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1. Introduction
1.1 Testes structure

The testes have two functions: they produce the male gametes, spermatozoa, and also
produce the male sexual hormone, testosterone, which stimulates the accessory male sexual
organs and causes the development of the masculine extragenital sexual characteristics. The
testis is surrounded by a thick capsule, the tunica albuginea, from which a conical mass of
connective tissue, the mediastinum testis, projects into the testis [1]. The tunica albuginea is
covered externally by a serosa. From the mediastinum, delicate fibrous septa radiate
towards the tunica albuginea and divide the parenchyma of the testis into about 300 lobuli
testis, which communicate peripherally. Each lobule contains 1-4 convoluted seminiferous
tubules (about 150-300 pm in diameter, 30-80 cm long). Interstitial tissue between the
convoluted tubules is continuous with a layer of loose vascular connective tissue, the tunica
vasculosa testis, which is found beneath the tunica albuginea. Each seminiferous tubule
continues near the mediastinum into a straight tubule, a tubules rectus. The straight tubules
continue into the rete testis, a labyrinthine system of cavities in the mediastinum [1, 2].

1.2 The convoluted seminiferous tubules

These tubules are enclosed by a thick basal lamina and surrounded by 3-4 layers of smooth
muscle cells (or myoid cells). The insides of the tubules are lined with seminiferous epithelium,
which consists of two general types of cells: spermatogenic cells and Sertoli cells (fig 3, 5).
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114 The Transmission Electron Microscope

Fig. 1. Electron micrograph (TEM) of rat testes from: A, the control group showing normal
basement membrane (BA), primary spermatocytes (PS), spermatogonia (SG) and Sertoli
cell (S) (x4000). B, the animals in experimental group showing empty vacuolar spaces (EVS)
in the Sertoli and spermatocyte cells (x5000). signs of inflammatory damage of testicular
tissue in the form of irregular (C) and thickened (D) basal lamina(—) in (x11000 and x13000),
cytoplasmic vacuolation (—) in the Laydig (E) cells in experimental group (x12000) in
comparision with normal Leydig cell (F) in control group (x15000), Lipid droplets (—) in
Sertoli cells (N: Sertoli nucleus) in experimental group [G (*22000)] (BM: Basement
Membrane) [H (%23000)].
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Fig. 2. Analyses of testis cross-sections from experimental group shows spermatogenic cell
apoptosis (x400): The representatives TEM semithin (A) and TEM ultrathin (B) sections
demonstrate an increase in germ cell apoptosis (arrows) in sections from experimental rats.
BM Basement Membrane, PS Primary Spermatocyte. Vacuoles in the mitochondria (C) of
Sertoli cells (—) in experimental group (x30000) in comparison with normal mitochondria
(D) of Sertoli cells (N: Sertoli nucleus) in control group (x17000), dense body (E,F) in the
cytoplasm of spermatid cells (N: spermatid nucleolus) in experimental group (%x25000),
(x45000), degenerated (G) cell (—) near the basement membrane (BM) in ND-EX group
(x30000), dense clumped (H) marginal chromatin (—) in primary spermatocytes in
experimental group (*35000).
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Fig3. LP:Lamina Properia, BM:Basement Membrane

Fig. 3. LP:Lamina Properia, BM:Basement Membrane

Spermatogenic cells:
Spermatogonia

Spermatogonia are the first cells of spermatogenesis. They originate from the primordial
germ cells, PGC, of epiblast layer of embryo in the 8th days of feotal development and
then appear in the 4th week of development in the endodermal walls of the yolk sac and
migrate to the primordium of the testis, where they finally in the puberty differentiate into
spermatogonia. They are always in contact with the basal lamina of the tubule. Two types
of spermatogonia can be distinguished in the human seminiferous epithelium: Type A
spermatogonia have a rounded nucleus with very fine chromatin grains and one or two
nucleoli. They are stem cells which divide to form new generations of both type A and
type B spermatogonia (fig 4).Type B spermatogonia have rounded nuclei with chromatin
granules of variable size, which often attach to the nuclear membrane, and one nucleolus.
Although type B spermatogonia may divide repeatedly, they do not function as stem cells
and their final mitosis always results in the formation of primary spermatocytes which lie
in the cell layer luminal to the spermatogonia. They appear larger than spermatogonia.
They immediately enter the prophase of the first meiotic division, which is extremely
prolonged (about 22 days!). A large number of primary spermatocytes are always visible
in cross-sections through seminiferous tubules. Cell divisions, from the formation of
primary spermatocytes and onwards, to the production of the spermatocytes, are
incomplete [2]. The cells remain connected by bridges of cytoplasm (fig 4). The completion
of the first meiotic division results in the formation of

Secondary spermatocytes,

which are smaller than primary spermatocytes. They rapidly enter and complete the
second meiotic division and are therefore seldom seen in histological preparations.
Their division results in the formation of
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Spermatids,

Which lie in the luminal part of the seminiferous epithelium, they are small (about 10
pum in diameter) with an initially very light (often eccentric) nucleus (fig 4). The
chromatin condenses during the maturation of the spermatids into spermatozoa, and
the nucleus becomes smaller and stains darker [2].

The terminal phase of spermatogenesis is called spermiogenesis and consists of the
differentiation of the newly formed spermatids into

Spermatozoa

The mature human spermatozoon is about 60 pm long and actively motile only
following epididymal maturation. It is divided into head, neck and tail.
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Figd. LP:Lamina Properia, BM:Basement Membrane

Fig. 4. LP:Lamina Properia, BM:Basement Membrane

The head (flattened, about 5 pm long and 3 um wide) chiefly consists of the nucleus (greatly
condensed chromatin!). The anterior 2/3 of the nucleus is covered by the acrosome, which
contains enzymes important in the process of fertilization. The posterior part of the nuclear
membrane forms the so-called basal plate.

The neck is short (about 1 pm) and attached to the basal plate. A transversely oriented
centriole is located immediately behind the basal plate. The neck also contains nine segmented
columns of fibrous material, which continue as the outer dense fibers into the tail.

The tail is further divided into a middle piece, a principal piece and an end piece. The
axoneme (the generic name for the arrangement of microtubules in all cilia) begins in the
middle piece. It is surrounded by nine outer dense fibers, which are not found in other cilia.
In the middle piece (about 5 pm long), the axonema and dense fibers are surrounded by a
sheath of mitochondria. The middle piece is terminated by a dense ring, the annulus. The
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principal piece is about 45 pm long. It contains a fibrous sheath, which consists of dorsal and
ventral longitudinal columns interconnected by regularly spaced circumferential hoops. The
fibrous sheath and the dense fibers do not extend to the tip of the tail. Along the last part (5
pum) of the tail, called the end piece, the axoneme is only surrounded by a small amount of
cytoplasm and the plasma membrane.

It takes about 48 days from the time cells enter meiosis until morphologically mature
spermatozoa are formed. Depending on the length of reproduction of spermatogonia (which
is not precisely determined) it takes approximately 64 days to complete spermatogenesis.

Spermatogenesis is regulated by follicle stimulating hormone (FSH), which in males
stimulates the spermatogenic epithelium, and luteinizing-hormone (LH), which in males
stimulates testosterone production by Leydig cells in the interstitial tissue.

Sertoli cells

are far less numerous than the spermatogenic cells and are evenly distributed between
them. Their shape is highly irregular - columnar is the best approximation. Sertoli cells
extend from the basement membrane to the luminal surface of the seminiferous
epithelium. Processes of the Sertoli cells extend in between the spermatogenic cells (cell
limits are therefore not clearly visible in the light microscope [LM]). The nucleus of Sertoli
cells is ovoid or angular, large and lightly stained and often contains a large nucleolus.
The long axis of the nucleus is oriented perpendicular to wall of the tubule [2]. A fold in
the nuclear membrane is characteristic for Sertoli cells but not always visible in the LM
(well ... actually ... it's not that difficult to find, but not that easy either ....).
Lateral processes of Sertoli cells are interconnected by tight junctions, which are likely to
be the structural basis for the blood-testis barrier. Spermatogonia and primary
spermatocytes are located in the basal compartment; other cellular stages of
spermatogenesis are located in the adluminal compartment. Tight junctions may
temporarily open to permit the passage of spermatogenic cells from the basal into the
adluminal compartment. Sertoli cells provide mechanical and nutritive support for the
spermatogenic cells. Sertoli cells also secrete two hormones - inhibin and activin - which
provide negative and positive feedback on FSH secretion from the pituitary, respectively.

Interstitial tissue

Leydig cells (15-20 pm), located in the interstitial tissue between the convoluted
seminiferous tubules, constitute the endocrine component of the testis. They synthesis and
secrete testosterone. Leydig cells occur in clusters, which are variable in size and richly
supplied by capillaries. The cytoplasm is strongly acidophilic and finely granular. The
nucleus is large, round and often located eccentric in the cell [2].

2. Fine structure of seminiferous tubule (ST) wall

The wall of seminiferous tubule (ST) has formed of two distinct concentrical layers: basal
membrane (BM) and Lamina Propria (LP) [3]. However, some authors consider that BM is a
component of the LP, being its most inner layer, in apposition with the seminal epithelium
[4, 5]. The BM is in contact with the seminiferous epithelium and contains laminin and
collagen type I and IV, synthesized by Sertoli cells [5]. The LP consists of three concentric
zones [6]. The middle and external ones have a total of three to seven layers of oblonged
flattened secreting peritubular cells [7]. The inner zone (lamina interna) is adjacent to the
BM, containing large amounts of collagen with lamellar disposition [6]. The middle zone
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(myoid layer) consists of the first three to five incomplete layers of modified smooth muscle
cells called myoid cells. These cells reside in the extracellular matrix among the fibrillary
lamellar structures which, in the normal testis, are made of both collagen and laminin [3, 4,
5, 8, 9]. Myoid cells contain numerous actin, myosin and desmin filaments [10, 11]. In
contrast to tubules, which underwent sclerosis, they show an intense positive reaction for
actin and desmin but only focal positive reaction for vimentin [12,13]. The outer zone
consists of the last two cell layers made of fibroblasts and fibrocytes containing characteristic
collagen, elastin and vimentin cytoskeletal filaments [6, 11, 14]. Landon and Pryor (1981)
found values over 5-7 pm within a narrow variation interval. On the other hand, Trainer
(1997), found that the thickness of the two layers varied between 0.3 and 6 pm. Moreover,
the thickening of the LP with age is considered to be rather relative as it depends on the ST
decrease in length and diameter and represents the result of the reduction in volume of the
seminiferous epithelium (fig3, 5) [15-19].

Fig. 5. LP:Lamina Propria, BM:Basement Membrane

2.1 Evaluation of the tubular basement membrane

For evaluation of the tubular basement membrane, we used OT POP et al pattern [49]. The
dimensions of the basement membrane were evaluated on TEM samples. For each case, 10
tubules were randomly selected and photographed using the same magnification [49].

The algorithm for evaluating the basement membrane thickness was as follows:

For each tubule, five random measurements were performed and were assigned g/ CIV, g2
Clv, ..., g5 CIV.

The mean thickness/tubule was calculated using the formula:
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(g1CIV + g2 CIV + g3CIV + g4 CIV + g5 CIV)
5

and the values were assigned the following symbols: G1 CIV, ..., G10 CIV.

The mean thickness per case was calculated using the formula:

(GICIV+G2CIV +..+G30CIV)
10

and the values were assigned the following symbols for each case: GM1 CIV, ..., GMn CIV,
“n” being the number of the last case from each age group.

The mean thickness for each age group was calculated using the formula:

(GMICIV +GM2CIV +...+ GMn CIV)

n
And the values were assigned the following symbols:

GM 01 CIV, ..., GMO07 CIV.

2.2 Evaluation of the lamina propria thickness
The evaluation of the lamina propria thickness was performed on the sets of serial sections:

for each case, 10 tubes were randomly selected and photographed using the same
magnification of the microscope [49].

The algorithm for evaluating the lamina propria thickness was as follows: For each tubule, five
random measurements were performed and were assigned g1, g2, ..., ¢5. The mean
thickness/tubule was calculated using the same formula:

(g1+ g2+ g3+ g4+ g5)
5

And the values were assigned the following symbols: G1, G2, G3, ..., G10.
The mean thickness per case was calculated using the formula:

(G1+G2+G3+...+G10)
10

And the values were assigned the following symbols for each case: GM1, GM2, ..., GMn, “n”
being the number of the last case from each age group. The mean thickness for each age
group was calculated using the formula:

(GM1+GM2+...+ GMn)

n

And the values were assigned the following symbols: GM 01, GM 02, ..., GMO?7.
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3. Evaluation of ultrastructure of seminiferous tubule epithelium

To distinguish different testicular cell types, the following ultrastructural morphological
characteristics were used. Spermatogonia are located on the basal lamina of the seminiferous
tubules [2]. Type A spermatogonia were identified as cells with an ovoid nucleus with the
nucleoli close to the nuclear membrane. The electron-dense cytoplasm contained a small Golgi
apparatus, few mitochondria and many free ribosomes. Type B spermatogonia were identified
by having a more rounded nucleus and heavily stained chromatin masses attached to the
nuclear membrane or to the nucleoli, located at the centre of the nucleus. Sertoli cells were
recognized by their location on the basal laminae of the tubuli, by their extension to the lumen
of the tubule, and by their large deeply indented nucleus with a homogeneous nucleoplasm
and a prominent nucleolus [2]. The cytoplasm contained oval mitochondria, a small Golgi
apparatus, an agranular endoplasmic reticulum, lipid droplets and primary and secondary
lysosomes. The EM sections were studied in the following categories: (1) Seminiferous tubules:
Basement membrane (BM); Spermatogenic series: various stages of maturation, sperm count,
and sperm morphology; and Sertoli cells: number, size, and organelles; (2) Extracellular matrix
(ECM) and Leydig cells. Features of degeneration were fragmentation of the cell membrane,
disorganization of the organelles, intracellular of edema, disruption of the endoplasmic
reticulum (ER), and fractionation of mitochondria (figl, 2) [2].

Groups | Control rats | Sham rats | EX1 rats | EX2 rats | EX3 rats
Seminiferous tubules

1. Basement membrane 0 0 2 (Gr. 2) 1 (Gr.2) 7(Gr. 2)2
thickening

2. Spermatogonia

Decreased numbers 0 0 1(Gr. 1) 1(Gr.1) |5(Gr.2)a
Degeneration 0 0 2 (Gr.1) 1 3(Gr. 2)a
Vacuolation 0 0 1(Gr.1) 0 3(Gr. 2)a
Apoptosis 4(occasional) | 3(occasional) |6(single)? 3(single) |7(single)?
3. Spermatocytes

Decreased numbers 0 0 1(Gr.1) 1(Gr.1) |3(Gr.1)2
Degeneration 0 0 2 (Gr.1)a 1 5(Gr. 3)a
Vacuolation 0 0 1(Gr.1) 0 1(Gr. 2)
Apoptosis 4 (occasional) | 3(occasional) | 6(clumps)? 5(single) | 7(clumps)?
4. Spermatids

Decreased number 2(mild) 2(mild) 4(moderate) |2(mild), |5(moderate)a
Abnormal morphology 0 0 2(tail/head)2 |0 4(head)a

5. Sertoli cells

Increased cell number 2 1 1 2 2
Increased cell size 0 0 5a 0 72
Increased lipid droplets 2 2 5a 1 7a

aWilkinson rank-sum test; P value <0.05 statistically significant. EX: experimental group. EX1rats:
injecting nandrolone decanoate 10mg/kg/weekly for 8 weeks, EX2 rats: swimming exercise 1hour/day
for 8 weeks and EX3 rats: ND + Exercise [2]

Table 1. Ultrstructural changes in testes
The vacuolar and degenerative changes were graded according to the percentage of cells
involved as follows: grade 0: <1% of cells; grade 1: 1-25%; grade 2: 25%-50%; grade 3: > 50%

of cells affected. Apoptosis was similary graded as follows: grade 0: < 1%; grade 1: 1-5%;
grade 2: 6%-10%; grade 3: > 10% of cells. Cell numbers were graded as follows: grade 0:
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normal; grade £1: 25-50% increase or decrease; grade +2: 50-75% increase or decrease; grade
+3: > 75% increase or decrease. Thickening of the BM was graded as 0: BM thickness in
control rats (taken as normal range); 1: 25%-50%; 2: 50%-75%; 3: >75% increase [2].

Groups | CO | EX1 | EX2 | EX3

Seminiferous tubules

Basement normal Diffuse, Mild, focal, Diffuse, 2+ to 3+
membrane 2+fractionation 1+Fractionation

thickening

Spermatogenesis normal Focal Degeneration, | Focal Degeneration, | Marked degeneration,

singl cell apoptosis, |singl cell apoptosis, | Clumped apoptosis
sperm count mildly | sperm count mildly | Cells, All counts

decreased decreased reduced
Sertoli cells Increased size Mild increase in Incresed size
normal Increased lipid size, Mild increased | Increased LD
droplets (LD) LD

EX1: injecting nandrolone decanoate 10mg/kg/weekly for 8 weeks, EX2: swimming exercise
lhour/day for 8 weeks and EX3: ND + Exercise [2]

Table 2. Changes observed in rat testes by transmission electron microscopy

4. The ultrastrucure of Leydig cells

In 2002 Redins CA et al measured diameters D1 and D2 from 20 nuclei with prominent
nucleoli per animal. They used millimeter-ruled transparent plastic scale, which was placed
on the photographs, twenty photographs per group with a same magnification (x2500) [48].
Therefore, they used the formula R = VD1 x D2. Researchers can use the geometric formula
of the sphere’s volume (Nvol =16 4/3nR3) for determining the nuclear volume (Nvol).
Incident point counting methods is useful for counting the fractional volumes of nuclei and
cytoplasm of Leydig cells [20]. In this method 414 computerized points placed on
photographs, twenty photographs per animal with a same magnification (x2500). These
points randomly distributed on a net-like transparent test overlay. According to Bassi et al.
(1992) and Ferreira et al. (1994) calculated the ratio between cytoplasm and nucleus
(FCvol/FNvol) and the cytoplasmic volume (Cvol) of the cells (Cvol = Nvol x
FCvol/FNvol) [21, 22]. Incident point counting methods was used for counting the
cytoplasmic organells of Leydig cell as described for counting Leydig cells fractional nuclear
volumes and cytoplasm. Ten 18 x 24 cm photographs at a same magnification (x12500) were
examined per animal.

5. Pathological changes of testes ultrastructure

Some studies show a remarkable decrease in the number and size of the Leydig cells and
depletion of intact cells in the experimental animals. Feinberg et al. (1997) found pyknotic
and severe depletion of Leydig cells following treatment by anabolic androgenic steroids
[23]. Close relationship between Leydig cells and blood vessels suggests that these cells are
at high risk of exogenous toxicants and multivacuolated Leydig cells are probably a form of
cell involution. Leydig cells are known to have receptors for LH that stimulates these cells to
produce testosterone. Both LH and testosterone are responsible for normal spermatogenesis
in male rats [24]. Therefore, depletion of LH receptors and decreases in peripheral LH by
exogenous testosterone administration result in the reduction of testosterone secretion [25].
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Some results suggest a reduction of synthetic activity in Leydig cells in some animals. The
fractional volumes of 0.6% and 0.3% for the rough endoplasmic reticulum (RER) and Golgi
complex, respectively, observed in mouse Leydig cells and reported by Mori et al.(1982), were
somewhat lower than those in the experimental groups [26]. According to Palade (1975) the
RER and the Golgi complex are played a role in synthesis of secretory proteins for export from
the cell [27]. The Golgi complex of Leydig cells participates in the secretory pathway of
glycoproteins [28]. Based on some reports, that protein synthesis may be diminished in Leydig
cells of animal treated with some drugs or toxicants (figl, 2).

An important role of basement membrane is maintaining the integrity of tissues [29]. It can
stable the structure of tissue and send signals to cell [30]. Therefore, alteration of basement
membrane structure can impair the severe function of testis [29]. Several proteins including
laminin, type IV collagen, various heparin sulfate proteoglycans and ectatin/nidogen is
collected in the basement membrane [31]. Type IV collagen is a major constituent of
basement membrane which is secreted by Sertoli cells and myofibroblasts [32] and it has
been localized in the inner and the outer extracellular matrix (ECM) layers of the basement
membrane of seminiferous tubules [30].

Some reports have showed that some exogenous stimulants may induce myoid cells to
produce more collagen and ECM that are responsible for basal lamina thickness [33].
Therefore, it may increase thickness of basement membrane and change its appearance to
irregular wavy multilaminar shape (Fig 3, 5).

The essential interactions for spermatogenesis are thought to be between Sertoli cells, myoid
cells, Leydig cells, and germ cells. These cells must interact together by ECM of the
basement membrane.

Many reports have showed that overexpression of type IV collagen correlates with
thickened basement membrane and it is related to spermatogenic dysfunction in mammals
[31,33, 34]. Some studies demonstrate an increase in size of the basement membrane, others
do not indicate significant changes in senescence [36-40].

Different studies that regarding testicular parenchyma, rarely mentioned changes of LP and
include only general qualitative assessments. Thus, the gradual thickening of the lamina
propria is parallel to tubular involution [16, 17]. Moreover, it is considered that LP
thickening depending on the length and diameter decrease of the seminiferous tubules, and
being the result of the disproportionate reduction in the volume of the seminiferous
epithelium [16-18, 40].

Whitin the testicular epithelium observed two major changes in the Sertoli cells and in their
vicinity were noticed. One was the presence of cytoplasm vacuolization, vesicular-like crista
of the mitochondria, numerous lipid droplets and lysosome and phagolysosome in Sertoli
cells of experimental rats. These are in agreement with the reports showing that exogenous
stimulants may cause progressive apoptosis of the Sertoli cells, which affect
spermatogenesis and sperm parameters [41]. The second major change was the empty
vacuolar spaces between Sertoli cells that are regarded to be the place where spermatogonia
and spermatocytes should be located.

In addition, the results of some studies showed that apoptosis occurred in all germ line cells
especially in spermatogonia and spermatocyte. The presence of apoptotic germ cells is
supported by Blanco et al. (2002) finding that has described apoptosis in hamster testis
following treatment with anabolic androgenic steroids [42]. Spermatogenesis is a complex
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and dynamic process that results in the continual production of spermatozoa in mammals.
The Sertoli cells are largely responsible for orchestrating the germ cells through sequential
phases of mitosis, meiosis, and differentiation. The Sertoli cells accomplish this task by
providing hormonal, nutritional, and physical support. Apoptosis of germ cells that occurs
in the testicular epithelium serves as a mechanism to reduce the germ cell population to the
level that the Sertoli cells can support. Some drugs and toxicants injure or disrupt the
function of Sertoli cells and can effectively reduce their supportive role, resulting in an
increase in the elimination of the germ cell numbers via apoptosis [43]. Also it has been
described that apoptosis in the germ cells is related to the Fas signaling system that is
activated by exogenous toxicants [43]. Observation of detached germ cells, amorphous head
sperm, and mislocation of spermatid and spermatozoa to positions that are closely related to
the basement membrane may be due to the rapid disruption of Sertoli-germ cell interaction.
This physical interaction ultimately leads to the sloughing of the germ cells from the
seminiferous epithelium [43]. It seems that the spermatogenesis cycle is reduced by the
presence of high levels of androgens. On the other side, some researchers believed that some
toxicants can result in an enhanced production of reactive oxygen species (ROS) in
cells/tissues and exert oxidative stress (OS), which, in turn, increases the rates of cellular
damage [44]. Pey et al. (2003) showed that prolonged stanozolol treatment as an AAS can
cause an oxidative stress situation in rat liver [45]. Therefore, it seems logical that the
physical/chemical-induced oxidative stress may affect the testicular antioxidant system and
lipid peroxidation [46]. OS has been shown to be a major cause of male infertility; a large
proportion of infertile men have elevated levels of seminal ROS. Several forms of sperm
DNA damage are caused by ROS, e.g. chromatin cross-linking, chromosome deletion and
DNA strand breaks (Apoptosis). Under physiological conditions, apoptosis maintains the
number of germ cells within the supportive capacity of Sertoli cells. However, disturbances
in this pathway can interrupt the spermatogenic cascade. High levels of apoptosis were
detected at spermatogenic stages where major developmental blocks occur, and frequencies
of DNA damage were higher in less mature germ cells [47] (Figs 2 and table 1,2).
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