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Testis Systems Biology
- Cell Biology of the Testis
- Cell Types and Organization
- Cell Associations
- Spermatogenesis
- Stages and Cycle
- Germ Cell Differentiation
- Genes Involved
- Endocrinology of the Testis
- Gonadotropins
- Testosterone and Leydig Cell
- Cell-Cell Interactions
- Types of Interactions
- Sertoli-Germ Cell Interactions
- Other Cellular Interactions

Required Reading
de Kretser, et al. (2018) Structure/Cells Overview. In: Encyclopedia of Reproduction (Second
Edition). Volume 1, Pages 10-16
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Development of Testes
The testes are located in the scrotum since sperm production requires a temperature that is cooler than that of the abdomen (de
Kretser, 2016). They develop in the embryo just distal to the kidneys and descend into the scrotum shortly after birth through
the inguinal canal. This canal, found on both sides in the region of the groin, is formed by the attachments of one of the muscles
of the abdominal wall. The canal extends downwards and medially in the groin and links the abdominal cavity with the scrotum (de
Kretser, 2016; de Kretser et al., 1982; Clermont and Huckins, 1961; Roosen-Runge and Holstein, 1978; Hutson et al., 1990).

Descent of the Testes
In some males, the inguinal canal does not close and the testes may retract from the scrotum into the abdominal cavity for brief
periods. The descent of the testis is important because the temperature of the scrotum is lower than the intra-abdominal temperature and the germ cells require a lower temperature for their survival (Hutson et al., 1992). In some males, the inguinal canal which
normally closes after the testes descend, remains patent and the testes may retract for varying periods causing damage to the germ
cells because of the higher intra-abdominal temperature. Descent of the testis begins in the fetus at about 28 weeks of gestation and
should be complete by birth and it is controlled by a Leydig cell secreted protein called insulin-like protein 3 which is a member of
the insulin-like protein super family (de Kretser et al., 1982; Bowles and Koopman, 2007).
Failure of the testes to descend should be diagnosed as soon possible as spermatogenic damage and infertility may result. Surgery
can be undertaken to close off the inguinal canal so that the testes are permanently located in the scrotum. The testes are ovoid in
shape and in adults, their volume ranges from 15 to 35 mL. At birth they are about 1–3 mL in volume grow rapidly during pubertal
development. The availability of an orchidometer, a range of spheres from 1 to 3 mL in progressively increasing volumes to 35 mL,
is every helpful in determining testicular size (Fig. 1).

Fig. 1 Orchidometer: This set of models of differing testicular size helps the physician in assessing the size of the testes in patients with delayed
puberty, infertility or potential testicular tumors.
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Fig. 2 The anatomical features of the testis, epididymis, vas deferens and the pampiniform plexus of veins, that surround the testicular artery,
represent the venous drainage of the testis and epididymis.

The testes are covered by thick ﬁbrous tissue that forms the tunica albuginea and should be smooth on their anterior and lateral
surfaces. These surfaces are also covered by a serous membrane called the tunica vaginalis. Posteriorly, in the region under the
epididymis, the tunica albuginea is thickened and projects into the parenchyma of the testes to form the mediastinum of the testis.
A series of tubules traverse the mediastinum of the testis to link the seminiferous tubules to the efferent ducts that form the head of
the epididymis (Roosen-Runge and Holstein, 1978) (Fig. 2).
In prepubertal boys, the germ cells in the testes are called gonocytes which are centrally placed in the seminiferous cords, that are
the precursors of the seminiferous tubules. The other cellular components of the cords are the immature Sertoli cells that extend
from the basement membrane of the tubule to the lumen of the seminiferous tubules. As development proceeds, the gonocytes
move to the periphery of the cords to lie on the basement membrane of the cords and commence dividing by mitosis to give
rise to the spermatogonial stem cells a process that requires retinoic acid and Oct 4 (de Rooji and Russell, 2000; de Rooij and Grootegoed, 1998; Dann et al., 2008; Bowles and Koopman, 2007). Continuation of spermatogonial mitosis requires the action of Foxo1
and the spermatogonial stem cells have the capacity for pluipotency, a characteristic marker of stem cells in many tissues (de Rooji
and Russell, 2000; de Rooij, 2001; Goertz et al., 2011). When this occurs at the time of puberty, the basally placed Sertoli cells form
specialized tight junctions just central to the gonocytes thereby preventing inter-cellular transport of substances and creating
a blood–testis barrier (Dann et al., 2008). External to the basement membrane of the seminiferous tubules, there is a layer of myoﬁbroblasts that can contract and increase the intra-tubular pressure. This facilitates the movement of sperm and the ﬂuid produced
by the Sertoli cells in to the rete testis (Simoni et al., 1999).

Functions
The testes have three functions, the production of sperm, the secretion of the steroid hormone, testosterone, after puberty and the
production and secretion of protein hormones inhibin, activin, and follistatin. In addition, insulin and IGF1 are important in the
control of Sertoli cell proliferation (Pitetti et al., 2013). Testosterone is synthesized and secreted by the Leydig cells of the testis that
lie close to blood vessels found in the inter-tubular region of the testis. The Leydig cells have the characteristics of steroid secreting
cells, namely a well developed smooth endoplasmic reticulum and mitochondria which have tubular cristae unlike “conventional”
mitochondria in which the inner mitochondrial membrane forms “plate-like” cristae (de Kretser, 1967).
There are also lymphatic vessels in the inter-tubular compartment of the testes and these join abdominal lymphatics that also
transport testosterone into the chest where they join the thoracic duct, the common duct of all lymphatic vessels in the body. The
thoracic duct joins the venous system at the junction of the left subclavian vein and the left internal jugular vein (Stanton, 2016)
(Fig. 2).
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Spermatogenesis
The testes produce sperm in tubules termed seminiferous tubules by a process called spermatogenesis. These tubules are
composed of germ cells and the supporting network of Sertoli cells. The tubules are surrounded by a layer of basement
membrane, external to which lies a plate-like layer of peritubular cells which are contractile effectively “squeezing” the seminiferous tubules (Holstein et al., 1996; Simoni et al., 1999). Thereby they assist in moving sperm, released into the lumen of the
seminiferous tubules, toward an irregular network of tubules located at the posterior and superior pole of the testis called the rete
testis.
The rete testis is connected with the duct of the epididymis, a coiled tube that lies at the posterior aspect of the testis and is
divided into the head, body and tail, the latter continuing as the vas deferens (Johnston and Whillis, 1954). In the epididymis,
the sperm, which are still not motile, are moved by muscular contractions from the head to the tail of the epididymis. They acquire
mobility as they pass through the epididymis to enter the vas deferens (Baker, 1989). The latter delivers the sperm during ejaculation
to enter the prostatic urethra and pass through the penile urethra.
The cellular components in the seminiferous tubules are the germ cells that are the precursors of sperm and also the Sertoli cells.
The latter are named after the person who ﬁrst described them and they are a critical component of the seminiferous epithelium.
They extend from the basement membrane of the tubule to the lumen and send projections between the surrounding germ cells not
unlike the branches of a tree from the trunk. These projections contain microﬁlaments that provide a structural framework for the
epithelium given that the germ cell components migrate from the basally placed spematogonia to the centrally placed spermatids
and their ﬁnal product, the spermatozoa (Fig. 3).
In prepubertal boys, the germ cells in the testes are called gonocytes and they are centrally placed in the seminiferous cords that
comprise the testis (Clermont and Huckins, 1961; de Rooij and Grootegoed, 1998; de Rooji and Russell, 2000). The other cells
comprising the cords are the immature Sertoli cells that extend from the basement membrane of the cords surrounding the gonocytes. At the commencement of puberty, the gonocytes move to the periphery of the cords and the Sertoli cells form specialized cell
junctions central to the gonocytes which will progress to give rise to the population of spermatogonia, the precursors to the subsequent stages of spermatogenesis (Johnston and Whillis, 1954). These changes, under the inﬂuence of the pubertal increase in FSH,
act through Foxo1 and Oct 4 (Dann et al., 2008).
Where adjacent Sertoli cell projections meet basally, they form specialized tight cell junctions that prevent inter-cellular
transport creating a blood–testis barrier (Dym and Fawcett, 1970: Russell, 1977). These tight junctions are placed at such a position in the seminiferous epithelium that only the spematogonia are in contact with the basement membrane of the seminiferous tubules. All other germ cells lie central to the blood–testis barrier and are thus dependent on the Sertoli cells for transport
of materials for optimal germ cell function and can be considered to “nurse” germ cells central to these inter-Sertoli cell
junctions.
The inter-Sertoli cell junctions must open centrally to enable the progeny of spermatogonia, the primary spermatocytes, to leave
the basal compartment and enter the luminal compartment. The inter-Sertoli cell junctions reform basally below the primary spermatocytes that now lie within adluminal compartment of the seminiferous tubule (Stanton, 2016).
Studies have shown that the number of Sertoli cells can affect the magnitude of sperm production. One of the important factors
that controls Sertoli cell numbers is activin A which stimulates proliferation and inhibits differentiation of Sertoli cells (Baker, 1989;
Kreuger et al., 1974). Increasing systemic levels of activin A using an adeno-associated virus expressing activin A (Russell, 1977)
stimulated proliferation and prevented differentiation of Sertoli cells in mice. This was associated with disruption of the blood testis
barrier formed by the inter-Sertoli cell junctions and resulted in a 23.5% decrease in testis weight due to diminished spermatogenesis linked to disordered Sertoli cell function. The latter was associated with increase in markers of juvenile Sertoli cells and
a decrease in claudin-11, a marker of mature Sertoli cells. These data are consistent with studies of the levels of activin A in mice
during normal post-natal development which established that activin A levels are elevated at birth but decline rapidly after day
4 postpartum (Meehan et al., 2000).
Other studies using treatment with FSH or thyroxine, a hormone secreted by the thyroid gland, can enhance Sertoli cell proliferation and thus increase sperm output.
In part, the action of FSH on spermatogenesis is exerted directly via spematogonia which are the only germ cells that have FSH
receptors (Simoni et al., 1999). Germ cells also do not have androgen receptors and thus the requirement of testosterone for successful spermatogenesis is dependent on the presence of androgen receptors on the Sertoli cells.
Since in the human, testicular sperm production continues from puberty throughout life, there is clearly a need for a population of stem cells to produce the precursor cells that develop into sperm. The cells forming this stem cell population are the
spermatogonia that undergo several mitotic divisions and have 46 chromosomes as do all other cells in organs throughout
the body (Amory et al., 2011). They develop from the gonocyte population found in the testes of prepubertal boys. The gonocytes are initially placed in the centre of the seminiferous cords and migrate to lie between the precursors of the Sertoli cells
and, as with the gonocytes, the spermatogonia are basally placed in contact with the basement membrane of the seminiferous
tubules. These cells undergo several stages of development and are designated by their cytological features before commencing
meiosis.
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Fig. 3 The efferent ducts draining from the rete testis to form the head of the epididymis is illustrated together with the distal regions of the epididymis termed the body and tail.
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The spermatogonia lose their contact with the basement membrane of the tubule when they begin another process of cell division called meiosis by which the chromosome numbers in these cells are reduced from 46 to 23. These cells are called primary
spermatocytes.
During meiosis, the homologous chromosomes, derived originally from the fertilization of the egg, one provided by the
mother, and the other member of the pair, provided by the father via his sperm, pair and replicate their DNA (deoxyribonucleic
acid). The primary spermatocytes thus have nuclear features which enable the identiﬁcation of the stages as the cells undergo the
ﬁrst meiotic division during which, one of each homologous chromosome pair, moves to the opposite pole of the cell. These cell
types are named by the stage of meiosis that they have reached and can be identiﬁed by the chromatin pattern in their nucleus
associated with the chromosome replication. Leptotene, zygotene, pachytene, diplotene, and diakinesis stages can be identiﬁed
and, unlike cell division in somatic cells, these germ cells remain connected by intercellular bridges that link the cytoplasm of
these cells. These bridges enable the development of the “chains” of germ cells and remain in place in the primary and secondary
spermatocyte populations. This process requires the involvement of retinoic acid and androgens to proceed to completion.
(Amory et al., 2011).
The completion the ﬁrst meiotic division gives rise to cells called secondary spermatocytes that have half the number of chromosomes, 23, termed the haploid number, in contrast to their diploid precursor which had 46. The secondary spermatocytes then
divide by mitosis to give rise to a further population of cells called round spermatids that are still connected by the cytoplasmic
bridges.

Spermiogenesis
The round spermatids do not divide further but are transformed by a complex series of changes into a sperm, the process being
called spermiogenesis (de Kretser, 1969). The basic changes in the developing spermatids during spermiogenesis are common to
many mammalian species but the resulting sperm vary in their morphology especially in the shape of the head of the resulting
sperm. The structure of the sperm tail however has many features in common across species. In the round spermatids the nucleus,
which is centrally placed in the cell, is “capped” at one pole by a series of vesicles from the Golgi complex that coalesce to form
a “cap” that is called the acrosome and is applied to that part of the nucleus closest to the acrosome. The acrosome covers approximately 30%–50% of the nuclear surface.
The nucleus, in the region of the acrosome, comes into close apposition with the cell membrane but remains separated from the
nucleus by the acrosome.
Subsequently, as spermatid development continues, the nuclear chromatin undergoes a progressive condensation forming
electron dense granules associated with stabilization of the DNA (Sassone-Corsi, 2002). That process involves the replacement
of lysine-rich histones with transitional proteins, subsequently replaced by arginine-rich proteins called protamines. The
nuclear chromatin granules condense as spermiogenesis progresses and it becomes more difﬁcult to identify individual granules (Fig. 4).
At the pole of the nucleus opposite to the acrosome, a pair of centrioles, that participate in the development of the ﬂagellum,
lodge in a small fossa or indentation that still lies external to the nuclear membrane. This whole complex is called the connecting
piece. The centriole closest to the nucleus, called the proximal centriole, lies at right angles to the plane of the distal centriole which
gives rise to the core of the sperm tail called the axoneme. The axoneme is composed of a core of microtubules which forms the basis
of the sperm tail sometimes called the axial ﬁlament (Fawcett, 1975).
The axial ﬁlament comprises nine pairs of doublet microtubules which surround two centrally placed single microtubules,
a structure that is identical to the structure of cilia which also exhibit motility similar to the sperm tail.
A second set of nine outer dense ﬁbers surround the axial ﬁlament distal to a dense ring termed the annulus. The annulus marks
the distal end of the mid-piece and its mitochondrial sheath and deﬁnes the commencement of the ﬁbrous sheath. The annulus
marks the commencement of the region of the sperm tail called the principal-piece and the axonemal core, distal to the termination
of the ﬁbrous sheath, is termed the end-piece.
The ﬁnal step, before sperm are released from the epithelium by a process called spermiation, is a movement of mitochondria,
that up to this point have been distributed around the periphery of the spermatid cell membrane, to surround the mid-piece to form
a “mitochondrial sheath” distal to the connecting-piece and ending at the annulus.
Spermiation, involves the release of sperm from the seminiferous epithelium. At this stage, the cytoplasm of the spermatid has
migrated to a caudal position around the tail. Projections of Sertoli cells invaginate this caudal cytoplasmic collection to “literally”
pull the residual cytoplasm off the spermatid, thereby releasing it into the lumen of the seminiferous tubule.
The residual bodies within the Sertoli cells, that contain the “unwanted” cellular components of the spermatids, are moved
toward the base of the Sertoli cells and progressively “digested” by lysosomes. There is some data to suggest that these cellular
components signal to the Sertoli cell that a “generation” of sperm have been released from that region of the epithelium.
The spermatozoa, that are released from the Sertoli cells are still immotile. They, together with ﬂuid secreted by the Sertoli cells
into the lumen of the seminiferous tubules, are moved toward the rete testis by the contractions of the peritubular myoid cells and
enter the epididymis.
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Fig. 4 The speciﬁc stages of spermiogenesis, the process by which a round spermatid (Sa) is transformed into a spermatozoon (Sd2) are illustrated.
Reproduced with permission from de Kretser, D.M. (1969). Ultrastructural features of human spermiogenesis. Zeitschrift für Zellforschung 98, 477–505.
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Discussion
Student 19: Reference 1 above
• How do retinoids and Stra8 interact?
• What experimental design was used?
• What is the integration of retinoid actions and spermatogenesis?
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• What was the experimental design and omics technologies used?
• What was the secretome observed?
• How do Sertloli and germ cells interact?

Student 22: Reference 3 above
• What is the experimental and systems approach?
• What genetic and expression relationships exist?
• What insights are provided on the molecular control of male infertility?

1

Representations of Sertoli cells from the archives of the author. (A) The artistic representation of a Sertoli cell from the model built by Lonnie Russell
from serial sections in the electron microscope [13,14]. (B) Diagram illustrating the filaments and microtubules in mammalian Sertoli cells was on the
cover of the first book on Sertoli cells [1]. (C) Artistic representation of Sertoli cells and associated germ cells by Holstein and Schafer and first printed in
The Sertoli Cell [1]. (D) Field of Sertoli cells in culture from testis of 20-day old rat showing epithelial nature of cells. (E) Cross section of rat
seminiferous tubules stained by immunocytochemistry with antibody to clusterin highlighting Sertoli cells in the tissue.
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Retinoic acid metabolism links the periodical differentiation of germ cells with the cycle of Sertoli cells
in mouse seminiferous epithelium.
Sugimoto R, Nabeshima Y, Yoshida S.
Mech Dev. 2012 Jan-Feb;128(11-12):610-24.
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Identification, proliferation, and differentiation of adult Leydig stem cells.
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Endocrinology. 2012 Oct;153(10):5002-10.
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Classical and non-classical pathways of testosterone action. The classical pathway of testosterone action is shown on the left. Testosterone
diffuses through the plasma membrane and interacts with AR sequestered in the cytoplasm by heat shock proteins (HSP). As a result, the AR
undergoes a conformational change, is released from the HSPs and then travels to the nucleus due to an intrinsic nuclear localization domain. In
the nucleus AR binds to specific DNA motifs (AREs) and recruits co-activators or co-repressors (not shown) to regulate testosterone-mediated
transcription. The non-classical pathway shown in the center and on the right is initiated with testosterone binding to the classical AR either
localized near the plasma membrane or in the cytoplasm. AR then interacts with and causes the phosphorylation (P) of Src kinase, which may be
tethered to the plasma membrane or present in membrane-associated protein complexes. The activated Src then phosphorylates the epidermal
growth factor receptor (EGFR) directly or via intermediary factors. The EGFR then activates the MAP kinase cascade likely through the Ras
small G protein that causes the phosphorylation of Raf kinases that activate MEK kinase that in turn activates ERK kinase. ERK then activates the
p90RSK kinase to phosphorylate CREB on serine 133 allowing CREB bound to cAMP response elements (CREs) to recruit coactivators and
induce gene transcription. It should also be noted that the kinases that are activated by the non-classical pathway are capable of phosphorylating
other spermatogenesis-regulating proteins in Sertoli cells as well as activating other transcription factors to regulate additional webs of gene
expression.
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Sertoli-germ cell junctions in the testis: a review of recent data.
Kopera IA, Bilinska B, Cheng CY, Mruk DD.
Philos Trans R Soc Lond B Biol Sci. 2010 May 27;365(1546):1593-605.
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The germline stem cell niche unit in mammalian testes.
Oatley JM, Brinster RL.
Physiol Rev. 2012 Apr;92(2):577-95.

Schematic depicting the current understanding of determinants of the spermatogonial stem cell (SSC) niche in mammalian
testes. Sertoli cells are known to dictate the formation of niche microenvironments and have been shown to produce the
growth factors GDNF and FGF2 which regulate SSC proliferation and survival. Leydig cells are a source of CSF-1 which
specifically regulates self-renewal of SSCs. The differentiation of SSCs is influenced by BMP4 and Neuregulin 1; however,
the source of these factors is currently unknown. It is believed that upon differentiation from SSCs the resulting progenitor
spermatogonia (i.e., Apr/Aal) migrate away from the niche and continue to develop as a cohort of maturing germ cells.
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Kit and spermatogenesis ckit - oncogene, member PDGF receptor family
kit-ligand (i.e. Stem Cell factor, SMF) - growth factor ligand
- increase stem cell growth/early embryogenesis
In Situ Hybridization
ckit - spermatogonia
kit-ligand - Sertoli
Molecular mechanisms of mouse SSC selfrenewal. After GDNF binds to a ligand binding
receptor GFRA1, the complex activates RET
receptor tyrosine kinase following activation of
Akt and Src-family kinases. The GDNF stimuli
induces expression of many genes in SSCs,
including transcription factor-encoding genes,
Etv5, Bcl6b, Lhx1, Brachyury, Ret, Cxcr4,
Pou3f1, and Id4. These transcriptional factors
are involved in SSC self-renewal. Plzf, Taf4b,
and Foxo1 also play important roles on SSC
self-renewal, but their expression is not
regulated by GDNF. FGF2 is the second critical
factor for SSC self-renewal, which induces Etv5
expression through MEK activation. Etv5
appears to be a key molecule, because this
transcription factor upregulates other GDNFinducing
genes.
MicroRNA-21
(miR-21)
expression is regulated by Etv5 and inhibits
apoptosis in SSCs. GDNF and FGF2 are
produced from Sertoli cells in the testis.
Modified from [156].

Comparative expression profiling of testis-enriched genes regulated during the
development of spermatogonial cells

Developmental kinetics and transcriptome dynamics of stem cell specification in the spermatogenic lineage.
Law NC, Oatley MJ, Oatley JM.
Nat Commun. 2019 Jun 26;10(1):2787.

PLoS One. 2017 Apr 17;12(4):e0175787.
Ahn J, Park YJ, Chen P, Lee TJ, Jeon YJ, Croce CM, Suh Y, Hwang S, Kwon WS, Pang MG, Kim CH, Lee SS, Lee K.
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The adult human testis transcriptional cell atlas.
Guo J, Grow EJ, Mlcochova H, Maher GJ, Lindskog C, Nie X, Guo Y, Takei Y, Yun J, Cai L, Kim R, Carrell DT, Goriely A, Hotaling JM, Cairns
BR.
Cell Res. 2018 Dec;28(12):1141-1157.
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Androgen-induced Rhox homeobox genes modulate the expression of AR-regulated genes.

Androgen action via testicular peritubular myoid cells is essential for male fertility.

Hu Z, Dandekar D, O'Shaughnessy PJ, De Gendt K, Verhoeven G, Wilkinson MF.
Mol Endocrinol. 2010 Jan;24(1):60-75.

Welsh M, Saunders PT, Atanassova N, Sharpe RM, Smith LB.
FASEB J. 2009 Dec;23(12):4218-30.
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Structural, cellular and molecular aspects of immune privilege in the testis.
Li N, Wang T, Han D.
Front Immunol. 2012 Jun 11;3:152.
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A schematic drawing illustrating intercellular communication via paracrine immunosuppressive molecules that favor immune
privilege in the testis. Under the influence of follicle-stimulating hormone (FSH), androgens and germ cell antigens, Sertoli
cells secrete immunosuppressive molecules that inhibit inflammatory responses of macrophages and T lymphocytes (T) in
the interstitial compartments. Sertoli, Leydig cells and macrophages regulate activities of the other immune cells including
dendritic cells (DC), T and mast cells (MC) via paracrine immunosuppressive molecules, favoring testicular immune
privilege property.
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Schedule/Lecture Outline –
January 14 & 16
21 & 23
28 & 30
February 4 & 6
11 & 13
18 & 20
25 & 27
March 3 & 5
10 & 12
16 – 20
24 & 26
31 & 2
April
7&9
14 & 16
21 & 23
28 & 30
May
5&7

Week 1
Week 2
Week 3
Week 4
Week 5
Week 6
Week 7
Week 8
Week 9
Week 10
Week 11
Week 12
Week 13
Week 14
Week 15
Week 16
Week 17

Systems Biology Introduction
Molecular/ Cellular/ Reproduction Systems
Sex Determination Systems
Male Reproductive Tract Development & Function
Female Reproductive Tract Development & Function
Gonadal Developmental Systems Biology
Testis Systems Biology
Ovary Systems Biology
Epigenetics and Transgenerational Gonadal Disease
Spring Break
Gametogenesis/ Stem Cells/ Cloning
Hypothalamus-Pituitary Development & Function
Reproductive Endocrinology Systems
Fertilization & Implantation Systems
Fetal Development & Birth Systems
Assisted Reproduction/Contraception
Exam or Grant Review
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