
ABSTRACT 
 

MILLER, STEPHANIE RENEE.  Assessment of nycodenz gradient on enrichment and 
culture of perinatal porcine spermatogonial stem cells.  (Under the direction of Robert M. 
Petters). 
 
 The objective of this study was to assess the effectiveness of a Nycodenz gradient 

enrichment method to enrich a dissociated single cell suspension of porcine testicular 

cells for spermatogonia, and to observe the separated fractions from the gradient over a 

14-day culture period for cell viability and number of spermatogonia in culture.  Two 

germ cell specific genes, VASA and DAZL, were utilized for detection of spermatogonia 

using immunohistochemistry.  The control group included cultures generated from the 

enzymatic digestion of porcine testes prior to the enrichment protocol for each replicate.  

The NycoDenz gradient consistently separated the isolated cell suspension into three 

distinct layers and a pellet, all of which were assessed for spermatogonial enrichment.  

Testis cells were isolated and seeded in culture on day 0.  Cell viability and percent of 

spermatogonia was assessed on day 0, 7, and 14 of culture.  Viability was determined 

using trypan blue exclusion assay and quantified using a hemocytometer.  Spermatogonia 

were morphologically identified as round, plump cells with a large amount of cytoplasm.  

Visualization of spermatogonia was facilitated by immunostaining with DAZL and 

VASA polyclonal antibodies and cells exhibiting morphological characteristics in 

addition to bright, concentrated fluorescence were counted as spermatogonia.   
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INTRODUCTION AND REVIEW OF LITERATURE 
 
 

 This review will cover the topics of in vivo spermatogenesis, the techniques used for 

isolation of spermatogonia, the maintenance and detection of spermatogenic cells in culture, 

and gene transfer in spermatogonia.  The primary focus will be on porcine spermatogonia; 

however, the mouse and other species will be discussed.   

 

SPERMATOGENESIS IN VIVO 
 
EARLY DEVELOPMENT OF TESTICULAR CELLS 

 Primordial germ cells in the early embryo originate from the proximal epiblast.  Prior 

to sexual differentiation in the developing embryo, primordial germ cells migrate from the 

base of the allantois and populate the sexually indifferent genital ridge at about 21 days of 

gestation in the pig (Pelliniemi, 1975).  The primordial germ cells then populate the 

indifferent gonads of the developing fetus and become gonocytes.  As development 

continues, gonadal expression of the sex determining gene, Sry, causes pre-Sertoli cells to 

differentiate at day 11.5 post coitum (Tilmann and Capel, 2002).  Directly after 

differentiation of the pre-Sertoli cells, the indifferent gonad becomes a differentiated testis 

between days 27 and 56 of gestation in pigs.  Other cells differentiate in the testis including 

endothelial cells, Leydig cells, fibroblasts, and peritubular myoid cells (Franca et al., 2005).   

 As the gonads of the genetically male fetus develop, structural changes occur 

including the differentiation of the Sertoli and Leydig cells and the formation of the 

seminiferous cords.  Seminiferous cord formation is a result of morphological interactions 

between Sertoli cell precursors, germ cells, and peritubular myoid cells (Franca et al., 2005).  

During this early stage, anti-Mullerian hormone (AMH) is secreted by Sertoli cells, which is 
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responsible for suppressing the development of the female reproductive tract (Capel, 2000).  

The fetal Leydig cells produce the steroid hormone testosterone, which is responsible for the 

developmental regulation of secondary sex characteristics.  Follicle stimulating hormone 

(FSH) is responsible for postnatal proliferation of Sertoli cells and thyroid hormone (T3) has 

a role in the transition from mitotic to a non-mitotic state, which occurs in Sertoli cells before 

puberty (Capel, 2000).  In this period of fetal development, the proper level of androgens and 

estrogens is important for normal male development (Franca et al., 2005).   

 

MATURATION FROM FETAL STAGE TO PUBERTY 

 Sertoli cells have many specialized functions in the porcine testis, including providing 

support for the differentiating germinal cells within the seminiferous epithelium, 

phagocytosis of cytoplasmic bodies shed from the late spermatids at spermiation, release of 

mature spermatozoa into the seminiferous lumen of the testis, and providing nutrition to the 

developing germ cells.  Together with adjacent cells, Sertoli cells provide a protected 

environment for the developing germ cells by forming a blood-testis barrier that 

compartmentalizes the seminiferous epithelium via tight junctions into a luminal and 

adluminal compartment.  The junctions between neighboring Sertoli cells isolate the germ 

cells in the adluminal compartment, which is inaccessible to macromolecules from the 

bloodstream that carry nutritive value, causing the nutrition of the germ cells to be dependent 

on the Sertoli cells.  Sertoli cells provide the germ cells with pyruvate and lactate as energy 

sources, as well as iron and other vitamins necessary for survival (Russell and Griswold, 

1993).   
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 The total number of Sertoli cells established in the testis during development dictates 

the adult size of the testis and the sperm production in the adult animal (Franca et al., 2000).  

The number of Sertoli cells present in the testis is important because each cell can only 

support a limited number of developing germ cells.  The pattern of Sertoli cell proliferation 

in pigs after birth is quite different from that found in various rodent species, perhaps due to 

the delayed onset of puberty.  In pigs, there are two periods of mitotic Sertoli cell 

proliferation.  The first phase takes place after birth up to 1 month of age where the Sertoli 

cell population increases several fold.  The second phase of postnatal proliferation occurs 

during the third and fourth month of development and augments the cell population by 80%.  

After four months of age, the Sertoli cell population slightly decreases until seven to sixteen 

months of age were the population stabilizes and cell division ceases.  After the onset of 

puberty, no Sertoli cell death is normally observed in the adult porcine testis (Franca et al., 

2000).  

 During testicular development, the plasma FSH levels are highest during Sertoli cell 

proliferation.  FSH is important for mitotic activity of postnatal Sertoli cells, maturation of 

Sertoli cells, and initiation of the first wave of spermatogenesis (Franca et al., 2000).   

 The majority of the intertubular space in the porcine testis is occupied by Leydig 

cells, which are found in clusters within the testis.  Leydig cells are responsible for the 

biosynthesis and secretion of testosterone under the control of leutinizing hormone (LH) and 

(FSH) from the pituitary (Capel, 2000).   

 Leydig cell development in pigs exists in three phases:  a transient phase during the 

early fetal period, a transient phase during the perinatal period, and the final phase from 3 

months of age through puberty and into adulthood.  In pigs, Leydig cell volume and the 
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number of LH receptors change during the different periods of development (Van Straaten 

and Wensing, 1978). 

The first phase of Leydig cell development begins immediately after gonad 

differentiation where the population of mature cells increases and a high level of testosterone 

is produced.  It is during this first period of Leydig cell development that the accessory sex 

organs develop (Van Straaten and Wensing, 1978).  Leydig cells develop in the second phase 

during the 5-week period surrounding the time of birth.  In this period before and after birth, 

a large number of differentiated cells emerge with a strong steroidgenic capability (Van 

Straaten and Wensing, 1978).  The third phase of Leydig cell proliferation occurs 13 weeks 

after birth and is important for the maintenance of accessory sexual glands and 

spermatogenesis, both of which are androgen dependent.  During stage three of Leydig cell 

proliferation is when the population of cells characteristic of the adult testis is formed (Van 

Straaten and Wensing, 1978).   

Throughout male development, germ cells undergo two phases including the 

developmental phase and the differentiation phase.  During the developmental phase, the 

germ cells initially develop in the embryo and eventually become primordial germ cells and 

migrate to colonize the developing gonads in the fetus.  After the primordial germ cells 

colonize the gonad, they undergo sexual differentiation.  The differentiation phase of male 

germ cells includes the differentiation of early spermatogonia to spermatozoa (Desjardins 

and Ewing, 1993).   

At birth the number of porcine germ cells in the seminiferous tubule is very low, but 

dramatically increases between two and fourfold at monthly intervals from 4 to 5 months of 

age and then stabilizes at about 7 months of age.  During testicular development in the pig, a 
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correlation was observed between the number of germ cells in the seminiferous cord and 

testicular weight (Franca et al., 2000).  After birth germ cells proliferate continuously, but an 

apparent decrease in the density of germ cells is observed, likely due to the increased 

proliferation of other testicular cells.  The growth rate of the germ cells has been estimated to 

be half the rate of developing Sertoli cells.  The germ cells are undergoing mitosis during this 

time, and apoptosis was rarely observed.  This pattern of proliferation is in contrast to the 

proliferation of germ cells in rodent species, where germ cells are quiescent or undergo 

massive degeneration after birth (Gondos and Byskov, 1981).  As puberty approaches in pigs, 

the number of Sertoli cells, Leydig cells, and germ cells stabilizes (Franca et al., 2000).   

 

PROCESS OF SPERMATOGENESIS 

 Spermatogenesis is a highly regulated process that takes place in the seminiferous 

tubules of the testis and includes all transformation steps necessary for germ cells to develop 

into differentiated spermatozoa (Figure 1).  Spermatogenesis encompasses three distinct 

processes throughout development including spermatocytogenesis in the basal compartment 

when the A1 spermatogonia undergo many developmental steps to become type B 

spermatogonia, meiosis in the adluminal compartment of the seminiferous tubules which 

gives rise to spermatids, and spermiogenesis also in the adluminal compartment that includes 

transformation of spermatids into the fully developed and differentiated spermatozoa (Figure 

2),(Senger, 1997).  The time of development of the male germ cells though spermatogenesis 

varies between species, and average times of porcine testicular development is summarized 

in table 1.   
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Spermatocytogenesis starts with the most immature germ cells called spermatogonia.  

A spermatogonium is the name used to describe a relatively unspecialized diploid germ cell 

in the seminiferous epithelium that has the ability to undergo mitosis and ultimately yield 

primary spermatocytes.  The several types of spermatogonia are classified on the amount of 

heterochromatin present in the nucleus.  Presence of heterochromatin is indicative of a more 

differentiated cell; therefore, the most primitive cell is the type A spermatogonium.  

Intermediate spermatogonia are more developed than type A spermatogonia, and type B 

spermatogonia are the most differentiated (DeRooij and Russell, 2000).  Many types of type 

A spermatogonia exist, the most primitive of which is the A-single (As) which has also been 

referred to as A-isolated or stem cell spermatogonia (DeRooij and Russell, 2000).  The As 

cell is functionally defined as able to give rise to other stem cells in addition to initiating the 

development of cells that are committed to form differentiated cells.  Along with the 

functional definition of As spermatogonia, morphologically the cells are the only type of 

spermatogonia without the presence of intercellular bridges.  The formation of intercellular 

bridges plays an important role in spermatogenesis in the boar.  The bridges between cells 

allow for sharing of gene products and synchronization of cellular activities allowing for 

synchronized development (DeRooij and Russell, 2000).   

In the beginning of spermatocytogenesis, the As spermatogonia are in close proximity 

to the basement membrane at the periphery of the seminiferous tubule.  The route of 

development from stem cell to a cell committed to mitosis is still a topic for debate.  There 

are two possible fates of a spermatogonial stem cell, one of which is another stem cell and 

the other is a cell committed to differentiation.  Currently two theories describe this method 

of development using either symmetrical division or asymmetrical division.  The 
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asymmetrical division theory describes the spermatogonial stem cell dividing to yield a 

spermatogonial stem cell and another single spermatogonial cell that will again divide to 

yield a pair of spermatogonia (Apr).  The daughter cell that is a stem cell will divide and 

produce two new stem cells.  The symmetrical division theory supports the idea that the fate 

of the daughter cells could depend on a mechanism that regulates the formation of an 

intercellular bridge.  The stem cell can divide to either form a pair of spermatogonia (Apr) or 

two separate stem cells.  Although some reports of asymmetrical division are present in the 

literature, the theory of symmetrical divisions is the predominate theory (DeRooij and 

Russell, 2000).  About half of the resulting daughter cells stay connected together by an 

intercellular bridge and become A-paired (Apr) spermatogonia.  The other half of the 

daughter cells migrates apart and goes through self-renewing divisions to maintain the stem 

cell population in the testis.  Apr spermatogonia are committed to the differentiation pathway 

and develop to form chains of A-aligned (Aal) spermatogonia consisting of 4, 8, or 16 cells 

(Goldberg, 2000).  As, Apr, and Aal spermatogonia are all considered undifferentiated 

spermatogonia, although these cells are very similar to the A spermatogonia referred to as 

differentiating.  In fact, Apr and Aal spermatogonia are differentiated in that they are 

irreversibly committed to developing towards differentiated spermatogonia (DeRooij and 

Russell, 2000).  As, Apr, and Aal spermatogonia all divide at random during the cycle of the 

seminiferous epithelium.  The Aal spermatogonia will develop into the first generation of 

differentiating calls called A1 spermatogonia (Goldberg, 2000).  This step in development is 

a transition from the cycling of undifferentiated spermatogonia to rigid mitotic divisions of 

type A spermatogonia.  The transition to A1 spermatogonia does not include a mitotic 
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division, but instead a transformation occurs in the G0/G1 phase of the cell cycle to change 

the Aal spermatogonia to A1 spermatogonia (DeRooij and Russell, 2000).   

The spermatogonial germ cells then undergo mitotic divisions while staying 

connected by intercellular bridges and migrate toward the lumen of the seminiferous tubule.  

At the beginning of the rigid mitotic divisions, the spermatogonia are specialized diploid 

germ cells with a chromosomal content of 2n and are termed A1 spermatogonia.  A1 

spermatogonia mitotically divide to yield two A2 spermatogonia.  The A2 spermatogonia 

enter mitosis again to form A3 spermatogonia, and A4 spermatogonia are formed after an 

additional mitotic division.  The process of A-spermatogonia mitotically progressing to A4 

spermatogonia is continued indefinitely and is supplied with A1 spermatogonia by a pool of 

precursor stem cells.  The next step of spermatocytogenesis involves the A4 spermatogonia 

mitotically dividing to form intermediate spermatogonia, which in turn divide to form B-

spermatogonia.  Type B-spermatogonia then divide mitotically, forming primary 

spermatocytes that have a DNA content of 4N, which begin development in the adluminal 

compartment of the seminiferous tubule (Senger, 1997).   

After the development of spermatogonia into primary spermatocytes, the meiosis 

stage of spermatogenesis begins.  Meiosis occurs in two steps in the adluminal compartment 

of the seminiferous tubule and is necessary to reduce the gamete chromosome number to the 

haploid state of 1n.  The primary spermatocytes enter prophase I of the first meiotic division 

which consists of five stages:  preleptotene, leptotene, zygotene, pachytene and diplotene.  

During the preleptotene phase, DNA is replicated and segments of homologous 

chromosomes are exchanged to contribute to the genetic diversity of the secondary 

spermatocytes that form after meiosis is complete.  Upon completion of prophase I of 
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meiosis, the primary spermatocytes progress through the other stages of meiosis: metaphase 

I, anaphase I, and telophase I to become secondary spermatocytes with a DNA content of 2C.  

The developmental phases of meiosis II are similar to that of meiosis I to form haploid 

spermatids carrying a DNA content of only 1N (Senger, 1997).   

The final step of spermatogenesis is spermiogenesis, beginning with the haploid 

spermatids and includes four phases that involve physical changes from spherical spermatids 

to differentiated spermatozoa capable of fertilization.  The first phase of spermiogenesis is 

the Golgi phase where the acrosome and the beginning of the axoneme are developed.  

During the cap phase, the acrosome flattens to form a cap over the anterior portion of the 

nucleus consisting of an outer acrosomal membrane and an inner acrosomal membrane.  It is 

also in this phase where the axoneme begins to elongate from the nucleus of the cell.  The 

acrosomal phase involves the spreading of the acrosome to cover the anterior portion of the 

nucleus and the cytoplasm and nucleus begin to elongate.  At this time the spermatids 

become embedded in the Sertoli cells with the developing tails protruding into the lumen of 

the seminiferous tubule.  The final stage of spermiogenesis is the maturation phase where the 

mitochondria assemble and dense fibers form around the flagellum.  After all steps of 

spermiogenesis have been completed, spermiation or the release of spermatozoa occurs from 

the Sertoli cells into the lumen of the seminiferous tubule (Senger, 1997).   

 The process of spermatogenesis occurs in cycles in the seminiferous epithelium, and 

involves progression through a series of stages at one segment along the seminiferous tubule.  

The cycle of the seminiferous epithelium of the boar can be divided into eight stages, each of 

which is composed of a typical cellular association.  If a cross section of the seminiferous 

epithelium is examined, usually one stage of the cycle is represented.  The duration of the 
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cycle varies by species and is about 8.3 days in the boar.  The complete process of 

spermatogenesis from type A-spermatogonia to differentiated spermatozoa requires 39 days 

in the boar.  During this time period, developing cells in a specific area of the seminiferous 

tubule complete about 4.5 cycles of the seminiferous epithelium (Senger, 1997).   

 Stage I of the spermatogenic cycle begins with an absence of spermatozoa in the 

lumen of the seminiferous tubule to the onset of spermatid elongation and lasts for 1.1 days.  

The basement membrane is lined with Sertoli cells and type A spermatogonia.  Also present 

in this stage are primary spermatocytes in preleptotene and leptotene and older primary 

spermatocytes in pachytene along with spermatids with spherical nuclei.  In stage II, the 

basement membrane is lined with Sertoli cells, type A spermatogonia and also present are 

zygotene and pachytene primary spermatocytes.  Stage II spans the process of spermatid 

nuclei elongation from beginning to end and lasts for 1.4 days.  The III stage of the 

seminiferous epithelium in the boar lasts 0.4 days, starts from the end of spermatid 

elongation and includes up to the beginning of the meiotic division of the primary 

spermatocytes.  The basement membrane is lined with the same cells as in the previous 

stages, and two generations of primary spermatocytes are present.  Stage IV spans the time 

frame between the beginning of the first meiotic division and the end of the second meiosis 

which takes 1.2 days.  The basement membrane is now lined with Sertoli cells and type A 

spermatogonia.  In the early part of stage four, the old primary spermatocytes undergo 

meiosis I to yield secondary spermatocytes which are only present in this stage because they 

quickly progress through meiosis II and form spherical spermatids.  The end of the second 

meiosis up to when nuclei of spermatids take on a dusty appearance indicating the presence 

of heterochromatin in the nucleus, encompasses the 0.8 day long stage V of the cycle of the 
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seminiferous epithelium.  The basement membrane in stage V is lined with Sertoli cells and 

type A spermatogonia.  The primary spermatocytes in this stage enter into pachytene where 

the nuclei will augment and migrate away from the basement membrane.  As the 

spermatogonia become more differentiated, they will contain more heterochromatin in the 

nucleus, which is a characteristic of more differentiated spermatogonia.  Stage VI starts when 

the spermatid nuclei appear dusty and ends when all spermatozoa move toward the lumen 

and have left the Sertoli cells, a period of 1.6 days.  Type B and type A spermatogonia are 

present near the end of this stage.  Stage VII lasts for 1.0 days and includes the beginning of 

spermatozoa movement to the lumen up to the end of the migration.  At this time, the 

basement membrane is lined with Sertoli cells and spermatogonia.  Either at the end of stage 

seven or early in stage eight, type B spermatogonia mitotically divide to form preleptotene 

primary spermatocytes.  The final stage, stage VIII, of the cycle of the seminiferous 

epithelium in the boar takes 0.8 days and spans the time period of when the spermatozoa line 

the lumen up until their complete disappearance from the lumen.  Some B spermatogonia 

may be present along with type A spermatogonia in the final stage.  In addition, primary 

spermatocytes are present in the preleptotene and in pachytene stages of stage eight 

(Swierstra, 1968).   

 The process of spermatogenesis is a unique, highly complex, and highly efficient 

method of generating gametes that deliver genes to subsequent generations.  Spermatogenesis 

encompasses the development of cells throughout spermatocytogenesis, meiosis, and 

spermiogenesis to yield mature spermatozoa capable of fertilization and producing young.  

Understanding the process of spermatogenesis will allow for utilization of cells at specific 

 11



times of development for manipulation in vitro and subsequent generation of transgenic 

animals.   

 
Figure 1. Spermatogenesis in vivo.  Desjardins and Ewing, 1993.   
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Figure 2. Diagram of spermatogenesis.  Adapted from Senger, 1999. 
 
 

1 month Undifferentiated type A spermatogonia, 
Leydig, Sertoli 

2 months Undifferentiated type A spermatogonia, 
1º Spermatocytes, Leydig, Sertoli 

100-120 days Formation of the Blood Testis Barrier 

4 months 2º Spermatocytes, Leydig, Sertoli 

6 months Spermatozoa, Leydig, Sertoli 

Birth Undifferentiated type A spermatogonia, 
Leydig, Sertoli 

Table 1. Porcine testicular development.  Adapted from Cole and Foxcroft, 1982. 
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ISOLATION OF SPERMATOGONIA 
 
FLOW CYTOMETRY 

Flow cytometry is a method of sorting cells that utilizes automated equipment to 

measure and separate cells in a suspension.  The equipment used is similar to a microscope 

equipped with a flow cell, various lasers, an amplification system, and a computer to convert 

and analyze the measurements.  One type of flow cytometry is FACS, or fluorescent-

activated cell sorting.  FACS uses various characteristics of cells including light scattering or 

fluorescence to sort cells.  FACS is a very accurate separation method if the characteristics of 

the cells to be separated are known.  Some major drawbacks to using FACS include the large 

number of cells initially needed to perform FACS, the loss of cells during the sorting 

procedure, and the expense of purchasing the equipment.  Despite these issues, FACS is used 

in many areas of research, including in the field of reproduction.   

 Fluorescent-activated cell sorting has been used for isolation of different 

spermatogonia cell types in different species and to enrich for a specific type of 

spermatogonia.  FACS has been used to separate spermatogonia in mice (Lassalle et al., 

1999; Janca et al., 1986; Petit et al., 1995; Lo et al., 2005; Mays-Hoopes et al., 1995; 

Shinohara et al., 2000), rats (Malkov and Don, 1998; Iwanami et al., 2006), bulls (Izadyar et 

al., 2002a; Izadyar et al., 2002b), humans (Levek-Motola et al., 2005), and monkeys 

(Moudgal et al., 1997) but no report was found in the literature isolating porcine 

spermatogonia with FACS.   

Mouse testis cells have been separated by Shinohara’s research group using two 

parameters, cell size and intercellular complexity to enrich for spermatogonia stem cells 

(Shinohara et al., 2000).  This separation was achieved by analysis of light scattering patterns 
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of observed cells into four fractions.  Forward light scatter pattern allowed separation of cells 

by size, and side light scatter indicated cell shape and intercellular complexity.  

Unfortunately, the most enriched fraction was not statistically different from the control 

when wild-type animals were used.  The lack of difference between the control and 

experimental group was attributed to two factors (Shinohara et al., 2000).  The labeling and 

sorting procedure could have reduced the number of target cells in the experimental group 

when compared to the untreated controls, as was reported 1979 (Hunt, 1979).  Also the testis 

cell population may have been too complex to sort using the specified parameters (Shinohara 

et al., 2000).   

FACS was used in another study to isolate round spermatids from the murine testis 

(Lassalle et al., 1999).  The procedure utilized a Percoll gradient separation prior to the 

FACS and resulted in a 2-fold enrichment of round spermatids.  The identification of isolated 

cells as round spermatids was confirmed by reverse transcriptase-polymerase chain reaction 

analysis for two genes specifically transcribed from the haploid genome, PRM2 and SP-10.  

The viability of enriched spermatids was reported as 99%, demonstrating that FACS can be 

successful at enriching differentiated male germ cells (Lassalle et al., 1999).   

Recently a study was done using FACS to study cryptorchid mouse testes to enrich 

for spermatogonial stem cells (Lo et al., 2005).  Cells were stained with a rhodamine 

fluorescent dye and sorted according to fluorescent intensity.  The quiescent nature of stem 

cells produces a low fluorescence with this dye, and allowed for a 17- to 20- fold enrichment 

of the murine spermatogonial stem cells.  No information on the viability of separated stem 

cells was available (Lo et al., 2005).    
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It is evident from the literature that FACS can be a valuable tool for the separation 

and enrichment of various cells; however, some problems exist when working with 

spermatogonial cells.  Populations of testis cells have been separated using FACS, but the 

success of spermatogonial stem cell enrichment with high viability is not common since 

viability statistics were not consistently reported after separation.  When using normal 

murine testis tissue, only round spermatids were successfully enriched using FACS in 

conjunction with a pre-enrichment gradient (Lassalle et al., 1999).  The enrichment of 

spermatogonial stem cells was successful using FACS, but only with the additional 

enrichment of using a cryptorchid animal model (Lo et al., 2005).  Cell viability after 

separation is an important factor to consider when evaluating the effectiveness of FACS 

enrichment.  Some studies reported viability of the most enriched portion of cells, but no 

viability statistics were reported before separation to show FACS effect on viability.  The 

cost of FACS equipment, volume of cells necessary for separation, questionable effects on 

viability, and overall effectiveness of FACS for enrichment of spermatogonial stem cells 

places doubt on FACS as the optimal method for enrichment of porcine spermatogonial stem 

cells.    

 

MAGNETIC ACTIVATED CELL SORTING 

 The sorting of cells using magnetism is based on the use of metallic beads and strong 

magnetic separators.  The particles used are small, 50nm beads called “Microbeads” that are 

paramagnetic particles composed of iron oxide and polysaccharide.  The microbeads are 

coupled to various specific antibodies that bind to the targeted cells contained in the cell 

suspension.  A strong magnetic field is used to retain the cells bound to the antibody 
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conjugated to the microbead.  Upon removal of magnets, an enriched cell population is 

formed.  The microbeads can be used for positive selection or depletion within the original 

heterogeneous cell suspension.  In 30 minutes, the magnetic activated cell separation 

(MACS) can be performed and yield a high purity of the cells of interest (MiltenyiBiotec, 

2006).  The microbeads are biodegradable, and it is suggested that they have no known effect 

on subsequent experiments, although no supporting literature was cited.  The effects of the 

degradation of the beads in culture is not known, although a method of separating the beads 

from the cells exists requiring a longer separation time and exposure of the cells to more 

reagents.  The effect of reagents used to separate the beads from the target cell population is 

also not known.  Some drawbacks to using magnetic activated cell sorting include the cost of 

separation apparatus, questionable effects on viability, and the low amount of cells recovered 

from the isolation procedure.   

Separation of cells using magnetic beads has been used in many types of research 

including the study of germ cells.  The isolation of murine spermatogonial stem cells has 

been facilitated by magnetic bead separation (Giuili et al., 2002; Kubota et al., 2004; Van 

Der Wee et al., 2001; Hofmann et al., 2005b; Shinohara and Brinster, 2000), while 

enrichment of monkey and hamster spermatogonial cells has also been attempted (Schonfeldt 

et al., 1999).  To date no studies using magnetic separation with porcine testicular cells have 

been reported.  In general, when spermatogonial stem cells have been separated, a high 

degree of cell purity was obtained, but with a low cell yield.  Furthermore, for MACS to be 

performed, a specific antibody must be available for the target cell population, which can be 

a problem when dealing with spermatogonial stem cells. 
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In 1999, magnetic cell sorting was used to enrich spermatogonia from mouse, 

hamster, and monkey testicular tissue (Schonfeldt et al., 1999).  The authors used microbeads 

that recognized the c-kit receptor to enrich the testicular cell suspension for spermatogonia.  

Enrichment of 23% to 26% was reported, with the average viability of cells from various 

species ranging from 81% to 91%.  Although the results seem successful in enriching for 

spermatogonia stem cells, the authors used c-kit receptor as the method for identifying 

spermatogonia, which is expressed in several different cell types within the testis (Schonfeldt 

et al., 1999).   

Magnetic activated cell separation was used to isolate mouse type A spermatogonia to 

study spermatogonia proliferation in culture (Van Der Wee et al., 2001).  The isolated 

population of spermatogonia was identified using antibodies that recognize the c-kit receptor.  

The enriched cell population was reported to contain 95% spermatogonial stem cells; 

however, the effectiveness of this method is questionable considering that c-kit receptor is 

expressed in several cell types in the testis and no viability was reported.  In addition, the 

number of cells recovered from the magnetic separation was 10-fold lower when compared 

with the velocity sedimentation isolation technique (Van Der Wee et al., 2001).     

In a later study, testicular tissue isolated from transgenic mice at various ages was 

used for isolation of spermatogonial stem cells (Kubtoa et al., 2004).  Magnetic microbeads 

conjugated to Thy-1 antibody were used to isolate cells from wild-type adult, cryptorchid 

adult, pup, and neonate testes.  The highest enrichment of spermatogonial stem cells was 30-

fold, which was isolated from the cryptorchid adult mice.  No viability was reported for the 

separated cell population after the isolation procedure (Kubtoa et al., 2004). 
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In a recent study, the testicular tissue of 6-day old mice was used to isolate a subset of 

type A spermatogonia using magnetic activated cell separation (Hofmann et al., 2005b).  The 

magnetic beads were conjugated to the antibody GFRα-1 for isolation of spermatogonial 

stem cells, and purity of the target population was reported to be almost 100%.  Before 

magnetic isolation, the testicular cell suspension was subject to a velocity sedimentation 

technique that yielded a 90% enrichment of spermatogonia.  The very high purity of the cell 

population is attributed to the effects of both enrichment techniques, and not only the 

magnetic separation.  Although high purity was obtained using magnetic isolation and 

velocity sedimentation, a low number of cells resulted from using this technique (Hofmann et 

al., 2005b).   

It is evident that separation of spermatogonial stem cells with a high purity can be 

achieved using magnetic activated cell separation techniques (Hofmann et al., 2005b).  

Despite the effectiveness of enriching suspensions of testicular cells for spermatogonial stem 

cells, many issues should be addressed before using MACS as the enrichment method of 

choice.  A specific antibody must be available to separate the target cell population from the 

cell suspension, which can be a problem when dealing with spermatogonial stem cells.  The 

cost of magnetic separation is not as great as FACS, but the magnet apparatus and 

microbeads specific to each experiment must be purchased.  After reviewing previous 

experiments done using this technique on testicular tissue, the effect on viability and on 

subsequent experiments is still questionable since viability was not often reported.  One 

problem stated by researchers that have utilized this technique is that a low number of cells 

are recovered after separation.  Magnetic cell sorting has been used primarily on rodent 

species and in one report on monkey tissue, but not with porcine tissue.  In consideration of 
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the high cell purity recovered from the use of magnetic beads with abovementioned concerns, 

magnetic activated cell sorting may be an effective, but not optimal, method of enriching 

spermatogonial stem cells.   

 

VELOCITY SEDIMENTATION 
 

Velocity sedimentation is a method of separating cells based on the cells’ rate of 

sedimentation.  This method is useful in separating cells with different diameters, or cells 

with similar diameters, but different densities.  Sedimentation at unit gravity is a simple 

technique that is particularly useful separation method when cell suspensions contain a 

diversity in diameter and or density (Richter, 1975).   

The use of density gradient centrifugation in which cells are spun to their equilibrium 

positions in a gradient of bovine serum albumin dates back to the early 1960s.  This method 

separates cells on the basis of sedimentation velocity.  Briefly, a layer of cells is placed on 

top of a gradient composed of various concentrations of bovine serum albumin diluted in 

phosphate buffered saline.  The entire gradient is bottom-loaded, allowing the layer of cells 

to be loaded first and remain on top of all other layers.  The cells start in a band at the top of 

the gradient and sediment down through the various density layers by the force of gravity.  

The cells are separated in the various density layers primarily on the basis of size (Miller and 

Phillips, 1968).   

The use of a continuous density gradient using bovine serum albumin can be quite 

successful separating cells of different size and density from an initially heterogeneous 

population of cells in suspension.  This method of separation has been used in the mouse, rat, 

and porcine model with good results, although some problems exist.  The preparation for 
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velocity sedimentation is tedious and time consuming, requiring 45 minutes to load the 

density gradient.  After the gradient is prepared, 4 additional hours are needed to sediment 

the cells.  The total time necessary for separation can have detrimental effects on cell 

viability either immediately upon separation or during a long culture period after separation.  

In addition, serum temperature must be monitored as aggregates will form in the cell 

suspension if it is allowed to warm or mix with a medium of a different temperature (Miller 

and Phillips, 1968).      

Separation of spermatogonial cells by sedimentation velocity has been used for a 

variety of applications including the identification of murine testis cells (Bellve et al., 1977; 

Romrell et al., 1976), the study of genes involved in rodent spermatogenesis (Gold et al., 

1983; Yu et al., 2003; Guo et al., 2004; Dym et al., 1995;), and the evaluation of culture 

conditions on porcine spermatogonia (Dirami et al., 1999).  Adult mouse spermatogenic cells 

were separated by sedimentation velocity in a linear bovine serum albumin gradient 

generated by combining various concentrations of 4% and 2% serum (Romrell et al., 1976).  

Although various cell populations were separated, no spermatogonia were recovered from the 

gradient.  The lack of recovery of the spermatogonia was attributed to either the enzymatic 

treatment prior to the sedimentation gradient, or the low percentage of spermatogonia 

contained in the original cell suspension.  Of the recovered cell types, a viability of 98% was 

reported immediately after sedimentation separation (Romrell et al., 1979).     

An improvement on the previous study was done using prepuberal mice testicular 

tissue (Bellve et al., 1977).  The same method of sedimentation was used as by Romrell and 

associates (Romrell et al., 1979), but with a longer sedimentation time.  This improvement 

allowed for the recovery of primitive type A spermatogonia, type A and B spermatogonia, 
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preleptotene, leptotene, zygotene, pachytene spermatocytes and Sertoli cells.  The cells in 

similar layers were pooled and the percentage of each cell type was determined for individual 

fractions.  Identification of germ cells was accomplished by comparison of isolated cells to 

the morphological data generated from a concurrent study of mouse postnatal development. 

One fraction contained 90% primitive type A spermatogonia while another fraction contained 

91% type A spermatogonia.  After sedimentation viability was reported as 96% (Bellve et al., 

1977).     

Sedimentation velocity using a bovine serum gradient was used to separate type A 

spermatogonia from porcine testes (Dirami et al., 1999).  Similar gradient layers were 

combined and the purity of type A spermatogonia was 80-85% as detected using c-kit 

receptor rabbit anti-mouse antibody.  Viability was monitored every 24 hours, and dropped to 

less than 20% by 48 hours of culture.  The amount of viable cells was reported as 

undetectable by 120 hours of culture (Dirami et al., 1999).   

Recently, velocity sedimentation was used to isolate different spermatogenic cell 

types from male mice (Guo et al., 2004).  Different ages of mice were used for the isolation 

of specific cell types, and cell suspensions were subjected to a 3-hour sedimentation period.  

Cell purity of each collected fraction was assessed on morphological characteristics that were 

not specified.  Fractions containing similar cell types were pooled.  The purity of cell 

populations from the gradient was reported as 94% for type A spermatogonia and 90% for 

type B spermatogonia.  No information on cell viability after velocity sedimentation was 

reported (Guo et al., 2004).  

The method of velocity sedimentation has been used to enrich spermatogonia in 

various species with over 90% purity in some cases, although some concerns exist.  A 
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technical issue to consider with this isolation method is the time involved to load the gradient 

and for sedimentation to occur; the procedure can take five hours for loading and enriching 

the cell suspension with the gradient.  In addition to the time that it takes for velocity 

sedimentation, the effects of the time elapsed on viability must be taken into account.  In 

experiments mentioned, the high viability reported was immediately after separation.  In the 

one experiment that measured viability of separated cells in culture over time, the number of 

viable cells decreased dramatically by 120 hours of culture (Dirami et al., 1999).  Another 

technical problem is the handling of the serum that is involved with making the gradient.  

The serum will cause cells to aggregate if the cell suspension is allowed to warm or if it is 

mixed with a medium of a different temperature.  The major expense of velocity 

sedimentation is the cost of the large amount of serum required to separate the cells, which is 

much less than the cost of equipment needed for MACS or FACS.  Although serum is a 

readily available substance, making velocity sedimentation a viable option for most labs, if a 

defined culture medium is desired for subsequent culture of the cells, this technique must be 

altered.  When the result of velocity sedimentation is examined, it is difficult to determine 

what the success rate is because of the method of identifying the purity of the population 

recovered from the gradient.  In one experiment, the morphology was examined with criteria 

not mentioned (Guo et al., 2004); another used the antibody c-kit for identification (Dirami et 

al., 1999) which is still debated in the literature.  One experiment used a concurrent study of 

spermatogonial development that reported 90% purity of primitive type A spermatogonia 

(Bellve et al., 1977), suggesting that velocity sedimentation can be used to get high purity of 

spermatogonia with high viability immediately following the isolation of cells.  When 

 23



considering all current information, velocity sedimentation can be a successful, but not 

optimal, method for the isolation of spermatogonial stem cells.   

 

PERCOLL SEPARATION 
 
 Percoll is a gradient medium comprised of polyvinylpyrrolidine-treated colloidal 

silica that has low viscosity and osmolality, two features that are ideal for the separation of 

various types of cells (Sigma, 1998).  Although Percoll has ideal separation features, it is not 

as diverse in application as other gradient media because of its limitations on use and storage.  

Percoll must be diluted with balanced salt solutions or a gel will form.  Additionally, the 

standard use of Percoll must be modified to make separation of subcellular components 

possible.  Autoclaving prior to dilution must be brief and at a low temperature with no 

exposure to air or solid will form at the solution-air interface.  Percoll is relatively 

inexpensive, can be stored frozen for six months, and must be mixed well after thawing 

(Sigma, 1998).   

 An important consideration when using Percoll to separate cells is the toxic effect it 

can have on cells.  In 1981, the toxicity of Percoll was assessed after separation of rat 

epidermal cells.  The viability of separated cells was variable, with the percentage of viable 

cells ranging from 30% to as high as 95% in different layers (Brysk et al., 1981).  The 

average viability of separated cells was around 60%, indicating that Percoll may have a toxic 

effect on the cells.   

 Percoll has been used to separate adult and prepuberal types of spermatogonia cells 

from porcine (Marret and Durand, 2000), bovine (Izadyar et al., 2002a; Izadyar et al., 

2002b), and murine (Morena et al., 1996; van Pelt et al., 1996; Koh et al., 2004; Bucci et al., 
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1986) animal models.  Marret and Durand separated testicular cells from 3-week old Meishan 

pigs with Percoll and yielded a population of cells that were at least 78% enriched for 

spermatogonia.  Spermatogonia were identified by their absence of vimentin labeling, a 

protein that is solely expressed by somatic cells.  The cells that did not stain with vimentin 

were identified as germline cells, and were counted as spermatogonia although no 

spermatogonia specific identification techniques were used.  Cell viability was reported as 

higher than 80% in the enriched populations (Marret and Durand, 2000).   

Cells isolated from 6-month old bovine testes were separated using Percoll and the 

population of type A spermatogonia was reported as 73% pure (Izadyar et al., 2002a).  Type 

A spermatogonia were identified by the presence of Dolichos biflorus agglutinin (DBA), a 

lectin with expression in the bull testis restricted to the germ line (Ertl and Wrobel, 1992).  

Viability was measured throughout the enzymatic digestion and the percentage of viable cells 

dropped after exposure to Percoll to 80% (Izadyar et al., 2002a).   

In one experiment utilizing the vitamin A-deficient rat model, testes were subjected to 

a Percoll gradient for enrichment of type A spermatogonia (van Pelt et al., 1996).  A pre-

plating enrichment protocol was employed prior to the Percoll gradient, which resulted in an 

enriched cell population containing 76-80% of type A spermatogonia.  Identification of type 

A spermatogonia was accomplished by morphology assessment, and  cells were counted 

using a hemocytometer.  Immediately after enrichment, viability was 95-99%, and after three 

days the cell population remained 95% viable (van Pelt et al., 1996).   

It is clear that Percoll separation can be a useful tool for isolating spermatogonial 

cells from various species (Ertl and Wrobel, 1992; Izadyar et al., 2002a; Marret and Durand, 

2000; van Pelt et al., 1996).  Percoll features ideal low viscosity and osmolality for separating 
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cells, but has limitations of use concerning pH range, solubility, and difficulty of 

sterilization.  Percoll is available at a low cost, but has a short shelf life in the laboratory 

(Sigma, 1998).  The toxicity of Percoll is variable, with cell viability ranging from 30% to 

95% after separation (Brysk et al., 1981; van Pelt et al., 1996).  The benefit of this time 

efficient and inexpensive separation technique when compared to the limitation of use, 

variable toxicity to cells, and average effectiveness makes Percoll separation a viable, but not 

ideal, choice for separation of spermatogonial cells. 

 

NYCODENZ GRADIENT 

The nonionic iodinated gradient medium Nycodenz was first reported for use in 1982 

(Rickwood et al., 1982).  Nycodenz has a systematic name of 5-(N-2,3-

dihydorxypropylacetamido) – 2,4,6 – triiodo-N,N’ – bis(2,3 – dihydroxypropyl)-

isophthalamide (Figure 3) and is commercially available under the trade name HistoDenz.  

This gradient medium features low osmolality and viscosity in addition to high density, 

allowing it to effectively separate a range of sizes from macromolecules to viable cells.  

Nycodenz is water soluble, making it easily manipulated in the laboratory.   Nycodenz is a 

stable compound, with a shelf-life of five years (Sigma, 2004).  Nycodenz can be filter 

sterilized and remains stable when exposed to heat; therefore, providing a means of 

sterilizing the gradient medium prior to fractionation of live cells for culture.  Mammalian 

cells do not seem to metabolize Nycodenz (Bertoni and Alexander, 1981).  An additional 

marked benefit of using Nycodenz is the ease with which it can be removed from cell 

samples.  Nycodenz is significantly lower in toxicity compared with other gradient media and 
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allows for the retention of normal cellular morphology upon exposure to the gradient 

medium (Mutzel et al., 1980; Aakhus et al., 1980).     

The use of Nycodenz is not as common as other separation techniques found in the 

literature.  Nycodenz has been used for the separation of different cells from various species 

including murine (Mayanagi et al., 2003) and avian (Zhao and Kuwana, 2003) primordial 

germ cells in addition to human blood cells (Boyum, 1976).  To date, there are no reports of 

using Nycodenz to separate spermatogonia cells in any species, including the pig.   

Nycodenz was successfully used to yield a highly enriched population of primordial 

germ cells for the preparation of anti-mouse primordial germ cell antibody (Mayangi et al., 

2003).  Gradient solutions were layered from high to low density with a cell suspension 

layered on top and centrifuged for 15 minutes.  Cells were recovered from bands formed after 

centrifugation, and the highest percentage of PGCs in a band of cells was 95%.  Multiple 

experiments were completed using Nycodenz to enrich for PGCs and the viability of 

separated cells was consistently more than 80% (Mayangi et al., 2003).  

A method of purification for avian circulating primordial germ cells was developed 

using Nycodenz gradient centrifugation (Zhao and Kuwana, 2003).  A gradient was 

generated using different densities of Nycodenz, and the cell suspension was layered on top 

the gradient and centrifuged for 20 minutes.  The highest purity of primordial germ cells 

collected was 93.5%.  No viability statistics were reported (Zhao and Kuwana, 2003).   

Nycodenz gradient centrifugation for the separation of cells has been used primarily 

for the separation of primordial germ cells up to this point in time.  Despite the sparse reports 

of Nycodenz use, it has great potential to be an optimal method of separating cells.  

Nycodenz features a low osmolality and viscosity with a high density allowing it to separate 
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a wide range of cell types (Sigma, 2004).  When compared to other methods, Nycodenz 

separation has a time advantage over flow cytometry and velocity sedimentation by only 

requiring 20 minutes to separate cells.  The quicker separation time could allow more time 

for cell manipulation in procedures after separation, or could decrease the number of cells 

that die during manipulation due to long experimental procedures.  An obvious, but 

important advantage of Nycodenz separation over Percoll separation is that it can be easily 

autoclaved and filter sterilized.  Nycodenz is also more stable in terms of shelf life than other 

gradient separation methods, is not cytotoxic, and is easily removed from the separated cells.  

Nycodenz separation, unlike MACS separation, does not use antibodies therefore allowing 

purification while maintaining cell surface antigens.  The reported purity of the target cell 

population in both experiments using Nycodenz separation was above 90%, and viability of 

the cell population was reported as above 80%.  Although Nycodenz separation has not been 

previously used to separate porcine spermatogonial cells, it possesses features that appear 

superior to alternative separation methods.  The quick, inexpensive, non-toxic, sterile 

separation with Nycodenz will effectively separate cells while allowing experimentation 

downstream of separation by leaving cell surface antigens free.  Nycodenz separation can be 

performed without costly equipment and features an easy method of separation without the 

limitations on temperature, pH, and stability that are hindrances when using the alternative 

separation methods.  The advantages over alternative separation methods in consideration 

with the positive results from experiments using this separation method provide evidence for 

Nycodenz to have potential as the method of choice for the separation of porcine 

spermatogonial cells.   
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Figure 3. Structure of Nycodenz. (Sigma, 2006).   
http://www.sigmaaldrich.com/structureimages/32/MFCD00077732.GIF  
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IDENTIFICATION OF SPERMATOGONIA 

 

 The need to identify the population of spermatogonial stem cells within the porcine 

testis is essential for manipulation of these cells in vitro.  Identification of spermatogonial 

stem cells based on morphology alone is not possible, necessitating the use of molecular 

markers for identification.  Two specific markers will be discussed, DAZL and VASA, 

because of their consistent expression specific to the germline across various species (Jiao et 

al., 2002; Rilianawati et al., 2003; Xu et al., 2001; Fujiwara et al., 1994; Tanaka et al., 2000; 

Lee et al., 2005; Clark et al., 2004; Noce et al., 2001).   

 The present study will use DAZL and VASA as markers of porcine spermatogonial 

stem cells will serve as an effective identification tool in animals ranging from 3 to 8 days 

old.  Although VASA and DAZL have been detected in germ cells more differentiated than 

the spermatogonial stem cells (Xu et al., 2001; Lin et al., 2002; Saunders et al., 2003; Yen et 

al., 2004; Renolds and Cooke, 2005; Reijo et al., 2000; Collier et al., 2005; Clark et al., 2004; 

Ghabrial and Schupbach, 1999; Raz, 2000; Castrillon et al., 2000; Tsunekawa et al., 2000; 

Lee et al., 2005; Dyce et al., 2006), the only cells present in the porcine testis at 3-8 days old 

include Leydig cells, Sertoli cells, and spermatogonia (Franca et al., 2000; Van Straaten and 

Wensing, 1978).  VASA and DAZL are not expressed in any cell type other than the 

spermatogonial stem cells in pigs of this age, allowing for effective identification of the 

spermatogonial stem cells within the testis population.   
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DAZL 

 The Deleted in Azoospermia (DAZ) family of genes is made up of DAZ, and its two 

homologs DAZ-like (DAZL) and BOULE (Becherini et al., 2004).  Evolutionary the oldest 

gene in the family is BOULE, while by way of a gene duplication event, DAZL is considered 

to have arisen from BOULE.  Phylogenetic studies indicate that the Y-chromosomal DAZ 

gene is the youngest member of the family and arose from the transposition, repeat 

amplification, and pruning of the DAZL gene (Reynolds and Cooke, 2005; Lin et al., 2002).  

The DAZ gene is present on the Y chromosome in only humans, apes, and Old World 

Monkeys (Jiao et al., 2002).  All other mammals, including these species, contain the DAZL 

gene which is 80% homologous to DAZ (Jiao et al., 2002).  Both DAZL and BOULE exist as 

autosomal single copy genes and encode for proteins with one RNA recognition motif 

(Reynolds and Cooke, 2005).  Four DAZ genes are located on the Y chromosome and encode 

proteins with a series of 8-24 DAZ repeats.  The protein product of Dazl is similar to Daz 

with the exception of containing only one DAZ repeat (Xu et al., 2001).   

 The DAZ gene family encodes proteins that bind RNA and contain a 

ribonucleoprotein (RNP)-motif type of binding domain at their amino terminus (Jiao et al., 

2002).  The Daz family of proteins binds to several mRNAs in the 5’ or 3’ untranslated 

region in vivo and in vitro and is believed to be involved in the post-transcriptional 

regulation of mRNA expression (Becherini et al., 2004).  The Daz proteins have been shown 

to be associated with protein synthesis machinery and to interact with proteins that are 

involved in mRNA transport, localization, or regulation of mRNA translocation of several 

genes including Tpx-1, Pam, GRSF1, Trf2, and Cappß1 (Jiao et al., 2002). 
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 Although many studies have attempted to elucidate the RNA binding activity to 

determine Dazl function, the process remains unclear (Venables et al., 2001).  A multiple 

number of studies have been conducted to determine the RNA and protein expression 

patterns for the DAZ family genes in many animal models (Reynolds and Cooke, 2005).  

DAZ genes are considered to control meiotic components at the translational level (Reynolds 

and Cooke, 2005).  Recently, it has been suggested that Dazl proteins stimulate translation of 

target mRNAs by recruiting poly (A)-binding proteins to enhance initiation of translation, 

and that the translation stimulation ability for Dazl proteins has been conserved in the family 

(Collier et al., 2005).   

 All Daz protein family members are exclusively expressed in germ cells (Jiao et al., 

2002; Rilianawati et al., 2003; Xu et al., 2001).  The RNA-binding proteins that are encoded 

by the DAZ genes act as master controllers of meiosis; therefore, the DAZ genes are essential 

for gametogenesis because of their role in regulating the translation of specific mRNAs 

(Reynolds and Cooke, 2005).  Translation is strictly regulated in gametogenesis because 

transcription stops early in gamete formation and the mRNAs produced must be stored if 

their protein product is needed later in the process (Reynolds and Cooke, 2005).  Although 

the DAZ gene family is not required for viability of an organism, loss of any member of the 

gene family results in disruption of haploid gamete production and loss of the germline 

(Reynolds and Cooke, 2005).   

 Function of the Daz proteins is not clearly defined, but it is believed that the proteins 

are not functionally redundant (Collier et al., 2005).  Dazl has been shown experimentally to 

interact with a protein required to maintain the proliferative state of stem cells and to prevent 

differentiation, suggesting Dazl may have a role in maintaining stem cell populations 
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(Reynolds and Cooke, 2005).  The study of gametogenesis and the role of DAZ genes in 

male development has revealed that the proteins may function at many points throughout 

male germ cell development.  The proteins were found to be involved during the early 

establishment of the population of spermatogonial stem cells and during meiosis.  Evidence 

of this early role of DAZ genes is the presence of Daz proteins in the gonocytes of fetal testes 

prior to the process of spermatogenesis and meiosis (Reijo et al., 2000).     

 The DAZL gene has been studied in many model organisms in an attempt to 

determine its role in development.  In all cases Dazl proteins are germ cell specific; 

consequently, they are often used as molecular markers for germ cells (Reijo et al., 2000; 

Rilianawati et al., 2003).  Creating DAZL knock-out organisms across the animal kingdom 

has helped elucidate various roles in germ cell differentiation; however, the null phenotypes 

and expression patterns differ in different species (Xu et al., 2001; Venebles et al., 2001).  In 

Drosophila, the disruption of the DAZL gene results in male infertility (Reijo et al., 2000).  

More specifically, a block in G2/M of meiosis I occurs in the Drosophila knock-out organism 

(Venables et al., 2001).  Mice that have a Dazl deficiency lack formation of spermatozoa and 

the only germ cells present are spermatogonia, rendering the mice infertile (Schrans-Stassen 

et al., 2001).  The absence of DAZL in mice is reported to cause a cease in germ-cell mitotic 

divisions in both sexes (Ruggiu et al., 1997).  The most advanced germ cells present in the 

testes of murine DAZL knockouts included a small amount of leptotene spermatocytes in 

conjunction with no synaptonemal complexes being formed, suggesting that Dazl is essential 

for germ cells to progress to the zygotene stage of spermatogenesis (Rilianawati et al., 2003).  

It is apparent that a deficiency of Dazl in various organisms has differing effects on male 

germ cell formation.  It is likely that DAZL’s protein product functions at numerous steps of 
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spermatogenic development, but that the dearth of the protein becomes problematic at 

various steps of spermatogenesis in different animal phyla or species. 

 In the adult human, the Dazl proteins are exclusively expressed in the germ cells with 

localization in the cytoplasm and nucleus of spermatogonia and in the cytoplasm of 

spermatocytes undergoing meiosis (Xu et al., 2001).  Other studies have revealed that Daz is 

expressed in many cellular compartments throughout male germ cell development; Daz 

proteins are present in nuclei and cytoplasm in fetal gonocytes and spermatogonia (Lin et al., 

2002).  During meiosis of the germ cells, the proteins are relocated in the cytoplasm of 

spermatocytes (Lin et al., 2002).   

 In the mouse, Dazl is expressed from embryonic day 12.5 onward, and it is found in 

spermatogonia and primary spermatocytes in the adult male (Saunders et al., 2003).  Dazl 

and Daz are both present in primordial germ cells within fetal gonads, with localization in the 

nuclei of the cells (Yen, 2004).  The Dazl protein is detected the cytoplasm of pachytene 

spermatocytes and in the nuclei of spermatogonia in adult mouse and human testes (Yen, 

2004).   

 In adult DAZL knock out animals undergoing spermatogenesis, few cells progress 

beyond the A-aligned stage to the A1 transition, and germ cell numbers are reduced before 

leptotene (Rilianawati et al., 2003).  An explanation of these observations is that the germ 

cell numbers are reduced because Dazl functions in mitosis or in commitment to meiosis 

which provides a loss of committed pre-meiotic cells.  One reason that few cells progress 

beyond the A-aligned stage of spermatogenesis is that the testicular structure is severely 

disrupted due to the absence of mature germ cells (Rilianawati et al., 2003).   

 34



 In DAZL knock-out mice, the only germ cells present in the seminiferous epithelium 

were A spermatogonia.  Three percent of the germ cells developed further and quickly 

underwent apoptosis.  It has been suggested that that protein encoded by DAZL is directly 

involved in the spermatogenesis transition from A-aligned to A1 stage (Schrans-Stassen et 

al., 2001).   

 In mice, the Dazl protein has been detected in spermatogonia, gonocytes, primordial 

germ cells, and in all stages of spermatogenesis up to haploid spermatids (Reynolds and 

Cooke, 2005).  The Dazl protein was found to be cytoplasmic and expressed strongest in 

pachytene spermatocytes (Reynolds and Cooke, 2005).  Daz proteins in the human and Dazl 

proteins in the mouse are both present in the cytoplasm and nucleus of adult spermatogonia 

and fetal gonocytes, but are found to be only cytoplasmic in cells that have entered meiosis 

(Reynolds and Cooke, 2005).   

 Immunohistochemical studies have been used as a tool for determining where the 

DAZL gene product is localized in the cell to clarify its function.  Immunocytochemistry 

detected the presence of Dazl proteins in the nucleus and cytoplasm of germ cells.  

Previously it was shown that Dazl protein is found in the nucleus and cytoplasm of mouse 

fetal gonocytes, but is present only in the nucleus of the spermatogonia (Hofmann, et al., 

2005a).  Rodent and human testis sections were examined with antibodies specific for Daz, 

Dazl, and Boule and all were shown to be exclusively expressed in the germline (Rilianawati 

et al., 2003). 

 Using immunohistochemistry, it was found that the proteins of the Daz family are 

mostly nuclear during the premeiotic steps of germ cell development, which may indicate a 

function of the Daz proteins involves RNA storage or processing in the nucleus.  It appears 
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that the proteins move to the cytoplasm at the time of meiosis (Reijo et al., 2000).  In the 

mouse, Dazl is localized in the nuclei and cytoplasm of fetal gonocytes; however, in 

spermatogonial cells, Dazl is present in the nuclei and later migrates to the cytoplasm during 

meiosis (Collier et al., 2005).  In human adults, hybridization studies indicated that Dazl 

transcripts are primarily found in spermatogonia and primary spermatocytes (Reijo et al., 

2000). 

 In conclusion, the Deleted in Azoospermia –Like gene homolog has been found to be 

exclusively expressed in germ cells, and is required for their development and differentiation 

(Jiao et al., 2002).  The protein encoded by the DAZL gene has been found to stimulate 

translation of specific mRNAs which are involved in the early establishment of 

spermatogonial stem cells and meiosis (Reynolds and Cooke, 2005; Reijo et al., 2000).  The 

protein has been detected in the nucleus before meiosis and found to function in the 

cytoplasm during meiosis (Reijo et al., 2000; Collier et al., 2005).  This cell-specific 

expression can be useful when identifying spermatogonial stem cells in vitro, and has been 

used as a molecular marker for spermatogonial stem cells from various species (Hofmann et 

al., 2005a; Rilianawati et al., 2003).  The use of DAZL as a marker for porcine 

spermatogonia is not as well researched as it is in other species; however, the use of DAZL to 

detect porcine spermatogonia should be effective considering the conservation of expression 

across species.   
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VASA 
 The VASA gene locus encodes a protein product that is the best characterized 

member of the “Dead-box” family of proteins (Tanka et al., 2000).  The Dead-box family 

includes 30 proteins produced in organisms ranging from bacteria to humans (Pause and 

Sonenberg, 1992).  Some more prominent Dead-box proteins include p68, a nuclear protein 

found in the nucleus of mammalian dividing cells, and eIF-4A which is an eukaryotic 

initiation factor (Lee et al., 2005).  Based on the helicase activity observed in vitro, the Dead-

box family is believed to be a group of RNA helicases (Pause and Sonenberg, 1992).  Eight 

highly conserved motifs are found in each member of the Dead-box family, one of which is 

the Dead region that codes for Asp- Glu-Ala-Asp, which spells “DEAD” when the single 

letter abbreviation of the amino acid sequence is used.  The eight conserved motifs are 

essential for RNA binding and unwinding, and ATP binding and hydrolysis; however, the 

specific function of these proteins is not known (Pause and Sonenberg, 1992).   

 All Dead-box proteins possess an ATP-dependent RNA helicase that is postulated to 

post-transcriptionally regulate genes (Pause and Sonenberg, 1992).  It has been suggested 

that the genes in the family, including VASA, use energy from ATP hydrolysis to unwind the 

secondary structure of the mRNA upstream of the initiation codon, which facilitates the 

attachment of the 40S ribosome necessary for translation initiation (Wassarman and Steitz, 

1991).  The Dead-box family of proteins has an important role in cell growth, RNA splicing, 

spermatogenesis, and germ cell formation (Lee et al., 2005).  Vasa’s specific role as an RNA 

helicase may be involved in regulating germ cell proliferation (Tanka et al., 2000). 

The VASA gene was originally characterized in Drosophila melanogaster, and the 

7kb coding region of the gene is divided into seven exons separated by six introns (Hay et al., 

1988).  The VASA gene sequence contains five repeats of the heptad sequence F/S-R-G-G-
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E/Q-G-G near the amino terminus and six helicase motifs including the Dead region 

characteristic of all Dead-box family members.  In addition to the conserved motifs found in 

most helicases, the carboxyl terminus of Vasa contains many negatively charged amino acid 

residues which is a common feature of nucleic acid binding proteins and further supports the 

proposed function of Vasa to regulate translation (Hay et al., 1988). 

 Embryonic stem cells have been used to study the expression of Vasa throughout 

development.  Clark and colleagues reported that mature sperm in vivo could be produced by 

transplanting Vasa-expressing embryonic stem cells into recipient testes (Clark et al., 2004).  

The expression of three genes was studied in cultured embryonic stem cells, and based on 

their gene expression, three populations were distinguished (Hubner et al., 2003).  One group 

of cells that resembled premigratory germ cells was positive for Oct 3/4 and C-kit 

expression, but negative for Vasa expression.  Another group of cells that resembled 

postmigratory germ cells such as PGCs and gonocytes was positive for Oct 3/4 and Vasa 

expression, but negative for C-kit expression.  The third population of cells was negative for 

Oct 3/4 and C-kit, but did express Vasa and resembled postmigratory cells about to enter 

prophase 1 of meiosis (Hubner et al., 2003).  This data suggests that Vasa is a marker for 

postmigratory germ cells, and that probing for Vasa expression during the differentiation of 

embryonic stem cells will allow for the identification of more mature stages of germ cell 

development (Clark et al., 2004).   

 As mentioned earlier, the VASA gene encodes an ATP-dependent RNA helicase that 

has been well studied in Drosophila melanogaster (Lee et al., 2005).  In addition to 

observation in the fruit fly, genes homologous to VASA have been identified on the basis of 

structural conservation in germ cells of other species including fish, frogs, mice, rats, 
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humans, chickens, and pigs (Lee et al., 2005).  VASA homolog genes are specifically 

expressed in the germ line and are used as molecular probes to define the stage of germ cell 

development in each species.  In mammals, the Vasa protein is cytoplasmically expressed in 

the developing germ cells, and is present in both male and female germ cells (Fujiwara et al., 

1994; Tanaka et al., 2000).  Within the germ cell, the polar granule structure is known to 

contain germ cell-specific translational machinery and it has been found and demonstrated 

that this is where localization of the protein product of Vasa occurs and functions as a 

translational regulator (Lee et al., 2005; Noce et al., 2001).  Vasa protein is thought to 

regulate translation by binding target mRNAs involved in the establishment of germ cells and 

consequentially controlling their onset of translation (Styhler et al., 1998; Noce et al., 2001).    

In addition to the necessary protein product of VASA, the time of expression seems 

to be important as it relates to gene function.  The time of mammalian VASA gene 

expression is during late migration as germ cells enter the gonads and is similar to the time of 

VASA’s Drosophila zygotic transcription, which may suggest that an evolutionally 

conserved critical step of germ cell differentiation is correlated to Vasa expression (Clark et 

al., 2004; Noce et al., 2001).  This expression profile is observed across mammals, indicating 

that protein expression of the VASA homolog could serve as a valuable marker to specify an 

important step in the fate determination of germ cells (Fujiwara et al., 1994).    

Since its first characterization in the Drosophila melanogaster genome, other 

homologs of the VASA gene have been identified in many species.  Based on sequence 

similarity, germ-cell specific expression, and localization, the mouse VASA homolog 

(MVH), pig VASA homolog (PVH), chicken VASA homolog (CVH), and teleost fish VASA 
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homolog (VAS) were identified (Lee et al., 2005; Toyooka et al., 2000; Fujiwara et al., 

1994).   

 The VASA gene was originally discovered as a maternal-effect gene in the fruit fly 

required for proper germ cell specification and formation of abdominal segments, and it is 

known that VASA RNA is expressed in the early embryonic and in germline stem cells 

(Liang et al., 1994; Lasko and Ashburner, 1998).  The protein of the VASA gene is expressed 

in germ cells upon formation and throughout embryonic development.  Protein localization is 

found in the polar granules, nuclear bodies, and cytoplasmic masses within the embryo.  As 

the male germ cells develop, the protein is expressed up until early stages of 

spermatogenesis.  The function of Vasa in germ cell development is further elucidated by 

studies of VASA mutants.  Schupbach and colleagues (Ghabrial and Schupbach, 1999) 

observed that when Drosophila embryos inherit mutant VASA RNA from the mother, they 

fail to form germ cells.   

 A gene homologous to VASA was detected in the mouse (MVH), and has been 

characterized by multiple researchers (Castrillon et al., 2000; Kotaja et al., 2006; Tanaka et 

al., 2000).  The Mvh protein is expressed in germ cells upon arrival to the genital ridge at 

embryonic day 9.5, which is estimated to be 3 days after germ cell determination (Tanaka et 

al., 2000).  As the PGCs enter the genital ridge, they undergo cell division.  PGCs stop 

dividing by 13.4 dpc and those cells in the male enter mitotic arrest in the G1 stage of the cell 

cycle.  PGC differentiation and proliferation is believed to be controlled by surrounding 

somatic cells within the gonad at the time when Vasa is expressed, suggesting that expression 

could be dependent on the cellular interaction of the PGCs with the surrounding somatic cells 
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(Tanaka et al., 2000).  The Vasa protein is required in PGCs and throughout stages in 

spermatogenesis before the pachytene spermatocyte stage.   

The requirement of the Vasa protein up to the pachytene spermatocyte stage could 

demonstrate the need for the gene product of VASA for differentiation of germ cells into 

gametes (Raz, 2000).  Expression in males occurs throughout spermatogonial development 

up to the round spermatid stage.  After meiosis of the germ cells, the Mvh protein becomes 

localized as a large granule near the nucleus and can be detected up to the spermatid nucleus 

elongation stage (Raz, 2000).    

In male mice VASA mutants, defects in primordial germ cell proliferation and 

differentiation are present, along with a complete depletion of postmeiotic germ cells due to 

premeiotic germ cells not completing the meiotic process and instead undergoing apoptosis.  

The absence of postmeiotic germ cells suggests that the function of Mvh is essential for the 

development and differentiation of male germ cells rather than for their survival and has little 

effect on germ-line precursor cells (Tanaka et al., 2000).   

 A homolog to the VASA gene has been found in humans and is also referred to as 

VASA (Castrillon et al., 2000).  VASA RNA is expressed in both the fetus and adult, with 

male and female expression gonad specific.  The protein product of the VASA gene is 

specifically expressed in germ cells from primordial germ cells through development to 

spermatids in males and to oocytes in females.  In spermatocytes, the protein has been 

localized with granular staining, although no protein localization has been determined in 

adult oocytes (Castrillon et al., 2000).  The Vasa protein was present in spermatid, 

spermatocytes, and spermatogonia which exhibited variable staining that may correspond to 

type A and B spermatogonia.  Neither Sertoli cells nor spermatozoa stained for the presence 
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of Vasa, and there was no staining observed in sections of the epididymis containing 

spermatozoa (Castrillon et al., 2000).   

Kobayashi and colleagues studied the expression of the teleost fish VASA homolog 

(VAS) (Kobayashi et al., 2000).  Zygotic expression of vas was restricted to the germ line 

and was found only in germ cells up to 3 days after hatching.  Expression of VAS in the 

testes of the fish was reported as strong in spermatogonia with a decrease in expression in 

early primary spermatocytes.  VAS RNA signals were observed in male germ cells at stages 

from spermatogonia to early primary spermatocytes; however, no VAS RNA was detected in 

diplotene primary spermatocytes, secondary spermatocytes or in any spermatogenic cells 

more advanced in development (Kobayashi et al., 2000).   

A homolog of VASA was detected in chicken that demonstrated germline-specific 

expression (Tsunekawa et al., 2000).  Cells that expressed the chicken Vasa homolog (Cvh) 

were first detected starting from the first cleavage of fertilized eggs during embryogenesis.  

The Cvh protein was detected specifically in the cytoplasm of primordial germ cells with no 

detection of the protein observed in any non-germ cell type throughout development.  Cvh 

expression in the male was detected exclusively in the testis, with expression present in 

developing spermatogonia cells through mature spermatocytes.    Anti-Cvh staining was used 

to detect localization of the protein in the cytoplasm of germ cells; however, no staining was 

detected in somatic Leydig and Sertoli cells.  Anti-Cvh staining was detected in cell stages 

from spermatogonia to round spermatids, but not during or after the elongated spermatid 

stage of spermatogenesis development.  Adult testis sections from quail, turtle, and snake 

were prepared and stained with the anti-Cvh to determine if cross-reactivity in various 

species would occur.  Testicular germ cells were specifically stained in a similar manner in 
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these species as observed in the chicken testis.  This similar staining suggests the presence of 

VASA homologs with common sequences in other birds and reptiles (Tsunekawa et al., 

2000).   

The presence of a homolog to VASA has been identified in the pig (Lee et al., 2005; 

Dyce et al., 2005; Toyooka et al., 2000), but it has not been well characterized.  The porcine 

VASA homolog (PVH) was cloned to investigate expression within the germ cells of pigs 

(Lee et al., 2005).  It was found that the PVH was 91% homologous to the human VASA, 

and 85% homologous to the mouse VASA gene.  The Pvh protein was found to be present in 

the oocytes and spermatocytes of adult and fetal gonads, and that it was present exclusively 

in fate-committed germline cells from 24 days post coitum onward (Lee et al., 2005; Dyce et 

al., 2006).  In the fetal testis of pigs, the Pvh protein was observed in cells located around the 

seminiferous tubules.  In the adult, the protein was detected within the spermatogonia and 

weakly in spermatocytes.  Additionally, the Pvh protein was detected in porcine PGCs, but 

not in embryonic germ cells (Lee et al., 2005).  Toyooka and colleagues detected positive 

signals for Vasa in the cytoplasm of porcine spermatogenic germ cells (Toyooka et al., 

2000).   

The VASA gene is conserved in all vertebrate and invertebrate species, and the 

expression of VASA homologs is present exclusively in male and female germ cells 

throughout development.  The staining patterns in cytoplasm or granules observed in various 

species my reflect interspecies’ differences in protein localization, although Vasa protein 

expression restricted to the germ cell lineage is conserved throughout phylogeny (Castrillon 

et al., 2000).  The conservation of Vasa protein expression will facilitate the differentiation of 
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spermatogonial stem cells from other cells in culture, specifically porcine spermatogonial 

stem cells to evaluate enrichment. 
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IN VITRO SPEMATOGONIA CULTURE 
 
DEVELOPMENT OF SPERMATOGONIA CULTURE 

 The culture techniques used for spermatogonia stem cell culture are quite different 

today than when Champy first cultured male germ cells in 1920 (Champy, 1920 as reviewed 

by Staub, 2001).  Champy utilized small pieces of testis from adult male rabbits cultured in 

blood plasma to observe development in vitro.  Although the differentiating germ cells were 

observed to die within 2 days, he reported that some somatic and undifferentiated germ cells 

could survive for a week in culture.  Champy was able to observe cell mitosis during the 

short lifespan of the cultures, which was the first report of male germ cells entering mitotic 

prophase in vitro (Champy, 1920 as reviewed by Staub, 2001). 

 As culture techniques for male germ cells advanced, the lifetime of cells in culture 

increased.  In 1937, Michailow reported a 70-day life span for undifferentiated germ cells 

isolated from seminiferous tubules of immature rabbits (Michailow, 1937 as reviewed by 

Staub, 2001). 

 The culture of male germ cells became of great interest as more researchers made 

advances to prolong the lifetime of in vitro cultures.  Trowell developed a method to 

maintain various mature organs in synthetic medium with a goal for the organs to retain 

normal histological appearance for a week in vitro in 1959 (Trowell 1959).  Unsuccessful 

culture attempts led to the study of the atmosphere in which the cultures were incubated.  

Trowell concluded that the testis was sensitive to oxidative stress after observation of 

evidence of “oxygen poisoning.”  Although Trowell succeeded in increasing survival time of 

seminiferous tubules in culture by changing the gas phase of culture to contain 5%CO2, no 

living cells were observed after 6 days of culture (Trowell, 1959).   
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 In the 1960’s Steinberger and colleagues began studying the culture techniques of 

male germ cells to develop an in vitro culture system enabling long-term survival of 

testicular fragments to facilitate the study of male germ cell differentiation in vitro 

(Steinberger and Dixon, 1959; Steinberger et al., 1964a; Steinberger et al., 1964b; 

Steinberger and Steinberger, 1965; Steinberger, 1967).  In 1964, Steinberger et al. utilized 

testicular tissue from 14-day-old rats for studying various culture conditions and found that 

Eagle’s medium supplemented with sodium pyruvate, several amino acids, and 10% calf 

serum was most effective.  The Sertoli cells and tubular structure of the testicular fragments 

were maintained for 6 months when incubated in an atmosphere of 5%CO2 and 95% air, at 

31°C and cultured at pH of 7.0 ± 0.2.  Although the Sertoli cells were able to survive in the 

optimum culture conditions, the ability of the culture conditions to maintain the germinal 

cells was unsuccessful (Steinberger et al., 1964a). 

 Years later, an interesting discovery was made in 1979 by Aizawa and Nishimune 

using adult cryptorchid mice testicular tissue.  While using tritiated thymidine to study 

spermatogonia mitosis in vitro, they discovered that the presence of serum in the culture 

media is necessary for the early differentiation processes of spermatogenesis of type A 

spermatogonia (Aizawa and Nishimune, 1979).  These results were in contrast with the 

earlier conclusions of the Steinberger team that the differentiation of germ cells could be 

achieved in defined medium without serum (Steinberger and Steinberger, 1966; Steinberger 

and Steinberger, 1967).  Aizawa and Nishimune suggested that the Steinberger team was 

mistaking type B spermatogonia for type A spermatogonia in culture; the two types of 

spermatogonia are difficult to distinguish, and type B spermatogonia differentiation has been 

shown to be serum independent in vitro (Aizawa and Nishimune, 1979).       
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 In 1983, researchers were interested in the coculture of rat germ cells with somatic 

Sertoli cells (Tres and Kierszenbaum, 1983).  Tres and Kierszenbaum reported that germ 

cells were only able to differentiate when in close contact with Sertoli cells in defined 

medium.  The authors also noted that for cultures to be successful, the cell associations found 

between somatic and germ cells in vivo must be maintained in vitro (Tres and Kierszenbaum, 

1983).   

 Nagao reported positive results from a new method of culturing male germ cells 

(Nagao, 1989).  Before 1989, it was believed that culturing germ cells with somatic cells was 

required for successful cultures (Tres and Kierszenbaum, 1983).  Nagao used prepuberal rats 

and subjected the testicular cells to a series of enzymatic treatments including collagenase 

and trypsin prior to seeding the cultures.  The dispersed testicular cells were cultured for 2 

weeks, and it was found that the addition of epinephrine and norepinephrine to the culture 

medium increased cell viability (Nagao, 1989).    

 A functional assay for unequivocal identification of spermatogonial stem cells 

utilizing the transplantation of stem cells to generate colonies in vivo (Brinster and 

Zimmermann, 1994) was developed to allow researchers to study various culture conditions 

for spermatogonial stem cells and quantify the number of spermatogonial stem cells by 

transplantation into a sterile recipient animal.  Upon transplantation only stem cells were able 

to generate colonies in vivo, allowing the quantification of stem cells.  Despite the assay’s 

setbacks including length of time of quantification after transplantation and the variability of 

transplantation technique on colonization, the assay would also allow for spermatogonial 

stem cells to be genetically manipulated in vitro and pass the integrated gene through the 

germline into the progeny of the recipient (Brinster and Zimmermann, 1994).   
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Brinster’s research team was interested in the manipulation of the stem cells in vitro 

and reported successful cryopreservation of mouse spermatogonial stem cells in 1996 

(Avarbock et al., 1996).  Before this attempt, limited success was documented with freezing 

male germ cells, with some success using immature rat testis pieces.  Brinster’s team used a 

standard procedure for freezing somatic cells to cryopreserve murine testis cell suspensions.  

The frozen suspensions were stored for up to 156 days and transplanted into busulfan-treated 

recipients (Avarbock et al., 1996).  Cells from the donor mice carried the lacZ transgene that 

allowed for visualization of the stem cell progeny after transplantation.  Transplanted cells 

were able to initiate spermatogenesis and mature spermatozoa in the recipient testes 

(Avarbock et al., 1996). 

   Later in 1996, the Brinster team reported successfully generating rat 

spermatogenesis in a mouse testis (Clouthier et al., 1996).  Donor cells were isolated from 

fertile rats carrying the MT-lacZ transgene, which was expressed in germ cells and Sertoli 

cells to facilitate the identification of the stem cell progeny after transplantation.  Recipient 

mice were immunodeficient and sterilized by busulfan treatment to eliminate endogenous 

germ cells.  After the transplantation of rat germ cells into the seminiferous tubules of 

recipient mice, testes were analyzed at various time points to reveal the rat testes cells had 

populated the tubules and that mature forms of rat spermatozoa were able to be identified 

(Clouthier et al., 1996).   

 To investigate culture length for spermatogonial stem cells, Nagano and Brinster used 

testis cells from various ages of mice and cultured them with or without feeder cells for up to 

111 days before transplantation into donor mice (Nagano and Brinster, 1998).  Cells from 

both young and old donor mice were able to establish spermatogenesis in recipient 
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seminiferous tubules after transplantation.  Brinster’s group suggested that stem cell division 

occurred in culture, based on the observation that the population of stem cells in culture after 

a period of incubation was larger than the population of spermatogonial stem cells found in a 

newly seeded culture (Nagano and Brinster, 1998).   

Despite all the advances in the culture of spermatogonial stem cells, little was known 

about the biochemical or morphological characteristics of the cells.  Studying the cells 

proved difficult as 1 in 5000 testis cells in the mouse is a stem cell.  Additionally, in vitro 

observation of spermatogonial stem cells was difficult because there was no detectable 

morphological difference between stem cells and early-differentiated spermatogonial cells.  

In 2000, Brinster’s research group reported using a somewhat complicated method for 

selecting mouse spermatogonial stem cells from a population of testis cells (Shinohara et al., 

2000).    Utilizing fluorescence-activated cell sorting combined with expression of cell 

surface markers, Shinohara isolated spermatogonial stem cells from cryptorchid mice.  It was 

reported that the resulting population of cells was enriched 166-fold for spermatogonial stem 

cells and expressed no c-kit, had high expression of α6-integrin, low expression of αv-

integrin, and exhibited low side scatter which indicates a low amount of intercellular 

complexity.  The cell population resulting from the selection was then transplanted into the 

seminiferous tubules of a sterile recipient for quantification as described earlier (Shinohara et 

al., 2000; Brinster and Zimmermann, 1994).   

 One year later, Brinster’s research group produced transgenic mice using retroviral 

transduction of spermatogonial stem cells (Nagano et al., 2001).  Transgenic progeny were 

produced from in vitro transfection of spermatogonial stem cell cultures with a retrovirus 

vector carrying the lacZ reporter gene driven by the Pgk-1 promoter.  The researchers 
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reported that stable integration and expression of the transgene was observed in 2-20% of 

transfected cells, while 4.5% of the progeny of transplantation recipients are transgenic 

(Nagano et al., 2001).   

 The first spermatogonial cell line was generated in 2002 by cells isolated from 6-day-

old mice (Feng et al., 2002).  Isolated cells were transfected with a retrovirus vector carrying 

a gene that would cause the over expression of telomerase activity and subsequent 

immortalization.  Immortalized cells were found to express many markers of spermatogonial 

stem cells, but no transplantation assay was used to unequivocally define the cells as stem 

cells.  When the immortalized cells were influenced by addition of stem cell factor to the 

culture medium, the cells were able to differentiate into spermatocytes and round spermatids 

(Feng et al., 2002).   

 To better understand the regulation of proliferation or differentiation in 

spermatogonial stem cells, Brinster’s research team subjected spermatogonial stem cells in 

vitro to various treatments and then transplanted the cultured cells into the seminiferous 

tubules of a sterile recipient to study the effect of in vitro microenvironment on survival of 

spermatogonial stem cells in a 7-day culture system (Nagano et al., 2003).  Treatments 

included various feeder cells, growth and inhibitory factors, various transforming growth 

factors, incubation temperatures, and medium composition.  Nagano hypothesized that 

improvement of spermatogonial stem cell maintenance in vitro can be achieved by 

suppressing germ cell differentiation and subsequentially the cascade of events leading up to 

differentiation (Nagano et al., 2003). 

   Another long-term culture experiment performed by Kanatsu-Shinohara et al in 

2003 demonstrated that spermatogonial proliferation in vitro can be accomplished by adding 
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a combination of growth factors to medium containing 1% fetal bovine serum and utilizing 

mouse embryonic feeder cells.  Shinohara’s group utilized gonocytes from neonatal mice and 

cultured them in medium containing leukemia factor, basic fibroblast growth factor, glial cell 

line-derived neutrophic factor (GDNF), and epidermal growth factor.  Spermatogonial stem 

cell proliferation was reported over a 5-month period, and the cultured cells were able to 

produce spermatogenesis after transplantation to the seminiferous tubules of infertile 

recipients.  Mature sperm resulting from the transplantation was normal as it was able to 

fertilize eggs and produce normal offspring (Kanatsu-Shinohara et al., 2003).   

  In 2004 Hamara and colleagues studied spermatogonial stem cells culture conditions 

and found that spermatogonial stem cells cultured on STO feeder cells lost stem cell activity 

in vitro while cells cultured on mouse Sertoli cell line-1(MSC-1) feeder cells maintained 

their stem cell activity and were able to colonize recipient seminiferous tubules after 

transplantation (Hamra et al., 2004).  Hamra and colleagues were also able to define 

transcripts that correlate strongly with spermatogonial stem cell activity and transcripts that 

change near the time of loss of stem cell activity in culture (Hamra et al., 2004).   

 Spermatogonial stem cells were cultured for over 2 years and expansion of the 

cultured cells was 1085-fold (Kanatsu-Shinohara et al., 2005).  Throughout the 2 years in 

culture, the growth rate was constant and cells maintained a normal euploid karyotype.  

Fertile offspring was produced after transplantation and subsequent spermatogenesis of 

spermatogonial stem cells which were cultured for 2 years.  During the long culture period, 

the proliferative potential of the spermatogonial stem cells was studied by observing telomere 

length.  Telomeres were found to shorten after time in culture, indicating that despite the long 
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proliferation period observed in culture, spermatogonial stem cells have a limited 

proliferation potential (Kanatsu-Shinohara et al., 2005).   

 As research in the area of male germ cell culture continues, the characteristics of 

biologically active spermatogonial stem cells will become more clear, and optimal culture 

conditions will allow for efficient genetic modification of the cells for production of 

transgenic animals.  Culture techniques and genetic manipulation strategies will be expanded 

to include other domestic animal species for an endless amount of possible applications.   

 

PORCINE SPERMATOGONIA CELL CULTURE 

The first report of isolation of porcine spermatogonia for culture was in 1999 (Dirami 

et al., 1999).  In this study, type A spermatogonia were isolated from Yorkshire prepubertal 

pigs that were 80 days of age.  The authors used sedimentation velocity at unity gravity to 

separate type A spermatogonia from the testis cell suspension and identified type A 

spermatogonia using c-kit expression.  No information was available on c-kit expression in 

the pig, but the authors identified the presence of c-kit within separated cells and determined 

the cells were type A spermatogonia (Dirami et al., 1999).   

 Dirami and colleagues cultured purified type A porcine spermatogonia cells for 120 

hours in either DMEM/F12 medium without any supplementation or in potassium-rich 

medium derived by the simplex optimization method (KSOM).  Cell viability was assessed in 

24-hour intervals by MTT colorimetric assay, which utilizes the change of a yellow substrate 

to blue to identify live cells (Mosmann, 1983).  After 48 hours of culture, less than 20% of 

the cells in DMEM/F12 without supplementation were viable, but 40-50% of the 

spermatogonia cultured in KSOM were viable.  These results indicated that KSOM medium 
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alone could support the survival of porcine spermatogonia longer than could DMEM/F12 

medium without supplementation.  An additional experiment studied the effect of stem cell 

factor (SCF) and granulocyte macrophage-colony stimulating factor (GM-CSF) on the 

survival of the porcine spermatogonia cultured in KSOM medium.  It was found that SCF 

may promote the survival of the porcine type A spermatogonia (Dirami et al., 1999).   

In 2000, Marret and Durand studied the effects of germ cell purification, fetal calf 

serum, and extracellular matrix on the culture of porcine spermatogonia (Marret and Durand, 

2000).  Testes were used from 3 week old Meishan pigs and tissue was subject to an 

enzymatic treatment to generate a single cell suspension.  Dissociated cells were subject to a 

Percoll discontinuous density gradient to separate the spermatogonia from the cell 

suspension.  Cells were harvested and the amount of spermatogonia was determined 

indirectly using vimentin immunostaining, which stains only somatic cells (Marret and 

Durand, 2000).  Cells were incubated in DMEM/F12 medium with or without 5% fetal calf 

serum supplementation for 9 days.  Spermatogonia viability was determined on selected days 

of culture using trypan blue exclusion.  The number of viable cells in both culture media 

decreased with time; however, the viability of cells with serum supplementation was always 

significantly higher (Marret and Durand, 2000).   

The viability of purified spermatogonia dropped quickly in culture as 80% of the 

germ cells were lost over the 9 day culture period (Marret and Durand, 2000).  Although the 

same trend in viability occurred in the cultures with or with out a Sertoli cell feeder layer, the 

decrease in viability was more pronounced in cultures on a Sertoli cell feeder layer.  The 

viability found in this experiment was higher than reported in the previous work by Dirami 

and colleagues (Dirami et al., 1999), which could be due to a different method used to assess 
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viability and the different in vitro environment of the cells.  Marret and colleagues 

supplemented the basal media with various molecules including hormones and growth 

factors that promote cell life.  The percentage of spermatogonia that incorporated BrdU was 

measured in this experiment, which indicates if the cells enter the S phase of the cell cycle.  

No spermatogonia incorporated BrdU in either culture condition, which may be an indication 

of the need of germ cells to have interactions with somatic cells for entry into the S phase of 

the cell cycle (Marret and Durand, 2000).  BrdU was incorporated when spermatogonia were 

co-cultured with fragments of seminiferous tubules.  Marret and Durand also found that the 

uptake of BrdU was similar between the two treatment groups of culture with fetal calf serum 

or culture on an extracellular matrix (Marret and Durand, 2000).  Another observation during 

the experiment was that the seminiferous tubule fragment co-culture was only able to 

maintain the number of spermatogonia in culture in the presence of fetal calf serum, 

suggesting that fetal calf serum promotes spermatogonia survival (Marret and Durand, 2000).   

These studies on the culture of porcine spermatogonia are important and essential for 

progress in this research area.  Isolation of the spermatogonial stem cells was accomplished 

using a non-linear Percoll gradient in conjunction with sedimentation velocity using a BSA 

gradient.  Based on the method used to identify the spermatogonial stem cells, both methods 

provided good results.  The identification of spermatogonia was attempted with the use of c-

kit receptor in conjunction with immunohistochemistry, but no evidence was available on the 

expression of c-kit in porcine stem cells (Dirami et al., 1999).  An alternative technique to 

identify spermatogonia utilized vimentin staining, which stains only somatic cells, leaving 

the germ line cells unstained and unable to be identified (Marret and Durand, 2000).  The 

methods used in both studies are not optimal; accurate identification of porcine 
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spermatogonial stem cells requires detection of spermatogonial stem cell specific markers.  

Identifying spermatogonial stem cells with specific markers will allow for accurate 

assessment of these purification and culture techniques in addition to the development of 

improved purification methods.      

In both experiments, viability of cells in culture decreased with time, but the kinetics 

of the decrease was dependent on the medium used.  Viability was consistently higher when 

fetal calf serum was supplemented in the media, and it was found that SCF may promote 

spermatogonia survival, either added separately to a basal medium, or added because of its 

presence in fetal calf serum (Marret and Durand, 2000).   

Another important observation from these studies is the behavior of spermatogonia in 

culture.  It was found that purified spermatogonia were not entering the S phase of the cell 

cycle, as indicated by no BrdU incorporation into the cells (Marret and Durand, 2000).  BrdU 

incorporation does occur at a low percentage when purified cells are co-cultured with tubule 

fragments or in the presence of serum, indicating that either tight intercellular 

communications or an element present in serum is necessary for cells to enter the S phase and 

proliferate in vitro.   

 More research is needed before the optimum method of culture for porcine 

spermatogonial cells is defined.  Choice of culture environment currently depends on the 

needs and goals of the experiment.  Utilization of serum in culture has been shown to 

increase viability and perhaps stimulate spermatogonial cell division (Marret and Durand, 

2000); however, the components of serum remain undefined.  Culturing porcine 

spermatogonia on a feeder layer or tubule matrix has variable results, but can stimulate in 

vitro cell division (Marret and Durand, 2000).  In the present study, addition of serum to the 
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culture medium was used because of its positive affect on cell viability (Marret and Durand, 

2000).  The porcine spermatogonial cells in this study were not cultured on a feeder layer to 

allow for measurements of viability and cell number to be easily taken and because no clear 

advantage of cell co-cultures compared to the culture of cells with serum supplementation 

was concluded in previous studies.  In the present study, a relatively simple environment was 

chosen for the culture of porcine spermatogonial cells to lay groundwork for future 

experiments and to allow the procedures to be easily reproduced in the laboratory.   

 

CELL BEHAVIOR IN CULTURE  

 Based on environmental conditions, cells will exhibit different behaviors in culture 

including proliferation, differentiation, and apoptosis.  What the cells are doing in culture is a 

good indication of the effectiveness of the culture system; therefore, a basic understanding of 

how cells grow and divide is needed.   

 The process of the cell cycle allows cells to multiply via cell division.  The cell cycle 

has four phases, including M phase, G1 phase, S phase, and G2 phase (Figure 4).  M phase is 

also known as mitosis, which is when the condensed chromatin within the cell segregates 

into each daughter cell.  The other three phases of the cell cycle are collectively referred to as 

interphase, the first of which is Gap 1 phase, or G1, where progression toward DNA 

synthesis occurs.  There are checkpoints in the G1 phase that will determine if the cell will 

exit the cell cycle reversibly and go into G0, exit the cell cycle permanently to differentiate, 

or continue dividing.  The S phase occurs after the G1 phase and it is during this phase where 

the DNA replication occurs.  The final stage of interphase is the G2 phase, which is when the 

cell prepares for another cell division cycle and reentry into mitosis.  Checkpoints occur after 
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the end of the S phase and the G2 phase, which regulate progression through the cycle by 

allowing DNA repair if needed, or by initiating entry into apoptosis (Freshney, 2000).   

 The cell cycle is regulated by different factors, many of which are not clearly 

understood.  Cells successfully progressing through the cell cycle are proliferating, and 

proliferation in culture can be affected by environmental conditions.  If cells are seeded at a 

light density, the cells will have free edges and the capability to spread, which permits entry 

into the cell cycle.  When cells either reach a high density because of proliferation, or are 

seeded at a high density, the cell to cell contact inhibits cell proliferation and cells will exit 

the cell cycle to either a quiescent state of G0, terminally differentiate, or undergo apoptosis 

(Freshney, 2000).   

 Cells need energy to progress through the cell cycle, which is generated by the 

process of glycolysis.  Media used for cell culture usually contain glucose which is used as a 

carbon source for energy-producing glycolysis.  In cell culture, glycolysis occurs in 

anaerobic conditions, since the cells are normally submerged in medium.  During culture, the 

citric acid cycle remains active in the cell and amino acids in the medium can also be used as 

a carbon source to generate energy (Freshney, 2000).  

 

 

Restriction 
Points 

Figure 4.  The cell cycle with restriction checkpoints.  Checkpoints determine if the cell will go forward 
with division or stop dividing.  Adapted from Freshney, 2000.  
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GENE TRANSFER IN PORCINE SPERMATOGONIA 
 
TYPES OF GENE TRANSFER 
 
 Many methods exist for transferring genetic information into cells, with some of the 

most useful systems integrating information directly into the germ line.  Microinjection, 

electroporation, calcium phosphate precipitation, lipofection, and viral vectors all have been 

used to transfer genetic information into cells.  Here, methods using virus vectors will be 

discussed as they have proven to be most effective gene transfer vehicles in spermatogonial 

stem cells.   

Retroviruses are a group of viruses that have the ability to convert viral genetic 

information from an RNA to a DNA form during infection of animal cells.  Retroviruses are 

spherical structures that contain two RNA molecules and at least nine different types of 

protein (Drlica, 1992).  Retroviruses are divided into two categories, simple and complex, 

which are distinguishable by genome organization.  Simple retroviruses encompass the 

Murine leukemia-related viral group (MuLV), among others.  Complex retroviruses include 

Human T-cell leukemia-bovine leukemia viral group, Spumaviruses, and Lentiviruses 

(Coffin et al., 1997).  In addition to the obvious difference between simple and complex, 

simple retroviruses can only infect actively dividing cells.  All retroviruses have similar 

overall structure consisting of three major coding domains: gag, pol, and env.  Gag directs 

the synthesis of structural proteins, pol encodes viral enzymes such as integrase and reverse 

transcriptase, and env is the source of structural envelope proteins that facilitate attachment 

and fusion of virus with the target cell surface (Trono, 2002).   

   The first stage of infection is the entry of the virus into the cell.  The reverse 

transcriptase, a type of DNA polymerase, replicates a DNA copy from the viral RNA 
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genome.  The new viral DNA is then inserted into the target cell’s chromosome such that 

mRNA can be synthesized.  The integrated gene is flanked on both sides with long terminal 

repeats (LTRs) that are thought to be involved in the binding of the integrase protein, which 

facilitates the insertion of the new viral DNA into the chromosome.  The mRNA derived 

from the viral insert can be translated and made into the protein (Drlica et al., 1992).   

Vectors for gene therapy are either replication competent or replication defective.  

Replication defective vectors generally have a deletion of protein encoding sequences that 

are replaced by the transgene of interest.  In addition, changes in the LTRs upstream or 

downstream of the transgene can be introduced to prevent the virus from replicating.  

Replication competent vectors can productively infect target cells, although replication 

defective vectors are the preferred type to prevent the spread of the virus (Knipe and Howley, 

2001). 

 The major disadvantage of retroviruses is that they are unable to efficiently infect 

non-dividing cells (Trono, 2002).  This shortcoming led to investigation of alternative 

methods of gene delivery, including Lentiviruses, which also belong to the Retroviridae 

family.  One of the most studied lentiviruses is the Human Immunodeficiency Virus (HIV).  

Two types of the HIV lentivirus exist, HIV-1 and HIV-2, with the main difference being that 

HIV-1 infects non-human primates, and HIV-2 is a human virus (Buschschacher, 2003).  

Lentiviruses are complex retroviruses that have the ability to infect non-dividing, 

differentiated mammalian cells.  Another difference between lentiviruses and simple 

retroviruses is that in addition to three major coding domains: gag, pol, and env, lentiviruses 

contain the auxiliary genes (vpr, vif, vpu, nef) and regulatory genes (tat and rev) that have 

important functions during viral life cycle.  Tat is a protein that regulates lentiviral gene 
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expression at the transcriptional level, while rev is a protein that regulates lentiviral gene 

expression at the post transcriptional level.  Tat functions by binding to a cis-acting element 

located within the LTR to upregulate the activity of the promoter to enhance viral 

transcription and gene expression.  Rev recognizes a cis-acting element located in the mid 

portion of the env gene to regulate viral gene expression after transcription (Trono, 2002).   

 The mechanism that lentiviruses use to transduce terminally differentiated and non-

dividing cells is not exactly known.  The preintegration nucleoprotein complex (PIC) is 

recognized by the nuclear import machinery of the target cells and is imported through the 

nucleopore by active transport.  HIV-1 has many nucleophilic determinants that allow the 

entry of the preintegration nucleoprotein complex into the cell.  Three of these proteins have 

been identified in HIV-1: Gag-encoded matrix protein, integrase, and vpr.  The gag-encoded 

matrix protein has two nuclear localization signal motifs, and if both are inactivated, the virus 

is defective in nuclear transport (Knipe and Howley, 2001).  Integrase proteins of lentiviruses 

contain signals that direct the protein to the nucleus, although there is no evidence that this 

signal promotes nuclear import.  It has been suggested that integrase has some homologous 

sequences to the nuclear localization signal motifs, although inactivation causes exclusion of 

integrase, normal reverse transcription (Trono, 2002).   

   

TRANSDUCTION OF GERM CELLS 
 
 In 1994, Brinster and colleagues reported that spermatogonial stem cells could be 

transduced by a retroviral vector during the transplantation of cells to a recipient mouse 

testis.  The transduction occurred at a low frequency, but spermatogenesis was re-established 
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and maintained for 6 months after transplantation (Brinster and Zimmermann, 1994; Brinster 

and Avarbock, 1994).   

 In 2000, a lacZ reporter gene was delivered with a retrovirus into male germ line stem 

cells and was expressed for more than 6 months after transplantation into the mouse testis 

recipient (Nagano et al., 2000).  It was found that periodic infections using neonatal cells 

produced the highest transfection efficiency of 1.8%, which is attributed to an enriched stem 

cell population in the neonate, and/or better stem cell proliferation (Nagano et al., 2000).   

Mouse pup and adult spermatogonial stem cells were transfected using a retroviral 

vector, with an efficiency of 20% for pup cells and 2% for adult cells from cryptorchid 

organisms (Nagano et al., 2001a).  Transfected cells were transplanted to recipient testes, and 

the transgene was found to be transmitted to 4.5% of progeny, with subsequent generations 

also expressing the transgene (Nagano et al., 2001a).  These findings demonstrated that male 

germ-line stem cells could be easily transduced with a retrovirus and that the vector could be 

integrated stably and passed to future generations (Nagano et al., 2001a).   

A previously used retroviral vector carrying the lacZ reporter gene was used to 

transfect rat spermatogonial stem cells (Orwig et al., 2002).  The transduction efficiency was 

lower than that in the previous mouse studies (Brinster and Zimmermann, 1994; Brinster and 

Avarbock, 1994; Nagano et al., 2000; Nagano et al., 2001a), in fact, transduction to mouse 

pup spermatogonial stem cells was 3.6-fold better than in the rat pup cells.  The reason that 

the low efficiency occurred is unclear, but postulated that the rat cell cycle status in vitro was 

slower and yielded lower integration of the virus vector.  No transgenic progeny resulted 

from the experiment, although it was demonstrated that rat pup spermatogonial stem cells 

could be transduced, although at a lower efficiency than in the mouse.  It became evident that 
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enrichment of the stem cell population, improved culture conditions to encourage 

proliferation and survival, increase in virus titer, and alternative vectors could improve 

spermatogonial stem cell transduction in the rat and in other species (Orwig et al., 2002).   

In 2002, Nagano and colleagues utilized two types of lentiviruses to transfect adult 

cryptorchid and pup spermatogonial stem cells in mice (Nagano et al., 2002).  The 

transplantation of transfected stem cells resulted in spermatogenic colonies present in 100% 

of the mice pups and 28.6% of the adult mice.  The transduction efficiency was found to be 

4.6-fold higher in pup cells, which can be explained by the 1-fold increase in pup stem cells 

progressing through the cell cycle in vitro when compared to the adult.  Although lentiviruses 

can infect cells not dividing, the transduction is less efficient in cells arrested in the G0 stage 

of the cell cycle (Nagano et al., 2002).   

Success of the mouse experiments using lentiviral transduction led to the 

investigation of lentiviral transduction in rat spermatogonial stem cells.  Rat spermatogonial 

stem cells were demonstrated to retain stem cell characteristics and can efficiently transmit 

inserted genes through the germ line after 4 days in culture prior to transplantation (Herma et 

al., 2002).  Live young were generated from this experiment, and 30% of the pups carried the 

transduced gene.  Furthermore, the integrations were stable and could be transferred to the F2 

generation at a 50% frequency (Herma et al., 2002).   

Taken all together, the experiments investigating gene transfer to spermatogonial 

stem cells reveal that cells from an immature animal are more readily transfected regardless 

of species, and that both retroviral and lentiviral vectors have great success delivering the 

foreign gene to the cells.  Transplantation success of these transfected germ cells is essential 

for the efficient production of transgenic animals.   
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TRANSPLANTATION OF GERM CELLS 

 Transplantation of testis cells was first accomplished in the mouse in 1994, with a 

goal of developing a functional assay to unequivocally define the spermatogonial stem cell 

(Brinster and Zimmermann, 1994; Brinster and Avarbock, 1994).  Spermatogonial stem cell 

transplantation in mice has since been accomplished by many researchers with positive 

results, in addition to the transplantation of spermatogonial stem cells of other species into 

mice (Nagano et al., 1998; Ohbo et al., 2003).  The procedure for germ cell transplantation 

involves harvesting testis tissue from a fertile male, digesting the tissue to generate a single 

cell suspension that includes spermatogonial stem cells, and delivering the cell suspension 

via injection or catheterization to the seminiferous tubules of a recipient, where colonies of 

donor-derived spermatogenesis will be established (Brinster, 2002).  Once transplanted, the 

donor cells must migrate through the seminiferous epithelium to the appropriate location for 

survival.  The donor cells must then proliferate and differentiate in the recipient seminiferous 

epithelium to produce spermatogonia (Nagano et al., 2001b).  Spermatogenesis after germ 

cell transplantation has been reported, despite the exposure to enzymes for cell dissociation 

and manipulation that occurred throughout the transplantation procedure (Brinster and 

Zimmermann, 1994).  The transplantation of the spermatogonial stem cells is important 

because they are the only cells in the postnatal animal that self renew in addition to 

contributing genes to future generations, and in this respect are simultaneously essential and 

unique for species continuation (Nagano et al., 2001b).  It has been found that 

spermatogonial stem cells are more efficient than gonocytes in repopulating and establishing 

spermatogenesis in the recipient (Brinster and Avarbock, 1994).   
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In the initial study, spermatogonial stem cells were isolated from testes of mice that 

carried a transgene for the Escherichia coli β-galactosidase gene.  The testis cells were 

injected into seminiferous tubules of infertile recipient mice, and the cells were able to 

colonize and repopulate the testes.  Progeny and mature spermatozoa were produced as a 

result of stem cell transplantation to the recipient testis, and 38 of 104 testes used showed 

colonization (Brinster and Avarbock, 1994).   

 The success of the transplantation into non-fertile recipients is encouraging, 

especially since during the transfer, the donor cells can be subject to genetic manipulation to 

produce transgenic spermatogonia and consequentially transgenic offspring by fertilization of 

selected female gametes in vitro or in vivo (Dobrinski et al., 2001; Nagano et al., 2001a).  

Spermatogenesis occurred after maintenance of mouse spermatogonial stem cells in culture 

before transplantation into recipient mice, indicating that spermatogonial stem cells have the 

potential to be manipulated in vitro and remain functional upon transplantation.  It is not 

surprising that spermatogonial stem cells can survive under various in vitro conditions as it is 

commonly known that the spermatogonial stem cell is resistant in vivo and is the last of the 

germ cells to be destroyed by detrimental environmental factors or trauma to the testis area 

(Nagano et al., 1998).  Methods to enrich for spermatogonial stem cells prior to genetic 

manipulation and transplantation could increase the efficiency of this novel approach to the 

generation of transgenic animals.  The efficiency of this method to produce transgenic 

animals could be high since one transformed spermatogonial stem cell is theoretically able to 

form 4,096 spermatids (Brinster and Zimmermann, 1994).  The technique of transplanting 

testis cells from one male to another is an important step to the novel approach to produce 

transgenic animals (Brinster and Zimmermann, 1994; Brinster and Avarbock, 1994).   
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 After the initial study in mice, the transplantation of spermatogonial stem cells into 

testes was expanded to larger animal species recipients including the monkey, bovine, rat, 

and human (Schlatt et al., 1999).  The initial transplantation method developed in mice 

involved injection of the spermatogonial stem cells into the superficial seminiferous tubules, 

but the transfer of the cells by microinjection or cannulation was difficult and inefficient in 

the larger species (Schlatt et al., 1999).  The difficulty led to the development of an injection 

technique into the rete testes using ultrasonography to guide the injection needle.  Schlatt’s 

group used intact adult male cynomolgus monkeys as injection recipients.  The monkeys 

were pretreated with a gonadotrophin releasing hormone to reduce the testis volume; 

however, no technique to reduce endogenous spermatogenic activity was performed.   

Injection to the rete testis allowed a large volume to be transplanted into the testis and 

avoided the need for open surgery.  Very few transplanted germ cells were detected by BrdU 

staining in the seminiferous tubule 4 weeks after the transfer.  Only a small percentage of 

transplanted cells could be detected with BrdU, since only the cells in the S-phase during the 

culture before transplantation would have incorporated the BrdU.  Despite the inefficient 

labeling, the presence of BrdU-labeled cells at the base of the seminiferous tubules 

underlines the success of the modified transplantation technique for large species (Schlatt et 

al., 1999).   

 The development of a transplantation technique for large animals allowed for the first 

germ cell transplantation in pigs (Honaramooz et al., 2002).  This important event is one of 

the many steps needed to generate transgenic farm animals through manipulation of the male 

germ line.  Fluorescent-labeled porcine testis cells were transplanted into recipient 

prepubertal pig testes and all attempts were successful but one, which was attributed to 
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inaccurate catheter placement.  Transplanted donor cells were detected in 50% of the 

recipient seminiferous tubules for up to 4 weeks after the procedure (Honaramooz et al., 

2002).     

As mentioned, prepubertal pigs were used as recipients, which allowed for the 

reduction of the number of endogenous germ cells without administering treatment that could 

be detrimental to the spermatogonial environment in vivo (Honaramooz et al., 2002).  The 

transplantation of donor cells to the prepubertal pig meets less resistance when compared to 

the adult animal, and the donor cells did not need to migrate through multiple layers of 

developing spermatogenic cells to colonize the basement membrane.  Because of the age of 

the animals, donor-derived spermatogenesis was neither observed nor expected; however, the 

observation of position and maintenance of transplanted cells indicates that porcine donor 

testis cells survive in and could colonize the recipient prepubertal pig testis (Honaramooz et 

al., 2002).   

   The development of transgenic pigs is interesting for many reasons including the 

potential to provide organs for xenotransplantation to humans, to generate useful drugs in 

vivo, and to use as models for human disease.  To date, microinjection of zygotes or somatic 

cell nuclear transfer techniques have been used to generate the majority of transgenic pigs.  

High expense and low efficiency make these techniques difficult; additionally the 

developmental abnormalities associated with success of these techniques makes a more 

desirable method to generate transgenic animals necessary.  An alternative approach to 

generate transgenic livestock could be the transplantation of spermatogonial stem cells that 

have been transduced with a desired gene (Honaramooz et al., 2002).  Development of 

transplantation techniques for large species (Schlatt et al., 1999), culture of porcine 
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spermatogonial stem cells (Dirami et al., 1999; Marret and Durand, 2000), and transfection 

of spermatogonial stem cells will all provide the means necessary for generation of 

transgenic pigs by manipulation of male germ-line cells.     
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STATEMENT OF THE PROBLEM 

The objectives described in this thesis were to assess the effectiveness of a Nycodenz 

gradient enrichment method to enrich a dissociated single cell suspension of porcine 

testicular cells for spermatogonia, and to observe the separated fractions from the gradient 

over a 14-day culture period for cell viability and number of spermatogonia in culture.  Two 

germ-cell specific genes, DAZL and VASA, were utilized for identification of spermatogonia 

using immunohistochemistry. 

 Spermatogonial stem cell isolation and enrichment are well characterized in the 

murine models, but are in the early developmental stages when using porcine tissue.  

Evaluation of a novel enrichment protocol will allow a larger population of spermatogonial 

stem cells to be manipulated in vitro for use in gene transfer.  The use of such 

biotechnologies in the porcine model are also in the early developmental stages, therefore 

maintenance of spermatogonial stem cells for an extended period of time in vitro may be 

beneficial.  The development of such techniques in the porcine model will provide novel 

ways of producing transgenic pigs to be used for models of human disease, 

xenotransplantation of organs to humans, and bioreactors of drugs for human use.  The 

benefits to be gained through such research are monumental, therefore necessitating the 

development of isolation, enrichment, identification, and culture techniques in the porcine 

model system.    
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MATERIALS AND METHODS 

 

EXPERIMENTAL DESIGN 

 The effectiveness of a NycoDenz gradient method to enrich a dissociated single cell 

suspension of porcine testicular cells for spermatogonia and to observe the separated 

fractions from the gradient over a 14-day culture period for cell viability and number of 

spermatogonia in culture was evaluated.  Two germ-cell specific genes, DAZL and VASA, 

were utilized for identification of spermatogonia using immunohistochemistry.   

 Cultures generated from the enzymatic digestion of porcine testes prior to the 

enrichment protocol for each of 10 experimental replicates were used as control.  The 

NycoDenz gradient consistently separated the isolated cell suspension into four distinct 

layers.  Both separated and control cultures were conducted in identical hextuplicates to 

facilitate assessment of cell viability and spermatogonia number on three days with minimal 

disruption to the culture environment.  On days that cell viability and spermatogonia number 

were assessed, a whole culture was used for each parameter to ensure a sufficient amount of 

cells was included in the sample.  Testis cells were isolated and seeded in culture on day 0.  

Spermatogonia were morphologically defined as round, plump cells with a large amount of 

cytoplasm, as is consistent with prior observation of spermatogonia cultures in the literature.  

Visualization of spermatogonia was facilitated by immunostaining with DAZL and VASA 

polyclonal antibodies and cells exhibiting morphological characteristics in addition to bright, 

concentrated fluorescence were counted as spermatogonia.  
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REAGENTS AND MEDIA 

 Dulbecco’s Phosphate-Buffered Saline (DPBS-D1408, Lot #72K2449) without 

calcium chloride and magnesium chloride, type IV collagenase (C-5138, Lot #035K8633), 

HistoDenz (D2158, Lot #074K1298), trypsin-EDTA solution with 5.0g porcine trypsin and 

2g EDTA, sterile-filtered, cell culture tested (T4174, Lot #82K2354), and trypan blue 

solution, 0.4% (T8154, Lot #123K2404) were purchased from Sigma Chemical Company 

(St. Louis, MO).  Phosphate buffered saline with 11.9mM phosphates, 137mM sodium 

chloride, and 2.7mM potassium chloride (Lot #051492-36), paraformaldehyde powder (Lot 

#906117), and methanol (Lot #020378) were purchased from Fisher Scientific (Hampton, 

NH).  Alexa Fluor 488 chicken anti-rabbit IgG (H+L) (A21441, Lot #99E2-1), and 

propidium iodide 2.4mM solution in DMSO (L7011, Lot #0281-2) were purchased from 

Molecular Probes (Carlsbad, CA).  Novolsan solution (Lot #062793) was purchased from 

Fort Dodge Laboratories, Inc.  Kanamycin monosulfate (Lot #61176023) was purchased 

from Mediatech Inc. (Herndon, VA).  Rabbit polyclonal antibodies for VASA and DAZL 

were a kind gift from Dr. J. Petitte (NC State University, NC).   

 Dulbecco’s Modified Eagle’s Medium-high glucose with 4500 mg/L glucose, L-

glutamine, and sodium pyruvate, without sodium bicarbonate, cell culture tested (DMEM-

D7777, Lot #093K83131), sodium bicarbonate, cell culture tested (S5761, Lot #023K0133), 

fetal bovine serum, sterile-filtered, heat-inactivated, and cell culture tested (FBS-F4135, Lot 

#035K8420), and antibiotic/antimycotic suspension, stabilized, sterile-filtered, cell culture 

tested (A5955, Lot #114K23901) were purchased from Sigma Chemical Company (St. Louis, 

MO).   
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 DMEM basal medium was supplemented with 1.50g/L of  sodium bicarbonate, 10% 

FBS, and 1% antibiotic/antimycotic to form complete medium, which was used for all 

cultures.  The complete medium was filter sterilized and stored at 4ºC until needed, with a 

storage time of no longer than 7 days.  All cultures were incubated at 37ºC in an atmosphere 

of 5% CO2 in air with 100% humidity.     

 

ISOLATION OF PORCINE TESTIS CELLS 

 Prepubertal Landrace-Yorkshire cross pigs (2-8 days old; Swine Educational Unit NC 

State University, Raleigh, NC) are castrated by the industry standard method as a part of 

routine husbandry by the farm personnel.  All animal procedures performed at the Swine 

Educational Unit were approved by North Carolina State University.  Testes, as a byproduct 

of castration, were collected on site in sterile conical tubes and transported to the laboratory 

on ice.  The parietal tunica vaginalis along with a portion of the epididymus was removed, 

leaving the tail of the epididymus and whole testis.  Partially dissected testes were rinsed in 

DPBS with kanamycin for 10 minutes.  Kanamycin solution was decanted and testes were 

washed in a 30% Novolsan solution in DPBS for 10 minutes.  Novolsan solution was 

decanted and testes were washed three times in DPBS.  Testes were dissected in a sterile 

environment by removing the tunica albugina, mediastinum, and remaining epididymus.  

Testicular parenchyma was transferred to a sterile conical tube for enzymatic digestion; an 

average of 2.0g of testicular parenchyma was digested for each replicate.  Ten experimental 

replicates were conducted, each including a separate enzymatic digestion of testicular tissue, 

Nycodenz gradient separation, collection of layers, and seeding of identical cultures, as 

described previously.   
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 Collagenase solution was prepared using 20mg of type IV collagenase (Sigma, C-

5138, Lot #035K8633), 10ml of DPBS, and .1ml antibiotic/antimycotic.  Collagenase 

solution was sterile filtered through a 0.22µm syringe filter.  Testicular parenchyma was 

incubated in collagenase solution at 37ºC with 200rpm of agitation for 3 hours to generate a 

suspension.  The cell suspension was centrifuged at 210g for 5 minutes, and the supernatant 

was removed.  The pellet was resuspended in 10ml of DPBS and centrifuged at 1000rpm for 

5 minutes.  Supernatant was removed and the pellet was resuspended in 5ml of DPBS.  The 

washed cell suspension was filtered through a pour-through 70µm nylon filter (Fisher 

Scientific), and the suspension was brought up to a volume of 10ml with DPBS.  A portion of 

the cell suspension was used to plate down a control group to an average density of 2.85 x 

107cells/ml and remaining suspension was stored on ice until used for spermatogonia 

enrichment procedure.   

 

ENRICHMENT OF SPERMATOGONIA 

 HistoDenz, (Sigma Chemical Company trade name for Nycodenz) was used to 

generate a discontinuous density gradient.  Nycodenz powder was dissolved in DPBS and 

diluted to four final concentrations of 1.014 g/ml, 1.028 g/ml, 1.056 g/ml, and 1.084g/ml.  

Aliquots of each concentration were stored frozen for all replicates of the experiment.  The 

maximum storage of frozen aliquots was 4 weeks.  The Nycodenz concentrations were 

chosen based on results from the purification of mouse PGCs with Nycodenz (Mayanagi et 

al., 2003), and on an evaluation of various Nycodenz concentrations to form 4 distinct cell 

populations upon centrifugation (data not shown).  A discontinuous Nycodenz gradient 

column was prepared by layering 1ml of each Nycodenz concentration from lowest density 
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to highest density using a sterile pasture pipette without disturbing the previous layers.  

Gradients were formed in 5ml polystyrene round bottom test tubes (Cat #14-595A) 

purchased from Fisher Scientific (Hampton, NH).  Nycodenz solutions and cell suspensions 

were kept on ice while the discontinuous gradient was prepared.  Four gradient columns were 

used for each experimental replicate, with 1ml of cell suspension layered on top of each 

gradient (Figure 5).  Gradient columns were centrifuged at 300g for 15 minutes at 4ºC and 

rotors were allowed to decelerate without using the brake.  After centrifugation, gradient 

columns consistently displayed 4 separated cell populations (Figure 6).  Each layer was 

collected with a sterile pipette and centrifuged at 500g for 8 minutes.  Supernatant was 

removed and the pellet was resuspended in 0.5ml of warmed complete medium.  Collected 

layers from all 4 gradient columns were pooled with similar layers and cells were mixed 

thoroughly.  The cell suspension was divided equally in 0.5ml portions and inoculated into 

six culture wells.  Three cultures were seeded in 15mm polystyrene Nunclon treated culture 

dishes (Cat #12-565-72) purchased from Fisher Scientific (Hampton, NH).  Three other 

cultures were seeded in 16mm polystyrene vacuum gas plasma treated culture dishes (Cat 

#08-772-1) purchased from Fisher Scientific (Hampton, NH).  The creation of six identical 

cultures allowed one culture to be used for each assessment of viability and number of 

spermatogonia on three different days of the experiment.  Cell density at initiation of culture 

was on average 5.74x106cells/ml for layer 1, 1.112x107cells/ml for layer 2, 9.77x106cells/ml 

for layer 3, and 5.69x107cells/ml for layer 4.  Cultures were incubated at 37ºC in an 

atmosphere of 5% CO2 in air with 100% humidity.   
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VIABILITY OF SPERMATOGONIA CULTURES  

 Viability was assessed in cultures on day 0, 7, and 14 of incubation with day 0 

assessment occurring after 5 hours of incubation.  Viability assessment was accomplished by 

removing spent medium from cultures and washing adherent cells twice with DPBS.  Spent 

medium and washes were combined, centrifuged at 335g for 5 minutes and supernatant was 

removed.  Cultures were exposed to warm trypsin EDTA for 10 minutes at 37ºC until cells 

were no longer adherent to the culture dish.  Complete media was used to resuspend the 

pellet and provide trypsin inactivation.  Trypsin and cells were removed from the culture 

dish, combined with cells removed with washes, and mixed well.  Cell viability was assessed 

via trypan blue exclusion assay (Freshney, 2000), which identifies live cells by their 

exclusion of the blue dye.  0.25ml of cell suspension was diluted 1:1 in trypan blue stain and 

loaded into each side of a hemocytometer for assessment of viability (Freshney, 2000).  An 

upright light microscope was used to count the number of live and dead cells in five of the 25 

squares in the middle of the hemocytometer slide on each side.  The values were averaged, 

and the percent of viable cells in each sample was determined. 

 

ASSESSMENT OF SPERMATOGONIA NUMBER IN CULTURE 

 Number of spermatogonia in culture was assessed on day 0, 7, and 14 of incubation 

with day 0 assessment occurring after 5 hours of incubation.  Culture plates were removed 

from incubation and spent medium was removed and saved.  Cells in suspension were 

prepared and assessed separately from attached cells (see below).   
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SPERMATOGONIA IN SUSPENSION  

 Cells attached to dishes were washed twice with cold PBS and washes were added to 

spent medium.  The cell suspension generated from washes and culture medium was 

centrifuged for 3 minutes at 335g.  Supernatant was removed and the pellet was resuspended 

in cold PBS.  The cells were washed three times with PBS, each time centrifuging cells, 

removing supernatant, and resuspending in PBS.  The cells were centrifuged again, 

supernatant was removed, and cells were resuspended in 0.4% paraformaldehyde (PFA) for 

incubation at 4ºC overnight.  The cells were washed 5 times with PBS, each time 

centrifuging cells, removing supernatant, and resuspending in PBS.  A blocking solution was 

prepared with PBS supplemented with 10% FBS and was added to cells and incubated for 15 

minutes at room temperature.  Cell suspensions were centrifuged for 3 minutes at 335g and 

the supernatant was removed.  Rabbit polyclonal primary antibodies VASA and DAZL were 

diluted 1:50 in blocking solution and incubated in cell suspensions overnight at room 

temperature.  Cell suspensions were centrifuged for 3 minutes at 335g and the supernatant 

was removed.  Chicken-anti rabbit secondary antibody conjugated to a fluorescent dye 

(Alexa Fluor 488, Molecular Probes) was diluted 1:200 in blocking solution and added to the 

cell suspension.  Cells were incubated for 2 hours at room temperature in the dark.  Cells 

were then washed twice for 10 minutes each in PBS by removing supernatant after 

centrifugation, resuspending the cells in PBS, and allowing them to incubate for 10 minutes.  

Propidium iodide was added to each suspension at a 1:2000 dilution.     

 A wet mount slide was prepared for each cell suspension, and cells were observed 

and photographed with a Leitz Fluovert inverted microscope equipped with epifluorescence 

and a Diagnostic Instruments, Inc. Spot RT color camera.  The microscope was also 
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equipped with 10x and 20x phase objectives and 2.5x, 20x, and 40x bright field objectives.  

The epifluorescent lamp on the microscope was used with a fluorescent cube filter I3, which 

is used to excite the fluorescent dyes fluorescein or green fluorescent protein that have an 

emission spectra in the 488 range.  Ten images from different areas of each slide were saved 

and analyzed by AlphaEase FC Stand Alone image analysis software for quantification of 

spermatogonia in culture (Alpha Innotech, 2003).  The total number of cells and the number 

of spermatogonia was recorded from each image and observations from the 10 images were 

combined to determine an average percentage of spermatogonia in suspension.     

 

SPERMATOGONIA ATTACHED TO CULTURE DISH 

  Cells attached to culture dishes were washed twice with cold PBS and fixed in 0.4% 

paraformaldehyde (PFA) for 3 minutes at 4ºC.  Cells were incubated for another 10 minutes 

at room temperature.  The PFA was removed and cells were washed three times for 5 

minutes each in PBS.  Methanol was added to the cell culture and incubated for 6 minutes at 

-20ºC.  PBS was used to briefly wash cells 5 times.  A blocking solution was prepared with 

PBS supplemented with 10% FBS and incubated with the cells for 15 minutes at room 

temperature.  Rabbit polyclonal primary antibodies VASA and DAZL were diluted 1:50 in 

blocking solution and incubated in cell suspensions overnight at room temperature.  Chicken-

anti rabbit secondary antibody conjugated to a fluorescent dye (Alexa Fluor 488, Molecular 

Probes) was diluted 1:200 in blocking solution and added to the cell cultures.  Cells were 

incubated for 2 hours at room temperature in the dark.  Cells were then washed twice for 10 

minutes each in PBS.  5.0ul of Propidium iodide was diluted in 1ml of PBS for a final 

dilution of 1:200 and the solution was added to each culture.  Cultures were observed and 
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photographed with an inverted microscope equipped with epifluorescence.  Ten digital 

images from different areas of the culture dish from each culture were saved and analyzed by 

AlphaEase FC Stand Alone image analysis software for quantification of spermatogonia in 

culture (Alpha Innotech, 2003).  The total number of cells and the number of spermatogonia 

were recorded from each image and observations from the 10 images were combined for an 

average percentage of spermatogonia in the culture.     

 

STATISTICAL ANALYSIS 

 Percentages of cell viability and spermatogonia in culture were initially analyzed as 

raw data.  The raw data were not normally distributed; therefore, the percentages were 

transformed using an arcsine transformation (Ott and Longnecker, 2001; Snedecor and 

Cochran, 1998).  The transformed data were analyzed with Statistical Analysis Software 

(SAS) version 9.1.3 using the analysis of variance procedures for general linear models 

(Cary, N.C.).  A probability of p < 0.05 was considered statistically significant.  All data are 

reported as sample least squares means ± standard error prior to transformation and the 

significance differences were generated from an analysis of the transformed data.   
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Figure 5. Discontinuous Nycodenz gradient prior to centrifugation.   
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Figure 6. Discontinuous Nycodenz gradient after centrifugation.   
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RESULTS 

 

EFFECT OF NYCODENZ GRADIENT ON CELL VIABILITY IN CULTURE 

 The viability of cells studied was found to be affected by the population of cells in 

culture and the amount of time spent in incubation.  The data collected from viability assays 

indicated that significant differences in viability occurred across individual layers and days of 

culture, between replicates, and among layers considered by day of culture (Table 2).  

Viability values were an average of ten replicates.   

 When all days of the study were combined, the pellet of the enrichment gradient 

contained a significantly higher proportion of viable cells than all other layers, including the 

control group (P < 0.05).  Layers 1 and 2 of NycoDenz gradients contained a significantly 

lower proportion of viable cells when compared with control and other layers (P < 0.001).  

The percentage of viable cells in the control group was statistically similar to the viability 

percentage found in layer 3 (P > 0.5) (Figure 7).   

 Cell viability decreased as the number of days in culture increased.  The viability of 

cells in culture on day 0 and 7 are similar (P > 0.10); however, cell viability significantly 

decreased by day 14 (P < 0.0001) (Figure 8).   

 The effect of replicate on cell viability was significant (P < 0.0001).  Specifically, 

replicate 3 was statistically different from seven out of nine other replicates.  Replicate 4 was 

similar to replicate 3 (P > 0.5), but was different from three of the other nine replicates 

(Figure 9).  The effect of time in culture on cell viability within layer was examined and 

found to be significant (P < 0.005).  Time in culture was assessed on day 0, 7, and 14.  

Values were reported as average percentages from the observation of ten replicates (Table 3).   
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 On day 0 of culture, the percentage of viable cells in the control group was similar to 

the percent of viable cells in layer 3 and in the pellet (P > 0.10).  Layers 1 and 2 were similar 

in the percentage of viable cells (P > 0.10), and were lower in viability than the pellet and the 

control group (P < 0.0001) (Figure 10).   

 The viability of cells was also measured on day 7 of culture.  Cell viability in the 

control group was similar to the viability of each layer (P > 0.10).  The pellet contained a 

significantly higher percentage of viable cells when compared to the viability in layers 1 and 

2 (P < 0.001) (Figure 11).   

 Viability was measured on day 14 of the study and a significant difference in viability 

was found between layer 1 and the pellet of the NycoDenz gradient.  The cell viability in the 

pellet was higher than the viability from layer 1 (P < 0.05).  The viability of the control group 

did not differ from the viability of the individual layers (P > 0.10) (Figure 12).    
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Table 2.  Significance of layer, day, replicate, and layer by day effects on percent viability.  Effect was 
considered significant if p < 0.05.   

 
 Layer Effect Day Effect Rep Effect Layer x Day Effect 

Cell Viability of Culture 
 

P  < 0.0001 P  < 0.0001 P  < 0.0001 P  < 0.05 
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    Figure 7.  Layer effect on viability for all days.  With all days combined, the pellet   
  contained statistically more viable cells than any other group.  Layers 1 and 2  
  contained the lowest amount of viable cells.  Values reported are the mean ± SEM.   
  Bars lacking a common letter differ, P < 0.05. 
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    Figure 8.  Day effect on viability for all layers.  With all layers combined, the   
  amount of viable cells in culture decreased with time in culture.  Values reported  
  are the mean ± SEM. Bars lacking a common letter differ, P < 0.05.   

 81
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   Figure 9. Replicate effect on viability for all layers and days.  Replicate 3 is different  
  than 7 other replicates.  Replicate 4 is similar to three, but different than 3 other  
  replicates.  Values reported are the mean ± SEM. Bars lacking a common letter  
  differ, P < 0.05.   
 
 
 
 
      Table 3.  Cell viability for each layer and day.  
    Values reported are the mean ± SEM. 
 Layer Day Mean (%) + Std Error

0 93.826 ±  0.643 
7 81.347 ±  6.350 Control 
14 71.543 ±  5.794 
0 64.720 ±  6.127 
7 71.088 ±  4.246 Layer 1 
14 55.428 ±  6.085 
0 59.078 ±  3.846 
7 71.189 ±  5.430 Layer 2 
14 67.415 ±  2.708 
0 83.273 ±  2.098 
7 82.597 ±  3.583 Layer 3 
14 71.036 ±  5.495 
0 99.005 ±  0.214 
7 93.458 ±  2.103 Pellet 
14 80.371 ±  6.582 
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    Figure 10.  Cell viability of each layer on day 0 of culture.  The pellet contained the  
  highest amount of viable cells, which was similar to the control group, but   
  significantly different from all other groups.  Layer 2 contained the lowest amount  
  of viable cells, which was similar to the amount in layer 1, but significantly lower  
  than all other groups.  Values reported are the mean ± SEM. Bars lacking a common 
  letter differ, P < 0.05. 
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    Figure 11.  Cell viability of each layer on day 7 of culture.  The pellet contained  
  the highest amount of viable cells, but was only significantly different than  
  layers 1 and 2.  The control was similar to all layers.  Values reported are the  
  mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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Figure 12.  Cell viability of each layer on day 14 of culture.  The pellet contained  
the highest amount of viable cells, but was only significantly different than  
layer 1.  The control was similar to all layers.  Values reported are the  
mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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EFFECT OF ENRICHMENT GRADIENT ON NUMBER OF SPERMATOGONIA 

IN CULTURE 

 The spermatogonia in culture was assessed in three ways: as a percentage of 

spermatogonia within the cell population in suspension, as a percentage of spermatogonia 

within the cell population attached to the culture dish, and as the total percentage of 

spermatogonia with both cell populations combined.  Percentages of spermatogonia values 

reported were an average of five replicates.   

 The data collected indicated that significant differences in the percentage of 

spermatogonia contained in a cell population occurred across individual layers (P < 0.0001) 

and day (P < 0.05) of culture.  The effect of replicate was not significant in the number of 

spermatogonia attached to the plate, nor was it significant in the cell population contained in 

suspension (P > 0.10).  Replicate only became a significant effect when both cell populations 

were combined as a total count of spermatogonia in culture (P < 0.05).  No significance was 

found in the layers considered by day data for neither measure of spermatogonia individually 

in suspension or attached nor for the total spermatogonia population with suspension and 

attached to dish combined (P > 0.10) (Table 4).  

 

EFFECT OF ENRICHMENT GRADIENT ON NUMBER OF SPERMATOGONIA 

ATTACHED TO PLATE 

 The percent of spermatogonia attached to the plate was one of three measurements 

taken to determine the effectiveness of the NycoDenz gradient on enriching the cell 

population for spermatogonia.  The effect of treatment was found to be significant, with the 

cell population in the pellet of the gradient containing the lowest percentage of 

spermatogonia.  The percentage of spermatogonia in the pellet was similar to the percentage 
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contained in layer 3 (P > 0.10), but was statistically lower than the percentages in the control 

and layers 1 and 2 (P < 0.001).  Layer 2 of the enrichment gradient contained the highest 

percentage of spermatogonia, which was significantly higher than layer 3 and the pellet (P < 

0.0005), but was similar to the percentages found in control and layer 1 (P > 0.10) (Figure 

13).   

 The percent of spermatogonia attached to the plate was affected by length of time 

spent in culture.  On day 0, the percent of spermatogonia attached to the plate was the lowest 

(P < 0.05).  The percent of spermatogonia attached to the plate on days 7 and 14 were similar 

(P > 0.90), and were as abovementioned, statistically different from the percent of 

spermatogonia found on day 0 (P < 0.05) (Figure 14).   

 The effect of replicate on the percent of spermatogonia attached to the plate was 

negligible.  No significant difference was found between any replicates (P > 0.1).   

 The effect that separated layers considered by day had on the percentage of 

spermatogonia attached to the plate was examined for days 0, 7, and 14 of the experiment.  

Although the overall layer by day data was not statistically significant (P > 0.10), the data 

was analyzed to determine the effect that each day had on the percentage of spermatogonia in 

the population of cells within each treatment.  Values were reported as average percentages 

from the observation of five replicates.  The mean percentage and standard error of each 

layer on each day is contained in table 5.   

 On day 0 of culture, a significant difference was found in the number of 

spermatogonia attached to the plate.  The cell population contained in layer 2 of the 

enrichment gradient contained a significantly higher percentage of spermatogonia when 

compared to the spermatogonia percentage contained in the pellet (P < 0.05); however, none 
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of the separated layers were found to be significantly different from the control group (P > 

0.05) (Figure 15).  After analysis of the individual layers considered by day effect on day 7, 

no statistical differences were found (P > 0.05) (Figure 16).  A significant difference was 

found in the number of spermatogonia attached to the plate on day 14 of culture.  Similar to 

the results found on day 0, the cell population in layer 2 of the enrichment gradient contained 

a significantly higher percentage of spermatogonia when compared to the spermatogonia 

percentage found in the pellet (P < 0.01).  Even with this statistical difference, none of the 

individual layers were found to be significantly different from the control group (P > 0.10) 

(Figure 17). 
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Table 4.  Significance of layer, day, replicate, and layer by day effects on percent spermatogonia 
 
 Layer Effect Day Effect Rep Effect Layer x Day Effect 

Spermatogonia Attached P < 0.0001 P < 0.05 P > 0.10 P > 0.10 

Spermatogonia in Suspension P < 0.0001 P < 0.05 P > 0.10 P > 0.10 

Spermatogonia Total in 
Culture 

P < 0.0001 P < 0.05 P < 0.05 P > 0.10 
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     Figure 13.  Layer effect on percent of spermatogonia in attached cell population  
  for all days.  Layer 2 contained the highest percent of spermatogonia, but was  
  only significantly different than layer 3 and the pellet.  The pellet contained the lowest 
  percentage of spermatogonia, significantly lower than control and layers 1 and 2.   
  Values reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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    Figure 14.  Day effect on percent of spermatogonia in attached cell population for all   
  layers.  With all layers combined, the percent of spermatogonia was   
  higher on day 7 and 14 when compared with the percent of spermatogonia  
  on day 0.  Values reported are the mean ± SEM.  Bars lacking a common letter  
  differ, P < 0.05. 
 
 
 
 
 

Table 5.  Percent of spermatogonia in attached cell population  
         for each layer and day. Values reported are the mean ± SEM. 

Layer Day Mean + Std Error
0 13.452 ±  5.801 
7 13.878 ±  1.895 Control 
14 12.044 ±  4.730 
0 5.146 ±  2.207 
7 20.918 ±  10.157 Layer 1 
14 15.460 ±  4.524 
0 19.754 ±  12.878 
7 26.380 ±  9.239 Layer 2 
14 27.066 ±  9.865 
0 1.596 ±  0.828 
7 4.808 ±  2.718 Layer 3 
14 7.400 ±  3.703 
0 0.124 ±  0.105 
7 1.410 ±  0.544 Pellet 
14 2.040 ±  1.092 

*Values are reported as percent of spermatogonia attached to culture dish 
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     Figure 15.  Percent of spermatogonia in attached cell population in gradient layers  
  on day 0 of culture.  Layer 2 contained the highest percentage of spermatogonia,  
  but was only significantly different than the pellet.  Control was similar to all layers.  
  Values reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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     Figure 16.  Percent of spermatogonia in attached cell population in gradient layers  
  on day 7 of culture.  All groups were similar.  Values reported are the mean ± SEM.  
  Bars lacking a common letter differ, P < 0.05. 
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    Figure 17.  Percent of spermatogonia in attached cell population in gradient layers  
  on day 14 of culture.  Layer 2 contained the highest percentage of spermatogonia,  
  but was only different from the pellet.  Control was similar to all layers.  Values  
  reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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EFFECT OF ENRICHMENT GRADIENT ON NUMBER OF SPERMATOGONIA IN 

SUSPENSION 

 

 The percent of spermatogonia in suspension was the second measurement taken to 

determine the effectiveness of the gradient on enriching the cell population for 

spermatogonia.  The effect of layer was found to be significant, specifically, that the percent 

of spermatogonia in suspension in layer 2 was statistically higher than the percent of 

spermatogonia in all other layers, including the control group (P < 0.01).  In addition, the 

percent of spermatogonia in the cell population of the pellet was statistically lower than all 

other layers (P < 0.001).  The control group was statistically similar to only one of the 

individual layers, which was layer 1 (P > 0.10).  The percent of spermatogonia in the cell 

population in layer 3 was significantly higher than the percentage found in the pellet (P < 

0.01), but significantly lower than the percentage of spermatogonia found in layer 2 (P < 

0.0001).  The percent of spermatogonia found in layer 3 was also significantly lower that that 

of the percentage found in the control group (P < 0.05) (Figure 18).   

 The day of culture was also found to have a significant effect on the percent of 

spermatogonia attached to the plate.  On day 0 of the experiment, the cultures contained a 

significantly lower percentage of spermatogonia in suspension when compared to the 

percentage of spermatogonia in cultures on day 14 (P < 0.05).  There was no difference in the 

percentage of spermatogonia in cultures when day 7 was compared with days 0 or 14 of 

culture (P > 0.05) (Figure 19).   

 The effect of replicate on the percent of spermatogonia in suspension was negligible.  

No significant difference was found between any replicates (P > 0.10).   
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 The effect that layers considered by day on the percentage of spermatogonia in 

suspension was examined for days 0, 7, and 14 of culture.  Although the overall layer 

considered by day data were not statistically significant (P > 0.10), the data were analyzed to 

determine the effect that each day had on the percentage of spermatogonia in the population 

of cells within each treatment.  Values were reported as average percentages from the 

observation of five replicates.  The mean percentage and standard error of each layer for each 

day is contained in table 6.   

 On day 0 of culture, one significant difference was found in the number of 

spermatogonia in suspension when the pellet was compared to the control and all other 

individual layers.  The cell population contained in the pellet was significantly lower in the 

percentage of spermatogonia than all other layers, including the control (P < 0.005).  The 

control was statistically similar to all other individual layers (P > 0.10) (Figure 20).   

 One statistical difference was found in the percent of spermatogonia on day 7 when 

layer 2 was compared with the pellet.  The population of cells contained in layer 2 of the 

enrichment gradient had the highest percent of spermatogonia and was statistically higher 

than the percent of spermatogonia found in the group with the lowest percentage, the pellet 

(P < 0.0001).  Despite this difference, the control was statistically similar to all individual 

layers (P > 0.05) (Figure 21).   

 On day 14 of culture, a few statistical differences existed in the number of 

spermatogonia in suspension.  The population of cells contained in the control was 

statistically higher in percent of spermatogonia than the cell population contained in both 

layer 3 and the pellet (P < 0.05).  The percent of spermatogonia in the cell population of layer 

1 was similar to that found in the cell population of the control group and layers 2 and 3, but 
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statistically higher than the percent of spermatogonia found in the pellet (P < 0.05).  Layer 2 

contained the highest percentage of spermatogonia, but was only significantly different than 

spermatogonia percent found in layer 3 and the pellet (P < 0.0001) (Figure 22).   
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Layer Effect on Spermatogonia in Suspension
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     Figure 18.  Layer effect on percent of spermatogonia in suspension for all days.   
  Layer 2 contained the highest percentage of spermatogonia.  The pellet contained  
  the lowest percentage of spermatogonia. Control was only similar to layer 1.  Values  
  reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05.   
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    Figure 19.  Day effect on percent of spermatogonia in suspension for all layers.   
  With all layers combined, the percent of spermatogonia in suspension was   
  highest on day 14 and lowest on day 0.  The percent of spermatogonia on day 7  
  was similar to both other days.  Values reported are the mean ± SEM.  Bars  
  lacking a common letter differ, P < 0.05. 
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Table 6.  Percent of spermatogonia in suspension cell population  
       for each layer and day.  Values reported are the mean ± SEM. 

Layer Day Mean ± Std Error 
0 16.080 ±  4.725 
7 20.150 ±  3.260 Control 
14 27.580 ±  5.723 
0 14.734 ±  3.743 
7 17.025 ±  5.707 Layer 1 
14 22.126 ±  6.978 
0 25.130 ±  6.773 
7 42.000 ±  5.465 Layer 2 
14 41.950 ±  5.571 
0 14.680 ±  6.290 
7 14.195 ±  5.740 Layer 3 
14 6.046 ±  2.485 
0 0.100 ±  0.100 
7 3.170 ±  1.768 Pellet 
14 3.938 ±  1.783 

 
 
 
 

Day 0 Spermatogonia in Suspension

0

10

20

30

40

50

Control Layer 1 Layer 2 Layer 3 Pellet

Sp
er

m
at

og
on

ia
 P

er
ce

nt
ag

e

 

       a   

    a            a          a    

       b    

     Figure 20.  Percent of spermatogonia in suspension in gradient layers on day 0 of  
  culture.  The pellet contained the lowest percentage of spermatogonia.  Control  
  was similar to layers 1, 2, and 3.  Values reported are the mean ± SEM.   
  Bars lacking a common letter differ, P < 0.05. 
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    Figure 21.  Percent of spermatogonia in suspension in gradient layers on day 7 of  
  culture.  Layer 2 contained the highest percentage of spermatogonia, but was  
  only significantly different from the pellet.  Control was similar to all layers.   
  Values reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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    Figure 22.  Percent of spermatogonia in suspension in gradient layers on day 14 of  
  culture.  Layer 2 contained the highest percentage of spermatogonia, but was  
  only significantly different from layer 3 and the pellet.  The pellet contained the lowest 
  percentage of spermatogonia, significantly lower than control and layers 1 and 2.     
  Values reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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EFFECT OF ENRICHMENT GRADIENT ON TOTAL NUMBER OF SPERMATOGONIA 

IN CULTURE   

 

 The third measurement taken to determine the effectiveness of the gradient on 

enriching the cell population for spermatogonia was the total percent of spermatogonia in 

culture.  This measurement allowed for the combination of both previous measurements to 

determine the enrichment of spermatogonia in the entire culture.  The effect of layer was 

found to be significant in that the percentage of spermatogonia in the control group was 

similar to the percentage of spermatogonia found in layer 1, but was statistically different 

from all other separated layers.  Layer 2 contained the highest percentage of spermatogonia 

and was statistically higher than the percentage of spermatogonia all other groups (P < 

0.001).  Layer 3 contained a higher percentage of spermatogonia than the pellet (P < 0.01), 

and a lower percentage of spermatogonia than the control and layers 1 and 2 (P < 0.01).  The 

pellet contained the lowest percentage of spermatogonia (P < 0.01) (Figure 23).   

 The effect of day on the total percent of spermatogonia in culture was significant 

because on day 14 of the experiment, the percent of spermatogonia in culture was statistically 

higher than on day 0 (P < 0.05).  The total percent of spermatogonia in cultures on day 7 was 

similar to the percentages found on days 0 and 14 (P > 0.10) (Figure 24).   

 The effect of replicate was significant on the total percent of spermatogonia in 

culture.  Replicate 4 of the experiment was different from replicate 5 (P < 0.05); however, 

both replicates in question were not statistically different from the other replicates (P > 0.05).   

 The effect that layer considered by day had on the total percent of spermatogonia in 

culture was examined for days 0, 7, and 14 of culture.  Although the overall layer by day data 

were not statistically significant (P > 0.10), the data were analyzed to determine any patterns 
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that the effect of each day had on the total percentage of spermatogonia within each 

separated layer.  Values were reported as average percentages from the observation of five 

replicates.  The mean percentage and standard error of each separated layer for each day is 

contained in table 7.   

 One day 0 of culture, the percentage of spermatogonia found in the pellet of the 

enrichment gradient was significantly lower than the percentage of spermatogonia found in 

the control and layers 1 and 2 (P < 0.01).  The percentage of spermatogonia found in layer 2 

of the gradient was numerically the highest, but only significantly different from the 

percentages in layer 3 and the pellet (P < 0.001) (Figure 25).   

 Significant differences in the total percent of spermatogonia were present between 

separated layers on day 7 of the experiment.  The total percentage of spermatogonia 

contained in the pellet was again the lowest, and significantly lower than the percent of 

spermatogonia in the control group and layer 2 (P < 0.05).  The highest percentage of 

spermatogonia was found in layer 2 of the enrichment gradient, and was significantly higher 

than the percent of spermatogonia found in layer 3 and the pellet (P < 0.05), but similar to the 

percentage found in the control group and layer 1 of the gradient (P > 0.10) (Figure 26).   

 Significant differences found in the total percent of spermatogonia on day 14 of the 

experiment were similar to the results of day 0 and day 7.  The total percent of spermatogonia 

present in the pellet was statistically lower than percent of spermatogonia contained in the 

control and layers 1 and 2 (P < 0.01).  The highest percentage of total spermatogonia in 

culture was again found in layer 2, which was significantly higher than the spermatogonia 

percentages in layer 3 and the pellet (P < 0.001), but similar to the percentages found in the 

control group and layer 1 (P > 0.10) (Figure 27).   
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    Figure 23.  Layer effect on total percent of spermatogonia for all days.  Layer 2   
  contained the highest percent of total spermatogonia.  The pellet contained the  
  lowest percent of total spermatogonia.  Control was only similar to layer 1.  Values  
  reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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     Figure 24.  Overall day effect on total percent of spermatogonia in culture.  For all  
  layers combined, the total percent of spermatogonia in culture increased with  
  time.  The highest percentage of spermatogonia was found on day 14, which was  
  significantly different than day 0.  Day 7 was similar to both other days.  Values  
  reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
 

 100



 
Table 7.  Percent of spermatogonia in total cell population  

            for each layer and day. Values reported are the mean ± SEM. 
Layer Day Mean + Std Error

0 14.970 ±  5.428 
7 16.043 ±  1.265 Control 
14 15.126 ±  5.418 
0 8.994 ±  2.145 
7 13.633 ±  5.679 Layer 1 
14 18.752 ±  4.785 
0 24.812 ±  7.115 
7 28.833 ±  8.291 Layer 2 
14 29.856 ±  8.564 
0 3.818 ±  0.608 
7 5.280 ±  2.863 Layer 3 
14 7.246 ±  3.511 
0 0.114 ±  0.560 
7 1.870 ±  0.817 Pellet 
14 1.724 ±  0.443 
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    Figure 25.  Percent of total spermatogonia on day 0 of culture.  Layer 2 contained  
  the highest percentage of total spermatogonia, but was only significantly  
  different than layer 3 and the pellet.  The pellet contained the lowest percentage of total 
  spermatogonia, which was significantly lower than control and layers 1 and 2.   
  Values reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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Day 7 Total Spermatogonia in Culture
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   Figure 26.  Percent of total spermatogonia on day 7 of culture.   Layer 2 contained  
  the highest percent of total spermatogonia on day 7, but was only significantly  
  different than layer 3 and the pellet.  The lowest percent of total spermatogonia was  
  found in the pellet, which was significantly lower than control and layers 1 and 2.   
  Values reported are the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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    Figure 27.  Percent of total spermatogonia on day 14 of culture.  Layer 2 contained  
  the highest percent of total spermatogonia, but was only significantly higher  
  than layer 3 and the pellet.  The pellet contained the lowest percent of spermatogonia,  
  which was significantly different than control and layers 1 and 2.  Values reported are 
  the mean ± SEM.  Bars lacking a common letter differ, P < 0.05. 
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IDENTIFICATION OF CELL TYPES IN GRADIENT LAYERS 
 
 

 The testis of a piglet before maturity contains various types of cells even though 

spermatogenesis has not begun.  Testicular cells isolated from 2-8 day old boars were utilized 

in this study, and cells present in boars this age include undifferentiated type A 

spermatogonia, Leydig cells, Sertoli cells, connective tissue, and vascular tissue.  The cells 

were subject to enzymatic digestion and separated based on density using a discontinuous 

Nycodenz gradient.  The resulting cell populations appeared fairly homogenous with respect 

to morphology, and upon examination the cell types that made up each layer were assessed. 

 In the perinatal porcine testis, germ cells have been described to have a round to oval 

shape with a centrally located nucleus.  The concentration of cytoplasmic organelles in these 

germ cells is considered sparse when compared to other cells in the testis.  Leydig cells in the 

perinatal porcine testis make up a majority of the testicular volume and are characterized by a 

high amount of intercellular complexity, specifically endoplasmic reticulum which aids in the 

production of androgens (Cole and Foxcroft, 1982).  Sertoli cells are also present in the 

porcine testis at this time, and exhibit increased mitotic activity during the first month of 

development after birth.  Sertoli cells are small in young animals (Russell and Griswold, 

1993), and contain some intercellular complexity, typically more than what is observed in 

germ cells (Cole and Foxcroft, 1982).   

 Based on morphological descriptions, the location of cells in the density gradient, and 

the percentage of cells identified as spermatogonia, the specific type of cell contained in each 

layer can be deduced.  The cells observed in layer 1 would have been the largest, as they 

failed to travel through the gradient solution that was 1.028g/ml.  The percentage of cells 

identified as spermatogonia in this layer was typically higher than what was found in layer 3 
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and the pellet, but lower than what was found in layer 2.  Cells in this layer had various 

morphologies; some were small and round, and some were large and oval shaped.  This 

information leads to the conclusion that the cells in layer one were Leydig cells and 

spermatogonia.  The spermatogonia were identified by the antibody staining, and the 

morphology of the other cells in the layer matches the description offered by Cole and 

Foxcroft (1982) that Leydig cells are dense and full of endoplasmic reticulum.    

 Layer 2 contained the highest number of spermatogonia; however, other cells existed 

in this layer.  Some larger, round cells were present that were similar to the Leydig cells 

identified in layer 1.  In addition smaller, round cells were present in this layer that were 

morphologically similar to Sertoli cells (Cole and Foxcroft, 1982). 

 The cell population in layer 3 contained a combination of cell types.  Many cells were 

observed in this layer, and some cells appeared similar to the erythrocytes found in the pellet.  

Other cells were larger than the erythrocytes and round shaped.  Although they were rare, 

spermatogonia were also identified in this layer.  Based on the morphology observed and the 

number of cells present, the majority of cells in this layer are identified as Sertoli cells, which 

is consistent with prior descriptions of round size and the high amount of mitotic activity 

associated with Sertoli cells (Cole and Foxcroft, 1982; Russell and Griswold, 1993).  Also 

found in this layer were erythrocytes and germ cells as previously described.   

 The pellet contained the highest amount of cells, and all the cells were small, round, 

and exhibited the characteristic dimple of erythrocytes when in culture.  Additionally this cell 

population appeared red in color during the culture period and after separation while all other 

cell layers appeared white.   
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DISCUSSION 
 

 

 In this study, the effectiveness of a NycoDenz gradient method to enrich dissociated 

porcine testicular cells for spermatogonia was assessed.  Additionally, the separated fractions 

generated from the separation gradient were observed over a 14-day culture period for cell 

viability and percentage of spermatogonia in culture.  Spermatogonia were identified using 

morphology and immunohistochemical detection of two germ-cell specific genes, DAZL and 

VASA.   

 Fractionated cells were seeded into culture and monitored for viability via trypan blue 

exclusion assay (Freshney, 2000) on day 0, 7, and 14 of culture.  The percentage of viable 

cells was affected by isolated layer, day of culture, and layer considered by each day of the 

culture period.  Viability was first examined with all days of the experiment combined to 

determine what the viability of each group was overall.  The pellet contained a population of 

cells that was 90.94% viable, which was the highest percentage of viable cells found in all 

layers, including the control.  The viability of layers 1 and 2 was found to be 63.75% and 

65.89%, respectively, which was significantly lower than all other groups.  Cell viability was 

next examined with all layers combined to determine how the overall effect of time in culture 

influenced cell viability.  It was found that the amount of viable cells in culture decreased 

with the length of time.  The overall viability found on day 0 and 7 were similar (79.98% and 

79.94%), but viability had dropped to 69.16% by day 14.  Finally, cell viability was 

examined in each layer on each day.  On the first day of culture, day 0, the viability of layer 1 

and 2 (64.72% and 59.08%) were significantly lower than the 93.83% viability of the control 

group.  The other layers had a viability similar to the control.  The viability of layers on day 7 
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and 14 were similar, with the control similar to all other groups.  On both days, the viability 

found in the pellet was the highest, being significantly higher than layer 1.   

 Upon data analysis, it was found that viability data taken from some replicates varied 

significantly from other replicates.  More specifically, the viability data from replicate three 

was lower than all other replicates, and was statistically different from seven other replicates.  

In addition, the viability found in replicate 4 was lower than eight other replicates, and was 

statistically different from three replicates.  The lower viability found in these two replicates 

could be attributed to a longer exposure to the enzyme trypsin, which is used to detach the 

cells from the culture dish during the viability assay.  Long exposure of cells to trypsin has a 

negative effect on viability.  It is feasible that another explanation of the decreased viability 

is that the cells were harvested from pigs that were less healthy than others used in the 

experiment.  Both replicates 3 and 4 used cells from piglets that came from the same litter, 

and this litter was not utilized for any other replicates.     

 The number of spermatogonia in culture was detected using antibodies against two 

germ-cell specific genes, VASA and DAZL.  To quantify the amount of spermatogonia in 

each culture, the cells in suspension were fixed separately from the cells attached to the plate.  

The reason for this is twofold; quantification of cells attached to the plate and suspension 

slides is more accurate when cells are not overlapping.  Also because the ideal culture 

conditions of porcine spermatogonia are not known, observing where spermatogonia prefer 

to live in culture will allow for more information to be gained concerning the optimal 

conditions of spermatogonia culture conditions.   

 The total number of spermatogonia was measured on day 0, 7, and 14 of culture using 

a digital camera mounted to a microscope equipped with epifluorescence.  Ten digital images 
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from each portion of the culture (suspension and cells attached) were analyzed with 

AlphaEase FC Stand Alone image analysis software for quantification of spermatogonia in 

culture (Alpha Innotech, 2003).  Sample images of labeled cells in culture and in suspension 

can be found in appendix B.  The amount of total spermatogonia in culture was found to be 

affected by individual layer.  Layer 2 of the enrichment gradient was found to contain the 

highest percentage of total spermatogonia, 26.40%, which was significantly higher than the 

percentage of spermatogonia found in any other group.  The cells in the pellet were 1.22% 

spermatogonia, which was the lowest group, significantly lower than any other group.  The 

percent of spermatogonia in the control group (14.97%) was similar to the percentage of 

spermatogonia found in layer 1 (13.72%).  The total percentage of spermatogonia in layer 2 

was enriched almost 2-fold over the control group.  The percentage of total spermatogonia 

was affected by day of culture, and it was found that the total percentage of spermatogonia in 

culture on day 14 was significantly higher than the total percentage of spermatogonia on day 

0 of culture.  A higher percentage of spermatogonia on day 14 is an interesting observation; 

for many years it was believed that spermatogonia did not divide in culture and instead 

remained quiescent (Marret and Durand, 2000).  The statistically higher percentage of total 

spermatogonia on day 14 suggests that the spermatogonia underwent cell division during the 

culture period, however care should be taken before reaching this conclusion as 

spermatogonia division is rarely observed and is slow, which makes it unlikely that the 

spermatogonia divided during the 14-day culture period.   

 The total percentage of spermatogonia was examined for each layer on each day, and 

the percentage of total spermatogonia in the pellet was consistently significantly lower than 

the spermatogonia percentage found in the control for each day data was collected.  Also, the 
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percentage of total spermatogonia in layer 2 was consistently the highest percentage of 

spermatogonia of any other group.   

 The percent of spermatogonia in culture was further examined by analyzing the 

percentage of spermatogonia found in the culture suspension separately from the percentage 

of spermatogonia found in the cell population attached to the culture dish.  The percent of 

spermatogonia attached was affected by layer, with layer 3 and the pellet containing 4.88% 

and 1.11%, respectively, which was significantly lower than the percent of spermatogonia in 

the control group.  The percent of spermatogonia found in layer 2 was 23.15%, which was 

the highest percentage and was nearly 2-fold the amount of spermatogonia found in the 

control group (12.87%).  The percent of attached spermatogonia followed the trend of total 

spermatogonia when the data was analyzed by each day.  With all separated layers combined, 

the percent of spermatogonia attached was higher on day 7 and 14 when compared with the 

percent of spermatogonia on day 0. 

 Finally, the percent of spermatogonia attached to the culture dish was examined in 

each layer on each day.  The percent of spermatogonia attached on each day of the control 

was similar to all the other individual layers.  Despite this similarity, trends in the percent of 

spermatogonia were observed over the course of the culture period.  The percent of 

spermatogonia in layer 2 was consistently the highest percentage found in all groups, and the 

amount of spermatogonia in the pellet was consistently the lowest.   

 The percentage of spermatogonia found in the cell culture suspension was then 

analyzed.  The percent of spermatogonia in suspension was affected by layer, specifically 

that the percent of spermatogonia found in layer 2 was 36.28%, significantly higher than the 

percentage of spermatogonia found in control (12.87%), and higher than the percentage of 

 108



spermatogonia found attached to the culture dish.  The percentage of spermatogonia found in 

the pellet was 2.51%, which was significantly lower than the percentage of spermatogonia 

found in the control group, but was higher than the percentage of spermatogonia found in the 

pellet of the cells attached to the culture dish.  The percentage of spermatogonia in 

suspension was found to increase with time in culture, consistent with the observations for 

spermatogonia attached to the culture dish.  The percent of spermatogonia in suspension was 

analyzed for each layer on each day, and observations on both day 0 and 7 were similar in 

that the percentage of spermatogonia in the control were alike the percentage of 

spermatogonia found in every other group.  On day 14, the percent of spermatogonia found 

in layer 3 and the pellet was significantly lower than the control.  The trend observed in 

spermatogonia attached that layer 2 consistently possessed the highest percentage of 

spermatogonia and the pellet consistently possessed the lowest percentage of spermatogonia 

was seen in suspension population as well.   

 The viability of cells in culture decreased with time in culture, but the percent of 

spermatogonia increased with time in culture.  The observed dynamic of viability and percent 

of spermatogonia can lead to several conclusions.  The viability data included both somatic 

and germ cells in the culture, and either all cell types decreased in viability at the same rate 

or the somatic cells were not as robust as the germ cells.  The former hypothesis would lead 

to the conclusion that germ cells underwent cell mitosis during the culture period, which is 

possible but not widely reported in the literature.  The latter hypothesis is more likely, that a 

majority of the cells that died over the course of the culture period were somatic cells.  It has 

been reported that spermatogonial stem cells are the most robust cells of the testis, which 

would support the hypothesis that the somatic cells died more quickly in culture than the 
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germ cells.  Because the viability and number of spermatogonia were measured as percents 

of the entire cell population, the decreased number of somatic cells during the later days in 

culture would make the percentage of spermatogonia increase, which is what was observed 

during the culture period.   

 An inverse relationship between the percentage of spermatogonia and cell viability 

was found for some treatments.  The viability of the pellet was consistently the highest of all 

groups; however, the percent of spermatogonia in the pellet was consistently the lowest of all 

groups.  A similar relationship was found in layer 2, which consistently contained the highest 

percentage of spermatogonia but contained one of the lowest amounts of viable cells.  The 

lower viability of the more enriched layer is unexpected, but some explanations can be 

offered.  One possibility is that although the stem cells are the most robust of the testicular 

cells, they depend on the other cells in the testis for survival.  It has been reported that the 

interactions of germ cells with somatic cells is important for entry into the S phase of the cell 

cycle (Marret and Durand, 2000), and perhaps this relationship also facilitates spermatogonia 

survival.  This hypothesis is further supported by previous reports in the literature that 

successfully cultured porcine spermatogonia with the coculture of supporting cells or 

seminiferous tubule fragments (Marret and Durand, 2000).  Viability in the co-cultures was 

higher than when spermatogonia was cultured alone, which was also demonstrated in this 

study as the control group had a higher viability than the spermatogonia enriched layer.  

Marret and Durand also observed a large drop in viability of spermatogonia over the period 

of culture that was not observed in this experiment, the viability of cells in the enriched layer 

remained low throughout the experiment.   
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 The data generated from this study shows that porcine spermatogonia can be 

separated using a discontinuous NycoDenz gradient method.  This method is simple and 

short while having a minimal effect on cell viability.  More research in this area is necessary 

to improve the separation technique, as the enrichment of spermatogonia was not as high as 

expected.  This could be improved by separating the cells twice with a gradient to increase 

the enrichment of spermatogonia, or adding an additional step of pre-plating the cell 

suspension prior to separation.  These techniques may produce a more enriched population of 

spermatogonial stem cells, but could have adverse effects on cell viability.   

 In this study, testis tissue was obtained as a byproduct of castration and was from 

boars no more than 8 days old.  More research should be done on pigs of various ages, as 

germ cells proliferate dramatically in pigs from 4 to 5 months of age (Franca et al., 2000).  

Using testis tissue from young piglets allowed for the availability of large amount of cells to 

be separated and for effective identification of spermatogonia because germ cell 

differentiation had not yet occurred; however, the number of germ cells near birth is 

somewhat low (Franca et al., 2000).  The lower than expected enrichment may have been 

attributed to the low number of spermatogonia present in the testis tissue used. 
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APPENDIX A: SAS CODE 
 

Transformation of percentage data 
 
Input rep trt day via spe1 spe2 spe3; 
Avia=ARSIN(SQRT(via/100)); 
Aspe1= ARSIN(SQRT(spe1/100)); 
Aspe2= ARSIN(SQRT(spe2/100)); 
Aspe3= ARSIN(SQRT(spe3/100)); 
Run; 
 
 
Proc GLM; 
Class trt rep day; 
Model Avia Aspe1 Aspe2 Aspe3=trt day rep trt*day rep(trt); 
Test H=trt e=rep(trt); 
 
LSmeans trt day rep trt*day/pdiff adjust=tukey; 
 
Proc GLM; 
Class trt rep day; 
Model Avia Aspe1 Aspe2 Aspe3=trt day rep trt*day rep(trt); 
Means trt day rep trt*day/lines LSD; 
Run; 
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APPENDIX B: SAMPLE DIGITAL IMAGES 
 

 
 The images included in this appendix are a sample of the images used for cell 

quantification.  Cells were fixed and processed as previously described, and the digital 

images were captured using the inverted microscope equipped with epifluorescence and a 

Diagnostic Instruments, Inc. Spot RT color camera.  Two different fluorescent dyes were 

used to stain the cells (fluorescein and Propidium iodide), and the camera software was 

programmed to capture images after exposing the green fluorescence from fluorescein and 

the red fluorescence from Propidium iodide.  The cells attached to the dish (images 1-6, 9-14, 

17-22, 25-30, 33-38) had an exposure to green light for  7 seconds, followed by an exposure 

to red light for 8 seconds.  The cells in suspension were fixed to slides as opposed to dishes 

and required a different exposure.  The cells in suspension (images 7, 8, 15, 16, 23, 24, 31, 

32, 39, 40) had a exposure to green light for 10 seconds and then to red light for 9 seconds.     
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   1. Control cells attached on day 0. 

 
 2. Control cells attached on day 0. 
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 3. Control cells attached on day 7. 

 
 4. Control cells attached on day 7. 
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 5. Control cells attached on day 14. 

 
 6. Control cells attached on day 14. 
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 7. Control cells in suspension on day 14. 

 
 8. Control cells in suspension on day 14. 
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 9. Layer 1 cells attached on day 0. 

 
 10. Layer 1 cells attached on day 0. 
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 11. Layer 1 cells attached on day 7. 

 
 12. Layer 1 cells attached on day 7. 
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 13. Layer 1 cells attached on day 14. 

 
 14. Layer 1 cells attached on day 14. 
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 15. Layer 1 cells in suspension on day 14. 

 
 16. Layer 1 cells in suspension on day 14. 
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 17. Layer 2 cells attached on day 0. 

 
 18. Layer 2 cells attached on day 0. 
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 19. Layer 2 cells attached on day 7. 

 
 20. Layer 2 cells attached on day 7. 
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 21. Layer 2 cells attached on day 14. 

 
 22. Layer 2 cells attached on day 14. 

 136



 
 23. Layer 2 cells in suspension on day 14. 

 
 24. Layer 2 cells in suspension on day 14. 
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 25. Layer 3 cells attached on day 0. 

 
 26. Layer 3 cells attached on day 0. 
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 27. Layer 3 cells attached on day 7. 

 
 28. Layer 3 cells attached on day 0. 
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 29. Layer 3 cells attached on day 14. 

 
 30. Layer 3 cells attached on day 14. 
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 31. Layer 3 cells in suspension on day 14. 

 
 32. Layer 3 cells in suspension on day 14. 
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 33. Layer 4 cells attached on day 0. 

 
 34. Layer 4 cells attached on day 0. 
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 35. Layer 4 cells attached on day 7. 

 
 36. Layer 4 cells attached on day 7. 
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 37. Layer 4 cells attached on day 14. 

 
 38. Layer 4 cells attached on day 14. 
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 39. Layer 4 cells in suspension on day 14. 

 
 40. Layer 4 cells in suspension on day 14. 
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