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Abstract

The midcycle luteinizing hormone (LH) surge initiates a cascade of events within the ovarian 

follicle which culminates in ovulation. Only mural granulosa cells and theca cells express large 

numbers of LH receptors, and LH-stimulated paracrine mediators communicate the ovulatory 

signal within the follicle. Recent reports identified the neuropeptide neurotensin (NTS) as a 

product of granulosa cells. Here, we demonstrate that granulosa cells were the primary site of NTS 
expression in macaque ovulatory follicles. Granulosa cell NTS mRNA and protein increased after 

human chorionic gonadotropin (hCG) administration, which substitutes for the LH surge. To 

identify ovulatory actions of NTS, a NTS-neutralizing antibody was injected into preovulatory 

macaque follicles. hCG administration immediately followed, and ovaries were removed 48 hours 

later to evaluate ovulatory events. Follicles injected with control IgG ovulated normally. In 

contrast, 75% of NTS antibody-injected follicles failed to ovulate, containing oocytes trapped 

within unruptured, hemorrhagic follicles. Serum progesterone was unchanged. Of the three NTS 

receptors, SORT1 was highly expressed in follicular granulosa, theca, and endothelial cells; 

NTSR1 and NTSR2 were expressed at lower levels. Excessive blood cells in NTS antibody-

injected follicles indicated vascular anomalies, so the response of monkey ovarian endothelial cells 

to NTS was evaluated in vitro. NTS stimulated endothelial cell migration and capillary sprout 

formation, consistent with a role for NTS in vascular remodeling associated with ovulation. In 

summary, we identified NTS as a possible paracrine mediator of ovulation. Further investigation of 

the NTS synthesis/response pathway may lead to improved treatments for infertility and novel 

targets for contraception.
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1 | INTRODUCTION

Ovulation is the release of a mature, fertilizable oocyte from the ovary. The primary 

endocrine signal for ovulation is the midcycle surge of luteinizing hormone (LH). Many 

cells of the ovulatory follicle do not express LH receptors (LHCGRs). Only theca cells and 

granulosa cells closest to the follicle basement membrane express biologically meaningful 

numbers of LHCGRs.1,2 The ovulatory LH signal acts at these cells to regulate production 

of paracrine mediators, which communicate the ovulatory signal to the remainder of the 

follicle.

Neurotensin (NTS) is a small protein that was recently identified as a candidate paracrine 

mediator of ovulation. The ovulatory gonadotropin surge increases granulosa cell expression 

of NTS.3,4 NTS was originally characterized as a neuropeptide, involved in appetite, pain, 

and certain neurological disorders.5 More recent studies have demonstrated a role for NTS in 

the gastrointestinal tract, modulating both motility and absorption.6,7 Information on NTS 

and female reproductive function is limited. NTS and its receptors exhibited differential 

expression between postpartum and virgin female mice across multiple brain regions, 

supporting its role for potential involvement in maternal behaviors.8 To our knowledge, there 

are no published reports describing NTS action in the ovarian follicle, including during the 

ovulatory period.

Neurotensin acts at its target cells through multiple plasma membrane receptors. NTSR1 and 

NTSR2 are members of the seven transmembrane domain, G protein-coupled family of 

receptors.9 A third NTS receptor, SORT1, is also known as sortilin or NTSR3. SORT1 has a 

single transmembrane domain, with NTS binding to the large extracellular domain.10 Signal 

transduction pathways activated in response to NTS binding to SORT1 are poorly 

understood.10 Expression and activity of these NTS receptors in the ovary, and in particular 

the ovulatory follicle, has not been explored.

These studies were undertaken to determine if NTS is an intrafollicular mediator of 

ovulation in macaques, a primate species with ovarian function highly similar to that of 

women. A model of gonadotropin administration and controlled ovulation, along with 

intrafollicular administration of a NTS-neutralizing antibody,11 was employed. This allowed 

for evaluation of NTS action in the ovulatory follicle while bypassing possible NTS action 

in the hypothalamus and anterior pituitary.12,13 These studies also localize expression of 

NTS and its three receptors to key cell types of the ovulatory follicle. Our studies 

demonstrate that cells of the ovarian follicle express both NTS and NTS receptors 

concomitantly during the ovulatory interval, and that NTS may mediate essential events of 

the ovulatory cascade in primates.

2 | MATERIALS AND METHODS

2.1 | Animals

Whole ovaries and ovarian biopsies were obtained from adult female cynomolgus macaques 

(Macaca fascicularis, aged 4–8 years) at Eastern Virginia Medical School (Norfolk, VA). 

Animal protocols were conducted in accordance with the National Institutes of Health’s 
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Guide for the Care and Use of Laboratory Animals and were approved by the Eastern 

Virginia Medical School Animal Care and Use Committee. Serum estradiol and 

progesterone levels were determined using the Immulite 1000 immunoassay system 

(Siemens, Rockville, MD). Aseptic surgeries were performed under isoflurane anesthesia, 

followed by postoperative analgesia (buprenorphine and either ketoprofen or meloxicam).14 

Non-ovarian tissues (heart, pancreas, adrenal, kidney, and thyroid) were obtained from adult 

female macaques at necropsy.

Adult baboon adrenal tissue for immunostaining was a gift from Dr Gerald Pepe, Eastern 

Virginia Medical School, and was obtained as previously detailed.15

2.2 | Ovarian stimulation

An ovarian stimulation model was used to obtain ovaries with multiple ovulatory follicles.14 

Briefly, monkeys received FSH (Merck and Co., Inc, Kenilworth, NJ) and LH (Serono 

Reproductive Biology Institute, Rockland, MA) to stimulate the growth of multiple follicles. 

Animals also received a GnRH antagonist (Ganirelix; Merck) daily to prevent an 

endogenous ovulatory LH surge. At surgery, either ovariectomy or aspiration of ovarian 

follicles greater than 4 mm was performed before (0), 12, 24, or 36 hours after 

administration of hCG (Serono). For follicle aspirates, oocytes were removed mechanically, 

and remaining cells subjected to Percoll gradient centrifugation to enrich for granulosa cells 

as previously described.16

2.3 | Controlled ovulation with follicle injection

Controlled ovulation with follicle injection was used to introduce an antibody into the 

ovulatory follicle as previously detailed.11 Animals were monitored for rising serum 

estradiol to indicate development of a large preovulatory follicle. Animals then received a 

GnRH antagonist (Acyline; NICHD, Rockville, MD) to prevent endogenous LH surge 

concomitant with follicle stimulating hormone (FSH; Merck) and LH (Serono) for 2 days to 

maintain healthy development of the follicle. On the next day, intrafollicular injection of a 

rabbit antibody against NTS (ImmunoStar, Hudson, WI; n = 4) or control IgG (Abbiotec, 

San Diego, CA; n = 5) was performed during aseptic surgery; an estimated 10 micrograms 

of antibody protein was delivered to each follicle. Immediately postoperatively, hCG 

(Serono) was administered to initiate ovulatory events. Ovariectomy was performed 48 

hours after hCG, with ovulation anticipated at about 40 hours.17 Ovaries were photographed 

in situ before ovariectomy. Evaluation of ovulation in control IgG-injected ovaries has been 

previously reported.18,19

2.4 | Monkey ovarian microvascular endothelial cells (mOMECs)

Replicating populations of ovarian microvascular endothelial cells (mOMECs) were 

obtained from monkeys experiencing ovarian stimulation and hCG administration. 

mOMECs were isolated from follicular aspirates or whole ovaries, characterized, and 

maintained as previously described.20 Cells were amplified in media optimized for growth of 

microvascular endothelial cells (EGM-2MV, Lonza, Salisbury, MD) and switched to media 

lacking growth factors and serum (basal medium EMB-2, Lonza) overnight before use in 
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experiments. All treatments were performed in EMB-2 medium. Replicate experiments were 

performed with mOMECs isolated from different animals.

For isolation of RNA, mOMECs were treated with PGE2 (1 μM; Cayman Chemical, Ann 

Arbor, MI) or VEGFA (5 ng/mL; R&D Systems, Minneapolis, MN). Cells were harvested 4 

or 24 hours after initiation of treatments by lysing for RNA preparation (below).

For the migration assay,20 mOMECs were seeded directly onto cell culture inserts 

containing membranes with 8 μm pores (BD Biosciences, San Jose, CA), and recombinant 

human NTS (0–50 μM; Bachem, Torrance, CA) was added to basal medium in the well of 

the culture plate. After 24 hours, membranes were stained with hematoxylin and eosin 

(Sigma). Images of migrated cells (five images per membrane) were counted and averaged.

For assessment of proliferation,20 mOMECs were plated onto glass chamber slides (Nunc, 

Thermo Fisher) until 50% confluent. After overnight incubation with basal medium, 

medium containing NTS (0–5 μM) was added. Slides were fixed in 10% formalin after 24 

hours and used for detection of Ki67 by immunohistochemistry.20 Images (four per 

chamber) were collected, the status of each cell (Ki67+/Ki67−) was recorded, and an 

average percent positive was determined.

Sprout formation was assessed by coating microcarrier beads with mOMECs and 

suspending the cell-coated beads in a three-dimensional fibrin matrix as previously 

described.20 Cultures were treated with NTS (0–50 μM), and five beads/treatment were 

photographed after 2 days in culture. Images were assessed for the number of sprouts per 

bead and the length of each sprout. To confirm that the NTS antibody-neutralized NTS 

activity, NTS human recombinant protein (500 μM), NTS antibody (1:1000 dilution; 

ImmunoStar), and NTS + antibody were incubated for 2 hours at room temperature, then 

diluted for use in the sprout formation assay so that the final concentration of NTS was 5 

μM. Photographs were taken after 1 day of culture.

2.5 | Monkey theca cells

Replicating populations of primary monkey theca cells were isolated from monkey ovaries 

after a modified ovarian stimulation protocol.21 Briefly, FSH was administered for 6 days, 

hCG was administered, and ovaries were recovered 48 hours later. Monkey theca cells were 

isolated from small antral follicles (1–3 mm), cultured, and phenotype verified as previously 

described.21,22 Theca cells were studied during passages 3–5. Cells were switched to a 

minimal medium22 overnight before treatment with hCG (20 IU/mL; Sigma-Aldrich, St. 

Louis, MO) or forskolin (20 μM; Sigma-Aldrich). Cells were harvested 4 or 24 hours after 

initiation of treatment by lysing for RNA preparation (below).

2.6 | RNA and quantitative PCR (qPCR)

Total RNA was obtained from granulosa cells, pancreas, and heart using TRIzol reagent 

(Thermo Fisher, Fair Lawn, NJ) according to manufacturer’s instructions, while total RNA 

was obtained from cultured monkey theca and endothelial cells using the Qiagen RNeasy 

Mini Kit (Germantown, MD) according to kit instructions. All RNA was treated with 

deoxyribonuclease and reverse transcribed as previously described.21 Levels of mRNA for 
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NTS, NTSR1, NTSR2, and SORT1 were assessed by qPCR using a Roche Lightcycler 

(Roche Diagnostics, Atlanta, GA) and the FastStart DNA Master SYBR Green I kit (Roche) 

following manufacturer’s instructions. Primers were designed based on human or monkey 

sequences and span an intron to prevent undetected amplification of genomic DNA (Table 

S1). PCR products were sequenced (Genewiz, South Plainfield, NJ) to confirm amplicon 

identity. Sequenced amplicons were quantified and re-amplified to generate a standard curve 

of known copy number for each PCR assay. All data are initially expressed as the ratio of 

mRNA of interest to ACTB mRNA for each sample, where a value of 1.0 indicates the same 

number of copies of mRNA of interest and copies of ACTB in each mRNA sample. For NTS 

in granulosa cells and all cultured cells, the ratio of mRNA of interest/ACTB for basal 

samples was set equal to 1.0, and all treatments were expressed relative to basal expression.

2.7 | Histology

All ovaries were fixed in 10% formalin for 24 hours, embedded in paraffin, and sectioned at 

5 μm. Ovaries obtained after follicle injection were embedded in a specific orientation such 

that sections included the follicle apex and follicle wall opposite the apex at the maximal 

follicle diameter in order to ensure optimal view of the follicle apex.18 Follicle-injected 

ovaries were serially sectioned, and every fifth section was stained with hematoxylin and 

eosin (Sigma) and evaluated by at least two independent observers to identify the oocyte and 

(if present) condition of the cumulus as well as presence/absence of a rupture site. Rupture 

site size was quantified by measuring the width on the section with the largest rupture site 

and counting the number of 5 μm sections where the rupture site was present to calculate the 

area of an oval. Unruptured follicles were assigned a rupture area of 0 mm2. Whole ovary 

images were assembled from multiple microscopic images of a single tissue section using 

Image Composite Editor (Microsoft Corp., Redmond, WA). Granulosa cell layer thickness 

was assessed as a quantitative metric of luteinization as previously described.18 Briefly, a 

stained ovarian section was selected which included the maximal diameter of the follicle and 

the rupture site (if rupture occurred) or thinnest portion of the remaining follicle wall (if 

rupture did not occur). The granulosa cell layer opposite the apex or thinnest portion of the 

remaining follicle wall was assessed by determining distance from granulosa cell basement 

membrane to antral edge of granulosa cells, with eight replicate measurements made for 

each ovarian tissue section. Additional tissue sections from follicle injection ovaries were 

stained using the Ayoub-Shklar method, which yields blue collagen fibers and bright red 

erythrocytes.23 Briefly, sections were stained in 5% of acid fuchsin (Sigma) in water, then 

dual stained in a solution of 0.5% aniline blue (Santa Cruz Biotech, Dallas, TX), 2% Orange 

G (Thermo Fisher), and 1% phosphotungstic acid (Sigma) before dehydration and mounting.

2.8 | Immunohistochemistry

Ovaries obtained after controlled ovarian stimulation were sectioned for immunostaining. 

Immunostaining was performed on paraffin-embedded tissues sectioned at 5 μm as 

previously described.18 Immunodetection of NTS and NTSR2 were performed after acidic 

antigen retrieval (10 mM sodium citrate, 0.05% Tween20; 18), and SORT immunodetection 

was performed after basic antigen retrieval (10 mM Tris base, 1 mM EDTA, 0.05% 

Tween20; 18). Slides were blocked, then incubated overnight with rabbit primary antibodies 

against NTS (ImmunoStar #20072; 1:100 dilution), NTSR1 (Thermo Fisher #PA3–214; 
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1:400 dilution), NTSR2 (EMD Millipore #AB15134; 20 μg/mL), or SORT1 (Sigma 

#HPA006889; 4 μg/mL). Omission of the primary antibody served as a negative control. 

Slides were incubated with DAB substrate using the Vectastain Rabbit ABC kit (Vector 

Laboratories, Burlingame, CA) according to manufacturer instructions, then counterstained 

in hematoxylin.

2.9 | Western blot

Tissue and granulosa cell lysate preparation and western blots were performed essentially as 

previously described.20 Protein from lysates of tissue (20 μg) or granulosa cells (15 μg) were 

loaded onto a 3%-8% polyacrylamide gradient gel (Thermo Fisher, Waltham, MA). Proteins 

were transferred to a polyvinylidene fluoride membrane (Immobilon; Millipore, Billerica, 

MA). For detection of NTS, the membrane was blocked in 3% of bovine serum albumin, 

0.25% of gelatin, and 0.05% of Triton in 10X Tris-buffered saline (TBS) (Santa Cruz 

Biotechnology SC-24951), while the NTSR2 and SORT1 membranes were blocked in 5% of 

nonfat dry milk in 10X TBS with 0.1% Tween. Membranes were probed with antibodies 

against NTS (1:5000; ImmunoStar), NTSR2 (2 μg/mL; EMD Millipore AB15134), or 

SORT1 (0.4 μg/mL; Sigma HPA006889), then incubated with an anti-rabbit HRP-

conjugated secondary antibody (1:10 000; Vector Labs PI-1000). Protein bands were 

visualized with Amersham ECL Western Blotting Detection Reagents (Sigma, St. Louis, 

MO).

2.10 | Data analysis

Data were assessed for heterogeneity of variance by Bartlett’s tests. Data were log 

transformed when Bartlett’s test yielded P < .05; log-transformed data were subjected to 

Bartlett’s test to confirm that P >.05. All data sets were assessed by unpaired t test, paired t 
test, or ANOVA (without or with repeated measures) as indicated in the text and figure 

legends. ANOVA was followed by Duncan’s multiple range test when P < .05. Statistics 

were performed using StatPak version 4.12 software; Northwest Analytical, Portland, OR. 

Significance was assumed at P < .05. Data are expressed as mean ± SEM.

3 | RESULTS

3.1 | The ovulatory gonadotropin surge increases NTS expression

Published reports indicate that NTS is expressed by the granulosa cells of the ovulatory 

follicle and show massive upregulation of NTS mRNA in response to the ovulatory 

gonadotropin surge.3,4 This finding was confirmed in granulosa cells of monkey ovulatory 

follicles. Granulosa cells were obtained after ovarian stimulation, either in the absence of 

hCG (0 hour) or 12, 24, or 36 hours after an ovulatory dose of hCG. NTS mRNA was low-

to-nondetectable before administration of an ovulatory dose of hCG (Figure 1A). In 

response to hCG administration, NTS mRNA levels rose 30-fold, and NTS mRNA remained 

high through the remainder of the ovulatory interval.

NTS protein was also present in granulosa cells of ovulatory follicles. A protein consistent 

with expected size of NTS (16 kDa, 24) was detected in lysates of monkey granulosa cells 

(Figure 1B). NTS was localized primarily to granulosa cells of monkey ovulatory follicles 
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by immunostaining (Figure 1C–F). The apparent increase in NTS detection in granulosa 

cells after hCG (Figure 1D) parallels the hCG-stimulated rise in granulosa cell NTS mRNA 

in the early ovulatory period (Figure 1A). When present, NTS immunostaining appeared to 

be located throughout the granulosa cell layer and not restricted to either the basal or antral 

portions of the granulosa cell layer.

Possible NTS immunodetection was also noted in the stroma outside the granulosa cell 

basement membrane. In order to identify candidate cell types for stromal NTS expression, 

cultures of monkey ovarian microvascular endothelial cells (mOMECs) and theca cells were 

examined. NTS mRNA was not consistently detected in mOMECs treated without or with 

either PGE2 or VEGFA, two LH-stimulated mediators of ovulatory angiogenesis.20,25 

Similarly, NTS mRNA was low/non-detectable in cultured monkey theca cells; theca NTS 
mRNA was not consistently detected after cells were treated in vitro with hCG or forskolin, 

which activates the LH receptor-stimulated signaling cascade.26

3.2 | Neutralization of follicular NTS impedes ovulation

To determine if intrafollicular NTS is necessary for ovulation, we utilized a well-established 

macaque model of controlled ovulation, coupled with intrafollicular administration of a 

NTS-neutralizing antibody.18 Dominant monkey follicles were injected with either a 

antibody against NTS or a control IgG. We anticipate that the NTS antibody binds to NTS in 

the follicle, preventing NTS interaction with its receptor(s). An ovulatory dose of hCG was 

administered immediately thereafter to initiate ovulatory changes. After 48 hours of 

exposure to hCG, each ovary was evaluated for ovulatory changes. At the time of ovary 

removal, control IgG-injected ovaries showed clear evidence of follicle rupture, with a 

prominent ovulatory stigmata visible at ovariectomy (Figure 2A, arrow) and also upon 

histological examination (Figure 2E). Histological examination also revealed the absence of 

oocytes within control IgG-injected follicles (Table 1).

NTS antibody injection resulted in formation of unruptured follicles with trapped oocytes. 

At ovariectomy, the majority of NTS antibody-injected follicles showed no evidence of 

rupture at ovariectomy and instead had the appearance of large, hemorrhagic cysts (Figure 

2C). Upon histologic examination, the majority of NTS antibody-injected ovaries showed an 

intact luteinizing granulosa cell layer in the apical region and no evidence of follicle rupture 

(Figure 2G). Only one of four NTS antibody-injected follicles showed evidence of rupture, 

with a small red area of the ovarian surface (Figure 2B, arrow) and histological confirmation 

of a small rupture site (Figure 2F). Overall, the size of the rupture site was significantly 

reduced with NTS antibody injection when compared to control IgG injection (Figure 2D). 

Oocytes trapped in the antrum were identified in 50% of NTS antibody-injected follicles 

(Table 1). These retained oocytes were not in contact with the mural granulosa cell layer and 

had few or no associated cumulus cells (Figure 3A).

NTS antibody injection resulted in well-luteinized, but highly hemorrhagic, follicles. 

Follicles injected with control IgG (Figure 3B,D) and NTS antibody (Figure 3C,E) showed 

hypertrophied granulosa cell layers (Figure 3G), with enlarged vessels in the surrounding 

stroma. NTS antibody-injected follicles contained pools of red blood cells near the 

luteinizing granulosa cell layer (Figure 3C,E) and throughout the follicle antrum (Figures 2F 

Campbell et al. Page 7

FASEB J. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 3E). This appearance contrasts with the limited accumulation of red blood cells in the 

antrum of control IgG-injected follicles (Figures 2E and 3B,D). Follicles injected with either 

control IgG or the NTS antibody showed evidence of structural luteinization, with stromal 

tissue integrating into the luteinizing granulosa cell layer near the location of large stromal 

vessels (Figure 3H,I). In addition, both treatments resulted in similar levels of serum 

progesterone after hCG administration, a measure of functional luteinization (Figure 3F).

3.3 | The neurotensin response system in primate ovulatory follicles

To identify possible cellular targets of NTS action, each of the three NTS receptors was 

localized to cells of macaque ovulatory follicles. Ovaries were obtained after ovarian 

stimulation, either in the absence of hCG (0 hour) or 12, 24, or 36 hours after an ovulatory 

dose of hCG. SORT1 immunodetection was low to nondetectable in granulosa cells of 

ovulatory follicles before hCG (Figure 4A) and 12 hours after hCG administration (Figure 

4B). Granulosa cell staining for SORT1 was present 24 hours after hCG (Figure 4C), with an 

apparent decline in SORT1 immunodetection observed by 36 hours after hCG (Figure 4D). 

Granulosa cell SORT1 mRNA showed a similar pattern, with low mRNA levels 0–12 hours 

after hCG, peak SORT1 mRNA levels 24 hours after hCG, and a return to low SORT1 
mRNA levels 36 hours after hCG (Figure 5A). Ovarian tissues collected before and after 

hCG administration also showed possible SORT1 detection in ovarian stroma (eg, see Figure 

4C), consistent with theca and vascular endothelial cells. For this reason, SORT1 mRNA 

levels were assessed in mOMECs and cultured theca cells. mOMECs expressed SORT1 with 

increased mRNA levels measured after 4 hour in vitro exposure to PGE2 (Figure 5C), a 

potent stimulus of follicular angiogenesis.11,20 Interestingly, in vitro treatment with 

VEGFA, also a potent stimulus of follicular angiogenesis,18,25 did not alter SORT1 mRNA 

levels (Figure 5C,D). Monkey theca expressed detectable SORT1 mRNA, but mRNA levels 

did not change after treatment with hCG or forskolin (Figure 5E,F). Detection of SORT1 in 

heart muscle by immunostaining (Figure 4E) served as a positive control.27 Furthermore, 

SORT1 protein was detected by western blot as a single band of about 100 kDa28 in many 

monkey tissues, including heart, granulosa cells, and mOMECs (Figure 4P) demonstrating 

the specificity of the SORT1 antibody.

NTSR1 immunodetection was minimal in ovulatory follicles obtained before and after hCG 

(Figure 4F–I). NTSR1 mRNA was undetectable in granulosa cells at all times examined. 

Stromal immunostaining indicated possible NTSR1 expression by theca cells and 

endothelial cells. NTSR1 mRNA was not detectable in cultured theca cells, and treatment 

with hCG or forskolin did not result in consistent detection of NTSR1 mRNA. NTSR1 
mRNA was present in mOMECs, but NTSR1 levels did not change in response to PGE2 or 

VEGFA treatment (Figure 5G,H). NTSR1 mRNA was consistently detected in pancreas, and 

NTSR1 immunodetection was noted in pancreatic islets, which served as a positive control 

(Figure 4J).29,30 We have previously confirmed that this NTSR1 antibody detects NTSR1 in 

monkey testis.31

NTSR2 immunodetection in granulosa cells was strong before hCG administration, then was 

low to undetectable at 36 hour hCG, or just before ovulation (Figure 4K–N). Strong NTSR2 

immunodetection was noted in the intercalated duct cells of the exocrine pancreas, which 
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served as a positive control (Figure 4O).29,30 Interestingly, NTSR2 mRNA was detected in 

granulosa cells, but levels were low and variable throughout the ovulatory interval (Figure 

5B). NTSR2 protein was not detected in the ovarian stroma by immunostaining. NTSR2 
mRNA was detected at low levels in mOMECs (Figure 5I,J). NTSR2 mRNA was not 

detectable in cultured theca cells, and treatment with hCG or forskolin did not result in 

consistent detection of NTSR2 mRNA. Detection of NTSR2 in the adrenal gland by western 

blot (65 kDa band, consistent with manufacturer’s data, Figure 4Q) and immunostaining 

(Figure 4R) confirmed a previous report of NTSR2 in the adrenal32 and served as an 

additional positive control.

3.4 | Neurotensin is pro-angiogenic in vitro

mOMECs were studied further to determine the effect of NTS on key events in ovulatory 

angiogenesis: endothelial cell migration, proliferation, and capillary sprout formation. NTS-

stimulated mOMEC migration in a dose-dependent manner (Figure 6A) but did not alter 

proliferation (Figure 6B). In an in vitro model of capillary sprout formation, NTS increased 

the number of sprouts and length of sprouts in a dose-dependent manner after 2 days of 

culture (Figure 6C–G).

The sprout formation assay was used to confirm that the NTS antibody used for follicle 

injection can neutralize NTS activity. NTS preincubated with NTS antibody was unable to 

stimulate sprouting, similar to basal conditions and the antibody alone (Figure 6H).

4 | DISCUSSION

Our studies demonstrate that NTS regulates key aspects of the ovulatory cascade, including 

follicle rupture and release of the oocyte. To date, many LH-regulated intrafollicular 

mediators of ovulation have been identified. These include the steroid hormone progesterone 

and the prostaglandin PGE2, each of which is required for primate ovulation.33–35 The 

ovulatory LH surge stimulates synthesis of protein growth factors, such as AREG and 

VEGFA, which are required for critical ovulatory changes including cumulus expansion and 

angiogenesis.36 Interactions between these LH-regulated, intrafollicular signaling pathways 

are well documented. For example, progesterone increases granulosa cell expression of key 

prostaglandin synthesis enzymes,37 and prostaglandins may be needed for optimal 

progesterone synthesis.38 This interconnected web of intrafollicular signals may support the 

rapid and temporally-coordinated changes necessary for successful ovulation.

NTS has been identified as a differentially expressed gene in granulosa cells of the ovulatory 

follicles of humans3 and mice,4 but we found no published studies examining NTS mRNA 

or protein in other cell types of the ovulatory follicle. Studies presented here confirm that 

macaque granulosa cell levels of NTS mRNA increase rapidly after the ovulatory 

gonadotropin surge. Granulosa cells appear to be the primary or exclusive source of NTS in 

the ovulatory follicle. Ovarian stroma appears to contain little NTS protein, and theca and 

ovarian endothelial cells expressed little or no NTS mRNA in vitro. Granulosa cell NTS 
expression increases rapidly after the ovulatory gonadotropin stimulus, consistent with a role 

for NTS as a regulator of the ovulatory cascade.
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The essential ovulatory process of follicle rupture is disrupted by NTS neutralization. Only 

one of four ovaries injected with the NTS antibody showed evidence of a rupture site, with 

an ovulatory canal providing connectivity between the follicle antrum and the exterior of the 

ovary. The one rupture site formed in a NTS antibody-injected follicle was very small when 

compared to the size of rupture sites in ovaries injected with control IgG. In all other cases, 

NTS neutralization prevented follicle rupture. Rupture is an ovulatory function often 

observed to be compromised after blockage of a key intrafollicular signaling pathway. 

Disruption of progesterone, prostaglandins, VEGFA, PGF, and ANGPT2 have been show to 

decrease rates of follicle rupture.36 In particular, blockade of PGE2 and VEGFA synthesis/

action in macaque follicles resulted in the formation of large, unruptured cysts, with 

granulosa cells removed from a very thin connective tissue covering at the apical area.11,18 

In contrast, after NTS neutralization, the luteinizing granulosa cell layer was intact and in 

connection with a thicker connective tissue covering of the apical surface of unruptured 

follicles. NTS may be needed for both granulosa cell removal and follicle wall thinning 

associated with follicle rupture. The matrix metalloproteinase MMP9 is well established as a 

key proteinase for follicle rupture.39 NTS has been reported to increase expression and 

activity of MMP9 in normal and cancer cell lines.40,41 Establishing a causal link between 

NTS, MMPs, and proteolytic activity at the follicle apex will require further study.

Cumulus expansion may be regulated, at least in part, by NTS. During normal ovulation, 

cumulus expansion releases the oocyte from the mural granulosa cell layer.36 Aspects of 

cumulus expansion, such as withdrawal of transzonal processes and transfer of cAMP from 

cumulus cells to the oocyte,42 also facilitate resumption of oocyte meiosis. The oocyte 

retains large numbers of expanded cumulus cells at ovulation that aid in oocyte pickup by 

the fimbria, oviductal transport, and attraction of sperm for fertilization in the oviduct.43 

Both oocytes found in NTS antibody-injected follicles were located in the antrums of 

unruptured follicles, consistent with cumulus expansion. However, these oocytes had few, if 

any, surrounding cumulus cells. In other systems, NTS increases expression and activity of 

the epidermal growth factor receptor (EGFR; 44–49). In the ovulatory follicle, EGFR 

mediates AREG action to trigger the essential process of cumulus expansion.36,42 Thus, 

neutralization of NTS may prevent proper expansion of the cumulus oocyte complex. It is 

not clear if NTS neutralization compromised resumption of oocyte meiosis. The retained 

oocytes did not appear to be germinal vesicle intact, nor were polar bodies noted. However, 

such observations are inconclusive when made using only histologic sections from a small 

number of ovaries.

Key aspects of structural and functional luteinization did not appear to be compromised in 

the absence of NTS action. Increased size of granulosa cells and subsequent thickening of 

the mural granulosa cell layer, with invading stroma and vessels were observed in the 

present study; these changes are hallmarks of structural luteinization.36 Serum progesterone 

increased after the ovulatory gonadotropin surge, a sign of enhanced follicular progesterone 

synthesis and a key measure of functional luteinization.50 By both of these criteria, NTS 

neutralization neither delayed nor diminished the early stages of luteinization after 2 days of 

exposure to an ovulatory gonadotropin stimulus. Early stages of luteal formation, while 

essential, do not ensure that the corpus luteum will become fully functional or undergo 

timely luteolysis, both of which must occur for maintenance of menstrual cyclicity.51
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Vascular remodeling is a component of both ovulation and luteal formation. Increased 

ovarian blood flow, new capillary formation, and increased vascular permeability occur 

during the ovulatory cascade.36 Regulation of these processes is complex, mediated by LH-

stimulation of granulosa cells to produce both vascular growth promoters and inhibitors.52 

Blockade of NTS action appears to dysregulate key aspects of these ovulatory vascular 

changes. NTS neutralization with antibody injection yielded follicles that were hemorrhagic, 

with accumulation of red blood cells near the luteinizing granulosa cell layer and throughout 

the follicle antrum. Our in vitro studies showed that NTS stimulates endothelial cell 

migration and capillary sprout formation. These findings are consistent with previous 

reports, which demonstrated the ability of NTS to promote cell migration.41,53,54 In one 

intriguing study, NTS increased activity of urokinase plasminogen activator,55 a key protease 

secreted by migrating endothelial cells.56 Further studies will be needed to fully evaluate the 

role of NTS during the process of ovarian vascular changes that occur during the process of 

ovulation. In particular, accumulation of red blood cells within NTS-neutralized follicles 

may indicate a role for NTS to maintain vascular integrity or limit vascular permeability 

during ovulatory angiogenesis. Additionally, it remains to be determined if this angiogenesis 

is necessary for ovulation, a requirement for the formation of the corpus luteum, or both.

NTS acts at its target cells through a family of NTS receptors. NTSR1 and NTSR2 are seven 

transmembrane domain receptors.9 NTSR1 can couple to a number of G proteins to activate 

multiple signaling pathways.57 Specific G proteins have not been identified for mediating 

NTSR2 actions. A third NTS receptor, SORT1 (also called sortilin or NTSR3), is a 

multifunction protein with a single transmembrane domain.10 SORT1 functions as a NTS 

receptor; it also has intracellular sorting functions that are independent of NTS.58 The 

mechanism of SORT1 signal transduction in response to NTS binding is unknown. Finally, 

interaction between multiple NTS receptors can activate additional signaling pathways,10,59 

adding yet another level of complexity to cellular responses to NTS.

Our studies demonstrate NTS receptors are dynamically regulated in the cells of the 

ovulatory follicle. Granulosa cells show increase SORT1 mRNA and protein after the 

ovulatory gonadotropin surge. While granulosa cells show an apparent decrease in NTSR2 

protein after the ovulatory gonadotropin surge, NTSR2 mRNA copy number was low and 

unchanged in response to hCG. There was no evidence of NTSR1 mRNA or protein in 

granulosa cells. Immunodetection of NTS receptors in the follicular stroma led us to 

evaluate NTS receptor mRNA in cultures of monkey theca cells and monkey ovarian 

microvascular endothelial cells. Theca cells expressed detectable levels of SORT1 mRNA 

only. In contrast, all three receptors were expressed by endothelial cells, with SORT1 levels 

enhanced by PGE2, a key paracrine mediator of ovulatory angiogenesis.11,20 Overall, our 

findings focus interest on SORT1 as an important receptor for mediation of the ovulatory 

actions of NTS.

Information on NTS, its receptors, or NTS actions in reproductive function is very limited. 

NTS localization to specific brain regions suggested a link between NTS and the 

hypothalamic-anterior pituitary-ovarian axis.12,13 Well-controlled studies showed that 

hypothalamic NTS is not involved in regulation of pituitary gonadotropin release,12 but 

neural control of metabolism may directly or indirectly impact the reproductive endocrine 
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axis.60 A few reports implicate NTS in aspects of ovarian function,61 oviductal transport,
62,63 implantation,64 and sperm capacitation.4,65 While the number of replicate ovaries 

examined was small, ovulatory failure seen in the present study after neutralization of NTS 

in the primate follicle leads us to hypothesize that diminished NTS expression/action 

specifically in the ovary could cause a reduction or elimination of female fertility. Our 

studies did not examine effects of NTS on the oocyte and provide just an overview of NTS 

effects on other types of follicle cells. Further detailed studies will be required to fully 

evaluate the cellular changes initiated by NTS in each key cell type of the ovulatory follicle. 

Clinical interest in NTS has led to the development of NTS receptor selective agonists and 

antagonists.66–69 If future studies show that NTS is involved in regulation of human 

ovulation, then agonists may be useful for treatment of anovulatory causes of infertility, 

while antagonists hold promise as contraceptives to block ovulation while preserving luteal 

function and menstrual cyclicity.
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FIGURE 1. 
NTS Expression in Monkey Granulosa Cells. A. Granulosa cells collected from monkeys 

experiencing ovarian stimulation and either 0 (no hCG), 12, 24, or 36 hours after an 

ovulatory dose of hCG were used for quantitation of NTS by qPCR. Groups with no 

common letter are different by ANOVA and Duncan’s post hoc test, P < .05. Data are 

presented as mean + SEM. N = 4–5 monkeys/treatment group. B. NTS (16 kDa) detected as 

a single band in monkey granulosa cells (24 hours hCG) but not kidney (negative control). 

C-F. Ovaries collected from monkeys experiencing ovarian stimulation and either 0 (no 

hCG; C), 12 (D), 24 (E), or 36 (F) hours of hCG treatment were used for 

immunocytochemical detection of NTS. Omission of primary antibody resulted in lack of 

visible staining (D, inset). Immunodetection of NTS is brown; hematoxylin (blue) 

counterstain. Each image is oriented as shown in panel C, with ovarian stroma (st) lower left, 

granulosa cells (gc) central, and follicle antrum (an) in upper right. Images are at the same 

magnification and use bar in panel F = 100 μm. Representative of 4–5 monkeys/treatment 

group
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FIGURE 2. 
Follicle Rupture is compromised after Intrafollicular Injection with a NTS Antibody. 

Ovarian surface at ovariectomy after intrafollicular injection of control IgG (A) or NTS 

antibody (B,C). Rupture sites are indicated (arrows in A and B). Ovary shown in panel C did 

not rupture. Ovaries shown at similar magnification. D. Rupture site area for ovaries injected 

with control IgG or NTS antibody (NTS Ab) is expressed as mean + SEM; unpaired, two-

tailed t test showed groups were different, P < .05, as indicated by the asterisk (*); n = 4 

monkeys/treatment group. Histologic view of rupture sites for ovaries injected with control 

IgG (E) or NTS antibody (F). Histologic view of thinnest follicle apex of unruptured follicle 

after injection with NTS antibody (G). Tissues in panels E-G were stained with hematoxylin 

and eosin; granulosa cells (gc) and follicle antrum (an) are indicated. For panels E-G, all 

panels are at the same magnification and use bar in panel F = 300 μm. Images are 

representative of data from n = 4–5 monkeys/treatment group
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FIGURE 3. 
Oocyte Release and Luteinization after Intrafollicular Injection with a NTS Antibody. A. 

Oocyte (arrow) in the antrum of a follicle injected with NTS antibody; surrounding follicular 

fluid had fixed, cracked, stained, and folded (lower right). Note lack of cumulus cells 

surrounding the oocyte. Ovarian follicles injected with control IgG (B, D) or NTS antibody 

(C, E) show comparable luteinization. Boxes (D, E) show location of higher magnification 

images (B,C; bar = 100 μm). Location of luteinizing granulosa cells (gc) and follicle antrum 

(an) are indicated (B, C). Whole ovary images (D, E) show approximate largest diameter of 

the luteinizing follicle and are at similar magnification; small antral follicles (saf) and 

regressing corpora lutea from previous menstrual cycles (rCL) are noted. Tissues in panels 

A-E were stained with hematoxylin and eosin. F. Serum progesterone before and after 

follicle injection (Day 0) expressed as mean + SEM (Control IgG, black boxes) and mean-

SEM (NTS Ab, white circles), n = 4 monkeys/treatment group. No differences were detected 

between groups by ANOVA with two repeated measures. G. Granulosa cell layer thickness 

was not different between control IgG and NTS antibody-injected follicles, n = 4 monkeys/
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treatment group. No differences were detected between groups by two-tailed unpaired t test. 

Tissue sections from ovaries injected with control IgG (H) and NTS antibody (I) were 

stained using the Ayoub-Shklar method to emphasize collagen (bright blue, white arrows) in 

the stroma surrounding the luteinizing follicle (upper portion of each image) and stromal 

invaginations (white arrowheads) into the luteinizing granulosa cells (gc, faint purple). Red 

blood cells (bright red) are present in stromal vessels (Ve) and among luteinizing granulosa 

cells. Images in panels H and I are at the same magnification and use bar in panel G = 50 

μm. Images are representative of data from n = 4–5 monkeys/treatment group
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FIGURE 4. 
NTS Receptor Immunodetection in Monkey Ovulatory Follicles. Ovaries collected from 

monkeys experiencing ovarian stimulation and either 0 (no hCG; A, F, K), 12 (B, G, L), 24 

(C, H, M), or 36 (D, I, N) hours of hCG treatment were used for immunocytochemical 

detection (brown) of SORT1 (A-E), NTSR1 (F-J), and NTSR2 (K-O); hematoxylin (blue) 

counterstain. Images are oriented as shown in panel A, with ovarian stroma (st) in lower left, 

granulosa cells (gc) central, and follicle antrum (an) in upper right. Positive (+) controls 

include heart (E), pancreatic islet (J, arrow), and intercalated duct cells of the exocrine 

pancreas (O, arrow). Absence of staining is noted for NTSR1 in the exocrine pancreas (J, 

asterisk) and for NTSR2 in the pancreatic islet (O, asterisk). Omission of primary antibody 

resulted in reduced staining in ovarian tissues (insets in panels C, F, and K). All images are 

at the same magnification and use bar in panel D = 100 μm. Representative of 3–4 ovaries/

treatment group. P. SORT1 antibody detected a band of 100 kDa in monkey tissues, 

mOMECs, and granulosa cells (24 hour hCG) by western blot. Q. NTSR2 antibody detected 

a band of 65 kDa in monkey adrenal, but not thyroid or kidney, by western blot. In Panels P 

and Q, position of size standards (kDa) are shown at left; white lines indicate removal of a 

ladder lane. R. Immunodetection of NTSR2 (brown) in baboon adrenal; reticularis (Ret), 

fasciculata (Fas), and glomerulosa (Glo) zones of the adrenal cortex are indicated
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FIGURE 5. 
NTS Receptor mRNA in Ovarian Cells. Granulosa cells (black bars) collected from 

monkeys experiencing ovarian stimulation and either 0 (no hCG), 12, 24, or 36 hours of 

hCG were used for quantitation of SORT1 (A) and NTSR2 (B) by qPCR. N = 4–9 monkeys/

treatment group. Monkey ovarian microvascular endothelial cells (gray bars) were cultured 

with PGE2 or VEGFA for either 4 hours (C, G, I) or 24 hours (D, H, J) before preparation of 

RNA and qPCR for quantitation of SORT1 (C,D), NTSR1 (G, H), and NTSR2 (I, J). 

Monkey theca cells (white bars) were cultured with hCG or forskolin for either 4 hours (E) 

or 24 hours (F) before preparation of RNA and qPCR for quantitation of SORT1 (E,F). N = 

4 primary cell lines/treatment group. All data are presented as mean + SEM. Within each 

panel, data were assessed by ANOVA (A,B) or ANOVA with one repeated measure (C-J). 

Within each panel, treatment groups with no common letter were different by Duncan’s post 

hoc test, P < .05. No letters indicate no differences between treatment groups for that panel
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FIGURE 6. 
NTS is Pro-Angiogenic In Vitro. Monkey ovarian microvascular endothelial cells were 

treated with NTS (0.5–50 μM) and assessed after 24 hours for migration (A, n = 3) or Ki67 

immunodetection (B, n = 3). Capillary-like sprout formation was assessed after treatment 

with NTS (0–50 μM) for 2 days (n = 4) and quantified for the number of sprouts/bead (C) 

and the length of sprouts (D). Representative mOMEC-overed beads at the start of culture 

(E, Day 0) and on Day 2 of culture without (F; 0 μM) and with NTS (G; 50 μM). H. Beads 

treated with basal media, NTS (5 μM), antibody alone (AB), or NTS preabsorbed with the 

NTS antibody (AB + NTS) were assessed after 1 day for sprout number (n = 3). Within each 

panel, data were assessed by ANOVA with one repeated measure; treatment groups with no 
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common letter were different by Duncan’s post hoc test, P < .05. No letters indicate no 

differences between treatment groups for that panel
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TABLE 1

Follicle rupture and oocyte retention after intrafollicular injection of a NTS antibody

Control IgG NTS Antibody

Rupture site present 4/4 1/4

Oocyte retained in follicle 0/4 2/4
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