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Abstract

Prolactin (PRL) has both stimulatory and inhibitory effects on testicular function, a finding we 

hypothesized may be related in some part to the form of the hormone present or administered. In 

the analysis of the pituitary secretion profiles of early pubescent vs. mature male rats, we found 

PRL released from early pubescent pituitaries had about twice the degree of phosphorylation. 

Treatment of mature males with either unmodified PRL (U-PRL) or phosphorylated PRL (via the 

molecular mimic S179D PRL) for a period of 4 wk (circulating level of ~50 ng/ml) showed serum 

testosterone decreased by ~35% only by treatment with the phosphomimic S179D PRL. Given the 

specificity of this effect, it was initially surprising that both forms of PRL decreased testicular 

expression of 3β-hydroxysteroid dehydrogenase and steroidogenic acute regulatory protein. Both 

forms also increased expression of the luteinizing hormone receptor, but only S179D PRL 

increased the ratio of short to long PRL receptors. Endogenous PRL and luteinizing hormone 

levels were unchanged in all groups in this time frame, suggesting that effects on steroidogenic 

gene expression were directly on the testis. Terminal deoxynucleotidyl transferase-mediated 

deoxyuridine triphosphate nick end-labeling analysis combined with staining for 3β-

hydroxysteroid dehydrogenase and morphometric analysis showed that S179D PRL, but not U-

PRL, increased apoptosis of Leydig cells, a finding supported by increased staining for Fas and 

Fas ligand in the testicular interstitium, providing an explanation for the specific effect on 

testosterone. S179D PRL, but not U-PRL, also increased apoptosis of primary spermatogonia, and 

U-PRL, but not S179D PRL, decreased apoptosis of elongating spermatids. Thus, in mature males, 

hyperprolactinemic levels of both forms of PRL have common effects on steroidogenic proteins, 

but specific effects on the apoptosis of Leydig and germ cells.
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Prolactin (PRL) is a 23-kDa polypeptide hormone produced and secreted in largest quantity 

by lactotropes of the anterior pituitary (reviewed in Ref. 13). It has a broad range of 

functions in the male reproductive system, but its role in testes remains poorly understood 

and is somewhat species specific (reviewed in Ref. 1).

In studies by other investigators, PRL has been shown to be responsible for the induction of 

Leydig cell proliferation and differentiation in prepubertal hypophysectomized rats (10) and 

the maintenance of Leydig cell morphology, upregulation of luteinizing hormone receptor 

(LHR) expression, and potentiation of luteinizing hormone (LH)-induced steroidogenesis in 

hypophysectomized rats (2, 10, 32, 36, 54). In vitro approaches, utilizing murine Leydig 

tumor cell lines and isolated rodent primary Leydig cell cultures, have concluded that PRL 

exerts trophic effects on Leydig cell steroidogenic function, mostly through an effect on LH-

induced testosterone production (23, 32, 33, 45), although some of these effects have been 

shown to have biphasic dose-response curves, with high concentrations actually exerting an 

inhibitory effect (33). Hyper-prolactinemia in adult animals has a negative effect on 

testosterone production, a result until now considered to be largely a consequence of reduced 

LH secretion (5, 16, 18, 23, 34, 42).

Several posttranslationally modified forms of PRL exist (reviewed in Ref. 31); however, in 

the rat, phosphorylated PRL and unmodified PRL (U-PRL) make up most of the PRL 

released by the pituitary (20, 21). The relative proportion of U-PRL to phosphorylated PRL 

has been shown to be physiologically regulated in females (20, 21), but not yet in males, and 

these two forms of PRL have been shown to have distinct biological activities (28, 44). For 

investigations in vivo (8, 26, 29, 50–53), a molecular mimic of phosphorylated PRL has 

been used to both produce the large quantities necessary for in vivo experiments by 

recombinant technology and to circumvent the potential problem of conversion of 

phosphorylated PRL into U-PRL during the course of an experiment. The mimic was 

produced by substituting an aspartate residue for the normally phosphorylated serine, 

thereby producing S179D PRL (4). This mimic reproduces the growth antagonist properties 

of phosphorylated PRL (4, 44), and intracellular signals generated by mixed preparations of 

U-PRL and phosphorylated PRL lie in between those of recombinant U-PRL and S179D 

PRL (7, 47). In previous experiments in multiple systems, U-PRL has been shown to 

promote cell proliferation (29, 49–52) and some cell differentiation (47). Phosphorylated 

PRL/S179D PRL on the other hand is an antagonist to U-PRL-mediated growth (4, 29, 38, 

47, 49–52), although it is one that nevertheless promotes differentiation (29, 47, 51) and/or 

apoptosis (40, 41, 52, 53) through the generation of alternate intracellular signals (40, 41, 

47–49). The exact outcome of the effect of pituitary PRL therefore depends on both the total 

amount and the ratio of U-PRL to phosphorylated PRL released (reviewed in Ref. 43).
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Until recently, all experimentation with PRL used material extracted from pituitaries, which 

contain a variable mixture of U-PRL and phosphorylated PRL, regardless of the species of 

origin (reviewed in Ref. 31). Given that PRL’s effects in the testis have been reported to 

involve both proliferation and differentiation, the potential existed for the two forms of PRL 

to have distinct effects on testicular function. We report physiological regulation of PRL 

phosphorylation in male animals and both common and distinct effects of each form of PRL 

in the testis.

MATERIALS AND METHODS

Animal Experiments

All animal procedures were approved by the University of California, Riverside, Campus 

Committee on Laboratory Animal Care and performed in accordance with National 

Institutes of Health guidelines. Animals were housed in standard cages and kept under 

12:12-h light-dark environmental conditions throughout the course of the experiment. Food 

and water were provided ad libitum.

PRL secretion profile—The PRL secretion profiles of pituitaries from 25-day-old and 

sexually mature male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were 

compared by two-dimensional gel electrophoresis, performed and quantified as described 

previously (20, 21). Briefly, pituitaries were harvested and cut into 1-mm square pieces after 

the posterior lobe was removed. The pieces were washed three times in DMEM and then 

incubated for 2 h in fresh medium. After we harvested the 2-h-conditioned medium, 

isoelectric point and molecular weight standards were added before the addition of 2 vol of 

−20°C acetone and precipitation of all proteins overnight at −20°C. Pelleting of the 

precipitate was followed by dissolution in urea lysis buffer (21). Pituitary pieces were 

homogenized in urea lysis buffer, and once again isoelectric point and molecular weight 

standards were added before two-dimensional gel electrophoresis. PRL isoforms were 

identified by reference to the triangulated standards and were quantified by densitometry 

(20, 21). Each pituitary and secretion were separately analyzed, and six pituitaries were used 

for each age group.

Administration of PRL to sexually mature males—In three separate experiments, 

sexually mature males were randomly divided into three groups (control, U-PRL, and 

S179D PRL). For all of the data presented, Alzet osmotic pumps (Alza, Palo Alto, CA) 

delivering 24 μg/kg of the appropriate recombinant hormone or saline (diluent for the 

hormones) daily were implanted subcutaneously interscapularly under local anesthesia. The 

hormones were stable throughout the treatment period as evidenced by both concentration 

and bioactivity testing at the end of the 4-wk period. This rate of delivery resulted in a 

circulating concentration of the administered PRLs of ~50 ng/ml (8, 29). After the 

appropriate time frame for full analysis (see RESULTS) was established, the animals were 

killed 4 wk after implantation, at the same time of day and under low-stress conditions. 

Trunk blood was collected, and whole testes were dissected. For each testis harvested, the 

organ was decapsulated and cut into halves. One half was immediately snap frozen in liquid 
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nitrogen for later RNA extraction. The other half was immediately fixed in periodate-lysine-

paraformaldehyde fixative for immunohistochemical (IHC) examination.

Recombinant PRLs

The recombinant human U-PRL and phosphorylated PRL (S179D PRL) preparations 

utilized in this study were produced as previously described by Chen et al. (4). This 

procedure resulted in a well-folded preparation concentrated to ~1 mg/ml in saline. Both 

recombinant hormones were expressed in Escherichia coli and therefore were not 

posttranslationally modified, as they would have been in a eukaryotic cell. The resulting 

PRL preparations were tested for stimulatory or antagonistic biological activity in the rat 

lymphoma Nb2 cell proliferation bioassay (4). Human forms of administered PRL were used 

so that the rats’ endogenous PRL levels could be assessed in response to treatment.

Hormone Assays

Trunk blood serum preparations were used for measurement of total testosterone, rat LH 

(rLH), and rat PRL (rPRL). The concentrations of each were measured by commercial 

enzyme immunosorbent assays (EIA) purchased from ALPCO Diagnostics, Salem, NH 

(testosterone and rPRL) and Endocrine Technologies, Newark, CA (rLH). All samples were 

measured at least in duplicate, and all were measured in the same assay, repeated twice. The 

coefficients of intra-assay variation were 2.8% for testosterone, 2.2% for rLH, and 2.1% for 

rPRL. The minimal reproducible detectable limit for rLH was determined to be 0.5 ng/ml. A 

separate control analysis excluded cross reactivity of the human U-PRL and S179D PRL 

recombinant hormones with the anti-rPRL antibody utilized in the rPRL EIA.

RNA Extraction and Production of cDNA

Using TRI reagent RNA isolation (Sigma-Aldrich, St. Louis, MO), we extracted total RNA 

from each frozen testis sample, essentially according to the method of Chomzynski and 

Mackey (6). Five micrograms of total RNA were added to a mix containing 1 μl of oligo(dT) 

(18–25 mer) and 8 μl of double distilled H2O. The mixture was denatured for 10 min at 

70°C, after which it was quickly chilled on ice for 5 min. Nine microliters of a mixture 

containing 4 μl of 5× first-strand buffer, 2 μl of DTT (0.1 M), 1 μl of dNTPs (10 mM/

dNTPs), 1 μl of RNase Out (ribonuclease inhibitor), and 1 μl of murine Moloney leukemia 

virus reverse transcriptase were added. The solutions were mixed gently by pipetting and 

incubated for 1 h at 37°C. This was followed by a 10-min incubation at 70°C, after which 

time the samples were again chilled on ice for 1 min. The resulting cDNA was stored at 

−20°C until real-time RT-PCR analysis. All reagents utilized for reverse transcription were 

purchased from Invitrogen (Carlsbad, CA).

Real-Time Quantitative RT-PCR

Quantitative PCRs (qPCR) for LHR, 3β-hydroxysteroid dehydrogenase (3β-HSD), and 

steroidogenic acute regulatory (StAR) protein mRNA were performed. For qPCR, SYBR 

green-based technology was employed, using the ABI Prism SDS 7700 sequence detection 

system (Applied Biosystems, Foster City, CA). Power SYBR green Mastermix (12.5 μl) 

containing SYBR green 1 dye, AmpliTaq Gold DNA polymerase, dNTPs containing a 
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mixture of dUTP and dTTP, ROX passive reference dye, and buffer was mixed along with 1 

μl each of the sense and anti-sense primers (10 mM/each) for each gene of interest, 2.5 μl of 

the template (50 ng/ml), and 8.0 μl of double distilled H2O. All samples were run 

simultaneously and in triplicate on the same 96-well optical microtiter plate. qPCR runs for 

individual genes were conducted separately and repeated twice. The mRNA expression level 

of the GAPDH housekeeping gene was also assessed concurrently during each run for 

normalization purposes. The following amplification parameters were chosen for each gene: 

amplification erase hold at 55°C for 5 min, denaturation at 94°C for 10 min, annealing at 

55°C for 15 s, and extension at 72°C for 1 min. A separate melting curve analysis was also 

run to characterize the fluorescent intensities of the amplified products and to verify the 

absence of contamination (data not shown). The relative quantification method was utilized 

to calculate the difference (in fold) in the expression of each gene of interest in all treatment 

groups, using the following equation (3): ΔΔCt = 2− (experimental ΔCt − control ΔCt), where Ct is 

threshold cycle.

The amplification plots for all samples were analyzed for amplification efficiency. 

Nontemplate controls were used as negative controls.

Oligonucleotide primers for all the genes of interest were purchased from Sigma-Genosys 

(The Woodlands, TX). All were designed using the Primer Premier software program 

(Premier Biosoft International, Palo Alto, CA) in accordance with conditions specified in the 

Applied Biosystems Primer Express technical guide. The sense and anti-sense primers were 

as follows: for rat LHR, 5′-CTGTTCA-CCCAAGACACTCCAATG-3′ (sense) and 5′-

CGACTGGTCAG-GAGAACAAAGAGG-3′ (antisense) (predicted size = 159 bp); for rat 

StAR, 5′-ATGCCTGAGCAAAGCGGTGTC-3′ (sense) and 5′-

CAAGTGGCTGGCGAACTCTATCTG-3′ (antisense) (predicted size = 189 bp); for rat 3β-

HSD, 5′-CCAGTGTATGTAGGCAAT-GTGGC-3′ (sense) and 5′-

CCATTCCTTGCTCAGGGTGC-3′ (anti-sense) (predicted size = 162 bp); for rat GAPDH, 

5′-CCATG-GAGAAGGCTGGGG-3′ (sense) and 5′-CAAAGTTGTCATGGAT-GACC-3′ 
(antisense) (predicted size = 195 bp); for rat long PRL receptor, 5′-

GATGACAATGAGGACGAG-3′ (sense) and 5′-TGTT-GAAGATTTGGGTG-3′ 
(antisense) (predicted size: 285 bp); for rat short PRL receptor, 5′-

GGGGAACTTGACTACTG-3′ (sense) and 5′-CGTGAGACTGAGGGAT-3′ (antisense) 

(predicted size = 260 bp).

Tissue Processing

After dissection, the testes were immediately fixed in periodate-lysine-paraformaldehyde 

overnight at 4°C, after which time they were washed in PBS. The organs were infiltrated 

with a 30% sucrose-PBS solution for 3 days. After sucrose infiltration, the testis halves from 

each animal were embedded in OCT compound (Sakura Finetek USA, Torrance, CA) and 

stored at −80°C until sectioning.

Combined TUNEL and IHC Analysis

Analysis of Leydig cell apoptosis was carried out by terminal deoxynucleotidyl transferase-

mediated deoxyuridine triphosphate nick end-labeling (TUNEL) using a commercial 
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ApopTag kit (Chemicon International, Temecula, CA). Two 20-μm frozen sections from the 

decapsulated midtestis halves were cut and mounted on each slide. Two nonconsecutive 

slides per animal were chosen for analysis. The TUNEL technique was performed according 

to the manufacturer’s instructions with the following modifications. First, the slides were 

brought to room temperature for 30 min after which time they were fixed in ice-cold acetone 

for 10 min. This was followed by two washes with 0.01% (vol/vol) Triton X-100-PBS (PBS-

T) for 5 min each and postfixation in a 1% paraformaldehyde-PBS solution for an additional 

10 min. Two more washes in PBS-T were then followed by another fixation in a 2:1 ethanol-

acetic acid solution at −20°C for 5 min. The sections were again washed twice (5 min/wash) 

and then treated with proteinase K (20 mg/ml) (Chemicon International) for 15 min at room 

temperature. This was followed by incubation in equilibration buffer for 10 min at room 

temperature and a 1-h incubation at 37°C with the digoxigenin-conjugated terminal 

deoxynucleotidyl transferase enzyme. The reaction was stopped with a stop-wash buffer, and 

the sections were again washed twice in PBS-T. Incubation in a fluorescein-conjugated 

sheep anti-digoxigenin antibody was performed for 30 min at room temperature, protected 

from light.

TUNEL analysis was also combined with staining for the PRL receptor. After TUNEL 

staining, sections were blocked with 10% goat serum (Zymed Laboratories, San Francisco, 

CA) for 30 min and then incubated in rabbit anti-rPRL receptor antibody at 1:200 dilution 

(kindly provided by Dr. Patricia Ingleton, University of Sheffield Medical School, Sheffield, 

UK) raised against the common extracellular domain of the PRL receptor. After sections 

were washed in PBS-T, they were incubated in goat anti-rabbit IgG conjugated with Alexa 

fluor 594 (1:1,000) (Molecular Probes, Eugene, OR) for 1 h at 37C. A final wash sequence 

was followed by mounting in ProLong Gold antifade reagent with 4′,6-diamidino-2-

phenylindole (DAPI) nuclear stain (Molecular Probes), and the slides were stored at −20°C 

until confocal fluorescence microscopy. This dual TUNEL and PRL receptor analysis was 

repeated on two separate occasions.

To positively identify Leydig cells undergoing apoptosis, some TUNEL staining was 

followed by additional staining with rabbit anti-rat 3β-HSD (1:4,000) for 1 h at 37°C. 3β-

HSD is a key steroidogenic enzyme that serves as a specific marker for Leydig cells. The 

antibody was raised using a peptide specific to rat 3β-HSD (CTLVEQHRETLDTKSQ; 

custom synthesis by Sigma Genesis, Tokyo, Japan). Before they were stained with this 

antibody, sections were blocked with 10% goat serum, as above. After primary antibody 

incubation, sections were again washed and subsequently incubated with a goat anti-rabbit 

IgG Alexa fluor 594-conjugated antibody (1:1,000) for an additional 1 h at 37°C (Molecular 

Probes). After the final antibody incubation and washing, the sections were mounted as 

above. This dual analysis was repeated on three separate occasions for a total of six slides 

per animal.

Morphometric Analysis

In each of the TUNEL-IHC trials, two slides per animal were visualized with the Pathway 

HT confocal fluorescence microscope (BD Biosciences, Rockville, MD). For 3β-HSD, 30 

random images of testicular interstitium lying in between two to three seminiferous tubules 
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per animal were photographed. TUNEL-positive cells were visualized under the FITC 

channel. The cytosol of Leydig cells stained with the anti-3β-HSD-Alexa fluor 594 

antibodies was visualized under the Texas red channel. Merging of images from both 

channels resulted in some red cells having green nuclei and some cells having yellow 

regions, resulting from a breakdown of the boundary between the nucleus and cytoplasm. 

Only the cells with yellow regions were counted as apoptotic. Nuclei were also stained with 

DAPI and visualized under the UV channel. With the use of both color-merged images and 

images from individual channels, TUNEL-positive Leydig cells were tabulated. Leydig cell 

number and relative 3β-HSD protein levels used analyses of the images photographed in the 

Texas red channel only. With the use of the Simple PCI image analysis software system 

(Compix, Sewickley, PA), a gray-scale threshold value of 300 was set to eliminate any 

background fluorescence. This allowed only for areas of the interstitium that were positive 

for 3β-HSD to be chosen for analysis. Once the threshold was set, the following parameters 

were measured: 1) total area (which measures the number of pixels in a selected object, 

which in this case is the number of pixels per 3β-HSD-positive Leydig cell), 2) total gray 

level (the sum intensity of each pixel within the object at or above the set threshold), 3) total 

mass (the total fluorescence intensity detected), 4) object count (the total number of objects 

measured at or above the set threshold), and 5) region of interest area (area of the field of 

view of the image; this value remained constant from image to image).

Primary spermatogonia and elongating spermatids were identified morphologically because 

staining with anti c-Kit produced anomalous results. Morphometric analysis was again 

conducted by analyzing 30 images per animal.

Fas and Fas Ligand Staining

As with the TUNEL-IHC analysis, two 20-μm frozen sections from midtestis halves were 

cut and mounted on each slide. Two slides per animal were chosen for both analyses with 

the individual antibodies. The slides were brought to room temperature for 30 min, fixed in 

ice-cold acetone for 10 min, and then washed twice with PBS-T for 5 min each. To control 

for nonspecific binding, the sections were blocked with 10% (vol/vol) goat serum for 30 min 

and then incubated with the goat anti-mouse Fas and goat anti-mouse Fas ligand antibodies 

(both at dilutions of 1:50) (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 h at 37°C. This 

step was followed by two washes in PBS-T for 5 min and a final incubation with Texas red-

conjugated mouse anti-goat IgG (Molecular Probes) (1:1,000) also for 1 h at 37°C. The 

sections were washed twice with PBS-T, air dried, and mounted, using ProLong Gold 

antifade reagent with DAPI. As with the TUNEL-IHC analysis, two slides per animal from 

each group were visualized by confocal microscopy, but 20 random images of testicular 

interstitium lying in between two to three seminiferous tubules per animal were 

photographed.

Statistical Analysis

Data from the two-dimensional gels, the EIAs, and multiple qPCR analyses were analyzed 

by one-way ANOVA, followed by the Tukey-Kramer multiple comparisons posttest 

(GraphPad Instat Statistics software, San Diego, CA). Data analyzed for the multiple 

TUNEL analyses were evaluated with an unpaired t-test with Welch correction. All values 
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are expressed as means ± SE (graphical data and tables) with total cells analyzed given in 

Table 2. P < 0.05 was considered statistically significant.

RESULTS

PRL Secretion Profile

Table 1 shows the result of the PRL isoform analysis. Consistent with previous publications 

where female animals (20, 21) or primary cells in culture (17) were used, we found the 

isoform profile of secreted PRL to be different from that inside the cells, a result of 

intragranular phosphorylation just before exocytosis (17). As can be seen, the percentage of 

total PRL that was phosphorylated in the secretion from the early pubescent tissue was twice 

that from the sexually mature tissue (P < 0.001), showing for the first time that the degree of 

PRL phosphorylation is physiologically regulated in male animals.

Effect of the Recombinant PRL Preparations on Testosterone, LH, and Endogenous PRL 
Levels

At 3 wk of treatment, S179D PRL reduced and U-PRL increased the release of endogenous 

PRL [data not shown as previously published (51)]. By 5.5 wk, production of endogenous 

PRL normalized and was not different from control with either form of administered PRL 

[data not shown as previously published (51)]. At the same time, testosterone was reduced at 

both time points (51). For the present study, we wanted to further analyze a time point where 

endogenous PRL secretion had normalized, but one where there was still a likelihood of 

determining the ongoing mechanism of the effect on testosterone production. Results of the 

rPRL assay at 4 wk showed levels of endogenous rPRL to be unchanged in all treatment 

groups (Table 2). As noted previously in MATERIALS AND METHODS, the administered 

human U-PRL and S179D PRL do not cross-react in the rPRL assay. The effect of the 

administered PRLs on circulating total testosterone after 4 wk is illustrated in Fig. 1. U-PRL 

was without effect, but total testosterone was 35% lower in animals treated with S179D 

PRL. Despite expected feedback from lower testosterone levels in the S179D PRL-treated 

group, LH levels were also unchanged as a result of treatment, regardless of the form of PRL 

used (Table 2). The level of LH measured was threefold the limit of detection in the assay 

and hence it should have been possible to measure a decrease in response to S179D PRL 

and, even more readily, to measure an increase in response to lowered testosterone levels. 

Thus the 4-wk time point was chosen for further analysis because the lack of effect on 

pituitary hormones allowed us to eliminate an acute hypothalamic or pituitary mechanism 

for lowered circulating testosterone.

qPCR Analysis of Steroidogenic Proteins

Because no changes were detected in levels of endogenous rPRL and rLH, the reduction in 

total testosterone may have been the result of a direct effect of S179D PRL on the testis and 

more specifically the interstitial Leydig cells responsible for producing testosterone. IHC 

staining for PRL receptors confirmed the findings of others (19, 22, 25), demonstrating that 

PRL receptors were expressed on Leydig cells and stages of germ cell development ranging 

from primary spermatogonia to elongating spermatids (data not shown). Therefore, qPCR 

was performed to assess the effects of treatment with each PRL on key components of the 
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biosynthetic pathway. qPCR analysis of the LHR showed the expression of this receptor to 

be upregulated in response to treatment with both U-PRL and S179D PRL (Fig. 2A). At the 

same time, analysis of StAR protein and 3β-HSD revealed statistically significant decreases 

when treated with either U-PRL or S179D PRL (Fig. 2, B and C, respectively).

TUNEL-IHC Analysis

Preliminary histological morphometric analyses on hematoxylin and eosin-stained sections 

from the 3- and 5.5-wk-treated animals suggested a decrease in Leydig cell number in 

response to S179D PRL (data not shown). To test whether Leydig cells were actually 

reduced in number in the full analysis of the 4-wk samples, Leydig cells were identified by 

staining for 3β-HSD and the number of TUNEL-positive Leydig cells was assessed. This 

assessment was of advanced apoptosis where there was no clear distinction between the 

nuclear and cytoplasmic compartments, and hence merging of the FITC (TUNEL) and Texas 

red (3β-HSD) channels caused apoptotic Leydig cells to have yellow regions. As shown in 

Table 3, S179D PRL caused a statistically significant increase in the number of apoptotic 

Leydig cells. In addition, S179D PRL was shown to decrease the total number of Leydig 

cells, as assessed by the number of cells staining positively for 3β-HSD (Table 3), a result 

consistent with the TUNEL analysis. U-PRL, by comparison, had no significant effect on 

either apoptosis or the number of Leydig cells. Because U-PRL produced an equivalent 

decrease in the amount of 3β-HSD per cell (see below), the reduced number of Leydig cells 

in response to S179D PRL was not due to an inability to recognize them.

IHC staining for Fas expression showed S179D PRL to markedly increase fluorescence 

intensity (Fig. 3C), whereas U-PRL had only a minor effect (Fig. 3B). Because Fas is not 

functional without Fas ligand, we also stained for expression of the ligand. S179D PRL 

markedly increased expression of Fas ligand (Fig. 3F), but U-PRL had no effect (Fig. 3E). 

The images presented are representative of 40 sections per group, not subjected to 

morphometric analysis because the result was so conclusive.

Morphometric analysis also showed that S179D PRL increased the number of apoptotic 

primary spermatogonia, whereas U-PRL was without effect (Table 3). At the same time, U-

PRL decreased the number of apoptotic elongating spermatids, whereas S179D PRL was 

without effect (Table 3).

Quantification of the immunofluorescence intensity of 3β-HSD per cell revealed both U-

PRL and S179D PRL to cause a statistically significant decrease in fluorescence compared 

with the CTRL group (Fig. 4), an effect similar to that observed for mRNA expression (Fig. 

2C).

qPCR for Long and Short PRL Receptors

Normal rat tissues only express a long form and one short form of the PRL receptor (35). 

qPCR was used to quantify the relative amounts of mRNA for the long and short PRL 

receptor. Figure 5 shows that treatment with S179D PRL increased the ratio of short to long 

receptor in the testis, whereas U-PRL was without significant effect.
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DISCUSSION

The results presented show that the ratio of U-PRL to phosphorylated PRL changes between 

early puberty, prepuberty, and adulthood in the male rat and hence that the degree of 

phosphorylation of released PRL is physiologically regulated in males, as it is in females 

(20, 21). The inference therefore is that the different forms of PRL have different functions 

and hence that the form of PRL administered may differentially affect testicular function. To 

our knowledge, all previous analyses of the role of PRL in testicular function have used 

preparations of PRL extracted from pituitaries and hence these preparations have contained 

variable ratios of unmodified to phosphorylated hormone, depending on the method of 

extraction and physiological status of the donor animals. In this study, we have separately 

analyzed the effect of U-PRL and phosphorylated PRL by the administration of each to 

normal adult males. This administered PRL was over and above the animal’s own PRL and 

in the short term (3 wk) affected endogenous PRL secretion (present study and Ref. 51). 

However, by 4 wk of treatment, endogenous PRL release had normalized. The amount of 

administered PRL results in a constant circulating concentration of ~50 ng/ml (8, 29), an 

amount that would be considered hyperprolactinemic for a male animal and a concentration 

likely to affect gonadotrope function. However, at the 4 wk time point, there was no 

evidence of altered LH release. This was not surprising for the U-PRL-treated animals 

because testosterone was normal; however, it was surprising for those treated with S179D 

PRL because testosterone was lower and one would have expected this to increase LH 

secretion to compensate. We have no explanation of this at present, although we speculate 

that the phosphomimic, S179D PRL, can alter the set point of feedback regulation at the 

hypothalamus or pituitary level to allow for lower testosterone levels. This may be one 

reason for the higher proportion of phosphorylated PRL in immature males. Saidi et al. (37) 

and Huang et al. (23) have also documented states of elevated PRL and suppressed 

testosterone associated with unchanged LH levels. Also, Klemcke and Bartke (27) have 

reported chronic hyperprolactinemia in mice to significantly elevate LH with unchanged 

testosterone. Thus the relationships among PRL, LH, and testosterone are clearly influenced 

by additional factors, one of which may be the form of PRL elevated.

With normal LH and endogenous PRL levels, both forms of administered PRL reduced 

expression of 3β-HSD and StAR at the mRNA level. The effect on 3β-HSD was confirmed 

at the protein level by IHC and morphometric analysis. 3β-HSD is the rate-limiting enzyme 

in the production of testosterone, but the degree of change was apparently insufficient to 

significantly affect testosterone production by itself because U-PRL, which was similarly 

effective on these parameters, did not affect circulating total testosterone levels. Although 

the variability in basal levels of testosterone is such that small changes are hard to discern 

(9), the lack of change in testosterone with U-PRL and lowering of testosterone with S179D 

PRL have been observed in two separate studies and with all time points within those studies 

(Ref. 51 and present work). Because all of the qPCR results and 3β-HSD IHC fluorescence 

were normalized, they represent expression per cell. Only when reduced expression per cell 

was combined with a reduced number of cells was there a significant effect on circulating 

testosterone. Thus S179D PRL reduced the number of Leydig cells by ~20% in addition to 
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reducing 3β-HSD and StAR per cell, thereby producing a distinct and negative effect on 

circulating testosterone.

The relatively small number of Leydig cells observed to be undergoing apoptosis at the 4-wk 

time point is most likely the result of both of the criterion chosen, since only advanced 

apoptosis was recorded, and timing, since preliminary experiments had also suggested 

increased apoptosis at the earlier 3-wk time point. The cumulative effect at 4 wk was 

sufficient to produce a reduction in the number of 3β-HSD-positive cells. Because Leydig 

cell number has been considered stable in the adult (39), any significant apoptosis of these 

cells, even if minor, is critical. A similar result was described by Taylor et al. (39) and Gao 

et al. (14, 15) studying the mechanism by which ethane-1,2-dimethane sulfonate and 

elevated corticosterone-lowered testosterone levels. U-PRL did not have a significant effect 

on the number of cells staining positively for 3β-HSD, but there was a trend toward an 

increase. This could be indicative of the role that the unmodified form of the hormone has as 

a growth or anti-apoptotic factor (30, 46) and perhaps could explain how U-PRL could 

decrease 3β-HSD expression when normalized per cell but have no significant effect on 

circulating testosterone. In keeping with this idea is the evidence for an anti-apoptotic effect 

of U-PRL on elongating spermatids. As described by others (19, 22, 25), we also determined 

that primary spermatogonia and elongating spermatids expressed PRL receptors and hence 

this may be a direct effect of U-PRL. Treatment with S179D PRL also promoted apoptosis 

of primary spermatogonia; however, because of the effect on circulating testosterone, it is 

unclear whether this is a direct or indirect effect. A higher proportion of phosphorylated 

PRL in the immature animals may promote apoptosis or inhibit the anti-apoptotic effect of 

U-PRL on Leydig cells and primary spermatogonia, thereby keeping function low until the 

full onset of puberty and a reduction in the degree of PRL phosphorylation with maturity.

Because the majority of previous studies conducted on Leydig cell apoptosis have shown the 

process to most commonly occur via the extrinsic pathway (e.g., Refs. 12, 15), IHC analysis 

of Fas and Fas ligand was performed. Staining for both Fas and Fas ligand was increased in 

the testicular interstitium in response to S179D PRL. U-PRL produced a small increase in 

Fas staining but had no effect on staining for Fas ligand, and both are necessary to induce 

apoptosis. This observation lends support to the observed increase in Leydig cell apoptosis 

by S179D PRL.

The LHR is only expressed on Leydig cells in the testis (reviewed in Ref. 11). Both forms of 

PRL increased expression of the LHR, a result consistent with positive effects of PRL 

administration in prepubescent and hypophysectomized animals (2, 10, 32, 36, 54) because 

this would be expected to increase sensitivity to LH. Making the assumption that the mRNA 

was translated into protein displayed on the plasma membrane, one might also have 

expected this to normalize 3β-HSD by increasing sensitivity to LH when LH levels were 

normal in the adult animals, but this was not the case in the presence of either form of PRL. 

However, the positive effect in prepubescent animals was insufficient to elevate testosterone 

to normal adult levels (10); therefore, a positive effect of administered PRL (which mainly 

contains U-PRL because it is an extract of cells and not secretion) may only manifest itself 

when it is counteracting the effects of high endogenous phosphorylated PRL or when there 

is essentially no endogenous PRL.
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Although S179D PRL and U-PRL can signal through the same receptor (7), extended 

exposure to S179D PRL has been shown to alter splicing of the PRL receptor mRNA in 

other tissues and species to produce more of the short PRL receptor forms (40, 47–49). The 

same is true in the rat testis. Increased expression of the short PRL receptor(s) and signaling 

therefrom in other cell types and species have been shown to result in increased apoptosis 

(40, 49), and the same may be true for Leydig cells. However, given that PRL receptors are 

not confined to Leydig cells in the testis, it will not be possible to be definitive in this regard 

until antibodies specific to the different receptor forms become available. Increased 

apoptosis of primary spermatogonia could be a direct or indirect effect, the latter via reduced 

testosterone. The anti-apoptotic effect of U-PRL on elongated spermatids may be direct 

because testosterone was unchanged with this treatment. The net effect of 

hyperprolactinemia is therefore complex and dependent on the ratio of the two major forms 

of PRL.

The findings of this study are consistent with a direct effect of both recombinant forms of 

PRL on the testis in vivo. The negative effect of hyperprolactinemia on testosterone 

production in adult animals therefore is in part direct and not only a consequence of reduced 

LH secretion. This conclusion is consistent with the work of Huang et al. (24). These 

investigators set out to explain the apparent paradox that PRL decreased testosterone in vivo 

while increasing its production from isolated Leydig cells in vitro, a paradox they were able 

to attribute to the intermediary role of interstitial macrophages and TNF-α production (24). 

Thus it is possible that both PRLs exert their common effects on testosterone biosynthesis 

via the testicular macrophage but their differential effects on apoptosis via PRL receptors on 

Leydig cells, spermatogonia, and elongated spermatids.
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Fig. 1. 
Circulating total testosterone. Animals were treated with S179D prolactin (PRL) or 

unmodified PRL (U-PRL) for 4 wk. CTRL, control. **P < 0.01 (ANOVA followed by 

Tukey-Kramer multiple comparisons posttest).

Williams et al. Page 16

Am J Physiol Endocrinol Metab. Author manuscript; available in PMC 2020 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Quantitative PCR (qPCR) of luteinizing hormone receptor (LHR), steroidogenic acute 

regulatory (StAR) protein, and 3β-hydroxysteroid dehydrogenase (3β-HSD) mRNA 

expression. A: LHR. B: StAR protein. C: 3β-HSD. Value of the CTRL group ββCt (where 

Ct is threshold cycle) was normalized to 1. GAPDH was used to normalize per cell. **P < 

0.01; *P < 0.05; ***P < 0.001 (ANOVA followed by Tukey-Kramer multiple comparisons 

posttest).
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Fig. 3. 
Analysis of Fas and Fas ligand (FasL) expression. Confocal montage images of testis 

sections stained with anti-Fas (A–C) or anti-FasL (D–F) (green color). A and D: controls. B 
and E: treatment with U-PRL. C and F: treatment with S179D PRL. 4′,6-Diamidino-2-

phenylindole (DAPI) was used as a nuclear stain (blue color). Forty sections were examined 

for each treatment. Scale bar = 50 μm.
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Fig. 4. 
Quantification of 3β-HSD immunofluorescence intensity (1,080 images were examined). *P 
< 0.01; **P < 0.001 compared with control (ANOVA followed by Tukey-Kramer multiple 

comparisons posttest).
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Fig. 5. 
Effect of treatment on the ratio of short to long PRL receptors. qPCR analysis with 

normalization to GAPDH. **Different from control with P < 0.002 (Mann-Whitney 

unpaired nonparametric test).
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Table 2

Rat hormone levels in response to the 4-wk treatment

Hormone Control U-PRL S179D PRL

Rat LH, ng/ml 1.54±0.123 1.53±0.124 1.52±0.124

Rat PRL, ng/ml 6.0±0.92 7.1±1.34 5.2±1.09

Values are means ± SE from 2 separate analyses, each with 8 values. Errors were rounded to 2 decimal places. No significant differences were 
observed.
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Table 3

Apoptotic cells after 4 wk of treatment

Control U-PRL S179D PRL

Apoptotic Leydig cells 2±0.88 (28) 4±1.09 (52) 10±1.6*(115)

Number of Leydig cells 296±13.4 (3,551) 334±35.8 (4,002) 234±12.2*(2,803)

Apoptotic primary spermatogonia 1,070±7.6 1,075±66.7 1,242±13.4*

Apoptotic elongating spermatids 283±7.6 98±5.6† 250±15.5

Values are means ± SE and are given as cells per animal sampling. Numbers in parentheses are total counted in 3 analyses by examination of 1,080 
images.

*
P < 0.05 vs. control;

†
P < 0.003 vs. control.
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