 ± 

0.06b,d 

22.56 ±  

0.70b 

5.10 ± 

0.46b,d 

a,b,c,dSuperscripts indicates significance between treatment groups (P<0.0001);  

*Effect of treatment is significant (P<0.0001);  
#Area of tissue = 26.6 X 104 μm2 at 20X magnification.  

 

Circulating Concentrations of Progesterone and Leptin 

Circulating concentrations of progesterone increased (P<0.0001) over 

time in all treatment groups and tended (P=0.1) to differ relative to 

treatment. The influence of treatment on serum progesterone was largely 

attributed to the ALL and ALS treatment groups, which had significantly 
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higher (P<0.02) concentrations of progesterone on days 3, 4, and 5 

compared to the C and SL treatment groups (Figure 7). Overall, leptin did 

not differ over time or relative to treatment group. 

 

 

Figure 7. Phase II mean serum concentrations of progesterone (top graph panel) and 

leptin (bottom graph panel) throughout the infusion period (Day 0-7 of the estrous 

cycle) in control (C; n = 3), saline and leptin (SL; n = 3), anti-leptin and saline (ALS; n 

= 3), and anti-leptin and leptin (ALL; n = 3) treated does. Progesterone increased 

(P<0.05) over time and tended to differ by treatment. This was largely attributed to 

ALS and ALL in which measurable progesterone was detected earlier on days 3, 4, and 

5 of the estrous cycle than in C and SL groups. Leptin did not differ among treatment 

groups. 
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Day 7 CL Immunohistochemistry 

Spatial binding of Ang1 and VEGF did not appear to differ among 

treatment groups. In contrast, FGF2 did vary relative to treatment group 

where it was detected primarily in the cytosol of large luteal cells in the C 

and ALS CL (Figure 8). However, in the ALL treatment group, FGF2 was 

detected on the cell membrane and in the cytosol of large luteal cells, but 

very little FGF2 was detected in SL treated CL. The detection of leptin was 

low in the C and SL treated CL, unlike ALL and ALS CL where it was 

detected at the cell membrane and in the cytosol of large luteal cells 

(Figure 8).  

 

 

Figure 8. Phase II representative immunohistochemistry of FGF2 and leptin in day 7 

CL tissue from control (C; n = 3), saline and leptin (SL; n = 3), anti-leptin and saline 

(ALS; n = 3), and anti-leptin and leptin (ALL; n = 3) treated does. White arrows point 

to small luteal cells and black arrows point to large luteal cells. Red staining indicates 

detection of FGF2 or leptin protein. Tissue was observed at 20X magnification. 
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DISCUSSION 

 

The presence of a fluid-filled luteal cavity during CL formation is a 

common occurrence in both the bovine and caprine species (Simoes et al., 

2005; Garcia and Salaheddine, 2000). As the CL forms and matures the 

added cellular mass causes a substantial reduction in the overall size of the 

cavity (Simoes et al., 2007). However, unlike the bovine species, luteal 

development in the caprine is a slower, gradual process, often resulting in 

the presence of a persistent, small fluid-filled cavity in the late stage of the 

luteal lifespan. This progressive development of luteal tissue is 

accompanied by a continual, progressive rise in progesterone secretion 

until luteolysis (Simoes et al., 2007). Interestingly, in the Phase I AL 

treatment group over half of the collected lutea were alCL. However, 

despite the aberrant development circulating concentrations of 

progesterone did not appear to be affected. This anomaly is attributed to 

the higher population of large luteal cells vs small luteal cells, which are 

the constitutive, hormone independent producers of progesterone 

accounting for ~80% of hormone synthesis in a mid-stage CL (Wiltbank 

and Niswender, 1992). Furthermore, there was a higher number of large 

diameter vessels in the AL treated CL, which is important for substrate 

provision in luteal steroidogenesis (Fraser and Wulf, 2003; Redmer and 

Reynolds, 1996; Stouffer et al., 2001). Hence, the alCL appeared to have 

compensated for the reduction in overall tissue mass potentially through 

increased blood flow and a higher ratio of large to small luteal cells. 

However, this does not imply that the longevity of AL treated CL could 

maintain the apparent normal function throughout gestation. Collectively, 

the morphological evidence supports the antibody treatment methodology, 

via osmotic pump infusion, to reduce ovarian leptin availability, which 

altered normal progression of CL development. The overall reduction in 

circulating concentrations of leptin in the AL treated does further supports 

the effectiveness of treatment. Additionally, luteal leptin expression was 

∼4-fold higher in the AL treated CL following the 14-day antibody  
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infusion. This suggests that a compensatory response occurred from leptin 

deficient conditions, which is supported by an apparent recovery in leptin 

tissue protein and the anomalous detection of leptin in situ that was 

primarily localized to the luteal vasculature (Wiles et al., 2014). To further 

investigate the developmental changes observed in AL treated CL, leptin 

replacement therapy was implemented following an antibody blockade 

during the early stage of luteal development for Phase II. Under normal 

conditions, the day 7 lutea in the caprine species has very little tissue mass 

and a large fluid filled cavity (Simoes et al., 2007). However, all of the 

ALL treated CL were abnormal in that each one had a small fluid filled 

cavity surrounded by a thick luteal tissue wall, which resembled a late 

stage caprine CL (Simoes et al., 2007) observed in Phase I control tissues. 

This would imply that there are more luteal cells in the ALL CL, but upon 

microscopic evaluation it was apparent that these CL had fewer large and 

small luteal cells. This is in contrast to the large luteal cell population 

reported in the AL treated CL in Phase I. However, the antibody treatment 

in Phase I occurred over 14 days verses Phase II where CL were exposed 

to antibody for 72 h. The deficiency of leptin in Phase I may have 

promoted an increase in large luteal cell proliferation, a natural occurrence 

in the development of the CL (Yoshioka et al., 2013), to compensate or 

ameliorate for the loss in available leptin. However, the large luteal cells in 

the ALL CL are significantly larger than all other treatment groups, 

resembling cell sizes reported for a mid-stage CL (AZMI and Bongso, 

1985; Kalender and Arikan, 2007; Wiltbank, 1994). As the CL develops 

both large and small luteal cells progressively increase in size, which 

correlates with an increase in progesterone production (Farin et. at., 1986). 

Although total serum progesterone did not differ among the treatment 

groups, progesterone production increased earlier, beginning on day 3 of 

the estrous cycle, in the antibody treated CL compared to the C and SL 

groups. This is interesting in that day 3 is the day antibody infusion ended, 

which may have caused a compensatory response, potentially a 

hypersensitive response, to leptin. The combination of endogenous and  
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exogenous leptin in the ALL CL may have overcompensated by 

accelerating the growth of large luteal cell size. The increase in size may 

have occurred, in part, to a potential recovery in vascularization, which 

was apparent in the comparison of number of observable capillaries in the 

ALL and C CL. However, unlike the C CL, the detection of FGF2 within 

and on the surface of large luteal cells was highest in the ALL lutea, even 

when compared to all other treatment groups. This observation may 

explicate the greater size of the large luteal cells in ALL CL in that FGF2 

promotes growth of early lutea by stimulating proliferation and 

differentiation of steroidogenically active luteal cells (Grazul-Bilska et al., 

1995). Collectively, a luteal leptin deficiency alters the luteal landscape by 

modifying vasculature and large luteal cells. Leptin replacement in a leptin 

deficient CL appears to correct the induced deficiency potentially through 

an accelerated development of large luteal cells and recovery in available 

vasculature. Overall, the evidence supports a role for leptin in luteal 

development.  
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The significance of leptin in corpora lutea development 

A cause of infertility in women is attributed to corpora luteal (CL) 

defects, which are believed to account for approximately 65% of recurrent 

miscarriages. Corpora luteal defects are attributed, in part, to abnormal 

angiogenesis, the result of which is a decrease in circulating progesterone. 

Traditionally, the study of angiogenesis encompassed a thorough 

investigation of well-known angiogenic regulators such as vascular 

endothelial growth factors (VEGF), fibroblast growth factors (FGF), and 

angiopoietins, all of which have been identified and studied in the CL. 

However, the discovery of leptin, an adipogenic hormone that regulates 

satiety, has invigorated angiogenic research as it has exhibited potent 

angiogenic properties. Furthermore, leptin has been identified in the CL 

throughout the luteal phase. I have been investigating the potential function 

of leptin in the CL to determine its relevance to vascularization of the 

tissue in the caprine species, an excellent experimental model in that it has 

multiple ovulations and luteal development is progressively the traditional 

experimental models. The research has led to the discovery of a novel, 

unexplored area of luteal angiogenesis. The PI has reported that 1) leptin 

upregulates the expression of VEGF, FGF2, and angiopoietin 1 in 

developing luteal tissue, but not in mid and late stage of the luteal lifespan. 

2) Leptin stimulates vessel formation in collagen gel cultures from 

dispersed luteal tissue. 3) Blocking ovarian leptin using antibody infusion 

methods alters CL morphology including an increase in large luteal cell 

population and an increase in the number of large diameter vessels. 4) 

Blocking and then infusing leptin to an early developing CL alters the 
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luteal landscape by appearing to accelerate luteal development by 

increasing cell mass and vasculature. Discovering a novel component to 

luteal angiogenesis will contribute to future biomethods for luteal 

regulation that will potentially reduce the incidence of infertility in women 

associated with abnormal CL development. 

 

Leptin and pubertal development 

The development of secondary sexual characteristics in girls is a 

significant event signaling the onset of physiological and psychological 

changes that result in the ability to reproduce, an event that is of profound 

importance to the individual, family, and society. The age at which puberty 

begins to occur is between the ages of 8-12 yrs. Girls that attain puberty at 

an age earlier than 7 yrs are considered precocious. There are 2 types of 

precocious puberty, peripheral and central, the latter of which is the focus 

of my research interest. Central precocious puberty (CPP) is a condition 

where the hypothalamic and pituitary reproductive axis begin to mature 

early. Girls that experience CPP are often short in stature, experience a 

high levels of stress attributed to negative experiences with peers, and 

behavioral problems that lead to depression. The mechanistic event(s) 

permitting/triggering puberty is not well understood despite the evidence 

that factors such as nutrition, body weight, total body fat, and metabolic 

hormones, including leptin, appear to influence the age at which puberty 

occurs. Deficiencies in leptin or impaired function of the leptin receptor 

lead to morbid obesity and absolute infertility in females; however, 

exogenous leptin reverses the infertility disorder. The PI has focused on 

understanding the mechanism(s) through which leptin influences the 

central reproductive system through characterization studies using the 

bovine and porcine model, both of which have been utilized as 

experimental models for the study of puberty since 1961. The PI reported 

that 1) subcutaneous leptin is the primary source of circulating leptin and 

that 2) it increases as puberty approaches in both species. 3) The 

expression of the short (OBRa) and long (OBRb) forms of the leptin 

receptor vary in the choroid plexus of the brain as puberty approaches, 

which potentially alters the transport of leptin into the brain. 4) Leptin 
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influences the expression of estrogen receptor isoforms (alpha and beta) in 

the choroid plexus and 5) expression of the isoforms varies in the choroid 

plexus as puberty approaches, which may be attributed in part to leptin. 

Understanding the mechanisms of pubertal development can lead to 

alternative therapy that would delay the progression of CPP. 

 


