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Chair:  Derek J. McLean 

In 2005, products generated from the beef, dairy, and swine industries within the 

United States were valued at over $77 billion (USDA-ARS), thus representing a critical 

contribution to the US economy and production animal agriculture as a whole. Increased 

reproductive efficiency could have a tremendous impact on profitability in various 

sectors of these animal industries. Sperm production is an important, and often 

overlooked aspect of reproductive efficiency in the bull and boar. Further, the increasing 

use of artificial insemination (AI) in the dairy, beef, and swine industries argues for a 

better understanding of the basic mechanisms regulating sperm production and 

spermatogenic capacity of superior bulls and boars.  However, little is known regarding 

the factors regulating the establishment of sperm production in livestock. A better 

understanding of spermatogenesis may provide new insights and approaches to increase 

sperm production in sires used for AI, especially when considering the increased interest 

in technology to sex semen (i.e. separation of X and Y sperm for development of 

monosex populations).  



 vii

Therefore, the focus of this research has been to investigate biological factors 

regulating the onset and maintenance of spermatogenesis during postnatal testis 

development in the bull and boar. Ectopic testis tissue xenografting is a technique that 

provides a biological assay of germ and somatic cell proliferation, and differentiation 

events in response to various treatments. The procedure involves ectopically grafting 

donor testicular parenchyma (from a prepubertal bull or boar) under the skin, on the 

backs of castrated immunodeficient nude mice. This unique model allows for 

investigation of specific mechanisms governing the onset and maintenance of the 

spermatogenesis in bulls and boars, without the financial and space restrictions associated 

with maintaining larges numbers of domestic livestock. 

Preliminary data indicated that vascular endothelial growth factor–A (VEGF), a 

potent endothelial cell mitogen, may be important for sperm production in the bull testis. 

To evaluate the role of VEGF in governing germ cell homeostasis, particularly survival 

and differentiation, we treated prepubertal bovine testis tissue explants in culture for a 

week with VEGFA-164 or vehicle, prior to xenografting. When testis grafts reached a 

tissue age of 32-wks, recipient mice were sacrificed and grafts were removed and 

analyzed for growth, survival, androgen biosynthesis, and quantitative aspects of 

spermatogenesis. VEGF treated grafts were not different from controls in tissue growth, 

androgen production or survival. Interestingly, germ cell survival and the number of 

differentiated germ cells were significantly higher in VEGF treated grafts when 

compared to controls. This suggests that VEGF is important for sperm production in 

bovine testis tissue. 
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We also conducted an experiment to critically evaluate age related changes in the 

biological activity of spermatogonial stem cells (SSC) and the supporting somatic cells in 

the neonatal porcine testis. We grafted donor testis parenchyma from 3-, 5-, 7- and 14-

day old male piglets on recipient mice for 22 weeks and then evaluated the extent of germ 

cell differentiation within those grafts. Interestingly, when compared to all other donor 

ages, a significant increase in spermatogenesis was observed in testis grafts obtained 

from 14-day-old donors. This advocates use of 14-day-old porcine testis tissue for future 

xenografting studies. Just as intriguing, testis grafts obtained from 3-day-old donors were 

significantly larger based on weight when compared to all other donor ages, without 

negatively impacting germ cell survival. These data suggest the potential to deliberately 

impact lifetime fertility in boars through neonatal management strategies designed to (1) 

expedite the onset of spermatogenesis, and/or (2) increase sperm production capacity and 

efficiency. 

The results obtained from these results provide fundamental information about 

biological processes regulating sperm production in bulls and boars. Understanding these 

processes further will be essential towards increasing male reproductive efficiency in 

domestic livestock species. 
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CHAPTER 1 

INTRODUCTION 

 

Spermatogenesis is a highly organized and complex process that results in the 

production of mature spermatozoa.  Spermatogenesis in adults is dependent on successful 

pre-pubertal testis development.  During embryogenesis in the male, primordial germ 

cells originating from the embryonic yolk sac migrate and colonize the genital ridge, 

whereby they are incorporated into the primitive sex cords. The expression of the Y 

chromosome specific gene sry (Sex determining Region on Y chromosome) by the 

undifferentiated gonad initiates testis formation during embryogenesis. Additionally, anti-

mullerian hormone (AMH) produced by fetal Sertoli cells stimulates the degeneration of 

the paramesonephric ducts, which otherwise would form various parts of the female 

reproductive tract including the cervix, oviduct, uterus, and cranial vagina. 

In the normal pre-pubertal testis, developing germ cells are found in conjunction 

with somatic Sertoli cells, while peritubular myoid and Leydig cells are associated with 

the basement membrane of the seminiferous tubule and interstitium of the testis, 

respectively. Sertoli cells function primarily as nurse cells for differentiating germ cells 

and regulate the proliferation and differentiation of these cells within the seminiferous 

tubule. Peritubular myoid cells are located on the outside of the seminiferous tubules and 

have several functions including support and contractile ability. Leydig cells are located 

in the interstitium of the testis (between seminiferous tubules) and are responsible for the 

production of testosterone. During prenatal and postnatal testis development Sertoli cells 

proliferate as a result of stimulation by the pituitary gonadotropin, Follicle Stimulating 
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Hormone (FSH). This process results in an increase in Sertoli cells and the length of time 

proliferation occurs is variable depending on species. At some point of development, 

Sertoli cell proliferation ceases due to the influence of thyroid hormones acting to 

stimulate terminal differentiation of Sertoli cells. Terminal differentiation is necessary for 

Sertoli cells to support spermatogenesis in the adult. Also, within the same developmental 

timeline, Leydig and peritubular myoid cells also undergo proliferation and their 

differentiation is stimulated primarily by AMH secreted by Sertoli cells. 

Completion of physiological and cellular differentiation during puberty results in 

a mature testis supporting spermatogenesis. This highly organized process includes all 

cellular transformations that occur within the seminiferous epithelium and is largely 

dependent on endocrine (testosterone, FSH) regulation and direct cell-to-cell interactions. 

Sertoli cells support the processes of germ cell proliferation, meiosis and finally 

morphological differentiation within the basal and adluminal compartments of the 

seminiferous epithelium. In addition, Sertoli cells release spermatozoa into the lumen of 

the seminiferous tubule. The specialized tight junctions of Sertoli cells shield haploid 

germ cells from autoimmune recognition and immunological attack. Spermatogonial stem 

cells (SSC) exist on the basement membrane of the seminiferous tubule and undergo self-

renewal and differentiation. It is believed that Sertoli cells contribute to the process of 

spermatogonial stem cell homeostasis as well. The continual production of sperm during 

a male’s adult life is due to SSC homeostasis followed by germ cell differentiation.  Both 

of these processes are in part regulated and controlled by paracrine interactions with 

Sertoli cells and endocrine factors produced in the pituitary gland and the testis.  
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Due to the complexity associated with germ cell differentiation, research 

investigating testis biology is often restricted to whole animal experimentation.  The 

majority of information about the cell biology associated with spermatogenesis has been 

gained with the use of rodent and as a result; there remains a general lack of knowledge 

regarding testis development and spermatogenesis in livestock. Conversely, much is 

known about the endocrine control and structural changes involved in testis development 

and spermatogenesis, but nevertheless, little information has been gained in respect to the 

autocrine, juxtacrine and paracrine control of these processes. In vitro studies have 

provided limited efficacy for the study of testis biology due to a variety of reasons. In 

culture, cell lines can mutate, and the intimate relationship between Sertoli cells and germ 

cells has been difficult to maintain. Also, few markers exist for SSCs and the only 

reliable assay for the presence of SSCs is spermatogonial stem cell transplantation. 

Ectopic testis tissue xenografting is a procedure in which small pieces of donor 

testis tissue is grafted subcutaneously on the backs of immunodeficient nude mice 

recipients.  Testis tissue from donor animals obtained at specific times of development 

has the ability to grow, mature, and produce spermatozoa after subsequent grafting. The 

technique has been used successfully to generate sperm in grafted tissue from several 

species including cats, dogs, mice, cattle, pigs, and humans.   

Research with testis tissue grafting has demonstrated that grafted bovine and 

porcine testis tissue from pre-pubertal donors produces elongating spermatids at a 

developmental age similar to that in the bull and boar. It also appears that the cycle length 

of the seminiferous epithelium in grafted testis is similar to the in situ situation in both 

species. Additionally, microarray analysis indicates that global gene expression in 
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porcine testis xenografts appears comparable to testis tissue in situ. These findings 

indicate that ectopic testis xenografting is suitable model to study mammalian 

spermatogenesis.   

There are many advantages of using this procedure when compared to cell culture 

and whole animal experimentation to improve the understanding of testis biology and 

spermatogenesis. First, this technique allows for the maintenance of the relationships 

between somatic cells and germ cells in the testis of the donor animal. Secondly, each 

recipient mouse can receive several testis grafts and this benefit is three-fold; allows for 

increased replication, more efficient experimental design, and more powerful statistical 

analysis. Third, testis tissue can be cultured or cryopreserved prior to grafting and retain 

the ability to produce sperm following the grafting period.  

In addition to the study of spermatogenesis, ectopic testis tissue grafting could be 

used to maintain the germ line of individual males and to preserve the germ line of 

human male pre-pubertal cancer patients that must undergo chemotherapy. Researchers 

have successfully produced viable offspring with sperm collected from mouse grafts 

using intracytoplasmic spermatid injection (ICSI) and embryo transfer (ET). Another 

application of the technique is the production of transgenic spermatozoa using 

electroporation of tissue prior to grafting so that genetically modified sperm are produced 

in the grafted tissue.  

For the study of bovine spermatogenesis, our lab indicated that eight-week-old 

bull calves represent the optimum donor age for ectopic testis tissue xenografting. 

However, the efficiency of spermatogenesis in testis grafts is relatively low. Sperm 



 5

production in bovine testis grafts is increased following treatment of the graft site with 

vascular endothelial growth factor (VEGF).   

The ability to manipulate testis tissue prior to grafting provides a variety of 

avenues to investigate biological factors governing establishment of the spermatogonial 

stem cell niche in the mammalian testis. Therefore, the objective of the research 

presented here investigated how VEGF influenced sperm production in bovine testis 

tissue.  Similarly, significant differences in the ability of pig testis tissue to produce 

sperm following grafting were identified. These findings along with the further 

characterization of factors contributing to the efficiency of spermatogenesis will allow for 

a better understanding of spermatogenesis in domestic livestock as a whole, and 

potentially, facilitate the development and implementation of assisted reproductive 

technologies for various agricultural, biomedical and conservation purposes. 
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CHAPTER 2 

REVIEW OF LITERATURE 

 
Spermatogenesis 

Spermatogenesis is the process of germ cell proliferation and differentiation 

within the testis leading to the production of spermatozoa, the male gamete. 

Spermatogenesis is a highly organized process orchestrated by Sertoli cells to a great 

extent, and includes all cellular transformations that occur within the seminiferous 

epithelium. This process is largely dependent on endocrine (Zirken, 1998) and 

auto/paracrine regulation and direct cell-to-cell interactions (Russell and Griswold, 

1993). In respect to efficiency, spermatogenesis is one of the most highly productive 

biological processes in animals, lending to a virtually unlimited supply of spermatozoa 

produced during an adult males’ lifespan. This efficiency can be attributed to the 

continual spermatogonial stem cell (SSC) replenishment of the differentiating germ cell 

population in the adult testis (Oakberg, 1971). It is apparent that the dynamic molecular 

mechanisms involved with the onset and regulation of spermatogenesis presents a 

fascinating area of research for reproductive biologists to study.  

Spermatogenesis can be divided into three phases of germ cell events including 

proliferation, meiotic divisions, and finally differentiation within the basal and adluminal 

compartments of seminiferous tubules. Sertoli cells support and regulate these various 

processes, which ultimately lead to the formation of functional spermatozoa. The 

developmental timeline associated with these phases is species specific. 
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 During proliferation, spermatogonial stem cells undergo a series of mitotic 

divisions. In the most popular model , one spermatogonia remains a stem cell (As), while 

the other becomes committed to further successive divisions involved in 

spermatogenesis, of which the cell types are both A-paired (Apr) and A-aligned (Aal) 

spermatogonia. These Apr and Aal spermatogonia are characterized by the presence of 

intercellular bridges that connect both cell types. These intercellular bridges allow for the 

sharing of gene products, and are thought to promote synchronous development of cell 

clones and other germ cell types.  

The generally accepted spermatogonial stem cell theory states the progression of 

the mitotic phase of spermatogonial cells as follows: As, Apr, Aal, A1, A2, A3, A4, In and 

then B spermatogonia. Of these cell types, A2, is the cell considered indicative to the 

onset of spermatogenesis. At each subsequent cell division during the proliferation phase, 

spermatogonia number doubles, except between the Aal to A1 stage of cell differentiation 

where only a morphological change occurs. It has been theorized that germ cells at the A4 

cell stage can either produce In spermatogonia or retort back to A1 spermatogonia to 

renew the population (De Rooji and Russell, 2000).  These different germ cell types can 

be identified via the morphological differences in chromatin. At completion of the mitotic 

phase, cells have reached the B cell stage were a total of 512 germ cells can be generated 

from one spermatogonial stem cell (Clegg et al., 1990). The final division of B 

spermatogonial gives rise to preleptotene spermatocytes, the first stage of primary 

spermatocytes. Primary spermatocytes are the cells that undergo the first meiotic 

division, so it is of no surprise that they must pass through the immunopriveledged tight 
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junctions found between adjacent Sertoli cells; ultimately ending up in the adluminal 

compartment of the seminiferous tubule.   

Before meiosis can occur primary spermatocytes must also experience some 

changes, whereby preleptotene spermatocytes become leptotene, zygotene, and pachytene 

spermatocytes as result of DNA synthesis. The pachytene primary spermatocytes undergo 

the first meiotic division to form secondary spermatocytes, which then quickly take part 

in the division of Meiosis II. This results in the production of four haploid round 

spermatids from each primary spermatocyte. It is important to note that during meiosis a 

large number of cells can undergo apoptosis, so it is difficult to accurately predict actual 

number of spermatids successfully produced during meiotic divisions, but it is stated that 

4096 haploid germ cells can be produced from a single spermatogonial stem cell (or A2 

spermatogonia) in the rat (De Rooij and Russell, 2000).   

 After meiosis has commensurated, a process known as spermiogenesis follows 

whereby round spermatids differentiate morphologically becoming elongated 

spermatozoa. Several steps including production of the acrosome, condensation of the 

nucleus, elongation of the spermatid with subsequent production of a flagellum, and 

finally the reabsorbtion of the cytoplasmic droplet characterize the process. Next, the 

spermatozoa are spermiated or released into the lumen of the seminiferous tubule 

whereby they can leave the seminiferous tubules by way of the efferent ducts. These 

ducts lead out to the epididymis where the sperm acquire the ability to be motile. Sperm 

first enter the caput or head of the epididymis and then migrate towards the cauda or tail 

of the epididymis where they are considered to have completed the extragonadal 
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maturation process. Sperm are stored here until ejaculation, in which they can be utilized 

through the normal mating fertilization process or other assisted reproductive methods. 

 Spermatogenesis is organized throughout the seminiferous tubule so that there are 

multiple stages of germ cell development associated with each section of the 

seminiferous tubule. These stages are not synchronous, so a continuous supply of sperm 

can be produced even though spermiation occurs only in once particular stage. The 

number of and length of each stage varies between species as does the arrangement, as 

both helical and segmental arrangements exist. In the case of the helical arrangement the 

process of spermatogenesis travels down and around the tubule so that in any one section 

of a tubule, several different stages can be found. In the case of the segmental 

arrangement, a wavelike release of sperm is seen as each tubule is in a synchronous stage 

of spermatogenesis, whereby a tubule in the second stage, will progress to the third stage, 

and continue until the final stage. This sequential pattern of spermatogenesis is known as 

the spermatogenic wave. 

 As germ cells progress between the Sertoli cells towards the lumen of the 

seminiferous tubule, the Sertoli cells regulate developmental stages of germ cells so a 

characteristic hierarchy of germ cells is found in the same group. In this respect, the 

spermatogenic cycle is formed and in bulls and boars the cycle length is about 13.5 and 

8.3 days respectively.  It takes approximately 4.5 and 4.7 cycles of the seminiferous 

epithelium in the bull and boar before spermatogenesis is complete. As a result the cycle 

of the seminiferous epithelium is approximately 61 days in bulls and 49 days in the boar. 

The cycle of the seminiferous epithelium is the time it takes for spermatogonia to 

complete the spermatogenesis process to the elongated spermatid stage for release.  
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   Germ cell differentiation can be inhibited either by several mechanisms including 

nutritional defects (vitamin A deficiency) that arrest spermatogonial cells at the Aal cell 

stage of development. Additional regulation can occur when there is an abundance of 

spermatogonial cells present associated with a particular Sertoli cell. This 

acknowledgement of cells in an area of a tubule is referred to as the density dependant 

regulation. The higher the number of A2 to A4 spermatogonia in a region of a tubule the 

more likely apoptosis of cells will occur to reduce and stabilize spermatogonia numbers 

to a normal level. Conversely, if there this is an absence or shortage of spermatogonial 

cells associated with a Sertoli this particular means of germ cell regulation of germ cells 

may not occur (De Rooij and Russell, 2000). 

 

The Testis 

The testes are the male gonads, and in all mammals they are paired ovoid organs. 

The function of the male gonad is to produce steroidogenic hormones and spermatozoa, 

the male gamete. Each testis is encapsulated by connective tissue, namely the tunica 

albuginea. This layer of connective tissue functions to protect the testis from physical 

damage, maintain intratesticular pressure, and ultimate helping to potentiate the process 

of sperm transport from the testis to the epididymis. The testis is composed of two 

compartments, the mediastinum and the parenchyma.  

 The mediastinum is a fibrous connective tissue layer located in the central portion 

of the testis that provides structural support to the rete testis and efferent ducts. The rete 

testis and efferent ducts comprise the intricate tubule network that connects the 
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seminiferous tubules in the testis, the site of spermatogenesis, to the epididymis, the 

major site of extragonadal sperm maturation and storage. 

 The parenchyma is the major functional component of the testis and it is 

comprised of seminiferous tubules and interstitial tissue, whereby the interstitial tissue 

resides between adjacent seminiferous tubules. Localized within the interstitial tissue are 

blood vessels, lymphatics, nerves, immune cells, and Leydig cells. The endocrine 

component of the interstitium is the Leydig cells, which produce androgens in response to 

luteinizing hormone (LH) from the anterior pituitary. Androgens produced by the Leydig 

cells are important for spermatogenesis and male secondary sex characteristics.  

 The components of testicular parenchyma responsible for producing sperm are the 

seminiferous tubules. These tubules are usually arranged in lobules, thus forming highly 

convoluted loops. The outermost layer of these tubules consists of peritubular myoid cells 

and collagen. Moving inward towards the lumen, the next layer is the basement 

membrane; this layer provides support for Sertoli cells. Between the basement membrane 

and lumen, the seminiferous epithelium consisting of Sertoli and developing germ cells 

are found.  Sertoli cells are the nurse cells that foster germ cell proliferation and 

differentiation, ultimately leading to the production of spermatozoa. 

The seminiferous tubules are divided into two sections, the tubulus contortus and 

the tubulus rectus. The tubulus contortus is the portion of the seminiferous tubule where 

spermatogenesis occurs. Conversely, the tubulus rectus is a short transitional region of 

the seminiferous tubule that connects the tubulus contortus to the rete testis. This tubular 

network provides the pathway by which sperm must travel to leave the testis. 
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 In all mammals, these paired organs are housed inside a scrotum, yet suspended 

outside the peritoneum or body wall. The primary function of the scrotum is to aid in 

proper temperature regulation of the testis, a process important for normal testicular 

function. The androgen secreted by the Leydig cells play vital roles in downstream 

masculinization events and in descent of the testes into the scrotum (Hutson et al., 1996). 

 

Leydig cells 

The Leydig cells of the testis are located in the interstitial space between 

seminiferous tubules. During embryonic development, Leydig cells appear shortly after 

gonadal sex differentiation, testicular cord formation, and the presence of pituitary 

gonadotropins in the fetal bloodstream. After formation, Leydig cells undergo two stages 

of proliferation and differentiation; the first being before birth, and the second occurring 

during the onset of puberty (Benton et al., 1995). These characteristic changes are 

necessary for the acquisition of functional male phenotypes and the ability to produce 

sperm. 

 Leydig cells express receptors for LH (secreted by the pituitary), and when LH 

binds to its G-protein coupled transmembrane receptor, Leydig cells are then stimulated 

to synthesize and produce androgen, mainly testosterone. Leydig cells do not store 

testosterone locally, but actively secrete all that they produce and as a result, they are 

capable of secreting the majority of testosterone found in the serum of a male. 

Testosterone can then diffuse into the bloodstream or into the seminiferous tubules 

directly or indirectly by attaching to the carrier protein albumin. Intratesticular levels of 

testosterone in mice have been found to normally range from 25-100 ng/ml and assist in 
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Sertoli cell proliferation during fetal and early neonatal life (Johnston, 2004). 

Testosterone has also been found to have multiple functions. First, testosterone is used in 

combination with the follicle-stimulating hormone (FSH) from the pituitary to assist in 

paracrine factor production by Sertoli cells. Secondly, testosterone works to act upon the 

pituitary as a negative feedback on the release of LH. Third, testosterone stimulates 

androgen target tissues for androgen-mediated growth. Testosterone is influential and 

necessary for spermatogenesis to occur in most animals (Sharpe, 1994).  

 Finally, in respect to embryogenesis, testosterone secreted by primitive Leydig 

cells into circulation, crosses the blood-brain barrier to disable the functionality of the 

preovulatory center of the hypothalamus in fetal male brain, so that LH will be secreted 

tonically and not cyclically in the post natal male.  

 

Sertoli cells 

The Sertoli cells are the sustenticular cells of the testis that maintain 

spermatogenesis. In terms of morphology, these somatic cells were first described as long 

columnar cells having a base that is attached to the basement membrane, and an apical 

end that protrudes into the lumen of the seminiferous tubule (Sertoli, 1865). These cells 

have been characterized as having many arm-like projections that wrap around and 

interact with developing germ cells in the seminiferous epithelium. The Sertoli cells 

structure is convoluted in nature so it can be very difficult to identify them from germ 

cells, but nonetheless, these pale colored cells have a large nucleus, and a tripartite 

nucleolus, which allow them to be differentiated from germ cells following histological 

analysis. The recent discovery of a Sertoli cell specific transcription factor, GATA-4, 
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allows for the quantification of both Sertoli cell gene expression, and the morphological 

identification of Sertoli cells with the use of immunohistochemistry (McCourd et al., 

2003a). GATA-4 expression is constant, and is not affected by FSH treatment (Zhang et 

al., 2003).  

 Sertoli cells have many functions in the testis, and this includes supporting 

developing germ cells of which they are in intimate association with. Sertoli cells are the 

primary (avoid jargon) regulators of germ cells. It is known that Sertoli cells regulate the 

maturation of some germ cells, and recently it has been shown that they also modulate the 

apoptosis of selected germ cells, making them destined for programmed cell death 

(Barone, et al., 2004). Sertoli cells also phagocytose cellular material within the 

seminiferous epithelium. This function becomes critical during the final stages of 

spermatogenesis when much of the cytoplasm is removed from elongating spermatids, 

and also for the extrusion of apoptotic germ cells. 

 Another critical function of Sertoli cells includes their active role in maintenance 

of the blood testis barrier. Sperm are haploid cell types and as a result, are recognized as 

foreign by the male immune system. If an immune response was triggered, autoimmune 

attack would commence, germ cell populations would be depleted, and infertility would 

likely be the global affect. As a result, it is important that immune cells be restricted from 

the seminiferous epithelium. A network of tight junctions between adjacent Sertoli cells 

along with peritubular myoid cells provide a restrictive barrier to prevent immune 

responses from occurring from within the seminiferous tubule. The presence of tight 

junctions between adjacent Sertoli cells ultimately partitions the seminiferous tubule into 

two vertical compartments, the basal compartment (between tight junction and the 
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basement membrane) and adluminal compartment (between the tight junction and the 

lumen). This restrictive structure also serves to prevent the backflow of lumen fluids to 

lymph, and only allows factors such as testosterone to freely pass. It is also known that 

the breakdown of the blood testis barrier results in male infertility. 

Sertoli cell tight junctions are also involved in the transport of spermatocytes from 

the basal to adluminal compartment. As one adluminal tight junction begins to break 

down, another tight junction on the basal end has already being produced. This process 

facilitates the transport of germ cells towards the lumen, and because the tight junctions 

are so restrictive, Sertoli cells must also secrete nutrients to the more advanced germ cells 

in the peripheral adluminal compartment. Sertoli cells also function in spermiation, 

whereby elongate spermatids are released from the peripheral adluminal compartment 

into the lumen of the seminiferous tubule.  

 

Prenatal developmental aspects of the Sertoli cell  

For spermatogenesis to be successful in the adult male, efficient Sertoli cell 

proliferation and differentiation must occur. During embryonic development, the 

primitive Sertoli cells are the first cells to recognizably differentiate in the indifferent 

fetal gonad, and as a result are the primary regulators of testicular cord formation and 

testis development. If during this time, Sertoli cells do not undergo proper proliferation 

and differentiation a variety of disorders may arise (Sharpe et al., 2003). Primitive Sertoli 

cells likely originate from the mesonephros must undergo proliferation early in the 

sexually dimorphic embryo before the formation of the indifferent male gonad can occur. 

This proliferative event coincides with the production of SRY and is necessary for 
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normal testis development in the male (Schmahl et al. 2003). SRY is a transcription 

factor that functions as the testis-determining gene, and when it is expressed testis 

formation occurs at the genital ridge. The first stages of Sertoli cell differentiation during 

this time period results in testicular cord formation whereby primitive Sertoli cells and 

primordial germ cells (PGC) form aggregate bodies, and in respect to time this process is 

highly species specific (Frojman, et al. 1989). Shortly after cord formation, the basement 

membrane and other primitive cell types can be observed readily, whereas there is an 

absence of a lumen (Ichihara et al., 1993).  

Besides testis formation alone, Sertoli cells are also involved in male 

differentiation. SRY functions to regulate formation and development of testicular cords. 

Additionally, Sertoli cells also produce anti-Mullerian hormone (AMH) throughout 

embryogenesis, and this factor causes the regression of the paramesonephric ducts in the 

developing male reproductive tract, which otherwise, like in the female would ultimately 

form female reproductive organs. It is also believed, that AMH may be involved in 

regulating the mitotic divisions of PGCs primarily involved with testicular cord 

formation (Vigier et al., 1988). It also appears that Sertoli cells play an active role is 

organizing germ cell arrangement within the testicular cord prior to birth. This 

organization has not been characterized specifically, but it is likely to involve a variety of 

regulatory molecular signal mechanisms likely related to cytoplasmic bridge and gap 

junction formation between PGCs. It has also been postulated that Sertoli cells regulate 

Leydig cell development as a result of producing AMH and regulation the formation of 

the testicular cord (Byskov, 1986). 
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Sertoli cells function primarily in the adult mammals to support developing germ 

cells and stimulate meiotic divisions. During embryogenesis, Sertoli cell function rather 

conversely by acutely inhibiting meiotic activity and instead are responsible for 

promoting mitotic activity. Sertoli cells produce a meiosis preventing substance (MPS) 

prenatally and the activity of this substance is present throughout much of the 

prespermatogenic period, with a decline to reach low levels at the onset of 

spermatogenesis (Gondos et al., 1996). Findings also demonstrate that Sertoli cells 

secrete a meiosis activating substance (MAS) shortly after birth, whereby greatest activity 

for MAS is associated with the onset on spermatogenesis (Gondos et al., 1996). 

Several studies strongly suggest that the fetal proliferation of Sertoli cells is most 

likely mediated via the actions of follicle stimulating hormone (FSH). Removal of FSH 

either by decapitation or immunological mechanisms against gonadotropin hormone 

releasing hormone (GnRH) of developing fetuses prevents Sertoli cell proliferation (Orth, 

1984). It has been demonstrated that both FSH and cyclic AMP (cAMP) are both 

stimulatory in the signal cascade leading to Sertoli cell proliferation. In this case, it is 

likely that the actions of FSH are mediated via cAMP in activating the PI3-K/PDK1 

signal transduction pathway (Richards, 2001). During the time of Sertoli cell proliferation 

directed via FSH, FSH receptor expression is also up regulated (Warren et al., 1984). 

This proliferation of Sertoli cells can also be negatively regulated by β-endorphins 

secreted b nearby Leydig cells in the interstitium (Orth et al., 1990).  Besides stimulating 

proliferation of Sertoli cells, in-vitro studies have shown that FSH can also have 

inhibitory actions on Sertoli cell differentiation. This action was demonstrated by a 

reduction in AMH and transferrin secretion by Sertoli cells treated in culture with FSH. 
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The in vivo evidence for this finding was consistent; when fetuses were decapitated in 

utero they showed elevated transferrin and AMH levels (Migrenne et al., 2003). 

 

Postnatal developmental aspects of the Sertoli cell  

Postnatal Sertoli cell development is important for the establishment of adult 

spermatogenesis. It has been demonstrated that daily sperm production is directly related 

to the number of adult Sertoli cells in several species (Johnson et al., 1984; Ford et al., 

1999). After birth, Sertoli cells continue to proliferate for a period of time, which is 

highly species specific, before undergoing marked terminal differentiation. This terminal 

differentiation consists of cell growth and major morphological changes necessary before 

spermatogenesis can occur as Sertoli cells must acquire the ability to support developing 

germ cells. Morphologically, the Sertoli cells are small round cells (similar in size to 

germ cells) with variable cell surface characteristics during the proliferative stage.  

In mammals, most of the proliferation of Sertoli cells occurs early in the postnatal 

period, but continues at a lesser rate until puberty is reached. As previously mentioned, 

FSH and cAMP have been shown to be responsible for controlling this proliferation 

(Griswold et al., 1977).  In the boar and bull, the most rapid proliferation of Sertoli cells 

has commenced by 13 and 30 weeks respectively (Putra et al., 1985; Curtis and Amann, 

1981). The rat is characterized by having maximal Sertoli cell proliferation between 10 

and 15 days of age (Wang et al., 1989). In comparison to the rat, the age of maximum 

Sertoli cell proliferation is much later in the bull and boar. As expected when examining 

the testis of bulls and boars Sertoli cell density is greatest towards the end of maximal 

proliferation, and begins to decline before the number of Sertoli cells have stabilized. 
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 During differentiation, Sertoli cells grow in size, become more columnar in shape, 

and undergo marked nuclear changes. In the ram testis, once Sertoli cell number 

stabilized (Sertoli cell proliferation was complete), a subsequent increase in both cellular 

and nuclear sizes increased by a factor of 3 and 1.5 respectively (Monet-Kuntz et al., 

1984) and in some species a 3 fold increase of nuclear diameter is seen (Ramos et al., 

1979).  

 The small round nuclei seen in Sertoli cells shortly after birth in the neonate 

become elongate and translocate to the basal side of the Sertoli cell. During those 

processes, a distinct change in the nucleolus is also observed as they transform from a 

very obscure complex morphology, to a complex tripartite structure (Griswold et al., 

2001). The increases in nuclear diameter are associated with increase RNA production by 

the mature Sertoli cell (Lamb et al., 1982). 

The majority of the increase in cell volume is attributed to increases in cytoplasm. 

This is a result of Sertoli cells elongating, and extending apically towards the center of 

the testicular cords. Lateral arms form as the cytoplasm extends tangentially, and this 

change in shape is a direct result of the changes in morphology by the nearby germ cells. 

Many organelles develop and increase in size within the cytoplasm, of which the most 

extensive changes are in respect to the smooth endoplasmic reticulum (ER), the Golgi 

apparatus, and the mitochondria.  

Tight junctions are also formed, and these changes coincide with the 

developmental timeline relative to cycle of the seminiferous epithelium and tubule 

formation in the testis. As previously mentioned, tight junctions between adjacent Sertoli 

cells are the most restrictive component of the blood testis barrier. These tight junctions 
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are first seen between Sertoli cells during the first round of spermatogenesis when 

spermatocytes are first present. A population of gap junctions inhabits the proximity 

between adjacent Sertoli cells as tight junctions are in manufacture, but ultimately 

regresses as the formation of tight junctions reaches completion. It is unclear as to what 

regulatory mechanisms are responsible for the formation of tight junctions, but work with 

hamsters suggests two postulates to explain the dynamics of junction complexes in the 

testis. It is suggested that the gap junctions either mediate the production of tight 

junctions or serve as a temporary placeholder until tight junctions replace them (Vignon 

et al., 1987). 

 

Biochemical activity of Sertoli cells 

The biochemical activity of postnatal Sertoli cells lend towards many functional 

aspects of male reproduction. Prenatal Sertoli cells produce and secrete AMH during 

embryogenesis, but this substance has also been detected in postnatal bulls and neonatal 

rats (Donahoe et al., 1970; Picon, 1970). The function of AMH during embryogenesis is 

known, but its effects in postnatal mammals still remain unclear.  

 Androgen binding protein (ABP) is also secreted by Sertoli cells. It was first 

detected in the early 1970s, when a protein with a similar steroid-binding activity to the 

androgen receptor was detected in rat testis (French and Ritze´n, 1973). This glycoprotein 

functions by binding androgens (produced by nearby Leydig cells) with high affinity and 

transports them to the epididymis (Westphal, 1986). It has been demonstrated that ABP is 

similar in chemistry to the sex hormone-binding globulin (SHBG) produced by the liver, 

which functions to bind steroids in circulation (Musto et al., 1980; Danzo et al., 1980; 
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Cheng et al., 1984). ABP is present in the intermediate and late stages of differentiation 

of rats, in a developmental matter necessary for testosterone transport to the epididymis 

for proper development and function of that organ. 

 During early postnatal Sertoli cell differentiation, estrogen synthesis is high 

(resulting from high levels of aromatase activity), but rapidly declines during as 

differentiation commences (Armstrong et al., 1977). This pattern coincides very similarly 

with the expression of the FSH receptor (Thanki et al., 1978; Hiendel et al., 1977). It is 

also important to note that Sertoli cells are the only known cells in the male to contain a 

receptor for FSH (Griswold, 1999). The concentration of FSH receptor expressed as 

binding per unit of weight decreases gradually with age, while there is an actual increase 

in the number of binding sites per testis from birth to puberty (Gondos, 1996). Androgen 

receptor (AR) is produced by Sertoli cells in highest levels when the Sertoli cell’s 

responsiveness to FSH is lowest.   

 

Hypothalamic-Pituitary-Gonadal Axis in the Male 

Hormone secretion has essential roles in the activation of many cells and 

processes in the body. Two of the major organs that are involved in hormone regulation 

are the hypothalamus and the pituitary. These organs are located in close proximity of 

each other in the lower portion of the brain and through a coordinated effort regulate 

many body functions. The hormones that are released by the hypothalamus are 

transported directly to the pituitary by way of the hypothalamic-hypophyseal portal 

system (HHPS). Part of this blood flow system that travels out of the anterior pituitary is 

directed past or in close conjunction with the hypothalamus so that hormones of pituitary 
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origin can directly mediate the actions of negative feedback on the hypothalamus. This 

has been demonstrated as both β -endorphin and the pituitary gonadotropins (LH and 

FSH), negatively feed back to regulate the release of the hypothalamic hormone 

gonadotropin-releasing hormone, GnRH (Hafez and Hafez, 2000). 

 

Gonadotropin Releasing Hormone (GnRH) 

GnRH is a decapeptide released from the hypothalamus in response to a variety of 

environmental and endocrine factors. These factors depend of species and sex and a 

variety of other factors including, melatonin, blood glucose and fatty acid levels, leptin, 

steroid hormones, and various erotogenic stimuli. GnRH is secreted from peptidergenic 

neurons in the hypothalamus into the HHPS and travels to the adenohypophysis to 

stimulate the release the release of pituitary gonadotropins, FSH and LH.   

 

Luteinizing Hormone (LH) 

Luteinizing hormone (LH) is a glycoprotein hormone that is secreted by 

luteotrophic gonadotroph cells in the adenohypophysis in response to GnRH. In the male, 

the primary function of LH is to stimulate acute testosterone production by Leydig cells. 

This occurs after LH binds to its G-coupled protein receptor to activate the cAMP and 

PI3-kinase signal transduction pathways thus inducing testosterone synthesis. It has been 

suggested that LH may stimulate the proliferation of primitive Leydig cells, and actually 

upregulate the expression of the LH receptor on Leydig cells. Some evidence also states 

that LH may upregulate FSH receptor expression on Sertoli cells.  
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Follicle Stimulating Hormone (FSH) 

FSH is both secreted from folliculotrophic gonadotrophs cells in the 

adenohypophysis in response to GnRH. In the male, the primary function of FSH is to 

regulate testicular development and spermatogenesis. Some species such as humans and 

primates require FSH for both quantitative and qualitative (to a lesser extent) 

spermatogenesis, whereas in the case of rodents systems, FSH is only required for 

quantitative spermatogenesis. It is important to note that FSH is important for Sertoli cell 

function during all stages of life. Researchers have used both in-utero decapitation and 

treatment with an anti-FSH antibody effectively to prove that FSH is the primary 

regulator of Sertoli cell proliferation in rodents (Orth et al., 1984). Also when neonatal 

boars are hemi-castrated, additional FSH stimulated Sertoli cell proliferation occurs in the 

contra-lateral testis (Lunstra et al, 2003). A number of in vitro studies support these 

findings, and interestingly when Sertoli cells are treatment with FSH in culture, the 

period of proliferation is extended by over 10 days (Buzzard et al., 2002).  Additionally, 

when rodents immunized against GnRH were treated with FSH both with and without the 

presence of LH and testosterone, Sertoli cell proliferation and differentiation commenced 

normally (Haywood et al., 2003). However, in the absence of testosterone, there was a 

great reduction in the number of post meiotic germ cells, meaning that both FSH and 

testosterone are required for quantitative and qualitative spermatogenesis (Haywood et 

al., 2003). FSH is also critical for the formation of tight junctions found between adjacent 

Sertoli cells which function to maintain the blood testis barrier (Sluka et al., 2006). The 
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development of an FSH null mouse model has also been extremely useful for validating 

many of these results in vivo (Baker et al., 2003). 

 

Inhibin 

In the male, Inhibin is a protein hormone that is produced mainly by the Sertoli 

cells, and to a lesser extent by Leydig cells. Inhibin belongs to the transforming growth 

factor β (TGF-β) super family and is a heterodimeric glycoprotein which contains one α 

subunit and either βA or βB forming inhibin A or B. The function of Inhibin B in the male 

is to inhibit FSH secretion in a negative feedback manner at the level of the 

hypothalamus. It also functions to play roles in germ cell differentiation and regulating 

the LH sensitivity of Leydig cells (Hsueh et al., 1987).  

 

Testosterone 

In the male, testosterone is an androgenic steroid hormone produced by the 

Leydig cells of the testis in response to LH. It is the principal male sex hormone and is 

involved in the development and maintenance of the male reproductive tract and 

accessory sex glands, while also being greatly responsible for mediating male sexual 

behavior, spermatogenesis, and immune function. Also, in respect to embryogenesis, 

testosterone secreted by primitive Leydig cells into circulation, crosses the blood-brain 

barrier and acts to disable the functionality of the preovulatory center of the 

hypothalamus in fetal male brain, so that LH will be secreted tonically and not cyclically 

in the post natal male.  
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 For testosterone synthesis to be initiated, LH must first bind to its g-protein, 

coupled transmembrane receptor on the Leydig cell. Following this event, cholesterol 

will be converted to testosterone through the activation of several steroidogenic enzymes 

within the mitochondria and cytoplasm of the Leydig cell. Once testosterone has been 

synthesized it can now exert its biological actions.  

The effects of testosterone in humans and other vertebrates occur by way of two 

main mechanisms: by activation of the androgen receptor (directly or as DHT), and by 

conversion to estradiol and activation of certain estrogen receptors. Free testosterone is 

transported into the cytoplasm of target tissue cells, where it can bind to the androgen 

receptor, or can be reduced to 5α-dihydrotestosterone (DHT) by the cytoplasmic enzyme 

5α-reductase. DHT binds to the same androgen receptor even more strongly than T, so 

that its androgenic potency is about 2.5 times that of T. The T-receptor or DHT-receptor 

complex undergoes a structural change that allows it to move into the cell nucleus and 

bind directly to its hormone response elements, which are specific nucleotide sequences 

of the chromosomal DNA. Once this occurs, testosterone can mediate its effects on 

spermatogenesis by specifically activating the transcriptional activity of certain genes, 

leading to the production of important proteins involved in regulating Sertoli cell 

function.  

 

Ectopic Testis Xenografting 

Ectopic grafting of testicular tissue is a method in which a portion of testicular 

parenchyma from a donor animal is placed ectopically on a foreign area of a recipient 

animal. This recipient animal is usually an immunodeficient nude male mouse (nu+/nu+). 



 26

The nu/nu mouse strain lacks a thymus and hence does not have the characteristic 

immune system T-cells that could mount an immune response and ultimately rejecting 

donor-derived testis tissue.  

 Scientists have been experimenting with testis transplantation since the late 

1800’s (Turner, 1938). The resulting efficacy of the technique involved great variability 

between differences researchers. The majority of these differences can most likely be 

attributed to the site or region whereby grafted tissue is placed, as grafts placed inside the 

body cavity were relatively non-progressive when compared to the successful grafts 

located in the scrotal pouch. The large ranges in the efficiency of spermatogenesis in 

these cases are likely due to the differences in temperature between grafting regions. 

Other areas successfully tested in relation to testis tissue grafting include the anterior 

chamber of the eye, dorsal back region, behind the ear and under the kidney capsule. 

From these previous grafting studies and the body of knowledge surrounding 

endocrinology, it seems logical that by castrating the recipient mouse prior to grafting 

results in an ideal environment for foreign testis tissue to thrive. 

 Ectopic tissue xenografting provides a useful means for researchers to investigate 

factors and mechanisms important to germ cell differentiation, Sertoli cell populations, 

and production of sperm in various livestock species without maintaining those bulls and 

boars respectively. For example, in bovine testis tissue grafts only about 10% of the 

seminiferous tubules are capable of undergoing complete spermatogenesis after a 24-

week grafting period. As a result of this relatively low efficiency, factors that up-and/or-

down regulates Sertoli cell proliferation and germ cell differentiation in the testis tissue 

grafts can be more easily observed.   
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 Before grafting it is obvious that the removal of the epididymis and other 

accessory sex glands must occur. Additionally, both the Sertoli and Leydig cells need 

access to the recipient mouse’s blood supply so as a result, the tunica albuginea must be 

removed. The testicular parenchyma is then placed in Hanks Buffered Salt Solution 

(HBSS) until the time of grafting. In order to both minimize the discomfort to the 

recipient mouse and maximize blood supply to the tissue, testis grafts are placed 

subcutaneously (on the backs) of the recipient mice. Mice and the site of the graft are 

monitored and a small protuberance of testis tissue under the skin can be observed at the 

site of the graft. Following grafting, spermatids retrieved from mouse, goat and pig testis 

xenografts have successfully stimulated the resumption of meiosis in mouse oocytes with 

the use of ICSI.  

Development between testis tissue xenografts is similar to the in situ testis in 

boars. This supports the ability of murine gonadotropins to support spermatogenesis of 

higher order species and that exogenous administration of hormones is not needed. In 

another study performed where hamster testis were grafted to mice, the testicular samples 

from adult animals whether regressed or not, displayed a lower incidence of 

spermatogenic recovery when compared to immature donors. This implicates that 

grafting immature testicular tissue appears to be more successful relative to 

spermatogenesis then adult testis, and our findings support this.  

 

Manipulation of testis tissue prior to xenografting 

The success of bovine testis grafts depends on many factors including: donor age, 

endocrine environment of the recipient mouse, and endogenous treatments of testis tissue 
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prior to (or during) the grafting period with factors that may potentially regulate testis 

function. Also, no differences in the establishment of spermatogenesis between testis 

tissue explant cultured on floating filters for 5-7 days (Oatley, 2004a) when compared to 

freshly grafted tissue. Thus, treating testis tissue explants in culture may provide a useful 

means to determine the direct effects of factors regulating on germ cell and Sertoli cell 

survival in ectopic testis tissue grafts. Schmidt et. al. (2006) treated testis tissue at the 

time of grafting with 1 μg/ml of vascular endothelial growth factor (VEGF), a potent 

angiogenic factor. The hypothesis was that testis tissue treated with VEGF prior to 

grafting would significantly increase angiogenesis in the respected grafts, leading to 

improved graft survival and production of more elongate spermatids. When compared to 

controls, VEGF treatment significantly increased graft weight and spermatogenesis in 

grafted tissue; interestingly blood vessel numbers were not different. This suggests VEGF 

may have an effect on somatic and germ cell proliferation and/or differentiation in the 

testis. Other researchers have localized VEGF and its receptors, Flt-1 and KDR, to both 

the Leydig and Sertoli cells in the testis. VEGF receptors are differentially expressed in 

germ cells, whereby Flt-1 is present on elongate spermatids and KDR is present on 

spermatogonia. This suggests that VEGF has non-endothelial targets in the testis and that 

it may regulate Sertoli cell proliferation. As a result of these data, the overall goal of my 

research is to test the hypothesis that VEGF has a positive effect on proliferation and 

germ cell differentiation, and ultimately the efficiency of spermatogenesis in bovine testis 

xenografts.  
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Vascular Endothelial Growth Factor (VEGF) 

 The action of VEGF on endothelial cells is well documented and much is known 

about their mechanisms of action in this cell type. VEGF receptors are receptor tyrosine 

kinases (RTK), which are enzymes that can transfer a phosphate groups (via 

autophosphorylation) to a tyrosine residue in a protein (on c-terminus end of receptor) 

following ligand binding and dimerization. Receptor tyrosine kinases possess an 

extracellular ligand binding domain, a transmembrane domain and an intracellular 

catalytic domain. The transmembrane domain anchors the receptor in the plasma 

membrane, while the extracellular domains bind growth factors. Following ligand 

binding, tyrosine residues are rapidly autophosphorylated, and various signal transduction 

cascades can be triggered. Characteristically, the extracellular domains of VEGF 

receptors are comprised of immunoglobulin-like domain structural motifs (Shibuya et al., 

2006).  

 Flt-1, which occurs in trans-membrane and soluble forms, negatively regulates 

angiogenesis during early embryogenesis, but it also acts as a positive regulator of 

angiogenesis and inflammatory responses in postnatal life, playing a role in several 

human diseases such as rheumatoid arthritis and cancer. The soluble VEGFR1 is over 

expressed in placental trophoblast cells (Shibuya et al., 2006). VEGFR2 has critical 

functions in physiological and pathological angiogenesis through distinct signal 

transduction pathways regulating proliferation and migration of endothelial cells 

(Shibuya et al., 2006). The downstream targets of both receptors include activation of 

many signaling pathways (PI3K/Akt, Ras/Raf-MEK/Erk, eNOS/NO, and IP3/Ca2+, 
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PKC, PKA) that leads to gene transcription responsible for its functions as an endothelial 

cell mitogen and vascular permeability factor (Namiecinska et al., 2005). 

 . 
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Abstract 

 Ectopic testis tissue xenografting provides a useful model for investigating factors 

that regulate germ cells and the supporting somatic cells in the mammalian testis. The 

role for VEGF as an endothelial cell mitogen has been well documented and recent work 

has suggested non-endothelial cell targets for VEGF-A in testicular germ cells. In 

addition, VEGF treatment of bovine testis xenografts at the time of grafting resulted in 

larger testis grafts that had more spermatids when compared to controls.  Furthermore, 

the number of blood vessels in VEGF treated grafts was not significantly greater than 

controls. The objective of this study was to determine how VEGF regulates germ cell 

differentiation in the bovine testis. To accomplish this objective, we used the 

experimental approach of treating bovine testis tissue in culture with VEGF prior to 

grafting to determine if VEGF actions on germ cell differentiation were independent of 

blood vessel growth into the grafted tissue.  We hypothesized that treating bovine testis 

tissue with VEGF in explant cultures prior to grafting would result in more differentiating 

germ cells in the testis tissue. Testicular parenchyma obtained from 4- and 8-wk bovine 

donors were placed in explant culture on floating filters for 5days prior to grafting, and 

treated every two days with recombinant mouse VEGF-164 (rmVEGF; 0, 100, 200 

ng/ml) with media change.  Following culture and treatment, testis tissues were grafted 

onto the backs of immunodeficient mice.  Recipient mice were sacrificed when testis 

xenografts reached a tissue age of 32 weeks. Following sacrifice, grafts were weighed 

and evaluated for the extent of germ cell differentiation. Mouse vesicular gland weights 

were recorded as a bioassay for androgen synthesis by testis grafts. No differences 

existed between donor age and grafting period so these datasets were pooled. 
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Seminiferous tubules of testis grafts treated with VEGF contained more differentiating 

germ cell as evident by a greater percentage of meiotic germ cells and spermatids when 

compared to controls (p < 0.05). However, no differences were detected in the growth 

and androgen biosynthesis of testis grafts. These data provide direct evidence that VEGF 

has a functional role in promoting germ cell survival and differentiation in bovine testis 

xenografts. The underlying mechanisms responsible for the VEGF-induced germ cell 

differentiation are the focus of future experiments. 

 

Introduction 

Spermatogenesis includes the proliferation, meiotic division, and morphological 

differentiation of germ cells within the basal and adluminal compartments of 

seminiferous tubules of the testis leading to the production of spermatozoa, the male 

gamete. The regulation of germ cell differentiation is mainly orchestrated by cell-cell 

interactions with Sertoli cells [1] and extracellular signals including endocrine [2] and 

locally produced factors [3]. This process is initiated around puberty and results in 

sustained sperm production and potential fertility throughout the lifespan of an adult 

male. A key component of this process is the continual maintenance of the 

spermatogonial stem cell (SSC) niche in the seminiferous tubule to provide 

differentiating spermatogonia [4,5]. However, the mechanisms governing the self-

renewal and differentiation of SSCs remain unclear. 

Vascular endothelial growth factor (VEGF), also known as vascular permeability 

factor, is a potent angiogenic factor involved in promoting endothelial cell proliferation, 

survival, and differentiation [6]. The VEGF family is encoded by five different genes: 
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VEGFA, VEGFB, VEGFC, VEGFD, and placenta growth factor (PlGF) of which, 

VEGF-A has the most profound effects on tissue neovascularization and appears to be the 

only pro-angiogenic factor expressed throughout tumor growth and metastasis [6]. The 

VEGFA gene can undergo alternative splicing to form five different isoforms: VEGFA-

205, VEGFA-188, VEGFA-164, VEGFA-144, and VEGFA-120 [7] 

VEGFA isoforms stimulate endothelial cells through two membrane-bound 

receptor tyrosine kinases, Flt-1 (also known as VEGFR1) and KDR/Flk-1 (also known as 

VEGFR2) that share cognate cytoplasmic signaling domains. However, their downstream 

signals elicit distinctive cellular responses following binding of VEGF-A in endothelial 

cells.  VEGFA binding to FLT-1 stimulates cell-cell interactions and capillary tube 

formation [8,9] whereas VEGFA binding to KDR initiates classical signaling involved in 

proliferation, survival, and differentiation process [8,9]. The majority of VEGF-A 

functions are mediated through KDR binding that results in receptor autophosphorylation 

and intracellular signaling [10]. 

VEGFA regulates cell processes outside of tissue and tumor neovascularization.  

For example, research has demonstrated the importance of VEGF-A, Flt-1, and KDR in 

biological processes such as embryogenesis [11], folliculogenesis [12] and seminiferous 

cord formation in the embryonic testis [13]. Data also suggests potential functional roles 

for VEGFA in the post-natal testis, as KDR and Flt-1 are expressed in testicular germ 

cells in humans [14], rats [15], and mice [16], while somatic Sertoli and Leydig cells 

produce VEGFA [17].  Furthermore, several studies have shown detrimental affects on 

male fertility in transgenic mice overexpressing VEGFA-120 [18] and VEGFA-165 [19]. 

Mutant mice lacking KDR or Flt-1 have provided little insight to the role of VEGFA in 
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the testis because embryonic lethality (E9–10) occurs before testis development [19, 20]. 

Accordingly, targeted inactivation of a single VEGF allele also results in embryonic 

death in utero [20]. A study in our lab revealed that subcutaneously treating bovine testis 

tissue at the ectopic graft site with exogenous VEGFA-164, the most potent isoform of 

VEGFA, resulted in larger testis grafts that had more spermatids when compared to 

controls [21].  

The objective of the current study was to determine if VEGFA, and its receptors, 

are important in regulating germ cell survival and differentiation in the bovine testis. To 

accomplish this objective, we used the experimental approach of treating bovine testis 

tissue in culture with VEGFA prior to grafting to determine if VEGF actions on germ cell 

physiology were independent of blood vessel growth into the grafted tissue. We 

hypothesized that treating bovine testis tissue with VEGF in explant cultures prior to 

grafting would result in (1) more germ cell survival, and (2) a greater number of 

differentiating germ cells in the testis tissue when compared to controls. Both outcomes 

will be validated utilizing ectopic testis tissue xenografting [22, 23] as an assay for germ 

cell differentiation associated with the onset of pubertal age in bulls, 32 weeks. 

Here, we examine the role of VEGFA in the regulation of germ cell survival and 

differentiation; two processes essential for sperm production, and in this approach, 

explore mechanisms involved with the paracrine regulation of spermatogenesis in the 

bull. 
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Materials and Methods 

Chemicals and Reagents 

All reagents were purchased from Sigma (www.sigmaaldrich.com) unless otherwise 

stated.  

 

Donor Bulls and Recipient Mice 

The Washington State University Animal Care and Use Committee approved all 

animal procedures. Angus bull calves of known parentage and birthdates were obtained 

from the Washington State University Beef Center. Recipient immunodeficient NCr nude 

mice (Taconic, http://www.taconic.com; CrTac:NCR-Fox1<nu>) were raised under 

normal conditions and standard rodent chow provided ad libitum. Immunodeficiency in 

this mouse strain stems from an abnormal thymus due to homozygosity of the autosomal 

recessive nude gene (nu/nu). 

 

Tissue Collection  

Testis tissue samples were obtained from ten 4-wk-old bull calves and ten 8-wk-

old bull calves using standard castration protocols. Testes were immediately placed in 

Hanks Balanced Salt Solution (HBSS) on ice. In the laboratory, the testes were 

detunicated and parenchymal tissue was cut into 3 mg pieces and maintained in HBSS 

until culture. In addition, pieces of testicular parenchyma were placed in Bouin’s fixative 

for 4 h at 4°C followed by dehydration and storage in 70% ethanol for eventual 

morphological evaluation and comparison. 
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Testicular Tissue Explant Culture  

Testicular parenchyma obtained from 4- and 8-wk bovine donors were placed in 

explant culture on 0.45-µm pore floating filter membranes (Millipore, Bedford, MA) for 

5 days prior to grafting. Tissue explants were cultured at 32°C in Dulbecco modified 

Eagle medium [DMEM] containing 10% fetal bovine serum, 30 mg/ml penicillin, and 50 

mg/ml streptomycin including recombinant mouse VEGF-164 (rmVEGF164; R & D 

Systems, http://www.rndsystems.com); at 0 (control), 100, or 200 ng/ml. Media was 

changed every 2 days including fresh addition of rmVEGF.  Eight grafts per donor (n = 

13) were treated with rmVEGF164 (24 grafts/donor) at each concentration and each 

experiment was conducted in duplicate (Figure 1).   

 

Ectopic Testis Tissue Xenografting  

After 5 days in culture, four pieces of testis tissue were ectopically grafted onto 

castrated immunodeficient nude mice. A total of six recipient mice were grafted with 

testis tissue from each donor. Briefly, mice were anesthetized with ketamine (0.1 mg/kg 

body weight [BW]) and xylazine (0.5 mg/kg BW) castrated using surgical procedures as 

previously described [22]. The incisions were closed using absorbable suture (Ethicon, 

http://www.novartis.com) and the mice were allowed to recover before being returned to 

their cages.  

 

Analysis of Donor Grafts and Recipient Mice  

Recipient mice were sacrificed using CO2 inhalation and cervical dislocation 

when grafted bovine testis reached a tissue age of 32-wks which was determined using 
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the birth dates of donor calves. Testis grafts were removed, weighed and fixed in Bouin 

fixative at 4°C for 4 h prepared for histology, blocked in paraffin and sectioned at 8 µm. 

Sections were affixed, deparaffinized, rehydrated, stained with hematoxylin and eosin 

and evaluated using light microscopy at 400x magnification. Tissues were visually 

evaluated to determine the average number of grafts containing seminiferous tubules with 

spermatogonia, meiotic germ cells, differentiating spermatids, or only Sertoli cells. 

Digital images were captured using a Leica DFC 280 camera and a Leica DME 

compound microscope (Leica Microsystems Imaging Solutions Ltd., http://www.leica-

microsystems.com) at 400x magnification. Seminiferous tubule cross-section number and 

graft weight were recorded as measure for tissue growth by testis grafts. In addition, at 

sacrifice, blood was collected from the recipient mice by cardiac puncture; serum was 

isolated for later use. Mouse vesicular glands were removed, weighed, and recorded as a 

bioassay for androgen synthesis by testis grafts. 

 

Statistical Analysis  

Germ cell proportion and seminiferous tubule cross-section number was averaged 

per mouse to prevent unequal weighting due to variation in these traits. All statistical 

comparisons were performed using the Statistical Analysis System (SAS) software, 

version 9.13 (SAS Institute, Cary, North Carolina, USA). Data are presented as the mean 

± SEM; non-parametric data are also presented as Wilcoxon mean scores. For all 

datasets, differences between treatments were considered significant at the P < 0.05 level. 

No differences existed between donor age (4- vs. 8-wk) and grafting period so these 

datasets were pooled.  
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Analysis of differences between means for testicular tissue graft growth, 

spermatogenesis, survival, and recipient mouse vesicular gland weight were performed 

using the Proc GLM function of SAS. Pairwise comparisons were evaluated between 

groups using the Duncan’s Multiple Range test for significance. The datasets for germ 

cell proportion did not meet two of the statistical assumptions required for analysis of 

variance (ANOVA; normality and homogeneity of variance), and standard 

transformations did not result in normality or homogeneity. Therefore, a nonparametric 

ANOVA using the Proc NPAR1WAY function of SAS (Kruskal-Wallis test) was used to 

determine the significance of treatment effect on germ cell proportions within 

seminiferous tubule cross-sections and bovine testis xenografts. If the latter test was 

significant, pairwise comparisons between groups (e.g., individual tests of VEGF 

treatment level and germ cell proportion) were evaluated using Mann-Whitney tests. 

 

Results 

 Testicular parenchyma obtained from bovine donors was cultured as tissue 

explants for 5 days.  Testis tissue explants were treated with rmVEGF164 (VEGF) at 100 

or 200 ng/ml. Control testis tissue cultures were treated with vehicle only.  Following 

culture, testis tissue was grafted onto nude mice and removed when testis tissue age 

equaled 32 wks. Recovered bovine testis tissue grafts were categorized as functional 

based on evidence of active germ cell differentiation in seminiferous tubules visualized 

by microscopy. All data reporting germ cell numbers and the proportion of seminiferous 

tubules containing specific germ cell populations were obtained from testis tissue grafts 

characterized as functional. Analysis of the seminiferous epithelium in each graft to 
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determine the presence of specific germ cell types and other analysis criteria was 

conducted using the largest cross section of each testis graft tissue. Additionally, the 

number of seminiferous tubule cross sections containing only Sertoli cells was used as a 

functional assay of germ cell survival within bovine testis grafts. 

 

VEGF treatment of bovine testis tissue explants prior to ectopic xenografting  

Testis tissue growth and survival was the first criteria use to evaluate the effect of 

VEGF treatment on the bovine testis xenografts (Fig. 1 and 2).  No differences were 

observed in the number of functional grafts recovered between testicular parenchyma 

cultured in the presence or absence of VEGF (Fig. 2). Additionally, VEGF had no effect 

on graft growth, as no differences were observed in graft weight (Fig. 3A) or 

seminiferous tubule cross-section number (Fig. 3B). To determine the effect of VEGF on 

Leydig cell function, we removed and weighed recipient mouse vesicular glands to assess 

the ability of bovine testis grafts to produce biologically active testosterone. No 

significant differences in vesicular gland weights were observed between treatment 

groups indicating that VEGF did not affect androgen biosynthesis by testis tissue grafts 

(Fig. 4). 

 

VEGF treatment increased the proportion of functional bovine testis grafts undergoing 

complete germ cell differentiation.  

To determine if culturing bovine testis tissue with VEGF prior to grafting had an 

effect on quantitative spermatogenesis we evaluated the number of germ cells in each 

testis graft and converted this to germ cell proportions in functional testis grafts. 
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Regardless of treatment, all testis xenografts contained spermatogonia and meiotic germ 

cells. Interestingly, bovine testis tissue cultured with VEGF had significantly more 

(P<0.05) seminiferous tubules containing differentiating germ cells compared to controls 

(Fig. 5). VEGF treatment at 100 ng/ml resulted in 36% of testis grafts to support 

complete germ cell differentiation as determined by the presence of haploid spermatids, 

significantly more (P<0.05) when compared to controls (4.8%). Similarly, a total of 

40.9% of grafts in the 200 ng/ml VEGF treatment group contained spermatids. 

Establishment of spermatogenesis was similar in testis tissue treated with VEGF at 100 

ng/ml and 200 ng/ml respectively (Fig. 5). 

 

VEGF treatment increases germ cell differentiation in bovine testis xenografts. 

In order to determine the effect of VEGF treatment on germ cell survival and 

differentiation within bovine testis xenografts, seminiferous tubules of each graft were 

evaluated. Determination of germ cell survival was based on the presence of 

spermatogonia or only Sertoli cells within each testis tissue graft. The number of 

seminiferous tubule cross-sections containing spermatogonia was significantly increased 

(P<0.05) in testis tissue cultures treated with VEGF (Fig 6A) when compared to vehicle. 

In contrast to controls (55.2%), VEGF treatment at 100 ng/ml resulted in 23.6% more 

tubules containing spermatogonia in testis grafts. Similarly, a 32.9% increase in germ cell 

survival was observed in testis tissue treated with VEGF at 200 ng/ml when compared to 

vehicle. The inverse relationship was observed for the proportion of seminiferous tubule 

cross sections containing only Sertoli cells (Fig. 6B). Hence, germ cell death is 

significantly reduced (P<0.05) in bovine testis tissue cultured with VEGF prior to ectopic 



 52

grafting (Fig 6C and 6D). Photomicrograph cross-sections comparing germ cell survival 

is represented by the presence of no germ cells (Fig. 7A) or spermatogonia (Fig. 7B). 

To assess the extent of germ cell differentiation between control and treatment 

groups, seminiferous tubule cross-sections containing spermatogonia were classified 

based on the existence of meiotic germ cells (primary and/or secondary spermatocytes) 

and haploid spermatids (round, elongating, and/or elongate spermatids) as can be seen in 

Figure 7C. Compared to controls, seminiferous tubules of bovine testis grafts cultured 

with VEGF contained more differentiated germ cells as evident by a greater percentage 

of meiotic germ cells and spermatids when compared to controls (P < 0.05; Fig. 8A, 8B). 

Comparison of germ cell types within testis grafts demonstrated that accelerated germ 

cell differentiation occurred in VEGF treated testis tissue when compared to vehicle 

alone (P < 0.05; Fig. 8C, 8D).  

 

Discussion 

The purpose of this research was to investigate the role of VEGF in the regulation 

of germ cell survival and differentiation; two processes essential for sperm production. 

Previous work in our lab demonstrated increased spermatogenesis in bovine testis tissue 

treated with VEGF. In that study, testis xenografts treated with 1.0 μg of VEGF at the 

ectopic graft site of the recipient mouse were larger in size, with a higher percentage of 

seminiferous tubules containing elongating spermatids [21].  No significant difference 

was observed in blood vessel number in treated and control samples.  Therefore, we 

concluded that VEGF was influencing the survival and/or differentiation of germ cells in 

the testis tissue.  To determine the specific action of VEGF on testicular cells to stimulate 
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germ cell differentiation, we used the experimental approach of treating bovine testis 

tissue in culture with VEGF or vehicle prior to grafting. This allowed us to accomplish 

the objective of determining if VEGF effects on germ cell homeostasis were independent 

of blood vessel growth into the grafted tissue. 

To determine the effect of VEGF on germ cell production in bovine testes, we 

grafted testis tissue that was treated with VEGF in cultured on the backs of 

immunodeficient mice.  Ectopic testis tissue xenografting is a technique that provides a 

biological assay of germ and somatic cell proliferation, and differentiation events in 

response to various treatments [22, 23, 25, 26]. Relationships between somatic cells and 

germ cells are maintained and development is highly conserved between tissue grafts and 

in situ testis [27,28], this is a representative model to study factors involved with the 

onset and maintenance of spermatogenesis in various livestock species. Also, as 

seminiferous tubules within grafts are finitely organized due to blockages in the tubule 

network, SSC colonies cannot theoretically repopulate the entirety of the testis graft, as in 

the in vivo testis [27]. Thus, ectopic testis tissue grafting is a good model to investigate 

germ cell survival throughout postnatal testis development. 

Culturing bovine testis tissue explants with VEGF prior to grafting did not affect 

growth, survival or androgen biosynthesis by the testis tissue when compared to controls. 

Culturing testis tissue as explants prior to grafting results in smaller grafts, with fewer 

seminiferous tubules when compared to tissue grafted shortly after collection [21]. This is 

likely due to tissue necrosis during the 5-day culture period. The results of this study of 

testis tissue graft growth following 5-day culture were consistent with previous explant 

culture experiments [21]. Likewise, the number of seminiferous tubule cross-sections 
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within testis grafts treated with VEGF or control did not differ. By contrast, there was a 

difference in graft weight between VEGF-treated and control grafts. The number of 

seminiferous tubules was similar in treated and control grafts. Thus, the variation in graft 

weight could be due to unaccounted differences in mouse fibroblast infiltration or 

somatic cell proliferation. This contrast is not surprising as our current approach aimed to 

minimize the affect of VEGF on neovascularization within the graft site of the recipient 

mouse. 

Our previous findings that VEGF increased spermatogenesis in testis grafts are 

extended by this study [21]. All bovine testis tissue xenografts contained spermatogonia 

and meiotic germ cells. However, culturing bovine testis explants with VEGF treatment 

at either 100 or 200 ng/ml resulted in greater than 7-fold increase (p<0.05) in the number 

of grafts producing haploid spermatids. Evaluating pooled distributions of seminiferous 

tubule cross-sections with or without germ cells suggest that VEGF treatment 

significantly increased (p<0.05) quantitative germ cell survival. The number of 

differentiated germ cells within distributions of seminiferous tubule cross-sections 

containing spermatogonia were enumerated based on the presence of meiotic germ cells 

and haploid spermatids. VEGF treatment considerably increased the extent of germ cell 

differentiation, evident by more meiotic germ cells and spermatids (P < 0.05), when 

compared to controls. 

VEGF signaling is mediated through KDR and Flt-1, two receptor tyrosine 

kinases (RTK). Upon VEGF binding to KDR, tyrosine residues are autophosphorylated, 

allowing receptor association with a variety of signal transduction pathways [9, 10]. In 

endothelial cells (EC), KDR activation rapidly induces several signaling cascades 
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including PI3K, PLC-γ, MAPK, and Src involved in promoting cellular proliferation, 

survival, and the differentiation events [7-9]. Ligand binding to Flt-1 is can regulate cell-

cell interactions and attenuate downstream signaling events mediated by KDR. A soluble 

variant of Flt-1 is also produced as a result of alternative splicing and functions primarily 

as a decoy receptor, acting to sequester VEGF and block signal transduction by KDR 

[7,10]. 

Signaling pathways stimulated by VEGF have been implicated in germ cell 

homeostasis [37] and several studies have demonstrated the importance of VEGF for 

male fertility [13, 18-19]. Accordingly, testicular germ cells of several species express 

KDR and Flt-1 [14-16] and although these receptors are expressed in EC, no active 

angiogenesis takes place within the postnatal testis.  Leydig and Sertoli cells both 

produce VEGF [17].  VEGF synthesis by Leydig cells is promoted in response to 

hCG/LH [15] and recent evidence suggest that FSH triggers Sertoli cell production of 

VEGF [17, 24, 41]. Interestingly, FSH has also been shown to stimulate proliferation of 

spermatogonia [34], thus FSH could be acting downstream to regulate germ cell 

proliferation by regulating synthesis and secretion by VEGF. Another Sertoli cell product 

synthesized in response to FSH is kit-ligand, and upon binding to spermatogonia 

expressing c-kit (RTK in the same family as KDR) triggers a PI3K cascade leading to 

proliferation of those cells [37-39]. However, germ cell transplants from mutant mice 

lacking c-kit receptor have demonstrated that c-kit/kit-ligand signal transduction is not 

involved in the initial step of SSC differentiation [40]. Glial cell line-derived 

neurotrophic factor (GDNF), also secreted by Sertoli cells, is known to regulates the fate 

of spermatogonial stem cell (SSC) populations to either self-renew or differentiate [30]. 
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GDNF binds to the RET/GFR 1 tyrosine kinase receptor complex on the surface of SSCs 

[31], resulting in downstream activation of Bcl6b, a repressor protein critical for 

maintenance of the stem cell niche in rodents [32] and germ cell survival in bulls [33]. 

Signal transduction by RET and GFRα1 is highly comparable to KDR activated cascades 

following ligand binding. Moreover, GDNF and VEGF share functional roles for 

promoting astrocyte survival in neuronal tissue [35-36].  

VEGF binding to KDR initiates a variety of signaling cascades similar to those 

exerted by GDNF and c-kit in the postnatal testis, two factors of known importance for 

regulating germ cell proliferation, survival and differentiation [30-34, 37-40]. Further, 

VEGF produced locally by Sertoli cells [41] is in close association with spermatogonia 

expressing KDR in the cytoplasm [16]. These data taken together with our recent 

observations in bovine testis grafts support the hypothesis that VEGF produced by Sertoli 

cells in the testis could act in a paracrine manner to regulate germ cell homeostasis and 

extends the potential for exogenous manipulate testis tissue during explant culture prior 

to ectopic grafting.  

The increased potential of VEGF-cultured testis tissue grafts to undergo 

quantitative spermatogenesis could result from an increased population of spermatogonia 

in the testis tissue as a result of increased proliferation, decreased apoptosis, or both as in 

the case of endothelial cells. Thus, evaluation of SSC populations during explant culture 

in regard to 5-bromodeoxyuridine (BrdU) incorporation and positive TdT-mediated 

dUTP Nick-End Labeling (Tunnel) staining should be conducted. Accordingly, the 

underlying mechanisms responsible for VEGF-promoted germ cell differentiation in the 

postnatal testis should also be the focus of future experiments.   
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Knowledge regarding how VEGF regulates germ cell homeostasis in the postnatal 

testis will improve the current understanding of male reproductive biology, and lead to 

the development of novel reproductive strategies to optimize sperm production in bulls. 

Also, since VEGF promotes germ cell survival our data advocates improvements in the 

efficiency for male germ-line preservation.  Cryopreservation of bovine SSCs could 

foster the ability to continually produce sperm from high genetic merit bulls long after 

death. Further, because VEGF is important for male fertility, we suggest that selectively 

blocking VEGF signaling in the testis may provide a novel means for effect hormone-

independent male contraception.  
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Table 1. Summary of Mean (SEM) Tissue Data in Bovine Testis Tissue Grafts  
 

 
Graft  

Survival* 
Graft  

Weight 
ST  

Number 
VG  

Weight 
VEGF treatment (%) (mg) (sections) (mg) 

       0 ng/ml 53.9% (11.0%) 12.7 (2.1) 91.7 (16.2) 184.6 (35.6) 
   100 ng/ml 64.1% (15.8%) 14.3 (2.1) 80.0 (11.1) 210.3 (28.2) 
   200 ng/ml 61.5%   (9.9%) 11.7 (1.9) 78.7 (15.3) 244.4 (35.7) 

 
SEM, standard error of mean. 
ST, seminiferous tubules within each graft.  
VG, recipient mouse vesicular glands. 
* Total functional testis grafts divided by total recovered grafts 
 
 
 
 
 
Table 2. Summary of Germ Cell Data in Bovine Testis Tissue Grafts 
 

 
Establishment of 
Spermatogenesis

Germ Cell 
Survival Ω 

Meiotic  
Germ Cells Ω 

Haploid 
Spermatids Ω  

VEGF treatment Mean (SEM) (% of tubules) (% of tubules) (% of tubules) Ψ
       0 ng/ml  4.8%   (4.8%) a 55.2% a 16.4 a 2.4% a    
   100 ng/ml 36.0% (10.9%) b 68.2% b 25.8 b 5.1% b   
   200 ng/ml 40.9%   (5.5%) b 74.3% b 28.8 b 6.0% b   

 
SEM, standard error of mean. 
Means affected by different letters show significant differences (p<0.05) for treatment 
 
Ω Parametric means are presented although comparisons were made using a nonparametric  
ANOVA with Wilcoxon Rank Sums for differences between means. 
 
Ψ Histological analysis of differentiated germ cell populations in bovine testis tissue cultured 
with vehicle only identified a single mouse (out of 20) containing testis grafts containing haploid 
spermatids. Similar analysis identified the occurrence of complete graft germ cell differentiation 
in 9 mice (out of 25) receiving bovine testis tissue cultured with VEGF at 100 ng/ml prior to 
grafting. Accordingly, complete germ cell differentiation was seen in 9 mice (out of 22) grafted 
with bovine testis tissue cultured with VEGF at 200 ng/ml at the rate  
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Figure 1.  Diagrammatic representation of the experimental design implemented in the 
current study. 
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Figure 2.  Comparison of survival rates in bovine testis tissue grafts cultured with VEGF 
or vehicle following the ectopic grafting period, determined by multiplying recovery rate 
and proportion of functional grafts. There were no significant differences (P>0.05) 
between means. 
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Figure 3.  Growth analysis of functional bovine testis tissue grafts cultured with VEGF 
or vehicle following the ectopic grafting period. A) Average weight of individual testis 
grafts.  B) Number of seminiferous tubule cross-sections per testis graft (pooled average / 
mouse). There were no significant differences (P>0.05) between means. 
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Figure 4. Comparison of androgen biosynthesis within bovine testis tissue grafts cultured 
with VEGF or vehicle following the ectopic grafting period as determined by paired 
vesicular gland weights of recipient mice supporting functional grafts. There were no 
significant differences (P>0.05) between means. 
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Figure 5.  Differences in the ability of functional bovine testis tissue grafts cultured with 
VEGF or vehicle to support production of haploid spermatids following the ectopic 
grafting period. Bars affected by different letters show significant differences (p<0.05) 
between means. 
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Figure 6.  Analysis of germ cell survival in functional bovine testis tissue grafts cultured 
with VEGF or vehicle following the ectopic grafting period. Percentage of seminiferous 
tubules classified by presence of spermatogonia (A) or only Sertoli cells (C). Nonpara-
metric analysis of treatment effects on graft survival is also reported for proportions of 
tubules containing spermatogonia (B) or only Sertoli cells (D). Bars affected by different 
letters show significant differences (p<0.05) between means. 
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Figure 7.  Morphological analysis comparing germ cell survival in bovine testis tissue 
grafts treated with VEGF or vehicle. (A) Germ cell survival = presence of spermatogonia 
or germ cells within seminiferous tubule cross-sections. (B) Germ cell death = presence 
of only Sertoli cells within seminiferous tubule cross-sections. (C) Establishment of 
spermatogenesis leading to the production of spermatids. Indicators of testicular cell 
types are as follows: Sertoli cells (»), spermatogonia (↑), meiotic germ cells (λ), and 
spermatids (♣). Scale bar is 50 μm.   
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Figure 8.  Comparison of differentiating germ cell types in functional bovine testis tissue 
grafts cultured with VEGF or vehicle following the ectopic grafting period. Bars affected 
by different letters show significant differences (p<0.05) between means. 
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APPENDIX 

 
Establishment of Spermatogenesis in Neonatal Porcine Testicular 
Tissue Following Ectopic Xenografting Varies with Donor Age 
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 Abstract 

Somatic and germ cell maturation precedes the start of spermatogenesis and is 

coordinated so efficient spermatogenesis will occur in the adults.  The present study was 

conducted to critically evaluate age-related differences on the establishment of 

spermatogenesis in neonatal boars with the use of ectopic testis tissue xenografting. 

Ectopic testis tissue xenografting affords investigation of testicular germ and somatic cell 

proliferation and differentiation events in many species. Testis tissue obtained from 3, 5, 

7 and 14-day-old piglets were ectopically xenografted onto castrated, immunodeficient 

nude mice. Grafts were removed 22-wk later and evaluated for growth, the establishment 

of spermatogenesis and recipient mouse testosterone biosynthesis and FSH concentration 

as assayed. Testis tissue graft growth was significantly greater in testis grafts from 3-day 

donor tissue, when compared to all other ages; 5, 7, and 14-day-old donor tissue weight 

was not significantly different at removal. FSH concentrations in recipient mice 

supporting testis grafts from 5, 7, and 14-day old donor tissue did not differ and were 

similar to normal physiological levels in age matched, intact nude mice. Serum FSH 

levels were significantly lower in recipient mice supporting testis grafts from 3-day old 

donor tissue. Biological assay of vesicular gland weight indicated no differences in 

testosterone production by testis grafts of varying donor age. Porcine testis tissue 

obtained from 3, 5, 7 and 14-day-old neonatal boars were all capable of producing round 

and elongate spermatids after 22 weeks of grafting, but testis grafts from 14 day old 

donors had a significantly higher (8-fold) percentage of seminiferous tubules with 

spermatids compared to all other donor ages (p < 0.05). These data demonstrate age-

related differences in the ability of donor testicular tissue from neonatal boars to develop 
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and establish spermatogenesis following ectopic testicular xenografting. Future research 

will investigate age-related variation in somatic and germ cell populations responsible for 

testis graft differences in the establishment of spermatogenesis and how this is associated 

with efficient sperm production in boars. 

 

Introduction 

Spermatogenesis is an organized process requiring many systemic and local 

factors [1, 2] and includes all cellular transformations that occur within the seminiferous 

epithelium leading to the production of mature spermatozoa in the seminiferous tubule of 

the testis. However, germ cell interactions with nearby Sertoli cells are necessary for 

germ cells to undergo mitosis, meiosis, and spermiogenesis [2, 3]. Moreover, it is 

believed that Sertoli cells contribute to the process of spermatogonial stem cell (SSC) 

renewal [4-9], allowing for continual production of sperm during a male’s adult lifespan. 

Leydig and Sertoli cells also account for the majority of testosterone and estrogen 

synthesis in the male [10], and secrete factors exerting negative feedback on the pituitary 

gland; both processes promoting normal male fertility [11-13].  

The majority of information about the cell biology associated with 

spermatogenesis has been gained with the use of rodent models and as a result; there 

remains a general lack of knowledge regarding testis development and sperm production 

in livestock. Further, due to the complexity involved with germ cell differentiation, most 

research investigating testis biology is often restricted to in vitro studies. Although 

insightful, the intimate relationship between Sertoli cells and germ cells are often lost, 

and cell lines can mutate during culture. Ectopic testis tissue xenografting is a procedure 



 77

whereby small pieces of testicular parenchyma from a donor animal are grafted under the 

skin of an immunodeficient nude mouse. This technique maintains interactions between 

germ and somatic cells in the grafted tissue and thus provides a biological assay for the 

establishment of spermatogenesis in a variety of species [15-17]. Additionally, multiple 

studies have demonstrated that testis tissue xenografts are representative of in vivo testis 

development [16, 18-19].  

The onset of puberty is commonly associated with the completion of the first 

wave of spermatogenesis in a variety of species [20]. It is known that Sertoli cell number 

established before puberty determines adult testis size [21-27] and mature spermatogenic 

capacity [28-29] in various mammalian species. Puberty in most domestic pig breeds 

occurs around 20 weeks of age [30] and researchers have investigated the establishment 

of the spermatogenesis in the postnatal boar testis during between 1 month of age and 

adulthood [29-36], but little is known about relationships between somatic and germ cells 

in the neonatal testis as previously mentioned. Although porcine Sertoli cells still express 

markers of proliferating cells around 4 months of age [31], several reports suggest the 

importance of Sertoli cell proliferation in the boar testis during the first 2 weeks of life 

[32,37]. This represents several candidate physiological stages in development that may 

govern the spermatogenic capacity of the mature boar testis.  

In 2005 the United States Department of Agriculture (USDA) reported that 

products generated from the domestic swine industry accounted for more than $97 billion 

in total receipts adding $34.5 billion to the country’s gross national product, hence pork 

production is a vital part of the United States (US) economy. Profit-potential for various 

industry sectors is largely determined by reproductive efficiency. Despite the extensive 
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use of boars for natural service and artificial insemination within the swine industry, 

improving male reproduction has been greatly overlooked. Currently, little is known 

about the basic mechanisms regulating testis biology in boars. As a result, a better 

understanding of sperm production in boars could tremendously impact profitability in 

the swine industry.  

The objective of the present study was to evaluate age-related differences in the 

establishment of spermatogenesis in testicular tissue obtained from 3, 5, 7, and 14-day 

old neonatal boars after 22 weeks of grafting. We also investigated endocrine related 

differences associated with the normal male fertility in recipient mice supporting porcine 

testis tissue of varying donor age.  

Porcine Sertoli cell numbers increase 4 fold during the first two weeks of neonatal 

life, thus we hypothesized that testicular tissue from 14-day-old boars would have the 

greatest ability to establish and support spermatogenesis following grafting when 

compared to other donor ages. We also predicted no differences in testis graft androgen 

biosynthesis or recipient mouse serum FSH would exist between the donor ages. 

Completion of these objectives will provide a better understanding of the mechanisms 

regulating neonatal germ and somatic cell development associated with establishing 

future spermatogenic capacity in the boar testis.  

 

Materials and Methods 

Chemicals and Reagents 

All reagents were purchased from Sigma (www.sigmaaldrich.com) unless 

otherwise stated.  
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Donor Animals and Tissue Collection 

The Washington State University Animal Care and Use Committee approved all 

animal procedures. Neonatal testis was obtained from 3, 5, 7 and 14-day-old white line 

composite boars at the Washington State University Swine Facility using standard 

castration protocols. A minimum of 3 boars was randomly chosen to represent each donor 

age. Testes were immediately placed in Hanks Balanced Salt Solution (HBSS) on ice and 

transported to the laboratory, where visceral and parietal tunics were removed.  

 

Ectopic Testis Xenografting 

Testicular parenchyma tissue was cut into 5 mg pieces and ectopically 

xenografted onto castrated, recipient immunodeficient NCr nude mice (Taconic, 

http://www.taconic.com; CrTac:NCR-Fox1<nu>) or placed in Bouin’s fixative for 4 h at 

4°C followed by dehydration and storage in 70% ethanol for eventual morphological 

evaluation and comparison. Briefly, mice were anesthetized with ketamine (0.1 mg/kg 

body weight [BW]) and xylazine (0.5 mg/kg BW) castrated using surgical procedures, 

and managed as previously described [22].  

 

Analysis of Donor Grafts and Recipient Mice  

Recipient mice were sacrificed using CO2 inhalation followed by cervical 

dislocation after 22-wks of grafting. Testis grafts were removed, weighed, and processed 

as previously described [17] for histological analysis of establishment of 

spermatogenesis. Seminiferous tubule cross-section number and graft weight were 
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recorded as measure for tissue growth by testis grafts. At sacrifice, mouse vesicular gland 

weights were recorded as a bioassay for testosterone, and blood was also collected from 

recipient mice by cardiac puncture and serum was isolated later evaluated for [FSH] by 

radioimmunoassay. The extent of germ cell differentiation in testis tissue grafts was 

visually evaluated by comparing the average number of seminiferous tubules cross-

sections containing spermatogonia, meiotic germ cells, differentiating spermatids, or only 

Sertoli cells within the largest center section of each tissue sample. Digital images were 

captured using a Leica DFC 280 camera and a Leica DME compound microscope (Leica 

Microsystems Imaging Solutions Ltd., http://www.leica-microsystems.com) at 400x 

magnification. 

 

Statistical Analysis  

Germ cell proportions were averaged per mouse to prevent unequal weighting due 

to variation in these parameters. All statistical comparisons were performed using the 

Proc GLM function of Statistical Analysis System (SAS) software, version 9.13 (SAS 

Institute, Cary, North Carolina, USA), and differences were considered significant at the 

p≤0.05 level. Pairwise comparisons were evaluated between donor ages using the 

Duncan’s Multiple Range test for significance. Data are presented as the mean ± SEM 

and differences between donor ages were considered significant at the P < 0.05 level.  

 

Results 

Porcine Testis Tissue Graft Growth, Androgen Biosynthesis and Recipient Mouse Serum 

FSH Concentration 
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Growth of testicular tissue from neonatal boars could be identified during the 

grafting period by visually increase in protuberance size under the skin on the backs of 

recipient mice. To assess age related differences in growth potential of porcine donor 

tissue at removal, testis graft weights were measured and the numbers of seminiferous 

tubule cross-sections were determined. Analysis of growth potential indicated donor-age 

related variation in testis tissue graft weight and tubule number. Both parameters for graft 

growth were significantly higher (P < 0.05) in testis grafts from 3-day donor tissue, when 

compared to all other ages (Fig. 1 and 2). In contrast, donor testis tissue from 5, 7, and 

14-day-old neonatal boars had similar growth rates as no differences (P > 0.05) were 

detected in graft weight (Fig. 1) or seminiferous tubule number (Fig. 2).  

To assess the ability for testis tissue grafts to synthesize biologically active 

testosterone, recipient mouse vesicular gland weights were compared between donor 

groups. Vesicular gland weights indicated no differences (P > 0.05) in the ability of testis 

tissue grafts to produce testosterone despite variation in donor age (Fig. 3). We also 

investigated the ability of porcine testis tissue xenografts to produce factors that exert 

negative feedback on pituitary follicle stimulating hormone (FSH) synthesis when 

compared to normal, intact mice of similar age and strain by radioimmunoassay. FSH 

concentrations in recipient mice supporting testis grafts from 5, 7, and 14-day old donor 

tissue did not differ (P > 0.05) and were similar to normal physiological levels in age 

matched, intact nude mice (Fig. 4).  However, serum FSH levels were significantly lower 

(P < 0.05) than normal in recipient mice supporting testis grafts from 3-day old donor 

tissue.  
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Degree of Germ Cell Differentiation in Porcine Testis Tissue Grafts 

The extent of spermatogenesis in testis tissue from neonatal boars of different 

ages was determined after 22 weeks of grafting. Porcine testis tissue obtained from 3, 5, 7 

and 14-day-old neonatal boars were all capable of producing round and elongate 

spermatids after 22 weeks of grafting (Fig. 5). Testis grafts from 14-day-old donors 

contained a significantly greater (p < 0.05) percentage of seminiferous tubules with 

spermatids compared to all other donor ages (Fig. 5). In contrast, spermatogenesis was 

established at similar rates (P > 0.05) in donor testis tissue from 3, 5, and 7-day-old 

neonatal boars (Fig. 5). The average percentage of tubules containing spermatids in testis 

tissue from 14-day-old donors was approximately 8-fold higher (45.4%) when compared 

to other donor ages averaging 5.4%. Photomicrograph cross-sections representing the 

degree of germ cell differentiation within porcine testis grafts can be found in Figure 6.  

  
Discussion 

Porcine testis tissue obtained from donor ages were all capable of complete germ 

cell differentiation after 22 weeks of grafting, but testis grafts from 14-day-old donors 

had significantly more (8-fold) seminiferous tubules with spermatids than all other donor 

ages (p < 0.05). Thus, differences exist in neonatal boar testis development associated 

with the establishment of the first wave of spermatogenesis in porcine testis tissue 

xenografts. These data suggest the optimum age for manipulating lifetime spermatogenic 

efficiency in boars should occur at two weeks of age, and may explain why previous 

attempts to increase spermatogenic capacity and testis size in boars did not result in larger 

testes or more sperm production [31]. Further, because grafting 14-day porcine testis 

tissue results in the greatest graft germ cell differentiation, this donor age may provide 
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the best tissue for germ-line genetic manipulation of cells, potentially facilitating a novel 

means to produce transgenic boar spermatozoa.  

Although androgen biosynthesis was similar between donor ages, differences 

existed in the ability for testis grafts to grow and exert negative feedback on pituitary 

FSH production. Testis grafts from 3-day donor tissue were on average 2-fold larger 

when compared to testis tissue obtained from 5, 7, and 14-day-old neonatal boars. Testis 

grafts from 5, 7, and 14-day old donor tissue were of similar size and recipient mice 

supporting these testis grafts contained serum concentrations of FSH in similar to normal 

physiological levels in age matched, intact nude mice. Serum FSH levels were 

significantly lower than controls (P < 0.05) in recipient mice supporting testis grafts from 

3-day old donor tissue.  Interestingly, vesicular gland weight demonstrated no donor-age-

related differences in testosterone synthesis, suggesting increased potential for testis 

grafts from 3-day donors to negatively regulate pituitary production of FSH, due to more 

inhibin production from a larger population of Sertoli cells. This effect may also be due 

to germinal aplasia [40], or failure of germ cells to develop, but this appears unlikely 

based on the data demonstrating the establishment of spermatogenesis was similar in 

testis tissue grafts from 3, 5, and 7-day neonatal donors. 

  During prenatal and postnatal testis development, it is established that FSH 

stimulates Sertoli cells to proliferate and in response to thyroid hormones, Sertoli cells 

cease proliferation and initiate terminal differentiation [38, 41-42]. The timeline for 

Sertoli cell proliferation and differentiation events are highly species dependant, occur 

before puberty and are essential for spermatogenesis in the adult. In vivo studies have 

suggested the potential to manipulate establishment of Sertoli cell populations in non-
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human primates [25], rodents [28, 37] bulls [39] and boars [29, 33].  However, in an 

attempt to increase Sertoli cell number and pubertal testis size, researchers’ induced 

hypothyroidism in postnatal boars starting at 21 days of age [31]. However, postnatal 

hypothyroidism did not affect testis development or sperm production in boars.  

We demonstrated significant differences in the establishment of spermatogenesis 

in testis grafts from 14-day old donors, even though all donor tissue completed the first 

round of spermatogenesis associated with pubertal age. Although porcine Sertoli cells 

still express markers of proliferating cells around 4 months of age [31] our findings report 

age-related differences in growth potential of neonatal testis tissue when grafted on 

immunodeficient mice, and indicate important physiological changes in Sertoli cell 

homeostasis during the neonatal testis development. This conclusion is supported by in 

vivo evidence [32, 35-37], and since postnatal boar testis developmental is conserved 

between grafted and in vivo testis tissue, we suggest future efforts to impact lifetime 

spermatogenic capacity in boars should occur during the first two weeks of life 

While germ cells in the neonatal boar testis may have contributed to the observed 

variation in the establishment of spermatogenesis, they exist as gonocytes in the lumen of 

the seminiferous tubule, and do not migrate to the basement membrane of until after 14 

days of age. Thus, future research should investigate factors regulating physiological 

changes in Sertoli cell populations responsible for the dramatic increase in the extent of 

spermatogenesis seen in testis grafts from 14-day-old donors. Information regarding 

critical changes in gene and protein expression involved with neonatal Sertoli cell 

homeostasis in boars will allow for a better understanding of male fertility and infertility, 
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and potentially facilitate novel management strategies improve male reproductive biology 

for various agricultural, biomedical and conservation purposes. 
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Figure 1. Growth analysis of functional porcine testis tissue grafts of varying donor age 
following the ectopic grafting period as determined by mean weight of individual testis 
grafts. Bars affected by different letters show significant differences (p<0.05) between 
means. 
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Figure 2. Growth analysis of functional porcine testis tissue grafts of varying donor age 
following the ectopic grafting period as determined by number of seminiferous tubule 
cross-sections per testis graft. Bars affected by different letters show significant 
differences (p<0.05) between means. 
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Figure 3. Comparison of androgen biosynthesis within porcine testis tissue grafts of 
varying donor age. There were no significant differences (P>0.05) between means.  
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Figure 4. Comparison of serum FSH concentration in non-grafted intact mice, and 
recipient mice supporting porcine testis tissue grafts of varying donor age. Bars affected 
by different letters show significant differences (p<0.05) between means. 
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Figure 5. Percentage of seminiferous tubules containing round and elongating spermatids 
within porcine testis tissue grafts of varying donor age. Bars affected by different letters 
show significant differences (p<0.05) between means. 
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Figure 6. Morphological analysis comparing germ cell populations in porcine testis 
tissue grafts of varying donor age. Tubule cross-sections representing most advanced 
germ cell type: (A) spermatocytes α, (B) round spermatids β, (C & D) elongating 
spermatids γ.  Scale bars = 50 μm. 

 


