J Endocrinol Reprod 9(1)(2): 27-36 (2005) 27
JER 56

ESTROGEN-INDUCED ABNORMAL MORPHOLOGY OF THE PENIS,
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SUMMARY

Penile abnormalities, including hypospadias and/or smaller phallus, have been
reported in laboratory animals and alligators exposed to estrogenic chemicals, as well as
in offspring of women treated with diethylstilbestrol (DES) during pregnancy. In addition,
estrogen receptors have been identified in the penis; however, the mechanism of estrogen
action in inducing penile abnormalities is not clear. In this study we determined whether
reduced fertility and altered sexual behavior in adult rats treated with (DES) neonatally or
at adulthood are associated with structural changes in the penis and whether testosterone
(T) supplementation can reverse the effects of DES. Plasma T was significantly decreased
(P < 0.05), whether DES was given neonatally or at adulthood. The penile morphology
was adversely affected in rats that received DES neonatally, including reductions in length,
diameter and weight of the penis, and complete replacement of cavernous spaces with fat
cells in the body of the penis. None of the neonatal DES-treated males (0/6) sired a pup or
produced a copulatory plug, in contrast to 6/7 in controls. Supplementation with T restored
penile morphology and sexual behavior (as indicated by the presence of copulatory plugs,
6/6) to an almost normal level, but fecundity (ability to sire pups, 3/6) only partially.
Conversely, penile morphology was not altered in rats that received DES at adulthood,
although adverse effects on sexual behavior and fecundity, and their prevention by T
supplementation, were similar to those of the neonatal group. Hence, neonatal estrogen
exposure, but not adult estrogen exposure, leads to abnormal morphology of the penis;
however, both exposures result in reduced fertility and altered sexual behavior.
Supplementation with T prevents many estrogen-induced effects.
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INTRODUCTION

The role of estrogen in male reproduction remains unclear, although it is known that an
exposure of fetal, neonatal, immature, and/or mature animals, including humans, to estrogens causes
a range of reproductive disorders, including retained testis, atrophic testis, epididymal abnormatities,
delayed puberty, and/or infertility (1). Additionally, recent reports of infertility in male mice lacking
estrogen receptor o (2) or aromatase enzyme (3, 4) have underscored the significance of estrogen
and its receptors in reproductive physiology.
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Our long-range goal is to understand how estrogens mediate reproductive disorders. Previously,
we reported that adult rats treated neonatally (5) or at adulthood (6) with diethylstilbestrol (DES) were
infertile, and the loss of fertility was associated with decreased plasma testosterone (T) and altered
sexual behavior (as indicated by the absence of copulatory plugs). Objectives of this study are to
determine whether DES-induced reduced fertility and altered sexual behavior are associated with
penile abnormalities and whether T supplementation can reverse the effects of DES.

MATERIALS AND METHODS
Animals and treatments

Neonatal and/or adult Sprague-Dawley male and female rats (Harlan Sprague Dawley,
Indianapolis, IN) were maintained under controlled conditions as described previously from our
laboratory (5). All animal procedures were approved by the Institutional Animal Care and Use
Committee at Tuskegee University.

(a) Neonatal treatment: Neonatal pups (5-8 males/group) received sc injections of 25 mi of olive
oil containing DES (Sigma Chemical, St. Louis, MO) at a dose of 5 mg/rat/day or DES and T (100
mg/rat/day) (Sigma Cemical, St. Louis) or T alone on alternate days from postnatal day 2-12.
Controls received oil only. Adult males were tested for fertility at 160 days of age and killed for
evaluation of the penis and reproductive hormones at 180 days of age.

(b) Adult treatment: Adult male rats (9-10/group) received DES, or DES and T implant, or oil and
empty implant (control). DES was sc injected daily at a dose of 10 mg/rat/day in 0.2 ml of olive oil
for 12 days (note, similar dose induced 100% infertility in our previous experiment, 6). The T
implants (2.5 cm long) were made from Silastic tubing (3.18 x 1.98 mm, Dow Corning #508-009)
and placed subdermally in the scapular area. Fertility was tested on the thirteenth day of the
implant, and rats were killed for examination of the penis and reproductive hormones on the fourteenth
day of the implant.

Fertility: Male rats treated neonatally (Experiment A) were cohabited with untreated, adult females
{1:1) for 12 days, and male rats treated at adulthood (Experiment B) were cohabited with LHRH-
synchronized females (1:1) for 24 h. The cohabitation with synchronized females allowed us to
visually observe the sexual behavior for the first few hours and to shorten the period of DES treatment
during cohabitation since all females were expected to show estrous at a pre-determined time. The
procedure for synchronization was the same as described previously from our laboratory (7). Rats
were checked twice daily for the presence of copulatory plugs. Females with positive plugs were
evaluated for the presence of sperm in vaginal washings, separated, and killed on the fifteenth day
of pregnancy for the examination of pups, implantation sites and corpora lutea. Females without
plugs were similarly examined on the fifteenth day after the end of cohabitation.

Examination of penis: The penis was grossly examined for its length and weight, and the body of
the penis was processed for histopathology and histochemistry as described previously from our
laboratory (7). Briefly, the penis was exposed up to the ischial arch, stretched, and measured for
the length from the tip of the glans penis to the mid point of the ischial arch with a caliper. For
histopathology, three to five mm-thick tissues for paraffin sections and one mm-thick tissues for
epoxy sections from the middle of the body of the penis were processed and examined with a light
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microscope. For histochemical demonstration of fat, tissues from the body of the penis were
processed for en bloc staining of fat using the osmium tetroxide method (8).

Reproductive hormones: One blood sample was collected from the heart of each animal prior to
necropsy, and plasma was frozen at -20°C until used for T and LH asssays as described previously
(7). T was measured using a COAT-A-COUNT testosterone radioimmunoassay (Diagnostic Products
Corporation, Los Angeles, CA) and LH using materials obtained through NHPP, NIDDK, and Dr. A. F.
Parlow.

Statistics: Statistical analyses were performed using Sigma Stat Statistical Software (Jandel Scientific,
Chicago, IL). Treatment groups with means significantly different (P < 0.05) from controls were
identified using the Dunnett test.

RESULTS

Body weight: The mean body weights (+ SEM) at 180 days of age in male rats treated neonatally
with DES or DES and T or T alone were similar and nat significantly (p < 0.05) different from that of
controls (489 £ 27.9). Conversely, the body weights of rats treated with DES or DES and T adulthood
were significantly lower (P < 0.05) and were almost 85% and 92% of controls, respectively.

Plasma testosterone: The mean concentration of plasma T was decreased to 16-35% of controls,
whether rats received DES neonatally or at adulthood (Table 1). Conversely, co-administration of T
with DES at adulthood, but not neonatally, increased plasma T concentration to the controt level
(1.73 ng/ml vs 1.92 ng/ml in controls). The mean plasma LH level ranged from 0.4 to 0.7 ng/mi
among groups, but did not differ from that of controls (P < 0.05), whether DES was given neonatally
or at adulthood.

Fertility in male rats treated neonatally with DES: While all females mated with control males
{n =7) had copulatory plugs, and six of them had sperm in vaginal washings and delivered pups
(fertility index, 86%), none of the females mated with DES-treated males (n = 6) had plugs or sperm
or pups (Table 1). Conversely, while all females mated with the DES plus T group (n = 6) had plugs,
only three had sperm in vaginal washings and delivered pups, and the mean numbers of pups/litter
was only 3.3, in contrast to 13.6 in controls. All fertility parameters in male rats treated with T alone
were similar to those of controls.

Fertility in male rats treated at adulthood with DES: While 78% of females (7/9) mated with
males in the control group had plugs, sperm in vaginal washings, and pups, only 20% (2/10) had
sperm in vaginal washings and pups and none (0/10) had a plug in the DES group. Conversely, 50-
60% of females mated with the DES plus T group had plugs, sperm in vaginal washings, and pups
(Table 1). The number of pups ranged from 10-19 in the control and from 13-15 in the DES plus T
group, in contrast to two pups in one female and nine pups in the second female of the DES group.

Gross observations of the penis: The penis of the adult, control rats had a cylindrical body, a
bulbous glans penis, and a right angle between the two. The unique feature of the rat penis is a
cylindrical bone, the OS penis that has proximal (closer to the body) and distal parts and extends
from the distal end of the body to the tip of the right angle. The penis was adversely affected in adult
rats treated neonatally with DES, but T co-administration with DES restored all features, except
weight (Table 1; Fig. 1A). Conversely, DES treatment, with or without T, at adulthood had minimal

to no effect on gross parameters of the penis (Table 1).
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Table 1. Data on fertility, penis and plasma hormones of neonatal and adult rats. C, control; DES, DES-
treated; DES+T, DES and T co-administered; T, T - treated.

Neonatal® Adulthood®
Parameter C DES DES+T T C DES DES+T
Fertility
Pregnant/mated 6/7 0/6 3/6 511 719 2/10 510
Copulatory plug/mated 77 0/6 6/6 51 719 0/6 6/10
Spermv/vaginal washings 6/7 0/6 3/6 51 719 210 6/10
Pups/litter 13.612.1 NA 33108 168108 | 155+1.2 55835 144104
Implantations 13.612.1 NA 33108 17.0%1.1 }158%11 55835 144104
Corpora Lutea 16.6%1.0 NA 163%1.6 182108 | 16.730.7 145105 16.610.8
Penis¢
Length (mm) 42405 3130.7* 39104 42302 | 41303 40104 403106
Weight (mg) 34113  13618* 254%i0* 32949 35416 34415 35717
Plasma nmones*t
Testosterone (ng/mi) 15202 0.550.3* 0.4F0.1* 1.0£03 | 1.9403 0301+ 1701
LH (ng/ml) 0.740.06 0.5t0.1  0.7t0.1  0.740.1 | 0.630.06 0.530.03 0.410.01

Data are presented as means X SE. *DES (5 Hg/rat/day), T (100 pig/rat/day) on alternate days from postnatal

day 2-12. ®DES (10 pg/rat/day) daily for 12 days, T (implant). © Statistically analyzed for significance.

Significantly different from controls (P < 0.05).
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Microscopic observations of the penis: The body of the adult rat penis consists of paired corpora
cavernosa penis that are located dorsolaterally and a corpus spongiosus penis that is located
ventrally and surrounds the urethra. The corpora cavernosa penis in adult, control rats were surrounded
by thick tunica albuginea and consisted of a network of endothelial-lined cavernous spaces that
were underlain by smooth muscle cells and separated by dense collagen fibers (Figs. 1B, C). On
the other hand, the corpora cavernosa penis in adult animals treated neonatally with DES had much
thinner tunica albuginea, lacked cavernous spaces and smooth muscle cells, and were filled with
fat cells, as revealed by epoxy sections stained with toluidine blue and by paraffin sections stained
en block with osmium tetroxide (Figs. 1D, E).

There appeared to be virtually complete replacement of cavernous spaces by fat cells as a
result of the neonatal DES treatment, although a few arterioles were invariably observed. The co-
administration of T with DES prevented almost all DES-induced structural defects; however, fat cells
were still relatively more frequent in the DES plus T group (Figs. 1F, G) than in controls, where only
isolated fat cells were encountered (compare Fig. 1C with 1G). The penile morphology in adult rats
treated neonatally with T alone was essentially similar to that of controls (Figs. 1H, I).

Unlike in rats treated neonatally with DES, the morphology of the corpora cavernonsa penis
in rats treated with DES or DES plus T at adulthood was not different from that of controls. There
was no evidence of increased accumulation of fat cells, nor was there any indication of loss of
cavernous spaces, smooth muscle cells, or collagen fibers.

Unlike the corpora cavernosa penis, the morphology of the corpus spongiosus was unaltered,
whether rats received DES noenatally or at adulthood.

5 mm

Fig. 1A : Radiographs of the adult penis in control rats (C) and in rats treated neonatally with DES, or DES
and testosterone (T), or T. Note reductions in the length and thickness of the penis, the angle between the
body and glans of the penis, and the thickness of the proximal part of the os penis (PO), and the lack of
development of the distal part of the os penis (DO) in rats treated neonatally with DES and their restoration
to almost normal levels in rats co-administered with T and DES.
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Fig. 1B-H : Micrographs from the body of the adult penis in control rats (B, C) and in rats treated neonatally
with DES (D, E), DES and T (F, G) and T alone (H, I) retain (D, F). B,D,F,H. In these micrographs of epoxy
sections, note the presence of cavernous spaces (CS) and smooth muscle cells (arrow) in the corpus
cavernosus penis of the control and T-treated rats, in contrast to replacement of these structures by fat cells
(arrowhead) in the DES-treated rats. Note that co-administration of T and DES reversed many DES-induced
effects. C, E, G, H. In these low magnification, un-paraffinized sections of the body of the penis, note the
presence of isolated fat cells (arrowhead) in the control and T-treated rats, accumulation of fat cells in the
corpus cavernosum penis (CCP) of the DES-treated rats, and, in comparison to the latter, a dramatic reduction
in fat cells in the DES and T-treated rats. Other structures shown are intercrural septum (IC) containing
blood vessel (BV) and nerves (N), tunica albuginea (TA) surrounding the corpus cavernosus penis, and
corpus spongiosus penis (CSP). B, D, F and H, toluidine blue, bar equals 30 mm; C, E, G and I, fat stain, bar
equals 100 mm.
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DISCUSSION

This study evaluated the effects of neonatal versus adult exposure to DES on the penis,
sexual behavior and fertility in male rats and determined whether co-administration of T with DES
can reverse DES-induced effects. Results demonstrated that DES exposure in neonatal rats, but
not in adult rats, resulted in abnormalities of the penis including, reductions in length and weight,
underdevelopment of the os penis, and virtually complete replacement of cavernous spaces and
associated smooth muscle cells by fat cells in the corpora cavernosa penis. Similar histopathological
changes in the penis have not been reported in the rat or any other species, except in rabbits that
were treated with Bisphenol A at 8-12 weeks of age for 12 days and examined at four or eight weeks
after the treatment (9). However, reductions in the length of the penis in rats treated neonatally with
estrogen (10) and abnormally small phalluses in alligators exposed to an excessive spili of estrogenic
compounds in Lake Apopka in Florida (11, 12) have been documented.

It is well known that the erection of the penis in species with a vascular penis, such as man
andrats (13), depends upon the relaxation of smooth muscle cells and the engorgement of cavernous
spaces with blood. The replacement of both of these structures by fat cells in the corpora cavernosa
penis, but not in the corpus spongiosus, of rats treated with DES neonatally, but not at aduithood,
is suggestive of a selective effect of estgpgen within the body of the penis and of a critical period of
exposure during the development of the penis.

The selective effect appears to be at the level of the helicine artery since both cavernous
spaces and smooth muscle cells in the corpora cavernosa penis are direct descendents of this
artery (13). Itis hypothesized that the helicine artery, rather than breaking into cavernous spaces,
formed arterioles and capillaries (in other words, behaved like other body arteries), which provided
the needed nutrients to the corpora cavernosa. Estrogens have been shown to inhibit the proliferation
of smooth muscle cells of injured blood vessels (14, 15), the endogenous estrogen metabolite, 2-
methoxyestradiol, inhibits angiogenesis and thus, suppresses tumor growth (16), and estrogen
receptors have been identified in blood vessels of the corpus cavernous penis at postnatal day 1 in
rats (17).

In addition to and/or instead of estrogens, the decreased T during the critical period of the
penile development may be responsible for the observed abnormalities in the penis since T and its
metabolite, dihydrotestosterone, are essential for the development of external genitalia, including
the penis (18), and androgen receptors have been identified in penile smooth muscle cells (19). The
present observations that the co-administration of T with DES to neonatal rats reversed many DES-
induced effects provide credence to the above concept. Also, supporting the concept are data from
previous studies including, that the penile abnormalities resulting from castration at birth were
partially restored upon androgen substitution at the time of castration in rats (20) and that the co-
administration of T with DES prevented most of the morphological abnormalities affecting the male
reproductive tract of rats treated neonatally with DES (21). It is noteworthy that we found plasma T
concentration at an undetectable level at 18 and 41 days of age in rats that received DES neonatally
(personal observations). Similarly, previous studies also reported a marked reduction in plasma Tin
rats treated neonatally with estrogens (22, 23). In this context, it will be interesting to find out
whether similar penile abnormalities could be induced by low T resulting from GnRH antagonist and/
or by competitive inhibition of androgen receptor by flutamide treatment.

The present results confirmed earlier reports of reduced fertility and/or altered sexual behavior

in male rats that received estrogen neonatally (5, 22, 24) or at adulthood (6, 25, 26). Interestingly,
both of these fertility-related disorders in the latter group of animals were not associated with structural
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changes in the penis and were almost prevented by co-administration of T with DES, implying that
they probably resulted from low T-induced altered sexual behavior. Low T in both men (27) and
animals (28) is associated with depressed sexual desire and performance. The decreased sexual
activity in castrated rats can be reversed by T substitution (29-31). Androgen insensitive testicular
feminization mice have reduced masculine sexual behavior (32). The absence of a structural change
in the penis of rats treated with DES at adulthood and of its presence in rats treated with DES
neonatally should not be surprising considering that both androgen (33, 34) and estrogen (17)
receptors in the rat penis are present at a peak level before puberty and are reduced to a barely
detectable level in adulthood.

Another interesting finding of the study was that, despite restoration of normal sexual
behavior, the mean number of pups per litter was less than four in rats treated neanatally with DES
and T, in contrast to more than 13 in rats that received DES and T at adulthood, or T alone neonatally,
or in controls. Based upon an analysis of implantation sites and corpora lutea, the decreased litter
size probably resulted from higher pre-implantation loss. The reason(s)for the higher pre-implantation
loss are difficult to explain with the available data but could be attributed, in part, to low mean
plasma T concentration (0.40 ng/ml in the neonatal DES and T group, in contrast to 1.7 ng/ml in the
adult DES and T group and 1.5 ng/ml in controls). The low plasma concentration of T has been
shown to compromise sperm functions, including forwald motility (5, 6). In addition, the low T
may led to weaker erection and/or premature ejaculation, which then deposited seminal plasma
with fewer sperm or no sperm (as indicated by the presence of sperm in vaginal washings in 3/6
females, in contrast to copualtroy plugs in 6/6 females mated with males of the neonatal DES and
T group). In this context, it is noteworthy that the mean weight of the penis in the neonatal DES and
T group, although significantly (P < 0.05) higher than in the neonatal DES group (254 mg vs 136
mg), was still significantly lower (P < 0.05) than in controls (341 mg). In addition, despite apparently
normal histology of the corpora cavernosa penis, fat cells were still more frequent in the neonatal
DES and T group than in controls. It will be interesting to find out whether a higher dose of T
supplementation (for example, 200 mg/rat/day, instead of 100 mg/rat/day, the dose currently used)
will bring all fertility-related parameters to control levels.

In conclusion, our results provide evidence that exposure of neonatal, but not adult, male
rats to DES induces abnormal morphology of the penis, although both exposures lead to lower
fertility and altered sexual behavior. The co-administration of T with DES restores aimost normal
fertility in rats treated with DES at adulthood, and restores nearly normal penile morphology, but
only partially restores fertility, in rats treated with DES neonatally. Hence, these data suggest that
the loss of fertility and/or abnormal morphology of the penis probably resulted from DES-induced
decreaseinT.
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