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While most of this Special Issue is devoted to the testis
(which is where most drug and chemically induced toxicity of
the male reproductive tract is identified), being able to
recognize and understand the potential effects of toxicants on
the epididymis is immensely important and an area that is often
overlooked. The epididymis is the organ where the post-
testicular sperm differentiation occurs, through a complex and
still not completely understood sperm maturation process,
allowing them to fertilize the oocyte. Also in the epididymis,
sperm are stored until ejaculation, while being protected from
immunogenic reaction by a blood-epididymis barrier. From a
toxicologic perspective the epididymis is inherently complicated
as its structure and function can be altered both indirectly and
directly. In this review we will discuss the factors that must be
considered when attempting to distinguish between indirect
and direct epididymal toxicity and highlight what is currently
known about mechanisms of epididymal toxicants, using the rat
as a reference model. We identify 2 distinguishable signature
lesions — one representing androgen deprivation (secondary to
Leydig cell toxicity in the testis) and another representing a
direct acting toxicant. Other commonly observed alterations will
also be shown and discussed. Finally, we point out that many of
the key functions of the epididymis can be altered in the
absence of a detectable change in tissue structure. Collectively,
we hope this will provide pathologists with increased
confidence in identification of epididymal toxicity and enable
more informed guidance as mechanism of action is considered.

Signature Phenotype I (Indirect: Androgen
Deprivation)

The most notable histological alterations in the epididymis
have been documented following complete androgen deprivation
subsequent to: 1) castration, 2) implantation of testosterone-
estradiol implants, and 3) administration of EDS, a potent
Leydig cell toxicant. Other chemicals capable of reducing testos-
terone biosynthesis by Leydig cells may cause androgen
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deprivation in the epididymis over time. Significant androgen
deprivation results in epithelial apoptosis and reduction in epi-
didymal tubule diameters in all segments of the epididymis.
Androgen deprivation also results in decreases in epididymal epi-
thelial cell height in the initial segment and caput. All of these
alterations are sustained until androgen levels recover. Finally,
another feature of androgen deprivation is the appearance of
round spermatids in the lumen of the epididymis (originating
from the testis). These cells will have been sloughed from the tes-
tis due to the effects of testosterone withdrawal on spermatogene-
sis. However, since Sertoli cell toxicants may also cause germ cell
loss, this should only be used as confirmation if epididymal
tubule diameter and epithelial cell height are reduced.

Signature Phenotype Il (Direct: Toxicant Action)

Several chemicals have been shown to alter the structure and
function of the epididymis directly. Direct toxicity to the epididy-
mal epithelium may result in degeneration, necrosis and exfolia-
tion of principal cells. When this occurs it is generally restricted to
a very specific segment of the epididymis, highlighting the impor-
tance of examining the entire length of the epididymis In addition,
these direct acting epididymal toxicants often alter epithelial cells
height, but by increasing, not decreasing the height of the epithe-
lium. These increases in epithelial cell height are most commonly
seen in the caput and corpus. It is not uncommon to find that the
taller principal cells are paler, contain less supranuclear golgi and/
or lipid, and possess a shorter microvillus border. Also, these
chemicals often result in a disappearance in clear cells in the cauda
epididymis, particularly the proximal cauda. This is well demon-
strated in a Periodic Acid-Schiff (PAS) stained section.

Structure and Function of the Epididymis

The epididymis is a single, highly convoluted duct lined by a
complex pseudostratified epithelium consisting of multiple cell
types, i.e., principal cells, basal cells, clear cells, apical cells, and
halo cells." The number and appearance of individual cell types
varies between segments of the epididymis (i.e., initial segment,
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caput, corpus, and cauda). Each segment contributes specifically
to the luminal microenvironment that is pivotal for testicular
sperm to mature by the time they reach the cauda. In the initial
segment highly columnar principal cells are responsible for water
resorption; ions and small organic molecules are also absorbed.
The principal cells in the caput are involved in protein secretion.
These proteins adsorb onto the sperm membrane and modify its
protein composition. The principal cells in the corpus have abun-
dant lipid in their supranuclear region. These cells may contrib-
ute to modification of the lipid component of the sperm plasma
membrane. The epithelium in the cauda is much shorter than in
the caput/corups segments and clear cells are prevalent. These
clear cells phagocytose the cytoplasmic droplets that are shed
from the maturing sperm and presumably also phagocytose other
luminal debris. In the cauda, excess luminal proteins are resorbed
while immobilin is secreted to keep sperm quiescent. Moreover,
while not proven, it is likely that the function of the epithelium
varies along the length of each histologically distinct segment of
the epididymis much like different stages of spermatogenesis
occur in a continuum along the length of the seminiferous
tubule. This could account for focal lesions within a given epidid-
ymal segment.

By the time the sperm reach the proximal cauda in the rat they
are capable of fertilization. The post-gonadal process of sperm
maturation relies on the microenvironment within the lumen of
the epididymis as the infertile sperm entering the epididymis
were rendered incapable of protein synthesis during the last stages
of spermiogenesis in the testis. Sperm maturation involves a
highly orchestrated interaction between the lamina propria sur-
rounding the epididymal epithelium, the epididymal epithelium,
the luminal fluid bathing the sperm, and the sperm themselves.””
This interaction leads to a luminal microenvironment which
facilitates facets of sperm maturation.”® Luminal fluid constitu-
ents (ions, proteins, lipids) are regulated by secretion and absorp-
tion along the length of the epithelium. The process occurs in an
orderly fashion, with the acquisition of the capacity for progres-
sive motility preceding the ability to fertilize, which in turn pre-
cedes the ability of the fertilized egg to develop normally. One of
the most important absorptive events is the uptake of water in
the efferent ducts. This results in a significant increase in sperm
and protein concentrations by the time the sperm reach the caput
segment of the epididymis. This, together with their acquisition
of clusterin in the caput sperm, appears to facilitate subsequent
migration of the cytoplasmic droplet and increased capacity for
motility as sperm transit the epididymal duct.”

The epididymis is highly androgen-dependent with androgen
supplied by the testicular fluid entering the duct as well as via the
vasculature in the interstitium of the duct. Testosterone (T) and
dihydrotestosterone (DHT) are involved in both the maturation
and transit of sperm through the duct.® Androgen-dependent pro-
teins synthesized and secreted by the epididymal epithelium asso-
ciate with immature sperm in the proximal (i.e., caput) region of
the epididymis.”"" Linking specific epididymal secretions and
associated sperm proteins to capacitation and fertilizing ability is
problematic as many proteins are normally shed, modified, or
un-masked in the female tract. Dacheux & Dacheux” recently
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reviewed the luminal fluid and sperm protein literature resulting
from the use of new techniques such as genome sequencing, pro-
teomics combined with high-sensitivity mass spectrometry, and
gene-knockout approaches. While our knowledge of epididymal
region, compartment-specific proteins has increased significantly,
the molecular mechanisms involved in both the acquisition of
motility and fertilizing ability remain largely a mystery.

Presumably, some of the newly acquired proteins confer pro-
gressive motility, while others confer fertilizing ability.'* In the
past 3 decades it has been shown that small membranous vesicles
secreted by epididymal epithelial cells, i.e., epididymosomes, are
involved in this sperm maturation.'”" Interestingly these epidi-
dymosomes have also been shown to transfer a specific sperm
binding protein (ELSPBP1) to dead sperm during transit. '
Recently, it was suggested that the cytoplasmic droplets, which
are small cytoplasmic residues attached to the sperm after their
release fromthe germinal epithelium and which migrates caudally
along the sperm during epididymal transit,'” represent a transient
organelle that serves as an energy source essential for epididymal
sperm maturation.'” These droplets may also serve to store spe-
cific proteins of testicular origin prior to their relocalization on
the surface of the plasma membrane (e.g., Sp22).18

Investigating Toxicity in the Epididymis

Xenobiotics may alter the processes of sperm maturation by
compromising normally occurring sperm membrane changes. As
discussed by us in a previous review,'” characterizing toxicity in
the epididymis is inherently complicated as its structure and
function can be altered both indirectly and directly (Fig. 1).
Chemicals that are toxic to the testis can alter the quantity
and/or quality of the sperm produced via spermatogenesis and
therefore alter the quantity and quality of sperm that enter the
epididymis. Toxicant-induced perturbations in testicular fluid
(volume or composition) can also alter epididymal epithelial cell
function and sperm (Fig. 1A and B). Moreover, chemicals that
suppress testosterone production by the Leydig cells will
adversely impact the epididymis. Testosterone deprivation
reduces the number of qualitatively normal sperm entering the
epididymis, as well as causing regression of the epididymal epi-
thelium, and reduces the androgen-dependent facets of sperm
maturation. Lastly, chemicals can disrupt the structure and func-
tion of the epididymis directly. These direct-acting toxicants can
alter the structure and function of the interstitium of the epididy-
mis, the structure and function of the epithelium, and hence the
composition of the luminal fluid, and thus the luminal sperm
themselves (Fig. 1C-E).

Remarkably, despite the diversity of the chemicals which per-
turb the epididymis, there are numerous common manifesta-
tions. First, as mentioned above, epididymal toxicants frequently
produce epididymis-specific alterations in epididymal sperm
numbers (i.e., accelerated transit time). This can occur via sup-
pression of androgen synthesis in the testis (e.g., EDS) or sup-
pression that results from direct inhibition of the androgen
receptor in the epididymis (e.g. hydroxyflutamide). Second, we
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Figure 1. Schematic depicting multiple direct and indirect means by
which a toxicant can perturb the epididymis. A toxicant that alters the
sperm or fluid leaving the testis (A); the fluid may in turn alter the epidid-
ymal epithelial cell function leading to indirect effects on epididymal
sperm. Perturbations in the circulation resulting from a testicular insult
(B) might exert direct effects on cells comprising the lamina propria sur-
rounding the epididymis or on the epithelial cells. Altered epithelial cell
function could again lead to indirect effects on epididymal sperm. A toxi-
cant in the circulation (C) can exert direct effects on the smooth muscle
cells in the lamina propria which can lead to alterations in transit, or indi-
rect effects on sperm mediated through secondary effects on epididymal
epithelial cell function. Circulating toxicant can also perturb epididymal
epithelial cell function directly (D), and this perturbation could then lead
to altered sperm function through compromised secretory activity. Circu-
lating toxicant might also cross the blood-epididymal barrier and exert
direct effects on the epididymal sperm thereby compromising their func-
tion (E). Adapted from Kempinas, W.G. and Klinefelter, G.R. The Epididy-
mis as a Target for Toxicants. In: Charlene A. McQueen, Comprehensive
Toxicology, volume 11, p. 152, 2010. Oxford: Academic Press (with
permission).

and others™ have observed that several direct acting epididymal
toxicants reduce the number of clear cells in the proximal cauda
epididymis and even initiate a remodeling of the epithelium in
the corpus following exposure to EDS. Third, specific secretory
and sperm-associated proteins appear to be sensitive to direct-
acting chemicals. The secretion of secretory proteins such as clus-
terin a and {3 and proteins B/C (RABP 1 and 2) was reduced fol-
lowing treatment with EDS, as was the sperm biomarker of
fertility, SP22.

The following toxicants cause histological alterations in the
epididymis of rats: cadmium,?"** benzimidazole carbonate,*
estradiol, >4 diethylstilbestrol (DES),*>*?¢ ethane dimethanesulph-
onate (EDS),*”*® chloroethylmethasulfonate (CEMS),”
a-chlorodydrin,?®*?" ornidazole,>*** epichlorohydrin (EPI),>*%
6-chloro-6-deoxyglucose,”® flutamide®” and hydroxyflutamide
(HFLUT),® methyl chloride,***" cyclophosphamide,**** dibu-
tyl phthalate,** and gossypol.”®

To completely study the structure and function of the epidid-
ymis following a toxic insult, multiple epididymal segments (e.g.,
caput/corpus vs cauda) and compartments (e.g sperm vs epithe-
lium) must be evaluated. Thus, to thoroughly “tease out” toxic-
ity, multiple experimental strategies might be employed. Typical
initial studies in the adult rat usually involve continuous daily
exposure for 70 d to ensure the entire process of spermatogenesis
and epididymal sperm maturation is covered. Lesions detected in
the epididymis may be suspected as being indirect (i.e., germ cells
in the lumen, reduction in epithelial cell height), or direct (i.e.,
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altered epididymal epithelial morphology) at this point. Indirect
action on the epididymis can be confirmed by serum and testicu-
lar fluid testosterone assay and testicular histology. Confirming
direct action on the epididymis relies on our knowledge of epi-
didymal transit time. Since sperm in the caput epididymidis
require approximately 4 d to reach the proximal cauda epididy-
midis under normal conditions,*® sperm that are compromised
during their maturational sojourn from the caput to the proximal
cauda will most likely be detected in the proximal cauda on day
5.Not only is the proximal cauda epididymidis the site where fer-
tilizing ability is first observed®® under normal circumstances,
but the sperm in this region are more homogeneous with respect
to their residence time compared to those in the distal cauda.
Thus, a 5-day exposure protocol is used to study direct effects on
the epididymis, diminishing the possibility that testicular factors
may be involved.?®

Whether alterations in the epididymis are direct or indirect,
epididymal sperm quality can be assessed using intrauterine
insemination (IUT) (see Kempinas & Klinefelter'” for details).
For this, a fixed, optimal number of sperm from the proximal
cauda epididymis of rats is inseminated into the uterine horns of
receptive females. Klinefelter®” summarizes studies in which sig-
nificant decreases in fertility either on gestation day 9 (i.e., viable
implants / corpora lutea) or day 20 were detected at doses of toxi-
cants acting on the epididymides or testes that would not have
resulted in subfertility via natural mating. By using IUI, fertility
was itself more sensitive than conventional measures of sperm
quality (i.e.% motile sperm,% normal sperm) or sperm quantity
(i.e., cauda epididymal reserves). Subsequently, other IUI studies
with rats have been conducted to evaluate sperm quality. Expo-
sures which accelerate epididymal transit do compromise sperm
quality.*® Tt was concluded that androgen deprivation accelerated
transit and compromised normal facets of sperm maturation in
the epididymis. Fernandez et al.* confirmed these results using
diethylstilbestrol (DES) administered with or without exogenous
androgen supplementation. Epididymal transit time was acceler-
ated and the fertility of cauda epididymal sperm was compro-
mised in the DES-exposed animals; exogenous androgen ablated
these effects.From a histopathology perspective it is important to
recognize that when epdidymal sperm transit is accelerated,
sperm numbers in the cauda are significantly reduced compared
to control. Additionally, if IUI were performed and the histopa-
thologist has knowledge that fertility was decreased one should
examine luminal sperm for evidence of sperm clumping via tails
and sperm head fusion.

General Considerations on Performing
Histopathology in the Epididymis

It is not the aim of this review to present a morphofunctional
characterization of the epididymis. There are excellent, compre-
hensive reviews and book chapters on this subject to which the
reader can refer.® In addition, there are excellent, recent
reviews on how to collect, process and analyze the epididymis for
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histopathological purposes.”' > However, we would like to rein-
force some aspects already highlighted by these authors:

1. Age of the animals used in the experiments. In rats aged 8-9
weeks the epididymis contains increased numbers of degener-
ating germ cells and has relatively few sperm in the cauda epi-
didymis (Figs. 2 and 3). These features can be mistaken as
evidence of testicular toxicity and reduced spermatogenesis.
To overcome this problem, rats should be at least 10 weeks of
age by the end of the study. On the other hand, one common
finding in the epididymis of aged control rats is vacuolization,
which can be interpreted as organ toxicity (Fig. 3).

2. Examine longitudinal sections of the organ for histopathol-
ogy. Sampling of the epididymis should include all regions
(initial segment, caput, corpus, cauda, and junction with the
vas deferens). This is best achieved by taking a longitudinal
section through the entire organ (Fig. 4). Lesions are often

region-specific in the epididymis and sperm density varies sig-
nificantly depending on location, so consistent and complete
sampling is important.

3. Epididymal histopathology should accompany testicular his-
topathology since the epididymis can provide important
information on recent testicular events.

4. Luminal contents in the epididymis can alert the pathologist
to either indirect (spermatids) or direct (principal, clear cells)
toxicity.

Indirect Androgen Deprivation

Androgen deprivation during development

Spermatogenesis and steroidogenesis are not yet completely
established until puberty, which makes the male genital system
more susceptible to the action of chemical agents when the expo-
sure occurs early in life.”®>” Many of these substances interfere

with androgen production or signaling and can delay the devel-
opment of the male genital system, with effects being dependent
on the time of exposure.”® Exposure to chemical agents that can
alter reproductive function during this period is highly important
to reproductive toxicology,” given that changes in puberty can
also alter reproductive function during sexual maturity.****

Intrauterine androgen deprivation

Studies in laboratory animals have shown that exposure to
high doses of dibutyl phthalate (DBP) during the critical period
of male reproductive development, i.e. gestation day (GD)
12-19, results in remarkable phenotypic alterations in normal
development.®*®* At adulthood the phenotypes included: crypt-
orchidism, epididymal agenesis, testicular atrophy with germ cell

loss, hypospadias, and absent or smaller seminal vesicles and Figure 2. Photomicrographs illustrating longitudinal cuts of the cauda

prostate. These phenotypes can be linked to androgenGCSlepriva- epididymis of rats. (A) (20x) 40 d of age (pre-puberty) in which is
tion during the critical period of sexual differentiation.”” Dams | observed epididymal duct without germ cells; (B) (20x) 60 d of age

dosed daily with 300 mg/kg/day di(2-ethylhexyl) phthalate | (puberty), with the presence of sperm cells in the lumen; (C) (10x) 90 d
(DEHP) from GD 8 until day 17 of lactation also sired pups of age (sexual maturity). Epididymal duct with great quantity of sperma-
with malformed epididymis. The aspect of a malformed tozoids. HEE.
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epididymis after intrauterine exposure
to 500 mg/Kg DBP is shown in
Figure 5.

Prepubertal androgen deprivation

The effects of antiandrogen expo-
sure during the prepubertal period on
the inital sexual development and
morphological aspect of the testis and
epididymis was analyzed in juvenile
rats exposed to 3 or 10 mg/kg/day of
rosuvastatin (an HMG-CoA reduc-

oty Sl
Talees BY,

‘v
A T

tase inhibitor decreasing total choles-

terol and triglycerides) since PND 21
until puberty onset. In the rosuvasta-
tin-treatedgroups, the results demon-

Figure 3. Rat epididymis. (A) Prepubertal rat. Section of the proximal cauda. Notice the large amount of
exfoliated germ cells and round bodies in the lumen. (B) Aged rat (9 months old). Section of the proximal
cauda, depicting vacuoles (arrow). H&E, 20x.

strated a trend toward a decrease in
but
belowthe significance level, as well as delays in both the age of
puberty onset and in epididymal development, as shown by the
cribriform, less differentiated aspect of the epithelium of the epi-
didymal proximal cauda. There were also testicular alterations,

testosterone concentration,

such as seminiferous tubules with acidophilic spermatogonia and
spermatocytes, especially in stages IX-XIV, that might be related
to delayed puberty and decrease of serum testosterone.®®

Androgen deprivation in the adult

The epididymis depends on androgen to maintain normal
epithelial architecture and function, which in turn are necessary
for normal facets of sperm transport and maturation. The epidid-
ymis will undergo atrophy if androgen stimulationis decreased.®”
There is an increasing number of chemicals (e.g., ketoconazole,
prochloraz, bisphenol A, cadmium chloride, statins) known or
suspected to reduce testosterone production significantly by tes-
ticular Leydig cells. Continued exposure to any chemical which
reduces testosterone significantly is likely to result in some degree
of histologic alteration in the androgen-dependent epididymis.
Inhibitors of steroid biosynthesis, such as ketoconazole, will
result in testicular changes as well as epididymal atrophy, but
androgen receptor antagonists such as flutamide or inhibitors of
5a-reductase (which converts testosterone to dihydrotestosterone)
cause epididymal atrophy in the absence of any discernable mor-
phological effects on the testis since they are directly compromis-
ing androgen dependent function in the epididymis.®® The most
notable histological alterations in the epididymis have been docu-
mented following complete androgen deprivation subsequent to:
1) castration, 2) implantation of testosterone-estradiol implants,
and 3) administration of EDS, a potent Leydig cell toxicant. Cas-
tration results in reduction in epididymal tubule diameters of
31%, 14%, 13%, and 43% of control in the initdal segment,
caput, corpus, and cauda, respectively.®” This effect persists with-
out androgen replacement. Moreover, castration results in
decreases in epididymal epithelial cell height in the initial seg-
ment and caput, but no decrease in the corpus, and an increase
in the cauda. These alterations were also sustained without
androgen replacement. This segmental atrophy of the epididymis
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at the junction between the corpus and cauda is sometimes con-
sidered a background finding in rodents, however regression of
the epididymal duct/epithelium is a common finding in aged
rodents with accompanying degeneration resulting from andro-
gen deprivation.”® Studies using testosterone-estradiol implants
to achieve androgen withdrawal also reported the presence of
round spermatids in the lumen epididymal duct within 3
weeks.”" As early as 7 d after administration of a single dose of
EDS round spermatids can be found in the lumen of the

C

Figure 4. Panoramic view of a longitudinal section of the rat epididymis.
(A) Initial segment. (B) Caput. (C) Corpus, (D) Cauda epididymis. H&E.
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alterations reported do indeed result
from androgen withdrawal, rather than
from differences in handling, fixation,
or the mechanism used to suppress cir-
culating testosterone.

Direct Toxicant Action

Among the first chemicals associated
with epididymal toxicity were a-chloro-
hydrin, methyl chloride,”**!  cyclo-
sphosphamide “**and ornidazole.?>*
The antifertility effects of these toxicants
occurred within only a few days of dos-
ing and were associated with granuloma
formation, alterations in the structure
or function of the lamina propria, the
epithelial cells and/or the sperm
(reviewed in Kempinas & Klinefelter)."”

Both EDS and CEMSwere shown to
elicic profound structural and func-
tional changes in the epididymis within
4 d of treatment.”®*’ Changes which
appeared to be unrelated to decreased
circulating androgen level or possible
alterations in testicular fluid included
an epididymis-specific reduction in the

number of cauda epididymal sperm,

caput, 3) corpus, 4) cauda epididymidis.

Figure 5. Gross anatomy of the rat epididymis. (A) Normal aspect. (B) Malformed. 1) initial segment, 2)

diminution in specific proteins from
the profile of proteins in detergent

epididymis.”? The number of mature sperm contained in the epi-
didymis is decreased 60% by day 7 and 80% by day 12 following
EDS exposure. Moreover, neutrophilic nuclei were evident
within the lumen by day 12. Early studies with EDS reported
that when males received 5, daily 50 mg/kg i.p. injections and
were allowed to mate naturally with untreated females, fertilicy
was reduced 2 to 3 weeks later,”” suggesting epididymal toxicity,
which was shown later by, both at the structural and functional
levels. For their clear role in decreasing testosterone levels, EDS
and CEMS are signature chemicals for indirect effects of andro-
gen depletion in the epididymis. However, as we discuss later
these chemicals are also direct acting epididymal toxicants.
Whether androgen deprivation is achieved by orchiectomy,
ligation, obstructive infertlity, and/or chemical deprivation by
GnRH-agonists, -antagonists, and/or antiandrogens, the atrophic
alterations in the epididymis resulting from insufficient androgen
are remarkably similar regardless of species. For instance, the
same degree of cellular disorganization, of cytoplasmic atrophy
and consequent reduction of epithelial height, especially in the
proximal caput region, and loss of stereocilia, and of alterations
in size, shape, and arrangement of the nuclei seen in the chimpan-
zee epididymis were essentially identical to those reported for
other species.”> Moreover, the consistency of these histological
findings across species lends confidence to the conclusion that the
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extracts of cauda sperm, and a disap-
pearance in the number of clear cells
observed in the cauda epithelium. CEMS exposure resulted in a
significantly increased epithelial cell height in both the corpus
and proximal cauda. EDS produced a striking remodeling of the
corpus epithelium in which principal cells with short microvili
were taller, paler, and lacked lipid (Fig. 6). Each of these chemi-
cals resulted in significant reductions in the fertility of proximal
cauda epididymal sperm as assessed by in utero insemination.
Two other chemicals which reduced the fertility of sperm from
the proximal cauda epididymis within 4 d of exposure were epi-
chlorohydrin (EPI) and hydroxyflutamide (HFLUT).*® For this
reason EDS, CEMS, EPI and HFLUT are the signature chemi-
cals for direct toxicant action in the epididymis. As discussed ear-
lier, EDS and CEMS may also elicit indirect effects on the
epididymis, via androgen depletion. However, only a few altera-
tions, i.e., epididymal weight, some sperm membrane proteins
and certain sperm motion parameters, were rescued by maintain-
ing circulating androgen levels.

The presence of exfoliated material in the epididymal lumen
has been linked to testicular toxicity. Romualdo et al.,”* per-
forming an experiment to investigate epididymal toxicity of gos-
sypol, a compound with antifertility properties extracted from
cotton seeds, verified a higher frequency of round structures in
the lumen of the cauda epididymidis in the treated rats. That
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Figure 6. Light micrographs revealing dramatic changes in the histology
of the corpus epididymidis. In the corpus epididymidis of controls (A), the
principal cells contain a significant amount of infranuclear lipid (L). In con-
trast, 4 d after a single injection of EDS (B), these cells are taller, possess a
paler cytoplasm without lipid vacuoles, and contain aberrant nuclear
figures. From Kempinas, W.G. and Klinefelter, G.R. The Epididymis as a Tar-
get for Toxicants. In: Charlene A. McQueen, Comprehensive Toxicology,
volume 11, p. 152, 2010. Oxford: Academic Press (with permission).

these cells immunostained for protein E, known as cysteine-rich
secretory protein (CRISP)-1, a marker of epididymal principal
cells, stimulated a subsequent work, in which gossypol-treated
rats were hemicastrated 7 d before euthanasia. In theory, after 7 d
the round structures should not be observed in regions proximal
to distal cauda epididymidis, unless they originate in the epididy-
mis.*> However, these structures were observed, and ultrastruc-
tural examination revealed that these represented: 1) principal
cells exfoliated from the epididymal epithelium (Fig. 7); 2) epi-
didymal epithelial cell cytoplasm containing degenerating sperm;
and 3) degenerating epithelial cells, consisting of vesicles and par-
ticles of different sizes, forms and densities. Taken together, the
data confirm that gossypol targets the epididymis in addition to
the testis, disturbing both the structure and function of this
organ, and presumably disrupts sperm maturation.

Other Commonly Observed Alterations

Detailed description and illustration of epididymal lesions can
be found at.’'™
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Figure 7. Exfoliating principal cell in the cauda epididymidis of a hemi-
castrated rat treated with gossypol. (A) 20x, H&E. (B) Electron micro-
graph of the epididymal epithelium showing the exfoliation of a
principal cell (2750x). (C) Cell indicated in B in greater detail. Notice the
numerous mitochondria and lysosomes characteristic of principal cells
(8000x). Adapted from Andrade et al. (2006).

Spermatogenesis

Debris/germ cells in the epididymal lumen

The lumen of a normal adult rat epididymis contains very
few sloughed germ cells or cellular debris. The most common
source of cells and cellular debris in the lumen of the epididymis
occurs from sloughed germ cells secondary to spermatogenic
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disturbances or androgen deprivation (causing sloughing of
round spermatids) in the testis (Fig. 3). However, as discussed
above, some toxicants e.g., gossypol, can result in sloughing of
principal cells into the lumen of the epididymis and so it is
important to distinguish the origin of the cell debris, since it may
be derived from a direct toxicity in the epididymis. In addition,
care should be taken not to confuse epididymal apocrine cyto-
plasmic blebs, originating from the normal process of apocrine
secretion by the efferent duct or epididymal epithelium, with the
cytoplasm of sloughed testicular germ cells. To confirm the ori-
gin of the exfoliated cells, one can ligate the efferent ducts, use
androgen replacement or hemi-castrate the animals, or use IHC
for epididymis-specific proteins (i.e. CRISP, RABP, Clusterin),

or perform electron microscopy.45

Cribriform change

Cribriform change is a hyperplastic alteration in the epithe-
lium. The hyperplastic epithelium often extends to the point of
folding on itself and forms pseudoglandular structures (Fig. 8).
Cribriform change has been associated with testicular toxicities
in rats. The infolding of the epithelium may be a secondary
response to lack of sperm cells and testicular fluid, and epididy-
mis atrophy, leading to a disruption of the epididymal microen-
vironment. It is often anecdotally related to androgen depletion,

aging, testicular atrophy, cryptorchidism, and germ cell tumors.
In reality, there is no definitive cause of cribriform change in the
epididymis. In a study of 167 human samples retrieved following
orchiectomy performed for both germ cell and non-germ cell
tumors, as well as non-tumor conditions such as inflammation,
undescended testis, and cysts, there was a 42% incidence of crib-
riform hyperplasia in the epididymis; most of these were associ-
ated with tumor pathology in the testis.”> However,cribriform
hyperplasia should not be mistaken for carcinoma in situ, and
thus erroneously connoting a tumor as primary in the epididy-
mis. The frequently focal nature of the atypia and the absence of
mitotic activity are useful in distinguishing cribriform hyperpla-
sia from a neoplastic process.

The most prevalent lesion seen in these human samples, intra-
nuclear eosinophilic inclusions, were observed in 73% of all sam-
ples. These were not associated with any particular disease state.

Inflammatory infiltrates
Inflammatory infiltrates are commonly observed in the inter-
stitium or in the adjacent adipose tissue of animals (Fig. 9).
These infiltrates frequently consist of neutrophils or lymphocytes.
Granulomas manifest more significant forms of inflammation
(Fig. 10). These can occur anywhere in the epididymis, but are
most frequently seen in the distal corpus or caudl. An epididy-
mal spermatic granuloma can be intra-

AT A

oo sm % i

AT 2,
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tubular or extend into the surrounding
interstitium. The typical inflammatory
population of a granuloma includes
macrophages, polymorphonuclear leu-
kocytes, fibroblasts and sperm. The epi-
didymal epithelium will attempt to
epithelialize intratubular granulomas.
The etiology of the inflammatory
changes, including granulomas, is
unknown. The most popular belief is
that there is a rupture of the epididymal
tubule resulting from increased intralu-

minal pressure, and eruption of the
sperm from the break into the intersti-
tium followed by a responsive inflam-
which  forms a
encapsulating the sperm.76 However, it
is also plausible to consider that inflam-
matory changes can be driven by an
imbalance in the dynamic equilibrium

mation nodule

between immune tolerance and toxi-
cant mediated ‘activation’ of inflamma-
tion in the epididymis (also see
Gregory and Cyr, this issue). Methyl
chloride is an example of a well known
chemiczl provoking sperm granulo-
mas.> !

(arrows); notice the lumen devoid of sperm, 20x and 10x, respectively.

Figure 8. Rat proximal cauda epididymis. H&E. (A) Normal aspect, 20x. (B and C) Cribriform change

Epithelial vacuolation
Vacuolation may be diffuse, but

more often is localized to a specific
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segment of the epididymis. Microvacuo-
lation is characterized by small, intracy-
toplasmic vacuoles often in the apical
aspect of the cell (Fig. 2). Macrovacuo-
lation is characterized by the presence of
large, clear vacuoles within and between
epithelial cells that may disrupt the epi-
thelial alignment and displace the cyto-
plasm and nucleus to the periphery of
the cell. These are often present in the
proximal caudal region and are a com-
mon age-related change in rats.”"”’
However, it is important to recognize
that suboptimal fixation and unintended
extraction of lipid can result in variable
numbers of vacuoles appearing in the
resulting sections, particularly in the
subcapsular sections of the duct. Vacuo-
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lation of the epididymal epithelium may
result from a number of degenerative
changes including accumulation of flu-
ids, lipids, phospholipids, and glycopro-
teins. For examples of toxicants
producing the phospholipidosis medi-
ated vacuolation (Fig. 11) see the effects
of dopamine D3 selective antagonist

78 o X Figure 9. Rat epididymis. (A) Normal aspect of the proximal cauda. (B) Inflammatory infiltrate in the
PNU-177864"" and the antibiotic sali- proximal cauda (asterisk). (C) Inflammatory infiltrate in the caput region (arrow). H&E, 20 x.
nomycin, used in animal husbandry.”

Increase or decrease in clear cells

Disappearence of the clear cells in the cauda epididymis
was reported by Klinefelter et al.,”® after 4 d of treatment
with CEMS or EDS. On the other hand, increased numbers
of clear cells often accompany increased debris in the lumen
(Fig. 12). In these situations the clear cells become more
obvious because they contain a lot more lysosomes because
they are undergoing a lot more endocytosis, which is just a
secondary consequence of all the debris in the lumen. For
instance, hyperplasia/hypertrophy of clear cells in the cauda
epididymis was reported by de Andrade et al.* after treat-
ment with gossypol. In this case, clear cell hypertrophy was

more evident as there was likely increased endocytosis of
exfoliated principal cells. There is morphological evidence
that spermiophagy occurs, under normal conditions, by cells
lining the excurrent ducts." When counting clear cells to
determine their relative frequency, refer to Klinefelter et al.*®
for methods. In general, these should be indexed to the num-
ber of principal cell nuclei; at least 100 principal cells should
be counted to obtain a confident assessment of clear cell

frequency.

Sperm compaction
Sperm stasis may occur in the efferent ducts as a result of Figure 10. Low power image of (A) distal corpus of the rat epididymis
increased fluid resorption or due to impaction of sperm in blind- exhibiting multiple sperm granulomas. H&E. (B) Efferent ducts and initial

ending ducts. It may also occur in the cauda epididymis when | segment exhibiting sperm stasis with leukocyte infiltration in the intersti-
tium and the onset of granuloma formation. H&E.

sperm are not being produced by the testis or removed from the
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Figure 11. Phospholipidosis in the caput of the rat epididyimis. Note the
frothy lipid vacuolization in the supranuclear region of the principal cells.

cauda effectively (e.g., obstruction of the vas deferens or signifi-
cantly decreased epididymal transit time). Sperm stasis generally
incites an inflammatory response with time.** Movement of
sperm through the efferent ducts and epididymis is dependent on
the correct fluid dynamics (fluid production by the Sertoli cell
and fluid reabsorption by the efferent ducts) and also on smooth
muscle contraction within the epididymis and vas deferens. Dis-
turbances in either of these processes or obstruction of any part
of the duct system can lead to sperm stasis, which in turn often
leads to inflammation and/or sperm granulomas (also see Hess,

this issue). Sperm stasis can occur in the cauda epididymis from a
variety of causes including blockade of adrenergic pathways by
a-adrenergic antagonists such as prazosin and guanethidine (for
review, see Klinefelter'®).

Proliferative lesions of the epididymis

Apart from cribriform change, literature reports of primary
proliferative lesions of the epididymis are almost non-existent.
Mechanisms favoring metaplasia, such as angiogenic factors, are
blocked in the epididymal epithelium. Expression of the main
junction-associated proteins (occludins, claudins) is altered in
cancerous tissue.”’ Tight junctions in the epididymis are the
physical component of the blood—epididymis barrier. Stable and
persistent tight junctions may be one component of epididymal
resistance to cancer.

Changes in sperm parameters (motility, morphology
or density) absent histological alteration
In contrast to testicular toxicants that result in delayed
effects on fertility, damage to epididymal sperm will have an
almost immediate impact on fertility parameters. It should also
be emphasized that toxic effects on sperm can occur in the
absence of any histopathological changes in the epididymis or
testes and may be detectable only by direct sperm analysis.
In recent years many environmental chemicals have been
associated with decreased numbers of sperm stored in the
cauda epididymis, with little or no reduction in sperm produc-
tion.*®533% This suggests that the epi-
didymis is the functional target of

these toxic substances, and that the
transit of sperm through the epididy-
mis is accelerated by these exposures®®
It is important to note that while tran-
sit time is accelerated during androgen
deprivation or increased estradiol
exposure, we found the direct acting
epididymal  toxicants,

CEMS and HFLUT,

sperm transit when circulating andro-

specifically
accelerated

gen levels were maintained. We specu-

late that CEMS, like HFLUT, was
interfering with an epididymal andro-
gen-dependent function. We also
speculate that the acceleration of
sperm transit reduces the time avail-
able for the processes necessary for the
maturation of sperm, which can com-
promise the function of the resulting

18,49,8
sperm.'®4%%

Conclusions

(C) Hyperplasia of clear cells. PAS, 40x.

Figure 12. Rat cauda epididymidis. (A) Normal aspect. (B) Hyperplasia of clear cells (arrows). H&E, 20x.

Although toxic effects in the epidid-

ymis might be secondary to a testicular

lesion, in this chapter we show that
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direct pathologic effects can occur in the epididymis, and the

pathologist must be well trained to interpret the difference.
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