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General Introduction
Overview

The raccoon (Procyon loter) is a member of Procyonidae belonging to Carnivora, which is a
middle-sized mammal and skillfully use the forelimbs (Kamioka et al., 2017). The raccoon lives in
various environments, especially prefer waterfront and is omnivore with a various diet such as insects,
reptiles, crustaceans, birds, small mammals, fruits and crops (Ikeda et al., 2004).

The raccoon native to North America was introduced into Japan in 1970s and has been naturalized
in almost every prefecture of Japan (Ikeda et al., 2004). In Hokkaido, Japan, its population has not
decreased although the extermination of raccoons has been carried out since 1997. With their population
increase, many problems such as predation of Japanese native species, eating damage to agricultural
crops and increased risk of zoonosis, are caused by them (Ikeda et al., 2004; Koizumi et al., 2009; Oe et
al., 2020). In Hokkaido, the concentrated capture of raccoons during the breeding season and subsequent
suckling period (pregnant animals and mothers with cubs) is recommended for efficient population
control. Therefore it needs to reveal the reproductive characteristics of raccoons in Japan.

Raccoons are considered seasonal breeders, although their breeding season varies from region to
region. Gehert (2003) said that most of the raccoon mate during February to March in the many parts of
North America. In Hokkaido also which is a prefecture located at the highest latitude in Japan, the mating
season peaks in February (Asano et al., 2003). However, in the lower latitude of North America (Gehert,
2003) and Japan (Kato et al., 2009), raccoons tend to prolong the mating period as compared with the
higher latitude. It has been reported that, moreover, in same region, some raccoons maintain the
spermatogenesis in the non-breading season (Okuyama et al., 2014). Therefore, it seems that there are
regional and individual differences in the seasonal breeding of raccoons, but it is not fully elucidated
why such differences occur.

Seasonal breeding is a common reproductive style for wild animals at all latitude, and their breeding
season is affected by environment such as photoperiod and foraging condition (Bronson, 2009).
Environmental conditions are mainly reflected in blood sex hormone levels, which change with seasons
and regulate reproductive functions. During the breeding season, the levels of blood sex hormone such
as androgen or estrogen increase, and the cells which compose genital organs develop through the
hormone receptors. On the other hand, during the non-breeding season, the blood sex hormone levels
decrease and genital organs are regressed. In roe deer, testosterone showed high concentration during
the breeding season, and the testosterone level plummeted after the breeding season (Goeritz et al., 2003).
The blood testosterone level of Iberian moles decreased when testes were regressed (Dadhich et al.,
2013). In the genital organs of raccoons, histological seasonal changes are partly known about testes

(Kaneko et al., 2005; Okuyama et al., 2012; Okuyama et al., 2014) and ovaries (Sanderson and
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Nalbandov, 1973) in adult, but largely unknown. In general, the genital organs undergo significant
morphological changes with functional quiescent during the early postnatal development, and at onset
of puberty, begin to develop toward sexual maturity, which means that individuals have a reproductive
ability. In wild animals, the starting period and duration of puberty affects the number of breeding in life
and the population growth and understanding the timing of sexual maturity is important for appropriate
correspondence in breeding.

The following is known about the postnatal development of raccoons. Mated female raccoons stays
pregnant for about 63 days and give birth to an average of 3-4 cubs (Gehert, 2003). Cubs are nursed
until about 16 weeks of age, and juvenile raccoons become independent during autumn (Gehert, 2003).
Raccoons reach sexual maturity at 10-12 months old in the North America (Sanderson and Nalbandov,
1973). While male raccoons reach sexual maturity at different times, and a few raccoons mature
precociously (Okuyama et al., 2013). However, information on morphological changes in the raccoon
genital organs with postnatal development, with seasonal change and during pregnancy is limited. In
this study, therefore, morphological and functional changes were examined in the male genital organs,
such as testes and prostate glands, during developmental and seasonal changes, and in female,
morphological and functional dynamics of the uterus, especially cervix during pregnancy were

investigated.

Objective of Studies
The main objectives of this study are to reveal the histological and functional dynamics of genital
organs in raccoons during development and season.
To accomplish the objective, following points were investigated in raccoons:
Chapter 1. Developmental and seasonal changes in the testis of raccoons.
Chapter 2. Developmental and seasonal changes in the prostate gland of raccoons.
Chapter 3. Developmental changes in the prostatic utricle of raccoons.

Chapter 4. Morphological changes in the cervix of raccoons during pregnancy.



General Materials and Methods

Animals and treatments

The carcasses of 165 feral male raccoons and 46 feral female raccoons exterminated by the wildlife
protection and population control services in the Tokachi area, Hokkaido, Japan, between May 2016 and
April 2022 were obtained. The number and season of captured raccoons were shown in Table G.1. The
animals were brought into the laboratory shortly after death and were dissected to examine male genital
organs (testes with the epididymis and prostate glands) and female genital organs (uteri). For male, testes
with the epididymis, prostate glands were immediately removed, and then the weight of the samples was
measured. For female, uteri were immediately removed and were cut open. In non-pregnant, placental
scars were checked. In the pregnant females, the crown-rump length (CRL) of the fetus was measured.
The tissue samples were fixed in 10% formalin or Bouin’s fluid. The samples were dehydrated in a
graded series of ethanol, cleared in xylene, and embedded in paraffin. Samples were serially sectioned
with a thickness of 4 um for staining with hematoxylin-eosin (HE), periodic acid-Schiff (PAS), or alcian
blue (AB) (pH 2.5) and immunohistochemistry (IHC).

Immunohistochemistry

The sections were deparaffinized and immunohistochemically stained using the avidin-biotin-
peroxidase complex (ABC) method. The sections were treated using a high pH target retrieval solution
(1:10, S3307; DakoCytomation, Inc., Carpinteria, CA, USA) and by microwaving for 20 min to retrieve
antigenicity, and then immersed in methanol containing 0.3% H>O, for 10 min at room temperature (RT)
to block endogenous peroxidase activity, and incubated with normal goat serum (1:50, S-1000; Vector
Laboratories, Burlingame, CA, USA) for 30 min at RT to prevent nonspecific staining. Then, the
sections were incubated overnight with a monoclonal anti-vimentin antibody raised in the mouse (1:1,
V9; Dako, Glostrup, Denmark), a polyclonal anti-cytochrome P450 side-chain cleavage enzyme
(P450scc) antibody raised in the rabbit (1:200, AB1244; Chemicon International, Temecula, CA, USA),
a monoclonal anti-p63 antibody raised in the mouse (1:50, ab735; Abcam, Temecula, CA, USA), a
polyclonal anti-androgen receptor (AR) antibody raised in the rabbit (1:50, N-20; Santa Cruz
Biotechnology, CA, USA) and a monoclonal anti-proliferating cell nuclear antigen (PCNA) antibody
raised in the mouse (1:10, PC10; ICN Pharmaceuticals, Inc. CA, USA) at 4°C in a moisture chamber.
After incubation with primary antibodies, biotinylated anti-rabbit IgG or anti-mouse IgG raised in the
goat (1:200, BA-1000, BA-9200, respectively; Vector Laboratories, Inc.) was applied for 30 min, and
then the sections were incubated with ABC reagent for 30 min (1:2, PK-6100, Vectastain Elite ABC Kit;
Vector Laboratories). The binding sites were visualized with Tris-HCI buffer (pH 7.4) containing 0.02%

3,3’-diaminobenzidine hydrochloride and 0.006% H,O,. After incubation, the sections were washed
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with 0.01 M PBS (pH 7.4), dehydrated in a graded series of ethanol, cleared in xylene, coverslipped,
and observed under a conventional light microscope. The negative control sections were treated with

normal goat serum instead of primary antibodies.

Age determination

In both of male and female raccoons, their heads were collected at dissection and cranial specimens
were prepared, and then I examined the closure of root foramina (Grau et al., 1970), the tooth eruption
(Montgomery, 1964) and the obliteration of cranial sutures (Junge and Hoffmeister, 1979) to determine
the ages (Table G.2). As results, the ages of raccoons were categorized as 1, 2, 3,4, 5, 6, §, 10, 12 and

over 12 months of age.



Table G.1. Number of captured feral raccoons in this study

sex
month

male female
January 1 0
February 4 1
March 8 8
April 12 6
May 27 8
June 43 7
July 21 6
August 19 1
September 11 4
October 12 3
Nobember 6 2
December 1 0
Total 165 46



Table G.2. Estimated age of captured feral raccoons in this study

sex
month
male female

1 month 1 0
2 month 5 0
3 month 12 0
4 month 5 0
5 month 6 0
6 month 15 5
8 month 5 0
10 month 14 1
12 month 14 0
over 12 month 88 40
Total 165 46
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Fig. G.1. Seasonal cycle of raccoon breeding.

Breeding season and parturition period were based on the report in lllinois
(Sanderson and Nalbandov, 1973). Nursery period and moving out timing were
based on the review report (Gehrt, 2003). Sperm absent period was based on the
report in Hokkaido (Okuyama et al., 2014). Black circle indicates peak of mating.



Chapter 1
Developmental and Seasonal Changes in the Testis of Raccoons

1.1 Introduction

Testes have two main functions such as spermatogenesis and hormone production, especially
testosterone, which is one of the androgens, and in seasonal breeders, the testis is generally regulated
with the seasonal change. During the breeding season, testicular functions are most activated, and
spermatogenesis and testosterone production are at their peak. Whereas, during the non-breeding season,
testes regress and testosterone levels drop. The degree to which the testes regress varies from species to
species. For example, during the non-breeding season, horses produce less sperm (Johnson and Tatum,
1989), and hedgehogs (Massoud et al., 2018) and raccoon dogs (Qiang et al., 2003) keep spermatogenic
cells up to spermatocytes and spermatogonia, respectively. Raccoons also have a testicular regression
period of 3-4 months in North America (Sanderson and Nalbandov, 1973) and in Japan (Kaneko et al.,
2005; Okuyama et al., 2012). In the same region, however, some raccoons maintained spermatogenesis
in the non-breeding season, and it is suggested that aromatase expression may be involved in the
maintenance of spermatogenesis in a testicular regression period (Okuyama et al., 2014).

Sexual maturity means that individuals have the reproductive ability, and sexually matured males
can impregnate females by mating. Puberty is the growth period until sexual maturity is completed, and
puberty animals grow until they are the same body size and reproductive condition as adult. During
puberty, therefore, spermatogenesis in testes begins and completes. The timing of sexual maturation in
Hokkaido raccoons has already been reported (Okuyama et al., 2013), but the histological progression
of spermatogenesis during postnatal development has not been elucidated. The mechanisms for
testicular completion during sexual maturation may be similar to those for relapse from regression testes
during seasonal changes in adults. To understand spermatogenic features in the raccoon testes, it is
necessary to compare the process of sexual maturation and the relapse from seasonal regression.
However, the detailed examinations to understand histological testicular features during sexual
maturation and seasonal changes have not yet been reported in raccoons.

In the Chapter 1, the aim is to reveal the histological characteristics in the raccoon testes during

sexual maturation and during seasonal changes.

1.2 Materials and Methods
Testes and epididymides of 165 feral male raccoons from 1 month to over 12 months of age were
used in this study. Sexual maturity was determined based on the progress of spermatogenesis (presence

of elongated spermatids) in the testis and the presence of spermatozoa in the cauda epididymis. In June-
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August of over 12 months, many regressed testes appeared (Table 1.1). Therefore, this period is defined
as spermatogenetic-declined season. For analysis of seasonal changes, only adult raccoon testes were
investigated, and the testes of all stage were examined for understanding testicular development.

Animals and sample preparation are described in the General Materials and Methods. Histological
sections of testes were stained with HE. The immunostaining for vimentin, P450scc and PCNA was
carried out.

In the Chapter 1, testes in various ages were used for histological observation (n=165) (Table G2).
The diameter of seminiferous tubules was measured in formalin-fixed samples which testes weight was
known (n=73). The breakdown of the 73 raccoons was 33 non-adults and 40 adults. The measurements
of the diameter were performed on at least 20 seminiferous tubules in 3 random fields. Measurements
were taken on seminiferous tubules that are nearly circular, minor and major axes were measured in one
seminiferous tubule, and the diameter average of two axes was treated as the diameter for one
seminiferous tubule. Then, the average of all values of the seminiferous tubules was used as the diameter

for one testis. In this study, the left testis was adopted for the testis weight.

1.3 Results
Histological and immunohistochemical observations of testes during seasonal changes

The condition which the elongated spermatids were formed in the testes, and spermatozoa existed
in the cauda epididymis, was defined as developed testes (Fig. 1.1A, C). Developed testes were observed
through all season except January in which samples were not corrected (Table 1). The condition which
the elongated spermatids were not formed in the testes, and/or spermatozoa were absent in the cauda
epididymis, was defined as regressed testes (Fig. 1.1B, D). Twenty four regressed testes were observed
only in end of May to September (Table 1). In this study, 3 months from June to August was defined as
the spermatogenetic-declined season because most of the regressed testes were observed in this period
and the percentage of presence of regressed testes was 49% (20/41) (Table 1).

In all regressed testes, most advanced germ cells were mostly round spermatids (19/24) and some
primary spermatocytes (5/24). In the seminiferous tubules of the regressed testes, the detachment of
germ cells, multinucleated giant cells, and sperm accumulation at the base of the seminiferous tubules
were observed. The detachment of germ cells was observed in the seminiferous tubules of all regressed
testes (Fig. 1.2A). Multinucleated giant cells were observed in the seminiferous tubule of 64% regressed
testes (16/24) (Fig. 1.2B). Sperm accumulation at the basal area of the seminiferous tubules were
observed in 68% regressed testes (17/24) (Fig. 1.2C).

Some spermatogonia and spermatocytes were PCNA-positive not only in the developed testes in

the breeding season (spring) (Fig. 1.3A), but also in the developed (Fig. 1.3B) and regressed testes (Fig.
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1.3C) in the spermatogenetic-declined season. Leydig cells showed more PCNA-positive in the breeding
season (spring) than in the spermatogenetic-declined season (summer) (Fig. 1.3). In the
spermatogenetic-declined season, the developed testes had a few PCNA-positive Leydig cells (Fig.
1.3B), while the regressed testes had few positive Leydig cells (Fig. 1.3C).

In the developed testes, vimentin in Sertoli cells was elongated towards the lumen of seminiferous
tubule and detected around the nucleus (Fig. 1.4A). In the regressed testes, vimentin in Sertoli cells
showed the same distribution as the developed testes regardless of the germ cell shedding (Fig. 1.4B).

The developed testes in the breeding season had larger interstitial region with P450scc
immunoreactivity as compared with the regressed and developed testes in the spermatogenetic-declined
season (Fig. 1.5A-C). In size, Leydig cells were larger in the breeding season than in the
spermatogenetic-declined season (Fig. 1.5D-E).

The seasonal changes of diameter of the seminiferous tubules in 40 adult raccoons were shown in
the Figure 1.6. Seminiferous tubules in the regressed testes were smaller than those in the developed
testes. In the spermatogenetic-declined season, the diameter of the seminiferous tubules in the developed
testes also decreased compared to those in other season (Fig. 1.6).

The testis weight was lighter in the regressed testes than in the developed testes, and the testis
weight in the developed testes also decreased in spermatogenetic-declined season (Fig. 1.7). Testis

weight tends to be higher in the seasons from January to April than in other seasons (Fig. 1.7).

Histological and immunohistochemical observations of testes during postnatal development

The gonocytes was observed within the seminiferous tubules at all raccoons until 4 months old
inclusive (Figs. 1.8A and 1.9). From 5 months old, primary spermatocytes began to appear, although
gonocytes still occupy half of spermatogenic cells, and the seminiferous tubules became to form the
lumen around 6 months age (Figs. 1.8B, C and 1.9). Between 6 months and 10 months old, the
spermatogenesis progressed, and round and elongated spermatids began to appear in the most testes
(Figs. 1.8D, and 1.9), moreover, a few precocious raccoons (3/34) reached sexual maturity during this
period (Fig. 1.9). Precocious raccoons were observed before or during the first half of spermatogenetic-
declined season (June-August) (Fig. 1.10). In 12 months old, elongated spermatid were formed in more
than half of the raccoons, and in most of them, sperms were not yet observed in the cauda epididymis
(Figs. 1.8E, F, and 1.9). Over 12 months of age, all raccoons reached sexual maturity (presence of
elongated spermatids and of spermatozoa in the cauda epididymis) and became to show the seasonal
changes (Figs. 1.1, 1.6, and 1.7).

In early development, up to 5 months of age, vimentin expression of Sertoli cells was present only

beneath the nucleus (Fig. 1.11A). Vimentin in Sertoli cells was seen beneath the nucleus and in the
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perinuclear area when primary spermatocytes were present, and the seminiferous tubules were not
canalized (Fig. 1.11B). With the formation of the lumen, vimentin expression in Sertoli cells extended
toward the lumen (Fig. 1.11C). Vimentin expression in Sertoli cells was similarly elongated when the
most advanced germ cells were round spermatids (Fig. 1.11D). In the seminiferous tubules with
elongated spermatids in the developing testes, vimentin expression in Sertoli cells was elongated as
those in adults (Fig. 1.11E, F).

In the intestinal tissue of the developing testis, the cytoplasm of Leydig cells was consistently
positive for P450scc, and P450scc-posotive Leydig cells increased with development (Fig. 1.12).

The relationship between seminiferous tubule diameter and age, and between testis weight and age,
is shown in the Figures 1.13 and 1.14, respectively. The seminiferous tubule diameter and testis weight
tended to increase although each data varied from 6 months of age. The relationship among seminiferous
tubule diameter, testis weight and the most advanced germ cells is shown in the Figure 1.15. The
seminiferous tubule diameter increased with increasing of the testis weight, and spermatogenesis was

more advanced in testes with heavier testis weights and larger seminiferous tubule diameters.

1.4 Discussion
Histological and immunohistochemical observation of testes in seasonal change

Testes of seasonal breeders often regress during the non-breeding season, and regressed testes no
longer continue spermatogenesis, resulting in lower fertility. Extent of its regression varies by species.
There are three cases of degrees of regression in seasonal breeders: Case 1, the amount of sperm
decreases; Case 2, primary spermatocytes, spermatogonia and Sertoli cells remain; Case 3,
spermatogonia and Sertoli cells remain. The species with Case 1 include sheep (Hochereau-de Reviers
et al., 1985) and horses (Johnson and Tatum, 1989). The species with Case 2 include northern fur seals
(Tsubota et al., 2001), brown hares (Strbenc et al., 2003), Egyptian long-eared hedgehogs (Massoud et
al., 2018), Syrian hamsters (Seco-Rovira et al., 2015) and Daurian ground squirrels (Li et al., 2015). The
species with Case 3 include roe deer (Klonisch et al., 2006), black bears (Komatsu et al., 1997), raccoon
dogs (Qiang et al., 2003) and cacomistles (Poglayen-Neuwall and Shively, 1991). In this study, most of
the regressed testes of raccoons had round spermatids remaining, but some raccoon testes regressed to
primary spermatocytes. Previous reports in the raccoons inhabiting Hokkaido do not contradict this
(Kaneko et al., 2005; Okuyama et al., 2012). It is thought that observed differences in the extent of germ
cell regression may reflect the length and intensity of regression.

Characteristics of regressed testes in raccoons were sperm accumulation at the basal area of the
seminiferous tubules, detachment of germ cells and appearance of multinucleated giant cells. It has been

reported that Sertoli cells phagocytize sperm that are not released due to defective sperm maturation
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(Chatani and Kandori, 2017). It is thought that, therefore, the accumulating sperm is able to be
phagocytized by Sertoli cells in the raccoon testes also. In the regressed testes of the Iberian mole, germ
cell detachment precedes the contractions of seminiferous tubules (Dadhich et al., 2013). In raccoons as
well, the detachment of germ cells occurred in all regressed testes, so it may be a phenomenon that
always occurs during regression. The appearance of multinucleated giant cells was observed in the
seminiferous tubules of various species: humans (Nistal et al., 1986), rabbits (Morton et al., 1986), dogs
(Rehm, 2000; Goedken et al., 2008) and minipigs (Thuilliez et al., 2014). Such multinucleated giant
cells are seen when the damage to the testis is mild to moderate (Morton et al., 1986). In addition,
multinucleated giant cells are commonly found in pubertal animals before and after the blood—testis
barrier (BTB) formation (Haruyama et al., 2012; Kangawa et al., 2016), and the formation of
multinucleated giant cells is thought to be due to incomplete BTB formation. BTB isolates inner area
(adluminal compartment) from outer area (basal compartment) in the seminiferous tubules, and protects
spermatocytes and spermatids from the recognition by own antigens (Kaur et al., 2014). When the
function of BTB is destroyed, germ cells from the primary spermatocytes are eliminated by the immune
system (Morales et al., 2007). It has been demonstrated that in Djungarian hamsters, BTB becomes non-
functional in photoperiods as the non-breeding season (Kliesch et al., 1991), and BTB disruption during
the non-breeding season has also been reported in minks (Pelletier, 1986). In this study, direct proof was
not possible, but similarly, it was suggested that the BTB was disrupted in the regressed testes of
raccoons during the spermatogenetic-declined season.

In raccoons, since PCNA-positive germ cells were continuously observed in the seminiferous
tubules throughout the year, therefore, spermatogenesis itself may not be stagnant even in the regressed
testes. In the absence of functional BTB formation during the non-breeding season, primary
spermatocytes and subsequent germ cells are subject to immunological elimination mechanisms
(Morales et al., 2007). Several studies have so far examined the proliferative activity of germ cells during
the non-breeding season (Strbenc et al., 2003; Seco-Rovira et al., 2015; Massoud et al., 2018). In
Egyptian long-eared hedgehogs, germ cell proliferative activity is not reduced even in regressing testes,
and it is thought that meiotic progression does not stop even during regression in the non-breeding
season (Massoud et al., 2018). Similarly, it was suggested that meiosis was not arrested in raccoons as
well during the spermatogenetic-declined season, and then spermatocytes and subsequent germ cells
may be affected by immunological elimination.

Immunostaining for vimentin was performed to observe the cytoskeletal dynamics of Sertoli cells
in this study. Vimentin expression in raccoon Sertoli cells elongated toward the lumen of the
seminiferous tubule and was often found in the upper part of the nucleus, and moreover, it was located

under the nucleus of Sertoli cells also. This location of vimentin expression has been observed in mouse
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deer (Sasaki et al., 2010). Vimentin below the nuclear of Sertoli cells in developed testes appears to be
associated with the location of Sertoli cell nucleus. In the regressed testis, vimentin distribution of Sertoli
cells in the seminiferous tubules, which remained to the primary spermatocytes, did not show major
difference from that in the developed testis. Vimentin in Sertoli cells extending toward the lumen was
maintained in the regressed raccoon testes. Similarly, expression of vimentin in the regressed testes was
also examined in Japanese black bears, but it has been concluded that it does not change between
developed and regressed (Komatsu et al., 1998). Vimentin in Sertoli cells is restored in experimentally
regressed rat testes, dependent on germ cell regeneration (Kopecky et al., 2005). When spermatocytes
reappear in the seminiferous tubules, vimentin in Sertoli cells reorganizes, and apical vimentin filaments
were restored (Kopecky et al., 2005). The presence of primary spermatocytes in the regressing testes of
raccoons may keep vimentin in Sertoli cells in an elongated state, similar to rats (Kopecky et al., 2005).

The interstitial area in the testes of raccoons was wider during the breeding season (spring), and
narrower during the spermatogenetic-declined season (summer) regardless of situation of the
spermatogenesis (in both of developed and regressed testes). In raccoons, Leydig cells were the largest
in the breeding season and smaller in the spermatogenetic-declined season, and showed a lot of
proliferative activity in the breeding season, but little proliferative activity was observed in the
spermatogenetic-declined season. Seasonal changes in Leydig cells have also been reported in other
seasonal breeders. In European hedgehogs, Leydig cells proliferate and enlarge during the breeding
season compared to the non-breeding season (Dutourné and Sanboureau, 1983). In roe deer, number of
Leydig cells and volume of interstitium increased in the breeding season, while decreased in the non-
breeding season (Klonisch et al., 2006) . Similarly, in raccoons, Leydig cells proliferate and enlarged
in the breeding season, and thus the area of the interstitium was widen.

Seminiferous tubule diameters of raccoons were greatly reduced in the regressed raccoon testes. It
is thought that this is due to the shedding of many germ cells in the seminiferous tubules. At the same
time, testicular weight is significantly reduced in the regressed testes. Similarly, previous studies have
also confirmed reduced testis weight in raccoons associated with decrease in seminiferous tubule
diameter and reduced spermatogenesis (Kaneko et al., 2005; Okuyama et al., 2012). The decrease in the
testis weight during the non-breeding season have been reported in most seasonal breeders: cacomistles
(Poglayen-Neuwall and Shively, 1991), roe deer (Blottner et al., 1996), Daurian ground squirrels (Li et
al., 2015) and Myotis levis (Farias et al., 2020). Roe deer in the non-breeding showed regressive change
in both the tubules and stroma of testes (Klonisch et al., 2006). In raccoons as well, it was suggested
that the loss of germ cells within the seminiferous tubules and decrease in the number and size of Leydig

cells in the spermatogenetic-declined season affected to the decrease in testicular weight.
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Postnatal development in raccoon testes

Postnatal development of the testis is particularly well studied in laboratory animals as rats (Picut
et al., 2015), dogs (Kawakami et al., 1991) and microminipigs (Kangawa et al., 2016). During postnatal
development from birth to sexural maturity, gonocytes in the seminiferous tubules transform into
spermatogonia, Sertoli cells mature to form BTBs, meiosis progresses, and round and elongated
spermatids in the seminiferous tubules are formed (Picut et al., 2018). Presence of spermatids with final
step and appearance of sperm in the epididymis signifies that sexual maturity has been reached (Picut et
al., 2018). The above developmental processes are common in mammals, but the timing of those
occurrence differs among species (Picut et al., 2018).

In raccoons, gonocytes were the predominant cell type until 4 months of age, decreased by half in
5 months of age and disappear in most raccoons by 6 months of age. The transition of gonocytes to
spermatogonia may be less sensitive to environmental factors, as there was little difference of its timing
among raccoons. Primary spermtocytes began to appear in some raccoons from 5 months of age. In dogs,
only Sertoli cells and gonocytes are present in the seminiferous tubules at birth, primary spermatocytes
begin to appear in dogs at 20 weeks of age, and gonocytes hardly became find over 20 weeks of age
(Kawakami et al., 1991). Therefore, the timing of the disappearance of gonocytes and the appearance of
primary spermatocytes in raccoons is similar to it in dogs.

In raccoons, the seminiferous tubules were not canalized at 5 months of age, and the seminiferous
tubules of most raccoons began to be canalized at 6 months of age. This indicates that in raccoons, the
seminiferous tubules were canalized after the emergence of primary spermatocytes. In rats, seminiferous
tubules are canalized after the appearance of primary spermatocytes, and BTBs are formed along with
luminal formation (Bergmann and Dierichs, 1983; Pelletier, 1986; Morales et al., 2007). In humans also,
the appearance of primary spermatocytes precedes the formation of BTB (Picut et al., 2018). It may be
assumed that the appearance of primary spermatocytes in raccoons precedes BTB formations like in
humans and rats.

From 6 months of age, the seminiferous tubules in most raccoons were canalized, and the primary
spermatocytes developed. In raccoons, spermatogenesis progressed with varying degrees between 6 and
10 months, including the appearance of round and elongated spermatids also. In dogs, round spermatids
appear at 22 weeks of age, and elongated spermatids appear at 26 weeks of age (Kawakami et al., 1991).
There were a few raccoons that already showed complete spermatogenesis (spermiogenesis) in the testis
at 6 months of age and had sperm in the cauda epididymis in this study. Okuyama et al. (2013) reported
that some individuals reach sexual maturity earlier than most other individuals, and are considered
precocious individuals. Precocious raccoons may show roughly the same timing of the sexual maturity

of dogs (35-40 weeks of age). However, during 6-10 months of age, the most advanced germ cells of
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most raccoons remained primary spermatocytes or round spermatids.

At 12 months of age, in more than half of the raccoons, the most advanced germ cells were
elongated spermatids, and all raccoons reached sexual maturity at over 12 months of age. It has been
reported that raccoons reach sexual maturity at 10-12 months old in the North America (Sanderson and
Nalbandov, 1973). In this study, all individuals reached sexual maturity at over 12 months of age in the
breeding season (spring), although mature raccoon were partially recognized at 6, 10 and 12 months old.
This difference in sexual maturity may be a regional factor. In this studies, I define under 6 months old
as infantile, 6-12 months old as juvenile and over 12 months as adult. Dogs reach sexual maturity at 35-
40 weeks of age (James and Heywood, 1979). Many raccoons seem to reach sexual maturity later than
dogs although a few precocious individuals were present. The timing of the onset of spermatogenesis in
raccoons approximately equal that in dogs, thus, raccoons may take longer than dogs to complete
spermatogenesis basically.

Overlapping non-breeding periods during development may impede sexual maturation by the same
mechanism that causes adult animal testes to regress. A few precocious raccoons reached sexual maturity
already in the first breeding season, but most raccoons did not reach sexual maturity until after the non-
breeding season. Similarly, testicular development in fawn roe deer is not activated until the maximum
testicular regression period in adults, and then becomes inspired after the period (Blottner et al., 1996).
In Djungarian hamsters, rearing with a day length during the non-breeding season delays sexual maturity
(Hoffmann, 1978). In minks, the BTBs are formed at 8 months of age, and BTB disruption occurs during
the non-breeding season in adult (Pelletier, 1986). In adult animals, BTB disruption occurs and affects
spermatogenesis during the non-breeding season (Pelletier, 1986; Kliesch et al., 1991). Therefore, it is
thought that the suspension of BTB formation or disruption of BTB can happen also in the developing
testes during the non-breading season. Considering that the spermatogenesis unable to proceed beyond
the pachytene primary spermatocyte when the BTB is incomplete, the reason why raccoons have longer
immature period as compared with dogs without non-breeding season, may be the presence of
spermatogenetic-declined season during the developing period.

In raccoon Sertoli cells, vimentin expression has been localized only under a nucleus up to 5 months.
In immature rats (Zhu et al., 1997; Weider et al., 2011) and bulls (Devkota et al., 2006) also, vimentin
expression was observed under the nucleus of Sertoli cells. Thus, this state of vimentin expression in
immature testes may be common across animals. In raccoons, primary spermatocytes appeared before
the canalization of the seminiferous tubules, and vimentin expression was localized on basal and
perinuclear area at the early appearance of primary spermatocytes without lumen. After canalization, on
the other hand, vimentin expression in Sertoli cells was elongated from the basal to supranuclear area

and extended among primary spermatocytes. In the later postnatal development, vimentin expression in
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Sertoli cells remains elongated toward the lumen as spermatogenesis progresses, and this distribution of
the vimentin was the same in adult testes regardless of developed and regressed. Similar distributional
changes of vimentin during the postnatal development were also reported in rats (Zhu et al., 1997). In
the postnatal development of raccoon testes, therefore, not only the presence of primary spermatocytes
but also canalization of the seminiferous tubules may be essential for apical extension of vimentin.

P450scc was expressed in Leydig cells in all raccoons examined during the postnatal development.
P450scc is a steroidogenic enzyme which is involved in the early stage of steroidogenesis; conversion
of cholesterol to pregnenolone. In humans and rats, the fetal testes have already started producing
testosterone, however, testosterone concentration remains low until puberty (Picut et al., 2018). Sika
deer also express P450scc in Leydig cells throughout the postnatal development (Hayakawa et al., 2010).
In microminipigs, P450scc remained positive in Leydig cells throughout the postnatal development, and
testosterone production continued to increase throughout this period. (Kangawa et al., 2019). In raccoons,
the interstitial area with P450scc immunoreactivity increased with testicular development,
therefore, the concentration of testosterone suggests to increase with the development. To clarify
this, it is necessary to actually measure the amount of circulating testosterone.

In raccoons, during the postnatal development, the seminiferous tubule diameter and testis weight
tended to increase, and both values showed a plateau in the developed testes after sexual maturation
(over 12 months) although seasonal change occurred. In rats (Kormano and Hovatta, 1972) and peccaries
(Costa et al., 2019), the seminiferous tubule diameter and testicular weight increases as they grow.
Similar to these animals, raccoons also seem to undergo simultaneous increases in the seminiferous
tubule diameter and the testis weight as they grow. In the seminiferous tubule diameter and the testis
weight, the individual variation began to appear from 6 months old. In raccoons, the canalization of the
seminiferous tubules occurred and various stages of spermatogenesis were observed from 6 months. In
this study, the seminiferous tubule diameter, the testis weight and spermatogenic situation (most
advanced germ cell) were revealed. It is thought that, therefore, the scattering may be attributed to
individual difference in the progression of spermatogenesis.

In conclusion, raccoon testes had both seasonal and developmental changes. In the regressed testes,
the ability of germ cell proliferation was maintained, meaning that germ cells shedding is associated
with testicular regression in the spermatogenetic-declined season (June-August), and the loss of germ
cells and decrease in the number and size of Leydig cells affected to the decrease in testicular weight.
In the postnatal testicular development, the canalization of the testes began at 6 months of age and
changed the distributional pattern of vimentin in Sertoli cells, and this pattern was maintained in adult

also despite developed and regressed.
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Table 1.1. The sperm existence and conditions during the year

Sperm existence /

spermatogenic condition Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nob. Dec.

developed testes n 3 6 8 15 13 4 4 5 3 2 1
present/elongated

regressed testes n 0 0 0 3 7 7 6 1 0 0 0
present/no elongated* n 0 0 0 1 0 1 0 0 0 0 0
no sperm/elongated* n 0 0 0 0 0 0 0 0 0 0 0
no sperm/no elongated* n 0 0 0 2 7 6 6 1 0 0 0

elongated, elongated spermatids were present.

no elongated, elongated spermatids were not present.

*: breakdown of regressed testes

n, not corrected.

June-August was defined as spermatogenetic-declined season.
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Fig. 1.1. Histological aspects of the developed and regressed testes and sperm existence in
the cauda epididymis. (A) Developed testes. (B) Regressed testes. (C) Cauda epididymis
with the developed testes stage. Many spermatozoa were observed. (D) Cauda epididymis

with the regressed testes stage. HE staining.
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Fig. 1.2. Histological aspects of the seminiferous tubules in the regressed testes.
(A) Detachment of germ cells. (B) Appearance of multinucleated giant cells
(arrowheads). (C) Spermatozoa located at the basal area (arrows). HE staining.
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Fig. 1.3. Immunoreactivity for PCNA. (A) Seminiferous tubules with elongated spermatids
(developed testis) in the breeding season. Most of Leydig cells showed PCNA-positive
reaction. (B) Seminiferous tubules with elongated spermatids (developed testis) in the
spermatogenetic-declined season. (C) Seminiferous tubules with no elongated spermatids
(regressed testis) in the spermatogenetic-declined season.
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Fig. 1.4. Immunoreactivity for vimentin. (A) Developed testes in the breeding season. (B)
Regressed testes in the spermatogenetic-declined season.
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Fig. 1.5. Immunoreactivity for P450scc in the adult testes. (A) Seminiferous tubules with
elongated spermatids (developed testis) in the breeding season. (B) Seminiferous tubules with
elongated spermatids (developed testis) in the spermatogenetic-declined season. (C)
Seminiferous tubules with no elongated spermatids (regressed testis) in the spermatogenetic-
declined season. (D), (E) and (F) are enlarged views of Leydig cells in (A), (B) and (C),
respectively.
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Fig. 1.6. Most advanced germ cells in adult testis during year. The horizontal axis indicates
the month, and the vertical axis indicates the seminiferous tubule diameter. One plot
represents the status of the seminiferous tubules of one raccoon. Between June and August
was spermatogenetic-declined season.

23



16 -

14 1 L 4

.

12 ' . ¢

* O o0 .
D10 ¢ 2
= ¢ ¢ ¢
(@)
.gg ¢ ® :
> .
Z O ¢
S 6 YRS
= o o8

Y e

1 131 3/2 41 51 5/31 6/30 7/30 8/29 9/28 10/28 11/27 12/27

& developed testis O regressed testis

Fig. 1.7. Testicular weight during year. The horizontal axis indicates the month,
and the vertical axis indicates the testis weight. One plot represents the status of
the seminiferous tubules of one raccoon.

24



f«

dt
Y.
Q‘ i

.

Fig. 1.8. Seminiferous tubules during postnatal development. (A) 2 months old testis.
(B) 5 months old. (C) 6 months old. (D) 10 months old without elongated spermatids. (E)
12 months old testis with elongated spermatids. (F) Cauda epididymis in the individual
same as E. HE staining.
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Fig. 1.9. Percentage of most advanced germ cell in raccoons at each age group.
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the most advanced germ cell of spermatogenesis during developing
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Fig. 1.10. The most advanced germ cell of spermatogenesis during postnatal developing
through year. The horizontal axis indicates the month, and the vertical axis indicates age.
One plot represents the status of the seminiferous tubules of one raccoon. Each color
indicates the most advanced germ cell type in seminiferous tubule, and circular plots
indicating no sperm in the cauda epididymis and triangular plots indicating the presence of
sperm in the cauda epididymis.
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Fig. 1.11. Immunoreactivity for vimentin in the seminiferous tubules during postnatal
development. (A) Testis of 3 months old. (B) 6 months old. (C)10 months old. (D)12 months
old. (E) 12 month. (F) Adult.
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Fig. 1.12. Immunoreactivity for P450scc in the developing testes.
(A) Testis of 4 months old. (B) 10 months old.
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Fig. 1.13. Relationship between seminiferous tubule diameter and age.
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Chapter 2
Developmental and Seasonal Changes in the Prostate Gland of
Raccoons

2.1 Introduction

The raccoon has the ampulla of deferent duct and prostate gland as accessory genital glands as dogs
(Sanderson and Nalbandov, 1973). The prostate gland is essential for the success of fertilization, and its
main role is the production of prostatic fluid which functions sperm survival and sperm transport during
ejaculation (Huggins, 1945; Barsanti and Finco, 1986). The glandular epithelium of prostate glands is
composed of luminal (secretory), basal and neuroendocrine (NE) cells (McNeal, 1988; Di Sant’ Agnese,
1992; Bonkhoff and Remberger, 1996; Ismail et al., 2002; Ryman-Tubb et al, 2022). The luminal cells
are the most abundant epithelial cells, show cuboidal to columnar with basal nuclei, and in dogs, secret
prostatic fluid containing the substances such as cholesterol, citrate, lactate and canine prostate-specific
arginine esterase (SPSE) which is the homolog of prostate-specific antigen (PSA) of humans (Evans et
al., 1993; Gobello et al., 2002). Basal cells which are located on the basement membrane, are second
most dominant and involved in the survival of luminal cells, express p63 protein and show the
discontinuous layer in dogs unlike in humans (Kurita et al., 2004; Nikitin et al., 2007; Ryman-Tubb et
al, 2022). Neuroendocrine cells are rare, secret chromogranin A and synaptophysin, and control the
exocrine of secretory cells and the prostate differentiation and growth (Bonkhoff and Remberger, 1996;
Di Sant’ Agnese, 1992; Ismail et al., 2002; Ryman-Tubb et al, 2022).

It has been reported that the prostate glands of some rodents (Chaves et al., 2015; Kheddache et al.,
2017), marsupials (Todhunter and Gemmell, 1987), bats (Puga et al., 2014; Beguelini et al., 2015) and
the donkey (Abou-Elhand et al., 2013) show seasonal variation morphologically and histologically. The
size and weight of the prostate gland are affected by the development and secretory activity of the
glandular epithelial cells depended on testosterone level linked to testicular activity (Huggins, 1945). It
has been known that the prostate glands show the morphological and functional changes by castration
or experimental treatment in carnivore (Huggins and Clark, 1940; Vanderstichel et al., 2015; Bo et al.,
2019; Ryman-Tubb et al, 2022), however, it has been unknown whether carnivore prostates show
seasonal change.

Regeneration of regressed prostates are often compared to developmental changes. The prostate
glands are formed from prostatic buds consisting of epithelial solid cords extending from the urogenital
sinuses during fetal development (Thomson, 2001). The epithelial cells of the cords canalize advancing
proximal-to-distal, and differentiate into luminal and basal cells with canalization (Marker et al., 2003).

The PAS-positive secretion by luminal cells is observed just before puberty in mice and from the fetal
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stage in humans (Marker et al., 2003). The prostate glands remain dormant until puberty when it grows
rapidly (Picut et al., 2018). During puberty, in rats, prostate glands grow rapidly, and proliferation of the
prostatic epithelium leads to transient epithelial folding (Vilamaior et al., 2006).

Only one histological report on raccoon prostate glands has shown the timing of development (Uno,
2016), but no details have been reported. In raccoons, the characteristics of testicular regression suggests
that the prostate gland also would regress as in other seasonally breeding animals, but the details remain
unclear. Therefore, in this study, I aimed to define morphological features of the prostate gland in
raccoons, and to reveal postnatal developmental and seasonal change. In order to define the
characteristics of adults, I first examined seasonality in mature raccoons and then examined their

postnatal development.

2.2 Materials and Methods

The prostate glands of 165 feral male raccoons were used in this study. Animals and sample
preparations are described in the General Materials and Methods. Histological sections of the prostate
gland were stained with HE, PAS, or AB. In addition, PAS staining was also performed after incubation
with phosphate-buffered saline (PBS) containing 0.01% diastase for 50 min at 37°C. Moreover, the
immunostaining for p63, AR, PCNA was carried out. The prostate glands of under 6 months of age
(n=29, infantile), between 6 and 12 months of age (n=48, juvenile) and over 12 months old (n=88, adult)
were used for the observations of the prostate glands. Developmental stages ware largely divided into
three stages based on results of the testicular spermatogenic conditions and the onset of canalization in
the seminiferous tubules in the Chapter 1. In this Chapter, the result of the raccoons at 12 months of age
was separated from that of other non-adult raccoons in analysis of the rate of each prostate
developmental stage for understanding the situation of the age group closest to adult. Adults were
searched for seasonal changes, and developmental searches were conducted at all stages. Moreover, 1
defined the periods (June to August) as spermatogenetic-declined season based on the results in the

Chapter 1.

2.3 Results
Gross anatomy

The prostate gland of raccoons was located caudal to the bladder neck in the pelvic cavity and
surrounded the circumference of the urethra (Figs. 2.1 and 2.2A). It was a red-tinged color, solid gland,
and protruded slightly to the left and right in the cranial region (Fig. 2.1C). When the urinary bladder
and prostatic urethra were cut open and observed ventrally, the urethral crest, which runs from around

two ureteric orifices to the seminal colliculus in the prostatic urethra, was observed (Fig. 2.1D). The
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seminal colliculus was the highest part of the urethral crest at the center of the dorsal wall of the prostatic

urethra (Fig. 2.1D).

Histological and immunohistochemical observation of glands during seasonal change

The prostatic urethra was surrounded by the prostate gland (Fig. 2.2A). On the other hand, the
dorsal part of the cranial region was separated due to the presence of connective tissue (Fig. 2.2B).
Moreover, the disseminate part of the prostate gland was found under the urethral muscle. At
approximately maximum diameter, the urethra exhibited a U-shape due to the presence of the seminal
colliculus (Fig. 2.2A). At this location, the prostatic utricle, known as the residual structure
corresponding to the female vagina and uterus, sometimes was observed within the connective tissue of
the seminal colliculus (Fig. 2.2A). The presence and size of the prostatic utricle depended on the
individual. Two ejaculatory ducts were observed in the interstitial tissue dorsal to the urethra, and these
ducts finally opened to the seminal colliculus (Figs. 2.1D and 2.2A).

The prostate glands consisted of the glandular parenchyma and interstitium (Fig. 2.2C, D). The
prostate parenchyma spread homogenously throughout the gland, and thus, the glandular parenchyma
showed no localized distribution within the prostate glands. The interstitial tissue extended from the
capsule-separated parenchyma to the lobules (Fig. 2.2C).

In the prostate glands of mature raccoons, two histological conditions were identified: developed

and regressed. Each histological aspect is described below.

Developed prostate gland:

The prostate glands showed a branched tubuloalveolar gland, and the glandular lumen was lined
by the pseudostratified epithelium with folding, which consisted mainly of numerous luminal cells and
relatively few basal cells (Figs. 2.2C, D, and 2.4A-1). In this study, the presence of NE cells has not
been investigated.

The luminal cells exhibited a tall columnar shape, and their nuclei were round or ovoid and located
in the basal area (Fig. 2.2C, D). The luminal cells had numerous fine secretory granules that were PAS-
positive and distributed throughout the cytoplasm (Fig. 2.2E). After digestion with diastase, PAS
positivity did not disappear. On the other hand, an AB-positive reaction was not detected (Fig. 2.2F).
Moreover, it was revealed by the immunohistochemical localization of p63 that the flat basal cells were
scattered in the basal part of the epithelium (Fig. 2.4A-1). The developed prostate glands were found
evenly throughout the year, and the prostate glands in spring were mostly composed of developed ones
(Table 2.1). In the developed prostate glands, AR-positive cells were shown in most luminal and basal

cells of the epithelium, but not all (Fig. 2.4B-1). Immunoreactivity of PCNA was hardly recognized in
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the developed prostate glands but was infrequently observed in both luminal and basal cells (Fig. 2.4C-

1).

Regressed prostate gland:

Mainly in the spermatogenetic-declined season, all or some lobules of the prostate glands were
regressed and they did not show the same epithelial features as the developed prostate glands (Table 2.1,
Fig. 2.3A, B). In this paper, the gland in this state was defined as “the regressed gland”. This regressed
glandular part tended to initially appear on the craniodorsal and craniolateral regions of the prostate
gland, and these changes seemed to be symmetrical (Fig. 2.3A, B).

In raccoon prostate glands, three regressed glandular types were identified in the regressed gland.
Type I showed the following characteristics: many luminal cells fell off into the lumen to result in cell
debris (Fig. 2.3C, D), flat or cuboidal remaining luminal cells were noticed on the basal cells or basement
membrane (Fig. 2.4A-2), basal cells with p63 got closer to each other (Fig. 2.4A-2), the
immunoreactivity for AR was mainly detected in the basal cells (Fig. 2.4B-2), and many basal cells
showed PCNA-positive reaction, while the luminal cells did not (Fig. 2.4C-2). The cell debris did not
show immunoreactivity for p63, AR, or PCNA (Fig. 2.4A-C-2).

Type II showed the following characteristics: the regressed glands were lined by two epithelial
layers that exhibited small cuboidal luminal cells (upper layer) and basal cells that were largely inflated
and showed p63 immunoreactivity (lower layer) (Figs. 2.3E, F, and 2.4A-3), the glandular lumen was
the most reduced of all the regressed glandular types and had cell debris in the acinus location (Figs.
2.3E, F, and 2.5A-2), and AR- and PCNA-positive reactions were recognized only in the basal cells (Fig.
2.4B-3, C-3).

Type 111 showed the following characteristics: the basal cells with p63 were flattened and slightly
separated from each other by the insertion of luminal cells (Figs. 2.3H and 2.4A-4), the luminal cells
that showed cuboidal or low columnar shape covered the basal cells (Figs. 2.3H and 2.4A-4), the size
of the glandular lumen was the same as that of type I (Fig. 2.3C, G), most basal and luminal cells showed
immunoreactivity for AR (Fig. 2.4B-4), and PCNA was expressed in many luminal and scattered basal
cells (Fig. 2.4C-4).

In all regressed glandular types, the luminal cells of all types were PAS-positive in the apical areas
of the cytoplasm (Fig. 2.5A), and all of the regressed prostate gland types revealed no AB-positive
staining (Fig. 2.5B). The cell debris was PAS-positive and AB-negative (Figs. 2.5A, B-1, and B-2).

Table 2.1. shows the comparison between the developmental status of prostate glands and the
presence of sperm in the epididymis in each season. The regressed prostate glands were observed in 40

raccoons (May, 5; June—August, spermatogenetic-declined season, 30; September, 3; October, 1;
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November, 1). During the spermatogenetic-declined season, the presence of the regressed gland was
approximately 73% (30/41), and 20 individuals showed no elongated spermatids or no sperm in the
epididymis, accounting for approximately 49% of the total during these months (20/41). The rate of the
regressed gland without completed spermatogenesis to all glands without completed spermatogenesis
was approximately 79% (19/24). During February—April, no raccoons without completed

spermatogenesis and with regressed prostate glands were observed.

Weight

The weight of the prostate glands varied with the season (Fig. 2.6). The developed prostate glands
were found throughout the year, but the weight tended to be lighter in summer compared with other
seasons, and the regressed prostate glands tended to be concentrated around summer and tended to be

lighter in weight than the developed prostate glands in spring (Fig. 2.6).

Histological and immunohistochemical observation of glands during postnatal development

I divided the developmental stages of the prostate glands into three stages (immature, developing,
and developed) in the postnatal development according to the degree of development in the prostate
glands by 12 months old. The third developmental stage is histological structure in the mature state
already described as developed prostate gland. Therefore, early two stages; immature and developing
stages, were described here. Over 12 months of age, all prostate glands were decided to be mature stage,

and either developed or regressed as previously described.

Immature stage of prostate glands:

The immature stage of prostate glands showed more clear distinction between tubular and alveolar
parts of the gland and a larger proportion of interstitial tissue, than the mature prostate glands (Figs.
2.7A and 2.10A). In the immature stage, the epithelium of the prostate gland was lined by clear cuboidal
basal cells and flattened to cuboidal luminal cells, and the lumens in the alveolar glands already formed
in all samples examined (Fig. 2.7A-C). The luminal cells have PAS-positive granules in the cytoplasm
at the immature stage, and the secretion was sometimes observed in the lumen (Fig. 2.8A). The immature
stage was observed by 12 months old (Fig. 2.9), many individuals with the immature stage showed germ
cells by spermatocytes (89%), and no completed spermatogenesis (sperm production) was detected in

this stage (Table 2.2).

The developing stage of prostate glands:

The developing stage was characterized by a mixture of immature and developed area. Developed
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glands which were consisted of mainly columnar luminal cells, was present at the proximal side (urethra
side) of the prostate gland (Figs. 2.7F-J and 2.10B, C), and this area was symmetric (Fig. 2.10B, C). In
the developing stages, the tubular glands developed from proximal to distal to become be lined by
columnar luminal cells, and the development of marginal alveolar glands was later (Figs. 2.7F-J and
2.10B, C). At the transition between the immature and developing area, the luminal cells gradually
changed from flat to columnar toward the distal part (Fig. 2.7F-H), and the basal cells also changed from
dense to scattered with development of the glands (Fig. 2.7H, J). In the developed stage, the all glands
were lined by columnar luminal cells with scattered basal cells (Figs. 2.7K-O and 2.10D). Granules in
the cytoplasm of flattened luminal cells were dense, while granules in the cytoplasm of columnar luminal
cells were dispersed (Figs. 2.2E and 2.8). The developing stage was observed between 5 months and 12
months old, when spermatogenesis in the testes was in progress or completed (Fig. 2.9, Table 2.2). This
stage was not observed in raccoons whose spermatogenesis had not been initiated and in raccoons older

than 12 months.

Collecting duct of the prostate gland

The collecting duct of the prostate glands opened into the prostatic urethra at the peripheral and
caudal areas of the seminal colliculus. The epithelium of the collecting ducts changed from the
transitional to pseudostratified epithelium with the transition from proximal to distal (Fig. 2.11A-D).
The transitional epithelium of the collecting ducts near the urethra showed approximately four to five
cell layers (Fig. 2.11A, B). In the distal part of the collecting ducts, on the other hand, the
pseudostratified epithelium exhibited about two cell layers (Fig. 2.1C, D).

The epithelial cells, except for the cells in the most superficial layer, presented clear pale cytoplasm
with oval-shaped or compressed nuclei (Fig. 2.11B). The superficial layer was composed of cuboidal
cells, and its apical part was acidophilic (Fig. 2.11B). The lumen of the collecting ducts was often filled
with secretion. In addition, the collecting duct contained intraepithelial cysts (Fig. 2.11B), and their
epithelial cells were PAS- and AB-positive (arrows in Fig. 2.11E, F). However, the secretion within the
cysts was AB-negative in many cases and occasionally positive (Fig. 2.11F), although the secretion
always showed a PAS-positive response (Fig. 2.11E). Moreover, the superficial epithelial cells always
showed PAS- and AB-positive responses (arrowheads in Fig. 2.11E, F). After digestion with diastase,
PAS positivity did not disappear. These characteristics were common throughout all seasons and ages.
The epithelial cells of the collecting duct showed immunoreactivity for p63 in the basal and the adjacent
layers and AR in the basal layer (Fig. 2.11G, H). In the prostatic urethra, a superficial epithelial layer
showed PAS-positive and AB-positive responses, and the distribution of p63 and AR was similar to that

of the collecting duct (data not shown).
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2.4 Discussion
Gross anatomy

All placental mammals have the prostate gland, which shows morphological variation among each
species. The prostate glands of the raccoon consisted of the distinct body of the prostate and the
disseminated part under the urethral muscle. The body of the prostate surrounded the prostatic urethra,
similar to dogs (Berg, 1958) and ferrets (Bo et al., 2019), but the distribution pattern was different from

cats, for which the gland does not surround the urethra at the ventral location (Aitken and Aughey, 1964).

Histology of the developed prostate glands

Histologically, the prostate glands of the raccoon appear as a homogeneous distribution like dogs
(Leis-Filho, 2018). On the other hand, human prostate glands are divided into three zones depending on
histological appearance and pathologic characteristics (McNeal, 1981). In the prostate glands of mice
and gerbils, the prostate glands are divided into lobes, and the morphological difference in the glandular
epithelium is seen between each lobe, and the glandular epithelial shape in the same lobe is different
between the proximal and distal parts (Sugimura et al, 1986a; Rochel et al., 2007). The histological
appearance of the prostate glands in the raccoons does not seem to form specific lobes, unlike those of
humans, mice and gerbils.

The developed prostate glands of the adult raccoon were commonly lined by tall columnar cells,
and these columnar cells were observed throughout all seasons. Therefore, this epithelial condition may
be regarded as a common active feature of the glandular epithelium after reaching sexual maturity.

The secretion granules of the prostate gland in raccoons showed PAS-positive and AB-negative
responses, meaning that the secretion of the prostate glands in raccoons was a serosity including neutral
glycoprotein. These PAS-positive granules were not glycogen because the reaction remained after
diastase digestion. These features of secretion were similar to dogs (Wrobel, 1972) and cats (Aitken and
Aughey, 1964). While the prostatic glandular epithelium of rats (Tsukise and Yamada, 1981) and goats
(Tsukise and Yamada, 1984) showed PAS- and AB-positive responses. Therefore, the property of

secretion of the prostate gland appears to vary among species.

Histology of the regressed prostate glands

Raccoons with the regressed prostate gland were concentrated in the spermatogenetic-declined
season (June—August). In this season, many raccoons (73%) had regressed glands, which showed
decreases in the heights of the glandular epitheliums and relative cross-sections of the glands. Such a
feature has been reported in some castrated animals and seasonal breeders in the non-breeding season.

After castration, dogs (Huggins and Clark, 1940; Lai et al., 2008), rats (Huttunen et al., 1981), gerbils
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(Goes et al., 2007; Oliveira et al., 2007) and ferrets (Bo et al., 2019) show the decreased height of luminal
cells. In the non-breeding season, a decrease in the glandular epithelial height has been reported in
donkeys (Abou-Elhamd et al., 2013), viscachas (Chaves et al., 2015), Tarabul’s gerbils (Kheddache et
al., 2017), and ground squirrels (Zhang et al., 2018).

In the raccoons, the epithelium of the developed prostate gland had some folds, but no folds were
observed in the regressed prostate. The disappearance or decrease of folds has been reported in viscacha
during the non-breeding season (Chaves et al., 2015) and in castrated dogs (O'shea, 1962). In the
regressed prostate glands in raccoons, PAS-positive granules were densely observed in the supranuclear
area of the luminal cells with various shapes, suggesting that the luminal cells also maintain the secretory
function in the regressed prostate glands.

In general, the luminal cells highly depend on androgen and quickly respond to its absence. The
plasma testosterone level of raccoons in Hokkaido is lower in the season when the spermatogenesis is
markedly declined (Okuyama et al., 2012). In this study, the secretory granules are present in the luminal
cells of regressed prostate glands also. In castrated dogs, however, the secretory granules are absent in
the prostate luminal cells (Merk et al., 1980). These differences may be due to the situation of less or no
testosterone. After castration, therefore, the treatment with testosterone causes the functional and
morphological recovery of luminal cells in dogs (Zuckerman, 1936; Leav et al., 2001). Similarly, the
morphological change of the luminal cells seen in this study might be due to the testosterone levels

seasonally changed.

Progression and regeneration of the regressed prostate glands

In this study, three regressed glandular types were identified in the regressed prostate gland. I
confirmed many cell debris of luminal cells without p63, the remaining tall luminal cells, and the
transitional form of the basal cells in the type [ unlike the type II. In type III, on the other hand, no cell
debris, the large lumen same as the type I, and the cuboidal luminal cells with flat basal cells were
confirmed. Therefore, I conclude that the transitional order of regressed prostate glands is type I, type
II, and type III, and type III is the regeneration phase. Similar dynamics of the regression and
regeneration in the prostate gland have not been reported in seasonal breeders, although the change of
the glandular epithelial height during seasons has been demonstrated (Abou-Elhamd et al.,2013;

Chaves et al., 2015; Kheddache et al., 2017; Zhang et al., 2018).
In this study on the raccoon prostates, the basal cells were enriched in the Type Il of the regressed
glands. A similar basal cell-rich appearance was observed in castrated dogs with mild atrophy (Lai et al.,
2008), castrated mice (Kurita et al, 2004; Wang et al., 2009) and castrated bats (Puga et al., 2016).

Therefore, the survival of basal cells does not appear to be affected by low or no testosterone
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concentration. This our finding of the basal cell-rich appearance during the seasonal change regression
is the first reports.

The basal cell-rich condition in regressed prostates detected in the raccoons may result from both
the atrophy caused by abrasion (decrease) of luminal cells and the increase of basal or basal stem cells.
No immunoreactivity for p63 was detected in cell debris, indicating that basal cells do not show
defluxion. Moreover, the cell proliferation activity of basal cells with p63 was detected in the regressed
glands, especially in type IL. It has been reported that the basal or basal stem cells with p63 can produce
luminal cells without p63 (Wang et al., 2001; Kasper, 2008; Ousset et al., 2012; Toivanen and Shen,
2017), and this proliferation of basal cells is induced by the AR loss in stromal cells and subsequent
exfoliation of luminal cells (Zhang et al., 2018; Zuckerman, 1936). In the prostate gland of type III
(regeneration phase), moreover, the cell proliferative activity reappeared in luminal cells without p63
which could be due to both newly differentiated luminal cells from basal or basal stem cells (Toivanen

and Shen, 2017; Xie et al., 2017) and survived luminal cells (Wang et al., 2009; Xie et al., 2017).

AR expression in the prostate gland

In the developed gland of the raccoon, AR expression was detected in the luminal and basal cells,
and the luminal and basal cells with AR showed little proliferative activity. Therefore, androgens do not
appear to be directly involved in the proliferation of both cell types. The AR of the luminal cell is
necessary for the secretion of androgen-dependent proteins, such as PSA and prostatic acid phosphatase
(PAP), and AR expression in the epithelial cells suppresses the epithelial proliferation (Donjacour and
Cunha, 1993; Cunha et al., 2004; Wu et al., 2007; Niu et al., 2011; Xie et al., 2017). In the developed
gland of the raccoon, AR of the luminal cell may mainly regulate the secretory functions of luminal cells.

On the other hand, in the regressed gland, the AR expression started to disappear from the luminal
cells, and all AR disappeared completely as the regressed gland progressed. The functional luminal cells,
which lost AR expression, fell off from the basement membrane in early regression. The disappearance
of AR expression in the luminal cells signifies morphological changes and the loss of cell polarity (Wu
et al., 2007; Xie et al., 2017). Moreover, in the prostate gland, the paracrine regulation by stromal cells
to the epithelial cells has been reported, and it was demonstrated that AR expression is essential in the
stromal cells, but not in luminal cells, for the survival of the luminal cells (Kurita et al., 2001; Neito et
al., 2014). Therefore, in the raccoons, the stromal cells with AR may be unable to maintain the survival
of the luminal cells in a paracrine manner when adequate androgen supply is lost. Moreover, previous
reports indicate that AR expression in the epithelial cells suppresses the luminal cell proliferation (Wu
etal., 2007; Niu et al., 2011; Xie et al., 2017), and the loss of luminal cells might induce the proliferation

of basal or basal stem cells (Niu et al., 2011). These could explain the proliferation of the basal cell in
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type II following the loss of the luminal cell in type I .

AR expression in luminal cells disappears once in type II, and during the regeneration phase (type
IIT), AR expression started to appear and develop in the luminal cells. In this study, on the other hand,
basal cells continue to express AR through all phase. Xie et al. (2017) also demonstrated that AR
expression of the basal cells is essential for the differentiation of basal cells to luminal cells. In the
regeneration phase, therefore, it was likely to produce the new Iuminal cells with AR finally
differentiated from daughter cells of basal or basal stem cells with AR.

The recovery of androgen levels restores the secretory functions of the luminal cells with AR
expression and inhibit their proliferation again. The dynamics of prostate gland weight in raccoons
during the year may be due to the disappearance and regeneration of luminal cells associated with the
change of androgen levels. In the spermatogenetic-declined season of raccoons, the rate of the regressed
prostate glands without spermatogenesis conditions showed a relatively high percentage (79%, 19/24).
Thus, a decrease in androgen levels may simultaneously affect testicular spermatogenesis and glandular
functions.

In the raccoons, the regression of the prostate glands symmetrically began from the craniodorsal
and craniolateral regions. The regional heterogeneity of prostate glands in hormonal responses has been
reported in other species such as Rodents (Sugimura et al., 1986a; 1986b; Gobes et al., 2007), humans
(McNeal, 1981) and dogs (Huggins and Clark, 1940). The raccoon prostate is also homogenous in
appearance, but there is likely heterogeneity in hormonal responses. To clarify the origin of regional
heterogeneity in the prostates of raccoons, we need to investigate prostatic local hormone levels such as

androgen.

The prostate glands during postnatal development

The prostate glands are formed by canalization of solid prostatic buds arising from the urogenital
sinus (Thomson, 2001; Marker et al., 2003). In rats and mice, the branching of the prostatic buds
continues in postnatal and is completed by the end of puberty, and the prostatic buds begin to canalize
in the neonatal period (Cunha et al., 2004). The canalization of the glands progresses distally from the
urethral side, and the glandular epithelium differentiates into luminal and basal cells simultaneously
with canalization (Marker et al., 2003; Cunha et al., 2004). In dogs, no lumens in the alveolar gland
were seen at 0 weeks of age, and then lumens of the acini appeared at 8 weeks of age (Kawakami et al.,
1991). The prostate glands of all raccoons examined in this study had lumens in the glands, and the
youngest individual was 1 month old and had very small lumen. The study did not examine individuals
younger than 1 month, so it is unclear exactly when the lumen is formed.

In humans, secretion from the prostate glands occurs during the fetal period, but in rats, on the
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other hand, prostate secretion does not occur during the fetal period and dogs have no secretion of the
prostate at birth (Picut et al., 2018). Androgen-dependent protein secretions such as PAP and PSA are
secreted mainly after puberty, but in humans, first confirmed in the prostate glands when the prostate
glands were canalized (Aumiiller et al., 1983; Cunha et al., 2018). Secretion of PSA in the prostate gland
appears at 12-20 days of age in rats and mice (Cunha et al., 2004). Androgen-dependent protein secretion
is present at 4 months of age in dogs (Picut et al., 2018) Secretory granules of luminal cells were
observed from an undeveloped stage in the raccoon prostate glands. I have not been able to pinpoint
exactly when the prostate glands of the raccoon first begin to secrete, but it seems that secretion is
already present in the immature state. In further study, the it is necessary to investigate the expression
of PSA in raccoon prostate glands.

During puberty, epithelial proliferation in the rat prostate glands leads to the formation of epithelial
infoldings, and the infoldings are stretched to extend the glands due to increased secretory activity
(Vilamaior et al., 2006). In raccoons, the epithelial infoldings seen in rats were not observed. At the
boundary between the undeveloped and developing parts of the raccoon prostate glands, the luminal
cells developed stepwise from flat to columnar, and the basal cells changed from continuous to diffuse
distribution as the epithelium became columnar. In developing stage, the developed area of the prostate
glands was confined to the urethral side, suggesting that pubertal development occurs from the urethral
side. This may be similar to the directionality of epithelial differentiation that accompanies canalization.
In human, in early puberty, the prostate glands near the urethra are PAP-positive, while the peripheral
prostate glands are PAP-negative (Aumiiller et al., 1983). This report also supports a urethral-to-
peripheral direction of the tubular development in the adolescent prostate glands. Although there is no
description of the boundary between the developed and undeveloped regions, it has been reported that
developed and undeveloped regions coexist in the canine prostate glands (Dorso et al., 2008). In this
study on raccoon prostate glands, the feature of the boundary between developed and underdeveloped
regions was revealed for the first time.

In raccoon prostate glands, the aspects of the postnatal development were similar to those of
reorganization from the regressed prostate condition. The histology of luminal and basal cells of
immature and developing stages in the postnatal development seem to correspond to that of regressed
glandular types I and typesII, respectively. It may be assumed that, therefore, the reorganization and
postnatal development in prostate glands are carried out in the same mechanism.

The developmental state of the prostate was compared with the raccoon postnatal developmental
stages determined in the Chapter 1. During infantile period by 5 months of age, raccoon prostates did
not begin to develop, with one exception. A small number of prostate glands began to develop, and some

completed development from 6 to 12 months of age. At 12 months of age, which is a subadult, more
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than half of the prostate glands have begun to develop, and a few have completed development. Within
the same age range of raccoons, there are individuals with different stages of prostate development, a

characteristic similar to that of dogs (Dorso et al., 2008).

Collecting duct of the prostate gland

The epithelium of the collecting duct in the raccoons showed a secretory aspect in the most
superficial layer (PAS- and AB-positive) and often had intraepithelial cysts filled with secretion PAS-
positive and occasionally AB-positive). The superficial epithelial cells of the collecting ducts may
secrete mucus including acidic glycoproteins that line the luminal surface. In the urinary transitional
epithelium, it has been reported that the surface mucus secreted by surface epithelial cells (umbrella
cells) may protect the epithelium from bacterial invasion or urinary toxic factors using the water trap
effect by proteoglycans binding glycosaminoglycan (Parson, 2007). Surface mucus may have a similar
protective effect in the prostate gland of raccoons. In this study on the raccoon prostate, the cysts were
recognized within the epithelium of the collecting duct. There are no reports about intraepithelial cysts
in the intact prostate collecting duct. In the raccoons, the secretion within the cysts was PAS-positive
and mainly AB-negative, although the epithelial cells were PAS- and AB-positive. The epithelial cells
of the cysts may produce surface mucus and leave secretion, mainly including neutral glycoprotein and
occasionally including acidic glycoproteins. The appearance of the raccoon intraepithelial cysts were
not incidental findings but one of the features of raccoon collecting ducts, as the cysts with specialized
secretions are observed in most individuals.

In the raccoons, p63 expression was observed in basal layer cells of the prostatic collecting ducts
and prostatic urethras. In observations of mouse urogenital epithelial development, p63 expression was
detected in the urothelial and prostatic basal cells, but not in stromal cells and other epithelial cells. The
urothelial and prostatic epithelium is differentiated from the epithelium of the urogenital sinus (Cunha
et al., 2004). Therefore, the distribution of the basal or basal stem cells with p63 on each epithelial basal
layer appears to be a common feature in the mammalian urothelial and prostatic epithelium to sustain
the epithelium.

In our observation of the prostatic collecting duct and prostatic urethra, AR expression showed the
same intraepithelial distribution as p63. It has been reported that strong AR immunoreactivity is detected
in the basal cell layer of the human urethral epithelium and starts to disappear in the upper epithelial
cells (Dietrich et al., 2004). It is thought that AR-positive cells are basal and basal stem cells. In the
prostate glands, AR expression of the basal cells is involved in the differentiation of basal or basal stem
cells to luminal cells (Xie et al., 2017). Therefore, in the epithelium of the prostatic collecting ducts and

prostatic urethras of raccoons, AR expression in the ductal basal cells may be responsible for
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differentiation into the upper layer epithelial cells like the acinar basal cells.

In conclusion, this study is the first report that clarified the seasonal dynamics of glandular structure,
p63 and AR expression and proliferation in raccoon prostate glands, and reported that raccoon prostates
exhibit seasonal variation of regression and regeneration. This seasonal variation may be reflected by
the local growth factors in addition to seasonally fluctuating circular hormones, but further
investigations are needed to understand the seasonal regulatory mechanism. In this study, moreover, the
postnatal development in raccoon prostate glands was examined, and it was revealed that histological
aspects in the postnatal development resemble to those of the reorganization in adult regressed prostate

glands.
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Table 2.1. The sperm existence and the prostate gland development during the year

Sperm existence / January February March April May June July August September October Nobember ~ December
spermatogenic condition dev reg dev reg dev reg dev reg dev reg dev reg dev reg dev reg dev reg dev reg dev reg dev reg
present/elongated n n 3 0 6 0 8 0 11 4 4 9 2 2 3 1 3 2 1 1 1 1 1 0
present/no elongated n n 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
no sperm/elongated n n 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
no sperm/no elongated n n 0 0 0 0 0 0 1 1 2 5 0 6 0 6 0 1 0 0 0 0 0 0

elongated, elongated spermatids were present.

no elongated, elongated spermatids were not present.

dev, developed prostate gland.

reg, regressed prosstate gland.

n, not corrected.

June-August was defined as spermatogenetic-declined season.
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Table 2.2. Most advanced germ cells in each developmental stage of prostate glands in non adult raccoons

most advanced germ cell

elongated spermatid
no sperm in epididymis

prosatate developmental stage

) onocyte + spermatogonia  spermatocyte round spermatid
during postnatal development g n P g P st P

elongated spermatid
sperm in epididymis

immature 34*(64**) 13(25) 3(6) 3(6)
developing 1(6) 5(29) 4(24) 4(24)
developed 0(0) 2(29) 0(0) 2(29)

0(0)
3(18)
3(43)

*, number; **, percentage (rounded to the first decimal place). Rounding errer is present in each stage.
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Fig. 2.1. Gross anatomy of the genital organs in male raccoons. (A) Ventral view of
the prostate gland. Pelvic symphysis was cut open. The prostate gland was located
caudal to the bladder. (B) Dorsal view of the removed male urogenital organs
including the prostate gland. (C) Enlarged ventral view of the prostate gland. (D)
Dorsal wall of the prostatic urethra. The ventral wall of the prostatic urethra was cut
open. am, ampulla of the deferent duct; bu, bulbospongiosus muscle; cp, crura of the
penis; d, deferent duct; k, kidney; p, penis; pg, prostate gland; pu, prostatic urethra;
sc, spermatic cord; se, seminal colliculus; t, testis; ub, urinary bladder; uc, urethral
crest; uo, ureteric orifice; ur, ureter.
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Fig. 2.2. Cross-sections of the developed prostate glands. (A) At approximately maximum
diameter, the urethra was located in the central area and exhibited a U-shape due to the
presence of the seminal colliculus. The prostate gland surrounded the urethra. (B) In the
cranial part, the prostate gland was separated by the connective tissue in the dorsal part.
(C) The prostate gland was a branched tubuloalveolar gland with folding (arrowheads),
and its epithelium was pseudostratified. An arrow indicates the branch part. (D) Large
magnification of glandular epithelium. Arrows indicate the luminal cells with a columnar
shape, and the arrowheads indicate the basal cells with a flat shape. (E) The luminal cells
had PAS-positive granules in the cytoplasm. (F) All glandular epithelial cells were AB-
negative. am, ampulla of the deferent duct; c, connective tissue; cd, correcting duct; e,
ejaculatory duct; gl, glandular lumen; i, interstitium; pu, prostatic urethra; put, prostatic
utricle; se, seminal colliculus. A-D, HE staining; E, PAS staining; F, AB staining.
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Fig. 2.3. Cross-section of the regressed prostate gland. (A) At the cranial part, some
lobules were regressed (*) and other lobules (dp) appeared to be the same as developed
prostate glands. The regressed glands tended to be observed on dorsal and lateral
regions and seemed to be symmetrical. (B) Enlargement of the boundary between the
developed (dp) and regressed glands (*). (C) The regressed glands (type I) are shown.
Tall luminal cells fell out from the basement membrane to the lumen and the lumen of
regressed glands filled with cell debris. (D) Large magnification of the regressed glands
(type ). (E) The regressed glands (type Il) are shown. The glands shrank to widen the
area of the interstitium, and the epithelium did not have folding. (F) Large
magnification of the regressed glands (type I1). The epithelium was lined by two cell
layers with cuboidal or flat luminal (upper layer, arrows) and basal (lower layer,
arrowheads) cells. The basal cells largely expanded and showed an enlarged and pale
cytoplasm and a round or oval nucleus. (G) The regressed glands (type I1I) are shown.
Cuboidal and columnar liminal cells appeared. (H) Large magnification of the
regressed glands (type IIl). Flattened basal cells were scattered in the glandular
epithelium. arrows, luminal cells; arrowheads, basal cells; am, ampulla of the deferent
duct; cd, cell debris; dp, developed glandular part; i, interstitium; gl, glandular lumen;
pu, prostatic urethra. A-H, HE staining.
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Fig. 2.4. Immunostaining of p63 (A), AR (B), and PCNA (C). 1, developed prostate gland; 2, regressed
prostate gland (type 1); 3, regressed prostate gland (type Il); 4, regressed prostate gland (type IlI). In the
developed gland, the basal cells with p63 are distributed scattered on the basal part (A-1). In type I of the
regressed gland, basal cells showed fattened or cuboidal shape, and some cells lost the covering of luminal
cells due to its defluxion (*), and basal cells got closer to each other as compared with the developed gland (A-
2). In type Il, largely expanded basal cells showed p63 immunoreactivity (A-3). In type IlI, basal cells
exhibited a flattened shape and appeared closer to each (A-4). Concerning AR, the immunostaining of AR was
shown in many luminal and basal cells in the developed gland (B-1). In type I of the regressed gland, AR-
positive reactions were mainly detected in the basal cells, and some luminal cells had AR (B-2). While, in type
I1, luminal cells showed no AR immunoreactivity although most largely expanded basal cells had AR-positive
reaction (B-3). In type Ill, most basal and luminal cells showed AR immunoreactivity (B-4). Concerning
PCNA, very few PCNA reactive cells were shown in both basal and luminal cells (C-1). In type T of the
regressed gland, PCNA immunoreactivity was detected in many basal cells, while not in the luminal cells (C-
2). In type |1 also, PCNA immunoreactivity was detected only in the expanded basal cells (C-3). In type IlI,
many luminal cells showed PCNA immunoreactivity (C-4). No cell debris showed immunoreactivity for p63,
AR, and PCNA (A-C-2). large arrows, luminal cells with immunoreactivity; small arrows, luminal cells with
no immunoreactivity; large arrowheads, basal cells with immunoreactivity; small arrowheads; basal cells with
no immunoreactivity; cd, cell debris; i, interstitium; gl, glandular lumen.
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(type 1)
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(type 1)

Regressed
(type 1)

Fig. 2.5. PAS (A) and AB (B) staining of the regressed prostate gland. 1, regressed
prostate gland (type I); 2, regressed prostate gland (type 1I); 3, regressed prostate gland
(type H1). In types I and Il, PAS-positive cell debris was noticed in the lumen, and the
luminal cells of all types were PAS-positive in the apical area of the cytoplasm. All types
of the regressed prostate gland showed no AB-positive staining. arrows, PAS-positive
luminal cells; am, ampulla of the deferent duct; cd, cell debris; dp, developed glandular
part; i, interstitium; gl, glandular lumen; pu, prostatic urethra.
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Fig. 2.6. Weight of prostate glands throughout the year (n=42). In summer, mainly
the regressed prostate glands were observed, and this weight tended to be lighter. In

spring, mainly the developed prostate glands were observed and the weight tended
to be heavier.

54



55



Fig. 2.7. Histological structure (HE staining) and p63 expression in each developmental stage.
(A-E) Immature stage. (A) Histological image with tubular and alveolar gland parts, 8 months

old. (B) Tubular gland part, 10 months old. (C) Alveolar gland part, 10 months old. (D) Tubular
gland part, p63 immunostaining, 10 months old. (E) Alveolar gland part, p63 immunostaining,
10 months old. (F-J) Developing stage. (F) Histological image with tubular and alveolar gland
parts in the proximal part of the tubular gland. 10 months old. (G) Tubular gland part, 12 months
old. (H) Tubular gland part, 12 months old, p63 immunostaining. (I) Alveolar gland part, 6
months old. (J) Alveolar gland part, 6 months old, p63 immunostaining. (K-O) Developed stage.
(K) Histological image with tubular and alveolar gland parts, adult. (L) Tubular gland part, adult.
(M) Alveolar gland part, adult. (N) Tubular gland part, p63 immunostaining, adult. (O) Alveolar
gland part, p63 immunostaining, adult. large arrow, border between columnar laminal cells and
flattened or cuboidal laminal cells; middle arrows, columnar laminal cells; small arrows,
flattened or cuboidal laminal cells; arrowheads, basal cells; a, alveolar gland; t, tubular gland.
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Fig. 2.8. PAS staining of each developmental stage of prostate glands. (A)
Immature, 10 months old. (B) Developing, 8 months old. (C) Developed, adult.
Large arrow, developed luminal cells with PAS-positive reactivity; small
arrow, flatten or cuboidal luminal cells with PAS-positive reactivity;
arrowhead, secretion; a, alveolar gland; t, tubular gland.
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Fig. 2.9. Rate of each developmental stage of the prostate glands in three age groups
of non-adult raccoons.
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Fig. 2.10. Overall of the prostate glands in each developmental stage. (A) Immature, 8 months old.
(B) Developing, 12 months old. (C) Developing, more developed than B, 10 months old. (D)
Developed, adult. *, developed glandular part; e, less developed glandular part; cd, correcting
duct; e, ejaculatory duct; pu, prostatic urethra; put, prostatic utricle; se, seminal colliculus. HE
staining.
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Fig. 2.11. The collecting duct of the prostate gland. (A) The collecting duct transferring to
the prostatic urethra. The epithelial cells of the collecting duct were paler in color and swollen
than those of the prostatic urethra. (B) The enlarged view of the collecting duct near the
urethra. The most surficial cells were cuboidal in shape, and the cytoplasm was more
acidophilic. The collecting duct had intraepithelial cysts with secretion (arrows). (C) The
collecting ducts in the distal part. The number of epithelial cell layers decreased. (D) The
enlarged view of the collecting ducts in the transitional part to the acinus (arrows). The
epithelium of the collecting ducts showed almost two cell layers. (E) The intraepithelial cysts
including secretion (arrows) and the superficial epithelial cells (arrowheads) of the collecting
duct were PAS-positive. Insert shows enlargement of a cyst (bar =10 mm). (F) The superficial
epithelial cells (arrowheads) and the epithelial cells which form the cysts (arrows) showed
AB-positive. On the other hand, occasionally the secretion within the cysts was AB-positive
although it was mainly AB-negative. An insert shows an enlargement of two cysts with
different AB stainability in the secretion (bar = 50 mm). (G) The basal layer cells of the
collecting duct showed p63 expression, but no p63 expression in the upper and middle part of
the epithelial layer. (H) AR expression was also found mainly in the basal layer cells. cd,
collecting duct; gl, glandular lumen; pu, prostatic urethra. A-D, HE staining; E, PAS staining;
F, AB staining.
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Chapter 3
Developmental Changes in the Prostatic Utricle of Raccoons

3.1 Introduction

The prostate gland often contains small sac-like structures called “prostatic utricle” within its tissue.
The prostatic utricle is considered remnants of the female reproductive organs in males and has many
other names that were once used, such as uterus masculinus, utriculus prostaticus, sinus prostate and
sinus pocularis. Generally, the prostatic utricle is the blind-end structure found within the prostate gland
located dorsal to the seminal colliculus, with an opening in the seminal colliculus. The prostate utricle
has been reported in several animals (Zuckerman and Parkes, 1935; Sharma, 2010), including humans
(Oh et al., 2009), but reports about it is not many. Among carnivores, the prostatic utricle has been
reported to exist in dogs (Sharma, 2010) and minks (Basrur and Ramos, 1973), while in raccoons, there
is no information about the prostatic utricle yet.

Formerly, the prostatic utricle with glandular structures was considered to correspond to the uterus,
and the prostatic utricle lacking glandular structures was done to correspond to the vagina (Zuckerman
and Parkes, 1935). In humans, glands were formed in the epithelium of the prostatic utricle during sexual
maturation (Wernert et al., 1990), and it has been debated which it corresponds to the uterus or the vagina.
Based on p63 expression, the human prostatic cavity is now thought to correspond to the vagina (Shapiro
et al., 2004).

In this study, as a result of the investigation in Chapter 2, the prostatic utricle was found in the
prostate gland of raccoons. In this Chapter, I examined the presence of the prostatic utricle in the prostate
glands of raccoons at various developmental stages and the presence of gland structure in the epithelium

of the prostatic utricle to characterize the prostatic utricle.

3.2 Materials and Methods

The prostate glands of 165 feral male raccoons were used in this study. Animals and sample
preparations are described in the General Materials and Methods. Histological sections of the prostate
gland were stained with HE, PAS, or AB. In addition, PAS staining was also performed after incubation
with phosphate-buffered saline (PBS) containing 0.01% diastase for 50 min at 37°C. Moreover, the
immunostaining for p63, PCNA was carried out. The prostate glands of under 6 months of age (n=29,
infantile), between 6 and 12 months of age (n=48, juvenile) and over 12 months old (n=88, adult) were

used for the observations of the prostatic utricle.

3.3 Results
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The orifice of the prostatic utricle was located in the mid-line of the seminal colliculus, caudal to
the ejaculatory duct (Fig. 3.1A). The prostatic utricle was located within the dorso-central connective
tissue of the seminal colliculus (Figs. 3.1B and 3.2B-D) and was most commonly inverted flask-shaped
that lodged within the prostate glands (Fig. 3.2C). In the length and shape of the prostatic utricle, there
were large individual differences. The longest prostatic utricle was found within connective tissue
between the ampulla of deferent ducts (Fig. 3.2A), and the shortest prostatic utricle was found only as a
short and fine tubule structure at the orifice of the seminal colliculus (Fig. 3.2E). The prostatic utricles
were blind and did not open to the body cavity (Fig. 3.3) and was not present in all raccoons (Fig. 3.2F).
Table 3.1 shows the number of individuals with prostatic utricles in each developmental stage and in
total number. There was little difference in the presence rate of prostatic utricles among developmental
stages, and the rate to total number was 56%.

The prostatic utricle was frequently filled with secretions, and there were differences in the nature
of the secretions (Fig. 3.4). In the infantile stage, secretion only with PAS- and AB- positive staining
was observed (Fig. 3.4B1, C1). This secretion appeared to be secreted constantly regardless of
developmental stages (Fig. 3.4B2, C2). Colloidal mass secretions began to appear from juvenile, were
commonly observed in adults, and were positive for PAS but were negative for AB staining (Fig. 3.4B2,
C2). These two types of secretions were present simultaneously in the prostatic utricle of the juvenile
and adult stages (Fig. 3.4C2).

Occasionally, neutrophils, macrophages, cell debris and rarely eosinophils were observed in the
prostatic utricle along with secretions (Fig. 3.5). when inflammatory cells were observed in the prostate
utricle, infiltration of inflammatory cells into the prostatic utricle epithelium was observed (Fig. 3.5).

Mainly three characteristic structures were found in the epithelium of the prostatic utricle; sac-like
glands, tubular glands and goblet cells. I described about the characteristics of three glands and infantile
epithelium below. In the infantile stage, the prostatic utricle was stratified epithelium, and its luminal
surface was positive for both PAS and AB (Fig. 3.6A). Formation of intraepithelial vacuoles was
observed from the juvenile stage, and since the vacuoles contained secretions, they were regarded as
intraepithelial glands called sac-like glands (Fig. 3.6B). The sac-like gland also contained PAS-positive
and AB-negative colloidal mass secretions, and the area around the colloidal mass and the luminal
surface of the vacuole showed AB positivity (Fig. 3.6B-2 and B-3). Multiple sac-like glands were
scattered within the epithelium of the prostatic utricle, and the surface cells which composed the sac-
like glands were thinly stretched (Fig. 3.6B). Tubular glands were absent during the infantile stage, but
began to appear at the juvenile stage, and concomitant with sac-like glands in almost all cases in adult.
Tubular glands extend basally and were composed of cells with pale cytoplasm (Fig. 3.6C-1). Like those

of the sac-like glands, the tubular glands contained PAS-positive and AB-negative colloidal mass
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secretions in the lumen, and the secretions surrounding the masses and luminal surfaces showed AB-
positive (Fig. 3.6C-2 and C-3). Goblet cells were observed equally recognized at all developmental
stages. All of observed goblet cells were located in the superficial layer of the epithelium, and were
present singly or in clusters (Fig. 3.6D). Goblet cells and their secretions were positive for both PAS and
AB (Fig. 3.6D-2 and D-3). Adults showed higher appearance rate in all gland types than the other
developmental stages (Fig. 3.7).

In the prostatic utricle, the basal cells of the epithelium showed p63-positive (Fig. 3.8), Basal cells
of the prostatic utricle epithelium in the infantile stage were positive for p63 (Fig. 3.8A), Both basal
cells of the epithelium and the cells surrounding the sac-like glands showed p63-positive reaction (Fig.
3.8B). Moreover, tubular glands were formed by involving p63-positive cells (Fig. 3.9C).

PCNA-positive cells in the epithelium of the prostatic utricle were found in both the basal and
superficial layers (Fig. 3.9A). In the sac-like and tubular glands, the cells on the luminal side were

positive for PCNA (Fig. 3.9B).

3.4 Discussion

The prostatic utricle is a remnant of the female reproductive organs in males. During fetal life,
Miillerian ducts are formed following Wolffian duct formation in both males and females (Kobayashi
and Behringer, 2003). When the uterus and vagina are formed in females, a vaginal disc is formed at the
junction of the Miillerian duct and the urogenital sinus, and then becomes a lumen to form the vagina
(Cunha et al., 2017). In males also, after the Miillerian duct joined the urogenital sinus, the formed
Miillerian ducts degenerate under the influence of anti-Miillerian hormone (AMH) (Kobayashi and
Behringer, 2003). At the time of regression, the difference probably occurs in the structure of the
prostatic utricle depending on the degree of regression. The prostatic utricle has been called by various
terms, but there seem to be two main types among them. As the first type, the prostatic utricle is
essentially a small sac-like structure that resides within the prostate gland, and this structure has been
reported to exist in humans (McCarthy, 1927), primates (Zuckerman and Parkes, 1935), rabbits (Sharma,
2010), rats (Sharma, 2010), dogs (Sharma, 2010) and minks (Basrur and Ramos, 1973). In humans, it is
now thought that a portion corresponding to the vagina remains in the prostate gland, and the name
“male vagina” has been proposed (Puppo and Puppo, 2016). In this type, most of the uterus probably
has regressed. As the second type, the term “uterus masculinus” also used in the past as another name
for the prostatic utricle, has also been used in species that retain a uterine-like structure beyond the
prostate glands, such as beavers (Conaway, 1958), European bisons (Swiezynski, 1968), donkeys
(Shehata, 1978) and hoses (Shehata, 1978). These male animals have the bicornuate uterine-like

structure at its upper end, and a recent study on bison prostate glands described the similar condition
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which is known as the persistent Miillerian duct syndrome (PMDS) in humans. In this study, the second
type was treated as PMDS and distinguish it from the term prostatic utricle.

Raccoons sometimes had prostatic utricles that extended beyond the prostate gland but were
embedded within the connective tissue between the ejaculatory ducts and lacked a uterine-like structure.
The raccoon prostatic utricle is located primarily within the prostate glands and was observed on the
dorsal side of the seminal colliculus of the prostate. Therefore, the characteristics of the raccoon prostatic
utricle seemed to be similar to those of the first type. There were large individual differences in the
length and shape of the prostate utricles in raccoons, like in humans (McCarthy, 1927; Oh et al., 2009).

Furthermore, in this study, the appearance rate of prostate utricles in raccoons was 56% (93/165).
In animals, percentage of presence was mentioned only in those considered to be PMDS; 75% (3/4) in
horses, 100% (15/15) in donkeys (Sheata, 1978) and 83% in American beavers (Meier et al., 1998). Both
PMDS and prostate utricles are treated as remnant structures, and the difference in the presence or
absence and the shape probably reflects that the degree of degeneration varies from individual to
individual. In the type of the prostate utricle, raccoons were classified into type 1 which was accompany
by the large regression of the Miillerian duct although some individuals have a remnant structure with
relatively long prostate utricles like PMDS. Therefore, lower presence rate of prostate utricles in
raccoons than that in animals with type 2 may be due to a remarkable regression of the Miillerian duct.
In raccoons, moreover, there was no large difference in the presence rate among each developmental
stage, and thus there appears to be no regression or no emergence of the prostate utricles along with
growth of postnatal development. Considering the fact that about half of the raccoons do not have
prostate utricles, it is thought that the prostate utricles had no special functions.

The prostatic utricle opens into the seminal colliculus in all animals, but the positional relationship
with the ejaculatory duct was different. In humans, the orifice of the prostatic utricle is located at
approximately the same location as the ejaculatory duct on median line (Oh et al., 2009), and in dogs,
the opening of the prostatic utricle is located slightly caudal to the opening of the ejaculatory duct
(Sharma, 2010). In raccoons, the orifice was caudal to the opening of the ejaculatory duct, similar to
that of dogs.

The epithelium of the prostatic utricle in raccoons showed multiple layers and was essentially p63-
positive on the basal side. The human prostatic utricle becomes multi-layered during the fetal period
(Shapiro et al., 2004), and the epithelium of the prostatic utricle in other animals has been reported to
be pseudostratified (Zuckerman and Parkes, 1935) or stratified epithelium (Sharma, 2010). In humans,
the p63-positive epithelium has suggested that the prostatic utricle originates from the urogenital sinus
and primarily corresponds to the vagina (Shapiro et al., 2004). Thinking similarly, the prostatic utricle

of raccoons was also equivalent to the vagina. In addition, as will be discussed in the Chapter 4, in
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raccoons, the cervix is p63-positive stratified epithelium, so the prostatic utricle may correspond not
only to the vagina but also to the cervix.

The epithelium of prostate utricles in the raccoon changed with sexual maturation. The epithelium
of the prostatic utricles formed sac-like and tubular glands as it matured. In humans, the prostatic utricle
also grows from fetal to adulthood, and in adult, the prostatic utricle shows similar morphology and
similar immunoreactivity (PAP+, PSA+) to the prostate glands (Wernert et al., 1990). In raccoons,
however, the morphology of the prostatic utricle does not resemble that of the prostate glands, and the
appearance of the glands such as sac-like and tubular glands are clearly distinguishable from the prostate
glands. The presence of p63-positive cells around the sac-like glands indicates that the sac-like gland is
formed within the epithelium of the prostatic utricle. The tubular glands were continuous with the
epithelium of the prostatic utricle and surrounded entirely by p63-positive cells, suggesting that the
tubular glands of the prostatic utricle may derive from the sac-like glands.

In the raccoon prostatic utricle, the properties of secretions changed with epithelial changes (Fig.
3.10). In the infantile stage, both PAS and AB positive secretions were predominant, and PAS positive
and AB negative secretions were rarely observed (Fig. 3.10A). The sac-like and tubular glands, which
increase with maturity, secreted the secretions with PAS positive and AB negative (Fig. 3.10C).
Stainability of this secretion resembled that of the intraepithelial gland of the raccoon prostatic duct.
Prostatic utricle secretions of rats, rabbits, dogs and humans show PAS-positive and AB-negative similar
to those of raccoons. In postpubertal humans, the prostatic utricles resemble the prostate glands in the
point that each gland secrets both of PAP and PSA, known as prostatic secretions (Wernert et al., 1990).
In the raccoon, it is interesting to examine the secretory compositions in the prostatic utricles and
prostate glands.

In conclusion, the presence of the prostatic utricle was revealed in the prostate glands of the raccoon
for the first time. The prostatic utricle of raccoons showed various shapes and the basal side of its
epithelium expressed p63-positive, suggesting that it is homologous to the vagina and cervix. The
prostatic utricle had sac-like and tubular glands, and goblet cells. The sac-like and tubular glands first
appeared in juvenile stage and increased with the maturation. Moreover, lumen had secretions with PAS-
and AB-positive in infantile stage, on the other hand, in adults, the secretions with different properties
such as PAS- and AB-positive, and PAS-positive and AB-negative secretion were secreted into the lumen
from the sac-like and tubular glands. It was revealed that the prostatic utricle showed morphological and

functional changes along with maturation.
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Table 3.1. Number and appearance rate of the prostatic utricle in each postnatal developmental stage

age number percentage
infantile (n=29) 19 66%
juvenile (n=48) 26 76%
adult (n=88) 48 75%
total (n=165) 93 56%
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Fig. 3.1. Opening and location of the prostatic utricle. (A) Gross anatomy of the formalin fixed
prostatic urethra. Ventral part of the prostatic urethra was cut open (ventral view). (B)
Histological observation of the prostate gland cut at maximum diameter. cd, correcting duct; e,
ejaculatory duct; gl, glandular lumen; Opu, orifice of prostatic utricle; pu, prostatic urethra; put,
prostatic utricle; se, seminal colliculus.
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Fig. 3.2. Histological observation of the prostatic utricle. (A) Prostatic utricle between ampulla of
the deferent ducts. (B) Prostatic utricle in the prostate gland cut at maximum diameter. (C)
Prostatic utricle with inverted flask-shape. (D) Prostatic utricle continuing the orifice. (E) Prostatic
utricle with short and fine tubule structure. (F) Prostate gland without the prostatic utricle. am,
ampulla of the deferent duct; cd, correcting duct; e, ejaculatory duct; Opu, orifice of prostatic
utricle; pu, prostatic urethra; put, prostatic utricle; se, seminal colliculus.




Fig. 3.3. Prostatic utricle with blind end in same infantile raccoon. (A) caudal part, (B)
Prostatic utricle between A and C. (C) Cranial blind end part. *, blind end of prostatic utricle;
am, ampulla of the deferent duct; e, ejaculatory duct; put, prostatic utricle.
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C o R S

Fig. 3.4. PAS and AB staining of the prostatic utricle. (A) HE staining. (B) PAS staining. (C)
AB staining. (1) Infantile. (2) Adult. Arrows indicate tubular gland.
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Fig. 3.5. Appearance of inflammatory cells in the prostatic utricle. (A) Infantile,
the prostatic utricle with neutrophils (arrowheads). (B) Infantile, the prostatic
utricle with neutrophils (arrowheads), eosinophils (small arrows) and
macrophage (large arrow).
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Fig. 3.6. Three epithelial gland structure in the prostatic utricle. (A) Epithelium of the prostatic
utricle with a few gland structure, infantile. (B) Sac-like gland, adult. (C) Tubular gland, adult. (D)
Goblet cells, adult. (1) HE staining. (2) PAS staining. (3) AB staining.
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Fig. 3.7. Appearance rate of each gland type in the prostatic utricle at each
developmental stage. (A) Sac-like gland. (B) Tubular gland. (C) Goblet cells.
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Fig. 3.8. Immunoreactivity for p63 in the epithelium of the prostatic utricle. (A) Infantile stage. (B)
Sac-like gland. (C) Tubular gland. Arrow indicates tubular gland; *, sacklike gland.
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Fig. 3.9. Immunoreactivity for PCNA in the epithelium of the prostatic utricle. (A) Infantile stage.
(B) Sac-like gland. Arrows indicate tubular gland; *, sac-like gland.
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Fig. 3.10. Change in secretory component within the lumen of the prostatic utricle with
postnatal development. (A) Infantile. (B) Juvenile. (C) Adult. s, sac-like gland; t, tubular gland.
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Chapter 4
Morphological changes in the cervix of raccoons during pregnancy

4.1 Introduction

As a result of investigating the prostatic utricle of raccoons in Chapter 3, the prostatic utricle
formed glands with sexual maturation. The formation of glands in the prostatic utricle suggested that
the female genital organs retained in males have the capacity to form glands. However, in raccoons,
because there are limited histological reports of female lower genital organs (reproductive tracts), it
remained unclear whether the ability to form glands exists in the female genital organs. The female
genital organs of raccoons have been reported in detail about ovary and uterus, and there are limited
histological reports of the vagina and no histological reports of the cervix (Sanderson and Nalbandov,
1973).

Raccoons are pregnant for about 63 days (Sanderson and Nalbandov, 1973), and the corpus luteum
is present throughout pregnancy (Sanderson and Nalbandov, 1973). Second estrus is known, in which
estrus occurs again during pregnancy or when a child is lost soon after childbirth (Gehrt and Fritzell,
1996), and secondary estrus allows raccoons to reproduce reliably within the year. Characteristics that
regain reproductive opportunities, such as secondary estrous, are known, but in raccoons, there is no
information about regulatory mechanisms of female genital organs during pregnancy. Therefore, it was
necessary to examine the role of cervix in pregnancy in raccoons.

An accumulation of mucus produced in the cervix is known as the cervical mucous plug (CMP)
that protects the fetus during pregnancy (Becher et al., 2009; Timmons et al., 2010; Nott et al., 2016).
The most important role of CMP is to prevent upward bacterial infection (Becher et al., 2009).

The epithelium of the cervix produces mucus. The cervix epithelium of the human is a simple
columnar epithelium with folds (Nott et al., 2016), and the structures called cervical mucous glands in
humans are actually folds of the epithelium (Nott et al., 2016). In humans, the stimulation by
progesterone alters the properties of mucus, making it more viscous (Nott et al., 2016). On the other
hand, the epithelium of the cervical canal was stratified epithelium in dogs (Goericke-Pesch et al., 2010).
In the raccoon, however, the morphological structure and functions of the cervical epithelium are
unknown. In this study, to clarify the characteristics of the cervix, I examined the raccoon cervical

epithelium of non-pregnant and pregnant raccoons in detail.

4.2 Materials and Methods
The cervix of 46 (6 juveniles, 21 non-pregnant adults, and 19 pregnant adults) was examined in

detail. The crown-rump length (CRL) of the fetus obtained from the pregnant individual was measured,
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and the fetal age was estimated from CRL (Llewellyn, 1953), and classified into 6 age groups: 0-9 days,
10-19 days, 20-29 days, 30-39 days, 40-49 days, 50-63 days. Animals and sample preparation are
described in the General Materials and Methods. Histological sections of the cervix were stained with

HE, PAS, or AB (pH 2.5). The immunostaining for p63 and PCNA was carried out.

4.3 Results
Non-pregnant

In raccoons, the large vaginal fornix located dorsolateral to the vaginal part of cervix (Fig. 4.1B,
C). The external uterine orifice was opened caudodorsally (Fig. 4.1A-C). The external uterine orifice
was small and not opened in non-pregnant adult raccoons (Fig. 4.1A). Cervical and vaginal epithelia
were continuous and had no clear boundary, and both epithelia showed p63 positive in basal side (Fig.
4.1D, E).

The cervix of raccoons was generally multilayered in 6 months old and adult (Fig. 4.2). Both non-
adult and adult cervical epithelia had scattered goblet cells on the surface (Fig. 4.2F-H), and sometime

had intraepithelial cyst (Fig. 4.2A, B, E). The cervix had 7-9 longitudinal folds (Fig. 4.2A, B).

Pregnant

At 27 days of gestation, the vaginal part of cervix was protruded more dorsally than non-pregnant
raccoons, and its external uterine orifice was not opened (Fig. 4.3A). At 60 and 63 gestation days,
viscous mucus was observed macroscopically to accumulate from the cervix to the vagina (Fig. 4.3B-
D). This mucus was tightly packed in the cervical canal and vaginal fornix, blocking the canal (Fig.4.3B-
E). At 63 days of gestation, the external uterine orifice was dilated, but was not opened to the outside
world because it was densely packed with mucus (Fig. 4.3D).

In pregnant individuals, the surface layer of the cervical epithelium was replaced by goblet cells or
columnar mucus cells (Fig. 4.4), and the epithelial replacement progressed with increasing of gestational
days (Fig. 4.4). As epithelial replacement progressed, mucus secretion increased, and viscous mucus
with AB and PAS-positive accumulated in the cervical cavity (Figs. 4.4 and 4.5; PAS staining, data not
shown). In particular, raccoons with more than 30 days of gestation had so much cervical mucus that it
blocked the lumen of the cervix (Fig. 4.5, Table 4.1). During progression of pregnancy, the cervical
epithelium remained multilayered, and epithelial layers was present beneath the mucous cells (Fig. 4.4).

As the gestational day increases, the cervical lumen was dilated. In particular, the dilating was
remarkable in raccoons whose estimated gestational days exceeded 57 days, and folds of the cervical
epithelium were papillary as a result of dilation (Figs. 4.5A-4, 5 and Fig. 4.6). At this time, most of the

cervical epithelium showed folding of epithelium without stroma was observed (Figs. 4.4A-4, 5 and Fig.
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4.6E). Although most of the cervical epithelium was replaced by mucous cells at full-term gestation (63
days), p63-positive cells remained present on its basal side (Fig. 4.6).

In the internal uterine orifice, the cervical epithelium and endometrial epithelium were partially
mixed in the cross section (Fig. 4.7). The endometrium is single-layered with uterine glands and showed
p63 negativity, distinguishing it from the multilayered cervical epithelium with p63 (Fig. 4.7). At full-
term gestation, the cervical epithelium of the internal cervical orifice was also papillary and replaced by
mucous epithelium (Fig. 4.7B, C). Occasional cervical epithelium overlying the uterine gland was seen
(Fig. 4.7B).

Differentiation into mucous cells was often seen in the basal to intermediate layers of the
multilayered epithelium (Fig. 4.8), and differentiation into mucous cells was also observed in
intraepithelial cysts (Figs. 4.8B and 4.9). Both intraepithelial cysts and mucous cells were present in the
cervical epithelium at 6 months of age (Fig. 4.9A). Intraepithelial cysts were most common on day 27
of gestation (Fig. 4.9B). Intraepithelial cysts often contained cell debris, neutrophils and secretions (Fig.
4.9B-D), and similar objects were also present around folding of epithelium (arroehead in Fig. 4.9D).

Many cells in the cervix were not positive for PCNA in both juvenile and non-pregnant adult, and
PCNA-positive cells were distributed in the epithelial surface layer (Fig. 4.10A). In particular, PCNA
positive cells localized around invagination of the epithelium (Fig. 4.10A, D). At 27 days of gestation,
mucus cells in the surface layer of the epithelium were PCNA-positive, and the cells in the luminal
surface of the intraepithelial cysts were also PCNA-positive (Fig. 4.10C). PCNA positivity was also
observed in the superficial mucous cells of the multilayered epithelium and around the intraepithelial
cyst in the early pregnancy (Fig. 4.10C). At 51 days of gestation, PCNA-positive cells were found in
both the basal and superficial layers of the epithelium, and mucous cells were also PCNA-positive. At
full-term gestation (63 days), PCNA positivity was observed in sporadically in epithelial basal layer and
mucous cells, and PCNA positive was observed in the lower layer of intraepithelial cysts (Fig. 4.10E,

F).

4.4 Discussion

The deepest part of the vaginal fornix in raccoons was located dorsally. However, the vaginal fornix
of cats is on the ventrolateral to the cervix (Zambelli and Cunto, 2005), the vaginal fornix of minks is
deeper ventrally than dorsally (El-Banna and Hafez, 1972), and the vaginal fornix of dogs lies
cranioventral to the cervix (Evans and Christensen, 1979). Different positions of the vaginal fornix
relative to the cervix suggested different positions of the junction of the vagina and the cervix. Such
positional differences of the cervix occurring within the order Carnivora may be due to differences in

fetal development.
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The cervical epithelium of non-pregnant adult raccoons was stratified epithelium similar to that of
dogs (Goericke-Pesch et al., 2010). Near the internal uterine orifice of raccoons, at transition between
stratified epithelium and simple columnar epithelium, uterine glands sometimes were beneath the
stratified epithelium. In microminipigs, the cervical epithelium is simple columnar epithelium, and
nodular area of stratified epithelium is seen below the columnar epithelium at the transition part near
the external uterine orifice (de Rijk et al., 2014).

As pregnancy progressed, the stratified epithelium was replaced by mucous cells in raccoons. The
mucus seen in late gestation of raccoons was abundant, filling the lumen of the cervix and pooled in the
vaginal fornix. Referring to the definition of CMP in humans (Becher et al., 2009), the abundant mucous
seen in the cervix of raccoons was CMP. Epithelial mucification of the vaginal epithelial associated with
pregnancy is known in the mouse (Sugiyama et al., 2021), and mucification epithelium forms mucous
plug (Lacroix et al., 2020). The mouse vagina normally is squamous epithelium, but as pregnancy
progresses, the thick mucous cell layer was formed in the surface layer of the squamous epithelium
(Sugiyama et al., 2021). In the experiment of progesterone administration, mucification of the vaginal
epithelium in mice is reportedly due to progesterone stimulation (Gopinath, 2013). Progesterone
stimulation switches the cervical mucus to a viscous character, resulting in CMP formation (Becher et
al., 2009). Considering that raccoons have a corpus luteum throughout pregnancy (Sanderson and
Nalbandov, 1973), in this study, mucification of the cervical epithelium and CMP formation were
suggested to be induced by progesterone from corpus luteum during pregnancy.

Suprabasal mucus cells exist just above the basal layer and are thought to be the progenitor cells of
mouse mucus cells (Sugiyama et al., 2021). In raccoons, differentiation of mucus cells occurs in the
basal-to-intermediate layers in the cervical epithelium, and mucin cell progenitors of raccoons may be
present above the basal layer as in mice. In non-pregnant mice, only the basal side of the vaginal
epithelium became PCNA-positive (Sugiyama et al., 2021), whereas in non-pregnant raccoons, the
superficial layer of the cervical epithelium was often PCNA-positive. In pregnant mice, mucous cells
were not PCNA-positive (Sugiyama et al., 2021), but in pregnant raccoons, mucous cells were also
PCNA-positive. In raccoons, differentiated mucous cells may be able to proliferate independently, and
this feature distinguished them from mice.

In dogs, administration of progesterone resulted in the formation of numerous intraepithelial cysts
in the cervical epithelium (Nelson and Kelly, 1976). A large number of intraepithelial cysts may be
formed in raccoons as well due to the effects of progesterone during pregnancy. In raccoons, the
intraepithelial cysts may spread from the inside because the lining cells of the intraepithelial cysts
showed PCNA-positive. As mucous cells proliferate within the intraepithelial cysts and secrete mucus,

the intraepithelial cysts expand from the inside, and the surface epithelium of the intraepithelial cysts
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may become thin and stretched (Fig 4.11). Intraepithelial cysts that could no longer withstand expansion
from the inside may rupture and may release their contents (Fig 4.11). It was suggested that the rupture
of intraepithelial cysts form the epithelial folds by the ripped surface epithelium (Fig 4.11). In raccoons,
intraepithelial cysts often contained neutrophils and were released into the CMP by cyst rupture. CMP
not only provide mechanical barrier function, but also contain immunoglobulin and neutrophils (Becher
et al., 2009). Neutrophils released from intraepithelial cysts were suggested to contribute to the barrier
function of CMP.

Mucus cells formed during pregnancy slough off two days after delivery in mice (Sugiyama et al.,
2021). In non-pregnant adult raccoons confirmed to have given birth in the past based on placental scars,
there were little mucus cells remaining. This suggests that in raccoons, mucus cells which developed as
pregnancy progressed shed after postpartum, although the exact timing was unknown. In raccoons, p63-
positive cells were appeared under the mucous cells in the epithelium and shows PCNA positivity at
full-term gestation. In humans, reserve cells (p63-positive) are present beneath the columnar epithelium
in a specialized area (transformation zone) where are squamous metaplasia after birth (Witkiewicz et al.,
2005). Similar to human reserve cells, raccoon p63-positive cells may proliferate basally and revert to
normal cervical epithelium in non-pregnant adult.

Raccoon cervix was significantly dilated near the end of pregnancy (around 57 day of gestation).
Hours before delivery in mice and days to weeks before delivery in humans, loss of cervical compliance
occurs and the cervix dilates sufficiently to allow passage of the fetus (Timmons et al., 2010). Epithelial
folds formed by rupture of intraepithelial cysts may help increase epithelial surface. Increased epithelial
surface area may accommodate cervical dilation and may retain more mucous cells that produce CMP.
CMP block the lumen of the dilated cervix and protect the fetus from ascending bacterial infection.

In conclusion, the cervical epithelium of raccoons showed stratified epithelium unlike humans, and
had the ability to form glands during pregnancy. The epithelium in raccoons had goblet cells, columnar
mucus cells and intraepithelial cysts. As pregnancy progressed, the cervical epithelium was replaced by
goblet cells or columnar mucus cells, intraepithelial cysts with mucous were expanded and secretion
increased to close the cervical orifice. It is suggested that the rupture of intraepithelial cysts may form
the epithelial folds by the ripped surface epithelium. In this chapter, I clarified the characteristics of the

cervix in non-pregnant raccoon and the gland and CMPs formation process during pregnancy.
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Table 4.1. The fetal age and the presence of cervical mucus in pregnant raccoons

fetal age (days) 0-9 10-19 20-29 30-39 40-49 50-63
pregnant raccoon (number) 5 2 1 4 2 5
cervical mucous (number) 0 1 0 3 2 5
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Fig. 4.1. Gross anatomy of the cervix (A), HE staining (B, C) and immunostaining for p63 (D, E)
of non-pregnant raccoons. (A) Dorsal wall of the vagina was cut open. Dorsal view. (B) Longitudinal
section of the transitional part between the vagina and the cervix. (C) Cross section at vaginal part of
cervix. (D) p63 immunoreactivity of the epithelium of vagina in adult. (E) p63 immunoreactivity of
the epithelial of cervix in adult. (A, B, D, E) Non-pregnant adult. (C) 6 months old. u, ureter; ub,
urinary bladder; v, vagina; vc, vaginal part of cervix; arrowheads, external uterine orifice; arrow,
intraepithelial cyst; *, vaginal fornix.
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Fig. 4.2. Histological aspects of the cervix. (A, B, E, F) HE staining. (C, D, G,
H) AB staining. (A, C, E, G) 6 months old, juvenile. (B, D, F, H) Non-pregnant
adult. Arrow, intraepithelial cyst; arrowheads, mucous cell.
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Fig. 4.3. Gross anatomy of the cervix in pregnant raccoons. B-D was the same specimen. (C-E)
Formalin-fixed specimen. (A) Dorsal view. The dorsal wall of the vagina was cut open. 27 days of
gestation. (B) Dorsal view. The dorsal wall of the vagina was cut open. 63 days of gestation. Mucous
accumulation from the cervix to the vagina. (C) Mucous in the vagina at 63 days of gestation. (D)
The cervical orifice is filled with mucus at 63 day of gestation. (E) Transverse slices from the vagina
to the uterus. The upper left was the vagina, the right was the cranial side, and the lower right was
the uterus. Mucous accumulation from the cervix to the vagina at 60 day of gestation. c, cervix; u,
utricle; ub, urinary bladder; v, vagina; vc, vaginal part of cervix; arrowheads, external uterine orifice;
*, vaginal fornix.
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Fig. 4.4. Pregnancy progression and differentiation of cervical epithelium into mucous cells. HE
staining (A) and AB pH2.5 staining (B). Mucous cells differentiated within the epithelium. Cervical
epithelium was replaced by mucous cells as pregnancy progressed. After 50 days of gestation, the
epithelium was micropapillary with mucous cells. *, intraepithelial cyst.
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Fig. 4.5. Pregnancy progression and mucus retention in the cervix. (A) HE staining and
(B) AB pH2.5 staining. (A) As the pregnancy progressed, the cervix dilated. Papillary
folds were seen on the cervix after 57 days of gestation. (B) After 30 days of gestation,

the cervix fills with mucus.
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Fig. 4.6. The cervical epithelium over 57 days of gestation. HE staining (A, B, C, E) and
immunostaining for p63 (D, E). (A) At 57 days of gestation. (B-F) At 63 days of gestation. (C, D)
Tips of papillary folds. (E, F) Micropapillary with mucous cells of cervical epithelium. Large arrows,
papillary fold; small arrows, p63 positive cell; arrowheads, folding of epithelium without stroma;

asterisk, intraepithelial cyst.
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Fig. 4.7. Internal uterine orifice. HE staining (A, B) and immunostaining for p63 (C). (A)
Internal uterine orifice of non-pregnant adult. (B) Internal uterine orifice at 63 days of
gestation. (C) Internal uterine orifice at 63 days of gestation. Cervical epithelium with p63
positive (large arrows) on the left of border and uterine epithelium on the right of border. g,
uterine gland; small arrows, epithelial border.
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Fig. 4.8. Differentiation of goblet cells in the cervical epithelium. (A) Within the
multilayered epithelium, goblet cells (arrows) differentiated from the basal side. (B) There
was cyst (*) in the upper layer of the differentiated population of goblet cells (arrows), and
the top layer of epithelium was stretched. HE staining.
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Fig. 4.9. Pregnancy progression and formation of intraepithelial cysts. (A) 6 months old (juvenile).
(B) At 27 days of gestation. (C) At 57 days of gestation. (D) At 63 days of gestation. Large arrows,
mucous cells; small arrows, folding of epithelium; *, intraepithelial cyst; arrowhead, contents of
intraepithelial cyst (cell debris, neutrophils and secretions). HE staining.
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Fig. 4.10. Immunoreactivity for PCNA in the cervix of the pregnant raccoon. (A) Non-pregnant
adult. (B) At 27 days of gestation. (C) At 27 days of gestation. (D) At 57 days of gestation. (E) At
63 days of gestation. (F) At 63 days of gestation. *, intraepithelial cyst.
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Fig. 4.11. A series of changes in the cervical epithelium throughout pregnancy.
*, intraepithelial cyst; f, folding of epithelium without stroma; m, mucous cells.
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General Conclusion

In the Chapter 1, developmental and seasonal changes in the testis of raccoons, the testes of
raccoons were histologically, histochemically and immunohistochemically examined. The raccoon
testes showed seasonal changes, and | identified the period of June to August as the spermatogenetic-
declined season in the Tokachi region. In the regressed testes, the spermatids and spermatocytes were
lost in spite of the maintenance of proliferation ability in germ cells, meaning that continuous germ cells
shedding causes sperm depletion in the spermatogenetic-declined season. In addition, in the
spermatogenetic-declined season, the loss of germ cells and decrease in the number and size of Leydig
cells affected to the decrease in testicular weight. In this chapter, I also revealed the postnatal testicular
development of the raccoon testis. The canalization of the testes began at 6 months of age and changed
the distributional pattern of vimentin in the Sertoli cells, and this pattern was maintained in adult also
despite developed and regressed conditions. Raccoons reach sexual maturity after 12 months of age.
Based on these testicular characteristics, the developmental stages of raccoons were classified into
infantile (under 6 months old), juvenile (6-12 months old), and adult (over 12 months old), and adults
showed seasonal changes.

In the Chapter 2, developmental and seasonal changes in the prostate gland of raccoons, the prostate
glands of raccoons were anatomically, histologically, histochemically and immunohistochemically
examined, based on the developmental stages of the testis as defined in Chapter 1. This study is the first
report that clarified the seasonal dynamics of glandular structure, p63 and AR expression and cell
proliferation in raccoon prostate glands, and revealed that raccoon prostates exhibit seasonal variation
of regression and regeneration. In this study, moreover, the postnatal development in raccoon prostate
glands was examined, and it was revealed that the distribution of basal cells changed from dense to
scattered at the boundary between the developed and undeveloped regions of the prostate gland.
Comparing postnatal development with regeneration from seasonal regression, both showed transitional
pattern of basal cells from dense to diffuse, and it was revealed that histological aspects in the postnatal
development resemble those of the reorganization in adult regressed prostate glands.

In the Chapter 3, developmental changes in the prostatic utricle of raccoons, the prostatic utricles
within the prostate glands of raccoons were anatomically, histologically, histochemically and
immunohistochemically examined, based on the developmental stages of the testis as defined in Chapter
1. The presence of the prostatic utricle with various shapes was revealed in the prostate glands of the
raccoon for the first time. the prostatic utricle of raccoons had sac-like and tubular glands, and goblet
cells. The sac-like and tubular glands first appeared in juvenile stage and increased with the maturation.

Moreover, lumen had secretions with PAS- and AB-positive in infantile stage, on the other hand, in
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adults, the secretions with different properties such as PAS- and AB-positive, and PAS-positive and AB-
negative secretion were secreted into the lumen from the sac-like and tubular glands. It was revealed
that the prostatic utricle showed morphological and functional changes along with maturation. Moreover,
p63 expression in the prostatic utricle indicated that the prostatic utricle of raccoons might correspond
to the female vagina and cervix considering the result of Chapter 4.

In the Chapter 4, morphological changes in the cervix of raccoons during pregnancy, the cervices
of the uterus were anatomically, histologically, histochemically and immunohistochemically examined.
The cervical epithelium of raccoons showed stratified epithelium unlike humans. The epithelium in
raccoons had goblet cells, columnar mucus cells and intraepithelial cysts. As pregnancy progressed, the
cervical epithelium was replaced by goblet cells or columnar mucus cells, intraepithelial cysts with
mucous were expanded, and secretion increased to close the cervical orifice. It is suggested that the
rupture of intraepithelial cysts may form the epithelial folds by the ripped surface epithelium. This
chapter clarified the process by which glands are formed in the stratified epithelium of the raccoon
cervix. The formation of glands in the stratified epithelium was carried out by the extension of
intraepithelial glands, which was similar to the epithelium of the prostatic utricle examined in Chapter
3. This confirms that the prostatic utricle is homologous to the cervix, and clarifies the formation process
of glands in the stratified epithelium.

In these studies on the genital organs of raccoons, I revealed various characteristics of raccoon
genital organs. In particular, I show for the first time that the prostate gland of raccoons exhibits seasonal
regression during the spermatogenetic-declined season. During the spermatogenetic-declined season,
many raccoons with regressed testes had regressed prostates, whereas there were also raccoons with
both developed testes and prostate glands, and raccoons with developed testes and regressed prostate
glands. The successful breeding in male raccoons may depend on not only testicular spermatogenic
capacity but also prostatic function. To accurately understand the fertility of male raccoons during the
spermatogenetic-declined season, future studies need to examine also function of the prostate gland in
detail. In addition, male raccoons show individual differences in testicular and prostate development
during the spermatogenetic-declined season, meaning that individual differences exist in the regulatory
mechanism for reproduction of male raccoons. In this study, however, it is not known how those
individual differences are regulated. In further study, I want to clear this reproductive phenomenon in
raccoons.

The investigation of the seasonal changes and postnatal development in prostate glands of raccoons
revealed the similar morphological and functional changes of the basal cells. It is important to deepen
the understanding the property of basal cells as progenitor cells in prostate glands, and basal cells of the

prostate gland may play a similar role during postnatal development and regeneration from regressed
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condition. In the testes also, the common mechanisms may be used in both sexual maturity and
regeneration from seasonal regression. Thus, regeneration from seasonal regression and maturation of
male genital organs may be regulated by the same mechanism. In order to deepen our understanding of
sexual maturation in seasonal breeding animals, it will be necessary to clarify the seasonality of adult
animals at the same time.

In this study on the cervix of female raccoons, I was able to suggest the morphological and
functional dynamics of the epithelial cells. It is thought that these results can explain clearly the
mechanism of increased production of cervical mucus to protect fetus as pregnancy progress. In addition,
the male prostatic utricle and the female cervix were suggested to be homologous, with glandular
formation in stratified epithelium in both tissues. In both tissues, glands began as intraepithelial glands
in stratified epithelium and formed by progression. This type of gland formation may be a common
ability of female reproductive organs derived from the urogenital sinuses. These studies help elucidate
the process of gland formation into the female reproductive organs.

These studies reveal the variable capacity of raccoon reproductive organs and contribute to the
understanding of raccoon reproductive capacity. Furthermore, it will help us better understand the

seasonal changes that occur in the reproductive organs of seasonally breeding animals.

99



Abstract

The raccoon (Procyon loter) is a member of Procyonidae belonging to Carnivora, which is a
middle-sized mammal and skillfully use the forelimbs. The raccoon native to North America was
introduced into Japan in 1970s and has been naturalized in almost every prefecture of Japan. In
Hokkaido, Japan, their population has increased, and many problems are induced by them.

Raccoons are considered seasonal breeders, and in Hokkaido, the mating season peaks in
February. Mated female raccoons stays pregnant for about 63 days and give birth to an average of 3-4
cubs, However, information on morphological changes in the raccoon genital organs with postnatal
development, with seasonal change and during pregnancy is limited. In this study, therefore,
morphological and functional changes were examined in the testes and prostate glands of male
raccoons, during developmental and seasonal changes, and in female, morphological and functional
dynamics of the uterus, especially cervix during pregnancy were investigated.

In the examination of the raccoon testes, the regression of spermatogenesis was detected from
June to August, although not all individuals. Moreover, the decline in the functions of Leydig cells
was suggested. In the regression of spermatogenesis, there were no changes in the proliferative activity
of the germ cells. Therefore, the regression was thought to be caused by shedding of germ cells. In the
postnatal testicular development, testes began to the canalize at 6 months of age, and all individuals
reached sexal maturation over 12 months old.

In the studies on the prostate glands, the seasonal dynamics of glandular structure, p63 and AR
expression and proliferation in raccoon prostate glands were examined. Raccoon prostates exhibit
seasonal variation of regression and regeneration. Moreover, in the postnatal development, it was
revealed that histological aspects in the postnatal development resemble those of the reorganization in
adult regressed prostate glands.

In the examination of the prostatic utricle, in the prostate glands of the raccoont, the prostatic
utricle with various shapes was recognized. The prostatic utricle of raccoons had saclike and tubular
glands and goblet cells. The saclike and tubular glands first appeared in juvenile stage, but not
infantile. The lumen had secretions with PAS- and AB-positive in infantile stage, on the other hand, in
adults, the secretions with PAS- and AB-positive, and PAS-positive and AB-negative secretion were
secreted. Therefore, the prostatic utricle showed morphological and functional changes along with
maturation.

In the studies on the cervix, histological changes was revealed during pregnancy. As pregnancy
progressed, the intraepithelial cysts with mucous were expanded, and secretion increased to close the
cervical orifice. It is suggested that the rupture of intraepithelial cysts may form the epithelial folds by

the ripped surface epithelium.
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