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Abstract 

Infertility affects about 10% of couples around the world and roughly half of the cases 

are due to infertility of men. Amongst those cases are men who are infertile due to the 

lack and/or dysfunction of spermatogonial stem cells (SSCs). As a consequence, the 

testes of these men display the nonobstructive azoospermia (NOA)/ Sertoli cell only 

(SCO) histological phenotype.  Recent analyses indicate that substantial numbers of SSCs 

remain in some human SCO testes, raising the possibility they are therapeutic targets. But 

development of new therapies requires that we first obtain a precise and detailed 

understanding of the regulation of SSCs in the normal adult testes. A goal of this 

dissertation is to contribute to this effort by using a novel, chemical-genetic approach that 

reversibly inhibits signaling to mouse SSCs and their immediate progeny, the progenitor 

spermatogonia through glial cell line-derived neurotrophic factor (GDNF). In mice SSCs 

are classically defined as a subset of morphologically defined A single (As) 

spermatogonia, which can produce more SSCs or they can give rise to As cells that act as 

progenitors and generate A paired (Apr) and then A aligned (Aal) spermatogonia. It is well 

established that GDNF is essential for sustaining SSCs in culture and for their formation 

in newborn mouse testis. However, when we initiated our experiments, the specific 

function of GDNF in the normal adult testis was not well explored. Our experiments use 

three different experimental approaches to demonstrate that GDNF is critical for 

maintaining SSCs and progenitor spermatogonia in vivo in the mature mouse testis. We 

reveal that GDNF stimulates the replication and suppresses the differentiation of these 

cells. We also demonstrate that the response to altered GDNF signaling changes as As 

cells form Apr and then Aal spermatogonia.  When GDNF signaling is inhibited, numbers 



  iii

of As spermatogonia decrease more slowly than Apr and Aal spermatogonia. This is 

consistent with data from other experiments indicating that when GDNF signaling is 

inhibited, numbers of SSCs decrease more slowly than numbers of progenitor 

spermatogonia.  We then shifted our focus to explore the response of SSCs and 

progenitor spermatogonia to restoration of GDNF signaling after its inhibition for 9 days. 

Our data demonstrates that while all of these cells are gradually restored, numbers of Aal 

spermatogonia increase before numbers of As and Apr spermatogonia. This restoration of 

As, Apr, and Aal cells is achieved by a rapid increase in cell replication and a slower 

suppression of differentiation. Taken together, our results demonstrate that GDNF is an 

essential regulator for SSC and progenitor spermatogonia number, replication, and 

differentiation in the mature mouse testis. In addition the data reveals there are significant 

changes in the responses to GDNF as SSCs give rise to progenitor spermatogonia.  

We then asked the question, what drives the rebuilding of the SSCs and progenitor 

spermatogonia once GDNF signaling is restored? We demonstrated that this rebuilding 

process is not associated with increased transcriptional expression of GDNF or any other 

known extrinsic regulators of SSCs and its progenitors. However, transcriptional analysis 

of control and treated testes lead us to hypothesize that regulators intrinsic to these cells 

play an important role in their recovery once GDNF signaling is restored. Fully 

elucidating the function of GDNF and molecular mechanisms involved in maintaining 

and restoring SSC and progenitor spermatogonia number may provide a better 

understanding of the biological basis of infertility of men with deficient or dysfunctional 

SSCs.  
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Preface 

 Infertility affects about 10% of couples in the United States and between these 

couples about half of the cases are due to infertility in the man. Spermatogonial Stem 

Cells (SSCs) are the foundation for male fertility. Therefore, understanding the regulation 

and balance of SSC self-renewing replication and differentiation is essential in order to 

maintain this male fertility for a lifetime. This thesis focuses on understanding the 

mechanisms involved in SSC number and maintenance in the mature mouse testis.  

 Chapter 1 touches on what we knew in the field regarding SSC number and 

maintenance prior to this work commencing. This chapter highlights how little was 

known about regulation in the mature mouse testis and explains how our novel chemical 

genetic approach in the mouse can answer some of our questions.  

 Chapter 2 and 3 focuses on how GDNF function in the testis regulate SSC and 

progenitor spermatogonia number in the mature mouse testis. Experiments in Chapter 2 

focus on the regulation of SSCs in the normal testes with a full complement of SSCs, and 

experiments in Chapter 3 focus on the regulation in normal testes where numbers of SSCs 

were reduced experimentally. Both of these research chapters answer essential questions 

for understanding how GDNF functions to maintain SSC number and maintenance.  

 Chapter 4 discusses our findings from Chapters 2 and 3 in context of how they fit 

into the field. Here we discuss the interpretation of our findings and the future directions 

of this work. We hope this work will eventually provide insight on the dysfunction of 

SSCs in infertile men that can eventually lead to therapies for these men.   
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1 Introduction 

1.1 Preface  

Mammalian spermatogenesis is a tightly regulated process in which 

spermatogonial stem cells (SSCs), the foundation for male fertility, become spermatozoa. 

Adult SSCs have the unique ability as germ cells to contribute to the genetic material of 

an organism�s offspring. As a result, it is vital to understand the processes and 

mechanisms that contribute to the self-renewal replication, maintenance, and 

differentiation of the SSCs. Currently the mechanisms regulating SSC self-renewal 

replication and maintenance during mammalian spermatogenesis are poorly understood. 

Much of what we know about the regulation of SSCs comes from in vitro studies or from 

genetic manipulations that affect the formation of these cells in the newborn animal. Due 

to the limited numbers of SSCs in the testis and the lack of an SSC-specific marker, 

studying the SSCs has presented its challenges in mammalian systems. Multiple studies 

have used long-term culture conditions to investigate the extrinsic cellular factors 

required to maintain rodent SSCs and their immediate progeny, the progenitor 

spermatogonia (collectively defined as the undifferentiated spermatogonia) (Kanatsu-

Shinohara et al. 2003; Nagano et al. 2003; Kubota et al. 2004b; Kubota et al. 2004a). Of 

those extrinsic factors one is the paracrine factor, glial cell line-derived neurotrophic 

factor (GDNF). Originally GDNF was identified because of its role in maintaining 

neuronal populations in the central nervous system. In addition to its role in the brain, 

GDNF is critical for the regulation of kidney morphogenesis and in the development and 
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proliferation of SSCs in the newborn mouse (Sariola and Saarma 2003). In the pre-

pubertal and mature mouse testis the Sertoli cells express GDNF. Meng et al. (2000) first 

demonstrated that GDNF affects the undifferentiated spermatogonia cell population in 

vivo.  Overexpression of GDNF resulted in an accumulation of undifferentiated 

spermatogonia that were unable to differentiate; whereas haplosufficiency of GDNF 

caused a progressive depletion of stem cell reserves with increasing age (Meng et al. 

2000). This was the first growth factor proven to have an effect on SSCs and progenitor 

spermatogonia, and the pioneering experiments cited above suggested that the proper 

regulation of GDNF is critical to maintain fertility.  

Although there is sufficient evidence suggesting that GDNF is important for SSCs 

and progenitor spermatogonia in culture and its requirement in the newborn testis, this 

data did not provide evidence that GDNF is needed to maintain this cell population in the 

mature testis (Meng et al. 2000; Kubota et al. 2004b; Oatley et al. 2007; Ebata et al. 

2011a; Sato et al. 2011; Dovere et al. 2013). As stated previously, SSCs are the 

foundation of fertility and the regulation of SSC number and maintenance is imperative 

throughout the life of the animal. Therefore, it is important to understand what regulates 

SSC number, self-renewal replication, and differentiation specifically in the mature testis 

in order to fully understand the biology of spermatogenesis. 

To understand regulation of SSC number and maintenance in the adult mouse we 

generated a mouse model that allows us to reversibly inhibit GDNF signaling in the 

mature mouse testis (Savitt et al. 2012). This model functions through a chemical-genetic 

approach in which a valine residue in the active site of the tyrosine kinase subunit of the 

GDNF receptor, Ret, is mutated to alanine. This mutation has no detectable effect on 
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normal Ret function. However, the mutation allows bulky competitive ATP inhibitors to 

bind to the active site of RET, thereby disrupting downstream signaling. Consequently, 

this model allows us to temporarily inhibit GDNF signaling in the mature mouse testis, 

and thereby investigate the mechanisms and processes GDNF uses to maintain the SSC 

and the progenitor spermatogonia in the adult. 

1.2 Infertility and Public Health Relevance 

Currently the global prevalence of infertility in reproductive age couples is from 8 

to 12%, but in some areas of the world the problem of infertility is up to 30% (Inhorn and 

Patrizio 2015). Worldwide, infertility impacts roughly 186 million people and about half 

of those cases are a result of male infertility (Inhorn and Patrizio 2015). There are 

multiple causes for human male infertility such as physical blockages of the epididymis 

or vas deferens, as well as insufficient hormone stimulation. Another cause is the 

inadequate production of mature sperm due to reduced numbers or function of SSCs. In 

severe cases, these men are diagnosed as exhibiting non-obstructive azoospermia (NOA)/ 

and a Sertoli cell only (SCO) histological phenotype (Schlegel 2004). The only chance 

for parenthood that these patients have is surgical extraction of sperm from the testis, 

followed by intracytoplasmic sperm injection into an egg (Schlegel 2004). The presence 

of these sperm indicates some SSCs are present. However, these SSCs are unable to 

propagate and fill empty niches and thus support fertility. It is therefore noteworthy that 

human SSCs express the GDNF receptor and that GDNF production by Sertoli cells in 

SCO patients is dramatically reduced (Singh et al, 2017). Thus, understanding how 

GDNF signaling regulates these SSCs in a normal, mature mouse testis may provide 

insight into the biological basis for the loss or dysfunction of SSCs in some infertile men. 
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1.3 Spermatogonial Stem Cell Self-Renewal and Maintenance 

To understand the tightly regulated process of mammalian spermatogenesis we utilize 

the murine testis as a model. In this species the SSCs are a subset of rare, undifferentiated 

spermatogonia that exist as single cells, which are scattered along the length of a 

seminiferous tubule. These cells are called A single (As) spermatogonia. When they 

divide, they either form two more As spermatogonia or form A paired (Apr) 

spermatogonia, which are two cells joined by a cytoplasmic bridge due to incomplete 

cytokinesis (Huckins 1971b; Huckins and Oakberg 1978). Replication of Apr 

spermatogonia generates A aligned (Aal) spermatogonia, which are chains of 4, 8, and 16 

cells that are also joined by cytoplasmic bridges. Like the As spermatogonia, the Apr and 

Aal spermatogonia reside along the basement membrane of the seminiferous epithelium 

and are adjacent to the Sertoli cells (Huckins and Oakberg 1978). All together the As, Apr, 

and Aal undifferentiated spermatogonia, give rise to differentiated (A1-4, Intermediate and 

B) spermatogonia, which produce progeny that undergo meiosis, and spermiogenesis to 

form sperm (Huckins 1971a).  

As previously stated, the SSCs are a subset of the As spermatogonia. One of the 

challenges of investigating SSCs is that there is not a distinctive marker that is capable of 

uniquely distinguishing the SSCs from the remaining As spermatogonia. Currently SSCs 

can only be definitively identified by transplantation assays (Brinster and Zimmermann 

1994). In this assay, germ cells that are isolated from a donor testis are microinjected into 

the seminiferous tubules of a recipient testis that lacks germ cells either through cytotoxic 

treatment or genetic mutation. The mouse providing the germ cells form the donor testis 

carries a bacterial β-galactosidase or other transgene that distinguishes its germ cells from 
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any remaining germ cells in the recipient testis. Each labeled colony of cells represents a 

single SSC transplanted from the donor testis that can be distinguished from any 

remaining unlabeled SSCs in the recipient testis. With this assay it is possible to 

determine the numbers of SSCs in a given mouse despite a lack of a cell surface marker 

for this cell population.  

Undifferentiated spermatogonia exist as a heterogeneous population, where the As, 

Apr, and Aal spermatogonia combined make up about 330,000 cells total in the mouse 

testis. Within this population it is estimated that about 35,000 cells are As spermatogonia 

(Tagelenbosch and de Rooij 1993; Oatley and Brinster 2012). Results obtained by 

spermatogonial transplantation have led researchers to estimate that SSCs represent 8.5-

17% of As spermatogonia, totaling to about 3,000 to 6,000 SSCs per testis (Shinohara et 

al. 2000; Nagano 2003). Therefore, more than 80% of As spermatogonia are not SSCs, 

suggesting SSCs only make up 1-2% of the total undifferentiated spermatogonia 

population.  

SSCs have the ability to self renew as well as generate progeny that will undergo 

differentiation, which are classic properties of adult stem cells in multiple tissue types. 

SSCs are within a subset of As spermatogonia, suggesting that the remaining As 

spermatogonia, as well as the Apr and Aal spermatogonia are the progenitor 

spermatogonia that are destined to differentiate into Type A1 spermatogonia (Huckins 

and Oakberg 1978; de Rooij 2001). The commitment to differentiation is thought to occur 

once As spermatogonia have replicated to form Apr and Aal spermatogonia; however, 

many of the Apr and Aal spermatogonia display similar gene expression patterns that are 

found in As spermatogonia, which include the SSCs (Nagano and Yeh 2013a). Due to the 
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lack of specific stem cell markers within the undifferentiated spermatogonia, it is difficult 

to determine if undifferentiated spermatogonia functionally reach a point where they are 

irreversibly committed to differentiate into A1 spermatogonia. Thus, it is possible that 

some progenitor spermatogonia have the potential to dedifferentiate towards stemness 

and functionally return to SSCs.  

Promotion of dedifferentiation in the mature testis is a mechanism that serves to 

increase numbers of SSCs. For example, the first case of dedifferentiation was 

demonstrated in Drosophila. Lineage tracing and live imaging in the Drosophila testis 

showed that dedifferentiation can occur through a fragmentation process in which 

progeny (cyst cells) that have started to differentiate are able to repopulate the niche and 

regain a stem cell identity (Brawley and Matunis 2004). Furthermore, when germline 

stem cells in Drosophila are ablated experimentally, cyst cells that are away from the hub 

fragment and migrate back to the hub to fulfill the need for more germline stem cells 

(Sheng et al. 2009; Lim et al. 2015). Live imaging and lineage tracing also suggests that 

within the mouse testis fragmentation of Apr and Aal spermatogonia can also contribute to 

the SSC population (Nakagawa et al. 2010a). Just as all As spermatogonia are not stem 

cells all Apr and Aal spermatogonia may not be completely committed to migrating 

towards differentiation. In this thesis, we further show that dedifferentiation may occur in 

the mouse testis when numbers of SSCs and progenitor spermatogonia in the mature 

testis are experimentally reduced. We hypothesize that fragmentation of these long Aal 

chains could be contributing to the SSC population.  

In order to understand when the commitment for differentiation occurs, gene 

expression comparisons must be made between undifferentiated and differentiated 
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progeny. Gene expression of the undifferentiated spermatogonia has been studied in 

depth in various genetic models. For example, several cell-surface and intrinsic factors 

have been reported to label the SSCs and their immediate progeny, the progenitor 

spermatogonia (Nagano and Yeh 2013a). These factors serve as markers for the SSCs and 

progenitor spermatogonia, and they have been linked to SSC self-renewal, maintenance, 

and differentiation. Of those markers, here we will focus on Glial cell line-Derived 

Neurotrophic Factor Family Receptor � 1 (GFRα1), Inhibitor of DNA Binding 4 (ID4), 

ZBTB16 (previously known as PLZF), Nanos2, Neurog3, c-Kit, Pou3f1, Sox3, and 

Foxo1. Many of these markers have been identified through manipulating germ cells 

highly enriched in SSC activity in culture (Shinohara et al. 2000; Oatley et al. 2006). 

Knock down or over expression of these markers demonstrated changes in number, 

proliferation, and differentiation of SSC cultures. GFRα1, ID4, ZBTB16, Nanos2, 

Pou3f1, and Foxo1 have all been associated with self-renewal and maintenance of the 

SSCs and the progenitor spermatogonia (Kubota et al. 2004b; Oatley et al. 2011a; Song 

and Wilkinson 2014). In addition, expression of GFRα1, ID4, Nanos2, and Pou3f1 are 

stimulated by the Sertoli cell product GDNF (Meng et al. 2000; Oatley et al. 2006).  

GFRα1 is the ligand binding domain for the GDNF receptor (Durbec et al. 1996) and 

is required for proper development of the brain, kidney and establishment of the SSCs in 

the new born testis (Garcès et al. 2000; Canty et al. 2009; Marks et al. 2012) . While 

newborn GFRα1 knockout (KO) mice die due to lack of a kidney, when their testes are 

transplanted under the kidney capsule of wild type animals, SSCs are lost within 7 days. 

In contrast SSCs transplanted in wild-type testes survive, replicate and give rise to 

differentiated progeny (Naughton et al. 2006). In addition, increased expression of 
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GFRα1 increases the stem potential of undifferentiated spermatogonia in culture (Kubota 

et al. 2004b). ID4 is a transcriptional repressor that is expressed in a subset of 

undifferentiated spermatogonia and to date is the most restricted marker for mouse SSCs.  

ID4 is expressed almost exclusively by As spermatogonia and less frequently in the Apr 

spermatogonia (Oatley et al. 2011a). Studies using transplantation to assay stem cell 

function have shown that cells that express high levels of an ID4-GFP transgene are 

highly enriched in SSCs (Oatley et al. 2011a; Chan et al. 2014). Furthermore, increased 

expression of ID4 increases the stem potential of the undifferentiated spermatogonia 

(Helsel et al. 2017). Nanos2 is a RNA binding protein downstream of GDNF signaling 

that suppresses differentiation of undifferentiated spermatogonia (Sada et al. 2012; Zhou 

et al. 2015). Lastly, the transcription factor Pou3f1 is highly expressed in germ cells and 

is required for SSC activity. Expression of Pou3f1 is induced through the GDNF 

signaling pathway and depletion of the transcript reduces the number of spermatogonial 

stem cells in culture (Wu et al. 2010). Thus, these studies further support the importance 

of the proper expression of GDNF in the testis and provide insight to how complex the 

support system is. 

ZBTB16 (originally called PLZF) and Foxo1 are two transcription factors that are 

also involved in self-renewal and maintenance of SSCs, but they are not influenced by 

GDNF expression (Oatley et al. 2006; Song and Wilkinson 2014). A nonsense mutation 

in ZBTB16 revealed that it is essential for germ cell self-renewal and maintenance 

(Buaas et al. 2004). One function of ZBTB16 is to suppress the transcription of the c-Kit 

gene, which encodes the receptor for Kit ligand (Kitl), a growth factor that is required for 

progenitor spermatogonia to form Type A1 spermatogonia (Hobbs et al. 2010; Nagano 
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and Yeh 2013a). Foxo1 is a transcription factor that promotes maintenance of SSCs and 

expression of other stem cell marker genes. Foxo1 may also regulate a GDNF-

independent transcriptional network that supports the maintenance of the spermatogonial 

stem cells (Tarnawa et al. 2013; Song and Wilkinson 2014).  

The remaining cell-surface markers and intrinsic factors have all been associated with 

differentiating spermatogonia. Expression of the markers c-Kit, Neurog3 (Ngn3), and 

Sox3 are expressed in spermatogonia that most likely will transition to A1 differentiated 

spermatogonia (Nagano and Yeh 2013a). Expression of the cell surface marker, c-Kit has 

often been used as a negative marker for SSCs, as it is associated with Aal spermatogonia 

and differentiated Type A1 spermatogonia. Importantly, c-Kit exhibits little to no overlap 

with the markers described previously for undifferentiated spermatogonia with high SSC 

activity. The transcription factor, Ngn3 is expressed in some undifferentiated 

spermatogonia, but it is predominately expressed in the differentiating spermatogonia 

(Suzuki et al. 2009; Song and Wilkinson 2014). The expression of Ngn3 is inversely 

correlated to GFRα1 expression; therefore, as differentiation continues the proportion of 

undifferentiated spermatogonia that are Ngn3+ increases (Nakagawa et al. 2010a). In 

addition, withdrawal of GDNF signaling in culture increases expression of Ngn3 

suggesting that it is involved in the commitment to differentiated spermatogonia (Oatley 

et al. 2006). Lastly, Sox3 is a transcription factor, in which expression in the testis has 

been debated. Originally, expression was thought to be in the Sertoli cells but Sox3 

expression was later found in the nuclei of a subset of spermatogonia. The loss of Sox3 

causes infertility due to an inability of spermatogonia to form spermatocytes (Raverot et 

al. 2005). It is noteworthy, that the pattern of expression of Sox3 overlaps with Ngn3 
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(Laronda and Jameson 2011; Song and Wilkinson 2014). All of these studies give insight 

into the complexity that contributes to the proper balance of self-renewal replication and 

differentiation in the SSCs and progenitor spermatogonia and understanding more about 

each factor�s regulation is of great importance for understanding the regulation of 

fertility. 

1.4 Spermatogonial Stem Cell Niche 

Gene expression is a leading indicator of the stem potential in undifferentiated 

spermatogonia, and this is heavily influenced by the microenvironment of the tissue. The 

microenvironment that impacts stem cell behavior is referred to as the stem cell niche. In 

the mouse testis the supporting cells that comprise of the niche are the Sertoli cells, the 

Peritubular Myloid cells, and the Leydig cells (Oatley and Brinster 2012). It is known 

that Sertoli cells express GDNF, which supports the self-renewal and maintenance of the 

SSCs in vivo (Meng et al. 2000). The mammalian testis stem cell compartment, the 

adluminal compartment of the seminiferous tubule, which is along the basement 

membrane of seminiferous tubules is not restricted to stem cells, unlike Drosophila and 

C. elegans that display polarized gonads. In the basal compartments of mammalian 

seminiferous tubules  As, Apr, Aal spermatogonia as well as fully differentiated A1 through 

B spermatogonia are amongst one another, which is another hindrance in the attempt to 

determine what environment specifically supports the self-renewal and maintenance of 

the SSCs. It has been reported that SSCs locate near the capillaries in the interstitium 

(Yoshida et al. 2007b). However, ID4+ As spermatogonia do not show a preference for 

areas in seminiferous tubules that face capillaries (Chan et al. 2014). Thus, the specific 

location of the niche in the mammalian testis is still heavily debated in the field. 
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However, identifying all of the extrinsic factors that are secreted into the niche to support 

self-renewal and maintenance of SSCs could give insight into whether the niche has a 

specific anatomical location or whether it is defined by the confluence of a number of 

physiologically important signaling molecules.  

 Outside of the work done to identify GDNF as an extrinsic factor critical to stem 

cell renewal and maintenance most of the work to identify these factors have been 

performed in vitro, with the exception of some KO experiments (Kanatsu-Shinohara et al. 

2003; Kubota et al. 2004b; Kubota et al. 2004a; Oatley et al. 2006; Oatley et al. 2009b; 

Ebata et al. 2011a; Yang et al. 2013b). Although it is known that these factors influence 

SSC stemness, there is a need to test whether these or additional factors regulate the 

replication, survival or differentiation of SSCs in the mature testis. As a result, new 

approaches must be taken to further discriminate the undifferentiated spermatogonial 

pool from the progeny committed to differentiation. Using the chemical-genetic approach 

in our mouse model we can investigate the implications of some of these factors in vivo, 

an idea described in Chapter 2 and 3.  

 To date, long-term culture experiments have provided the best evidence so far as 

to what extrinsic factors contribute to the expansion and maintenance of SSCs. Isolated 

undifferentiated spermatogonia from mice, enriched for SSC activity, survive for several 

months in culture with the addition of certain growth factors. For example, GDNF and 

FGF2 are the most vital for SSC maintenance and expansion in culture, with GDNF as 

the more important of the two (Kubota et al. 2003). Addition of leukemia inhibitory 

factor (LIF), epidermal growth factor (EGF), and insulin growth like factor 1 (IGF-1) 

further supports the growth of SSCs in culture. In addition to these growth factors, the 
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chemokine CXCL12 was also found to increase proliferation of SSCs. CXCL12, like 

GDNF and FGF2, is expressed in the Sertoli cells and a sub population of 

undifferentiated spermatogonia express the CXCL12 receptor, CXCR4 (Yang et al. 

2013b). These results suggest that many different growth factors can influence SSC self-

renewal and maintenance of SSCs in vitro.  

In addition to Sertoli cells, the cells of the interstitium composed of the 

vasculature network, Peritubular Myloid cells, and Leydig cells also express extrinsic 

factors important for the self-renewal and maintenance of SSCs (Chen et al. 2014; Chen 

et al. 2016; Potter and DeFalco 2017). Vascular endothelial growth factor (VEGF), which 

is present in the Leydig and Sertoli cells is thought to serve as a chemo attractant for the 

SSCs to the vasculature and perhaps may support the SSCs (Yoshida et al. 2007b). In 

addition, Colony Stimulating Factor 1 (CSF1), located in the Leydig and Peritubular 

Myloid cells, stimulates SSC self-renewal (Oatley et al. 2009b). Furthermore, in addition 

to the Sertoli cells, the mouse Peritubular Myloid cells also express GDNF (Chen et al. 

2016). Thus, the spermatogonial stem cell niche is created by a number of different 

somatic cell types.  

1.5 GDNF Function in the Mature Seminiferous Epithelium 

GDNF is vital for the maintenance of SSCs in culture and the development of 

SSCs in the immature testis, but when the research described in this dissertation 

commenced, little was known regarding the regulation or function of GDNF in the 

mature testis. In the adult testis there are cyclic changes in GDNF expression from the 

Sertoli cells and a varying distribution of GFRα1+ cells (Johnston et al. 2011a; Sato et al. 
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2011; Grasso et al. 2012). Studies performed in the rat demonstrated stage specific 

changes in GDNF expression. This lead to the hypothesis that these changes are 

responsible for stage specific replication and differentiation changes of stem and other 

undifferentiated spermatogonia. For example, rat GDNF expression is maximal at stages 

XIII-I when replication and numbers of As spermatogonia that contain the stem 

spermatogonia is highest. GDNF expression declines from its maximum at stages XIII-I 

to its minimum at stages VII and VIII (Johnston et al. 2011a). This change is correlated to 

a promotion of proliferation of the Apr and Aal spermatogonia and a push to differentiate 

to type A1 spermatogonia at stage VII.  

 In order to understand how fertility is maintained in mammals, the tight regulation 

of GDNF expression and signaling must be investigated in vivo in the mature 

seminiferous epithelium. The work in this thesis uses a novel chemical-genetic approach 

to study how GDNF regulates SSCs and progenitor spermatogonia in the normal adult 

mouse testis. In chapter 2 we show that inhibition of GDNF signaling effects replication 

and differentiation of the undifferentiated spermatogonia. In chapter 3, we use the mouse 

model to investigate how numbers of SSCs and progenitor spermatogonia recover in the 

adult after these cells have been severely depleted due to 9 days of inhibited GDNF 

signaling. Understanding this biology can potentially reveal unknown defects in patients 

that exhibit infertility due to loss in germ cells and suggest treatments to stimulate the 

propagation of their few SSCs. 
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2 Responses to Glial Cell Line‐Derived Neurotrophic Factor 

Change as Spermatogonial Stem Cells Form Progenitor 

Spermatogonia Which Replicate and Give Rise to More 

Differentiated Progeny 

Modified from the published work that appeared in Biology of Reproduction as: 

Parker, N., Falk, H., Singh, D., Fidaleo, A., Smith, B., Lopez, M. S., � Wright, W. W. 

(2014). Responses to Glial Cell Line-Derived Neurotrophic Factor Change in Mice as 

Spermatogonial Stem Cells Form Progenitor Spermatogonia which Replicate and Give 

Rise to More Differentiated Progeny. Biology of Reproduction, 91(4), 92. 

http://doi.org/10.1095/biolreprod.114.119099 

Figures 2.7.2, 2.7.4, 2.7.5, and 2.7.9 were generated by my own data.     
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2.1 Abstract 

Spermatogonial stem cells (SSCs) are the foundation of spermatogenesis. These 

cells are classically defined as a subset of morphologically defined A single (As) 

spermatogonia, which can produce more SSCs or they can give rise to non-stem As cells 

that upon replication generate A paired (Apr) and then A aligned (Aal) spermatogonia. 

These latter two cell-types along with the non-stem As cells function as transit-amplifying 

progenitor cells. It is known that glial cell line-derived neurotrophic factor (GDNF) is 

essential for maintaining all of these cells, but it is unknown if or how the responses of 

these cells change as they progress down the pathway to differentiated Type A1 

spermatogonia. We address this issue by using a chemical-genetic approach to inhibit 

GDNF signaling in vivo and an in vitro approach to increase GDNF stimulation. We 

show that inhibition for 2 days suppresses replication of As, Apr and Aal spermatogonia to 

an equal extent, whereas stimulation by GDNF preferentially increases replication of As 

and Apr spermatogonia.   We also test if inhibiting GDNF signaling causes As, Apr and Aal 

spermatogonia to express Kit, an essential step in their differentiation into Type A1 

spermatogonia. Inhibition for 3 or 7 days produces a progressive increase in the 

percentages of As, Apr and Aal undergoing differentiation, with the largest increase 

observed in Aal spermatogonia. Finally, we demonstrate that numbers of SSCs decrease 

more slowly than numbers of progenitor spermatogonia when GDNF signaling is 

inhibited. Taken together, these data suggest that there are significant changes in the 

responses to GDNF as SSCs give rise to progenitor spermatogonia, which replicate and 

gradually differentiate into Type A1 spermatogonia.  
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2.2 Introduction 

The proper regulation of spermatogonial stem cells (SSCs) is required for 

maintaining male fertility.  A substantial body of data indicates that the Sertoli cell 

product, glial cell line-derived neurotrophic factor (GDNF), plays an essential role in this 

regulation.  GDNF is required for maintaining and expanding SSCs in vitro, for 

establishing the proper number of SSCs in vivo during puberty, and for maintaining these 

cells in the normal adult testis (Nagano et al. 1998; Naughton et al. 2006; Sada et al. 

2012; Savitt et al. 2012). However, as of yet, we know little about how GDNF regulates 

the numbers, self-renewing replication and differentiation of SSCs or their progeny in the 

normal adult testis. This information is essential to understanding how fertility is 

preserved in most men but lost in others.   

The classical model describing the self-renewing replication and differentiation of 

spermatogonial stem cells posits that they represent a subset of cells that are 

morphologically characterized as A single (As) spermatogonia, solitary cells that are 

sparsely distributed between the somatic Sertoli cells and the basement membrane of the 

seminiferous tubule. These As spermatogonia are also characterized by their expression 

of genes that are required for maintaining a highly undifferentiated state. When As 

spermatogonia replicate, they either form more As cells and thereby self-renew, or they 

give rise to A paired (Apr) spermatogonia that are joined by a cytoplasmic bridge. 

Subsequent mitotic divisions generate chains of A aligned (Aal) spermatogonia up to 32 

cells in length (Shirakawa et al. 2013). Identification of the Apr, and Aal spermatogonia is 

facilitated by their expression of many of the same genes that characterize As cells. In the 

classical model, the As spermatogonia that undergo self-renewing replication are 
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functionally defined as spermatogonial stem cells, while the As spermatogonia that divide 

and form Apr spermatogonia, as well as the Apr and Aal spermatogonia, function as transit 

amplifying progenitor spermatogonia. However, the progression of As to Aal 

spermatogonia is reversible as recent evidence shows that new As cells can be formed by 

severing the cytoplasmic bridges between individual Apr and Aal spermatogonia 

(Nakagawa et al. 2010b), but the formation of Type A1 spermatogonia is an irreversible 

step in spermatogonial development. Almost all Type A1 spermatogonia are formed by 

the differentiation of Aal  spermatogonia, though a small percentage is formed directly 

from As and Apr spermatogonia (de Rooij 2001).  

One of the genes whose expression identifies spermatogonia as being highly 

undifferentiated is GFR1, the ligand binding subunit of the GDNF receptor. GFR1 is 

expressed by most As and Apr spermatogonia, as well as by many Aal spermatogonia in 

chains of 4 cells. (In a normal, mature testis few Aal spermatogonia in chains longer than 

4 cells express GFR1 (Savitt et al. 2012).  The numbers of GFR1+ As, Apr and Aal 

spermatogonia decrease rapidly when GDNF signaling is inhibited, indicating that all of 

these cells express a functional GDNF receptor and in some way are targets of GDNF 

(Savitt et al. 2012). However, it is not known whether in vivo GDNF regulates the 

proliferation, differentiation and/or survival of all three of these cell types.  Neither is it 

known whether the responses to GDNF remain the same or change as the SSCs give rise 

to progenitors, which replicate and gradually differentiate into Type A1 spermatogonia. 

The experiments described in this paper address these important issues.  
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2.3 Materials and Methods 

Animals and their treatment  

The chemical-genetic approach we used to block GDNF signaling in vivo 

employed mice that carry a point mutation (V805A) in the ATP binding site of Ret, the 

tyrosine kinase subunit of the GDNF receptor.  This mutation has no effect on normal Ret 

function, but it does allow this kinase to reversibly bind with high affinity to a bulky ATP 

competitive inhibitor, 1NA-PP1 (Savitt et al. 2012). 

Homozygous Ret (V805A) mice (C57BL/6J background) were obtained from our 

animal colony. To inhibit GDNF signaling, male Ret (V805A) mice 90 to 120 days of 

age were given daily subscapular injections of 43.7 mg/kg of the ATP competitive 

inhibitor, 1NA-PP1-HCl, which was synthesized and prepared for injection as previously 

described (Savitt et al. 2012). (Hereafter, 1NA-PP1-HCl is referred to as 1NA-PP1.) 

While this dose is lower than that used previously (63.5mg/kg) (Savitt et al. 2012), dose 

response analysis showed that the effects of these two doses were similar (Fig. 2.7.1). To 

study the effect of inhibiting GDNF signaling on cell replication, mice were injected i.p. 

with 20 mg/kg of the thymidine analogue, 5-ethynl-2�deoxyuridine (EdU, Invitrogen, 

Carlsbad, CA) 24 hours prior to tissue collection. One hundred to one hundred twenty 

day old C57BL/6J mice were purchased from Jackson laboratories (Bar Harbor, MA) and 

used as the source of seminiferous tubules for culture. The Johns Hopkins University 

Institutional Animal Care and Use Committee approved the use of mice for all 

experiments. 
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Immunocytochemistry, Microscopy and Image Analysis  

As, Apr and Aal spermatogonia were identified by their expression of GFR1, the 

ligand-binding domain of the receptor for GDNF, a growth factor that is required for the 

development and maintenance of SSCs in vivo (Naughton et al. 2006; Sada et al. 2012; 

Savitt et al. 2012). We used previously described, immunocytochemical methods to 

identify GFR1+ cells in intact seminiferous tubules that had been fixed in 4% 

paraformaldehyde in PBS (Savitt et al. 2012). In one experiment, we also used previously 

described methods to detect cells that express a second marker of undifferentiated 

spermatogonia, the zinc finger protein ZBTB16 (Savitt et al. 2012).  EdU incorporation 

was detected using Alexafluor-555-Azide and Click-Chemistry (Invitrogen).  As, Apr and 

Aal spermatogonia that had reached the final steps in their differentiation into Type A1 

spermatogonia were identified by their co-expression of GFR1+ and the cell surface 

receptor, Kit, which is required for undifferentiated spermatogonia to form Type A1 

spermatogonia (Schrans-Stassen et al. 1999; Shirakawa et al. 2013).  For these studies, 

tubules were fixed in 10% methanol and 10% paraformaldehyde in PBS (1 hour at 4°C), 

washed, and incubated for 1 hour with 1% BSA in PBS and then overnight at 4°C with 

1:50 rat anti-mouse Kit (ACK2, Millipore Corp, Billerica, Massachusetts) plus 1:100 

anti-GFRα1 (R&D Systems, Minneapolis, MN). The following day, tubules were washed 

with 1% BSA and 0.1% Triton X-100 in PBS (PBS-BT), and then incubated for 2 hours. 

at room temperature in 1:200 dilutions of AlexaFluor 555 donkey anti-goat IgG and 

AlexaFluor 488 donkey anti-rat IgG (Invitrogen, Carlsbad, CA). Tubules were mounted 

in VectaShield (Vector Labs, Burlingame, CA) after washing in PBS-BT. Negative 
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controls (replacement of primary antibodies with nonimmune IgG) were run for all 

experiments.  

Whole mounts of tubules isolated from animals treated in vivo with 1NA-PP1 or 

vehicle were imaged using a Zeiss LSM 710 Confocal Microscope equipped with argon 

and helium-neon lasers. Depending on the experiment, optical sections of 1.8 or 2.2 

microns were captured. Laser strengths were determined empirically at the beginning of 

the analysis of each experiment and then were used for analysis of all samples. Cultured 

seminiferous tubules and tubules analyzed for ZBTB16+ cells were imaged as previously 

described (Savitt et al. 2012).  GFR1+ spermatogonia were classified as A single (As), A 

paired (Apr) and A aligned (Aal) spermatogonia depending on whether they were not 

connected to another cell or whether they were connected to one or multiple GFR1+ 

cells, respectively.  

IVision software (Biovision Technologies, Exton, PA) was used to determine the 

numbers of GFR1+ cells/mm2 of tubule surface and to measure the diameter of 

seminiferous tubules. We also used this software to measure the fraction of GFR1+ cells 

that were either EdU+ or Kit+. Relative levels of GFR1 expressed per cell were 

estimated by measuring fluorescence intensity. All measurements of fluorescence 

intensity were corrected for the background fluorescence of each image.   
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Morphological analyses to evaluate loss of spermatogonial stem cells and progenitor 

spermatogonia and to determine the total numbers of GFR+ As, Apr and Aal 

spermatogonia in an adult mouse.  

We used a previously described protocol to estimate the relative numbers of SSCs 

that remained when Ret (V805A) mice were treated for 3, 5, 7 or 9 days with 1NA-PP1 

(Savitt et al. 2012). Forty-five days after the first injection, testes were collected and 

analyzed histologically. The effect of treatment on relative numbers of SSCs was defined 

by the fraction of all tubules in testis cross sections that lacked all spermatogonia, 

spermatocytes and spermatids (up to step 14). (A detailed description of this this protocol 

and a review of data that supports its use for estimating loss of SSCs are provided in 

supplemental methods).   

We used the same histological sections described above to determine if 5, 7 or 9 

days of inhibited GDNF signaling caused a loss of progenitor spermatogonia prior to loss 

of SSCs.  Loss of progenitor spermatogonia but not SSCs would result 45 days after the 

first injection in a transient decrease in numbers of spermatogenic cells but not in 

maturation depletion. Therefore, we determined the numbers of pachytene spermatocytes 

and step 1-8 spermatids per Sertoli cell.  To exclude the effects of loss of SSCs on this 

analysis, we excluded from our analysis all tubules that lacked all germ cells except step 

15,16 spermatids (A detailed description of this protocol is provided in supplemental 

methods.) 

One of the goals of our experiments was to compare the total numbers of GFR1+ 

As, Apr and Aal spermatogonia in control testes and in testes after 7 days of inhibited 
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radius (r) of each tubule. Total length (L) of seminiferous tubules in each testis was 

calculated by the following equation:   

 L= VST/πr2. 

Total Surface Area of the Tubules (SAST) was calculated by the following equation:  

 SAST = Lx2πr.  

Total numbers of GFR1+ As, Apr and Aal spermatogonia per testis were calculated by 

measuring numbers of cells per mm2 x total surface area. 

Estimation of the percent loss of SSCs based on the percentage of tubules that 

subsequently undergo maturation depletion  

To estimate the effect of inhibition of GDNF signaling on relative numbers of 

SSCs at the end of treatment, we collected testes 35 days after the last injection of 1NA-

PP1 or vehicle, fixed the testes in 4% glutaraldehyde, embed them in epon and generated 

1 micron-thick toluidine blue stained testis sections. Loss of SSCs was then estimated by 

determining the percentage of tubule cross-sections that lacked all spermatogonia, 

spermatocytes and spermatids (up to step 14). This percentage defines the percent loss of 

SSCs immediately at the end of treatment (Savitt et al. 2012) 

Determination of the effect of inhibition of GDNF signaling on the numbers of pachytene 

spermatocytes and round spermatids in a testis  

Loss of progenitor spermatogonia but not spermatogenic stem cells should result 35 

days later in a transient decrease but not the maturation depletion of all spermatogenic 
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cells.  To determine if a specific loss of progenitor spermatogonia occurred after 5, 7 or 9 

days of inhibited GDNF signaling, we compared numbers of pachytene spermatocytes or 

step 1 to 8 spermatids per Sertoli cell in testes collected 35 days after treatment with 

numbers of tubules that had undergone maturation depletion and thus lost their SSCs 

during treatment. To analyze numbers of spermatogenic cells, low magnification pictures 

were taken of each of the 1 micron-thick plastic embedded testis sections and each tubule 

in the cross section was numbered. Then, a random number generator was used to select 

10 tubules for analysis.  Numbers of pachytene spermatocytes, round spermatids (step 1 

to 8) spermatids and Sertoli cells, with visible nuclei, were determined for each of these 

tubules as well as the average nuclear or nucleoli diameters of these cells. Cell numbers 

were then corrected as previously described and data expressed as numbers of Step 1 to 8 

spermatids or pachytene spermatocytes per Sertoli cell (Wright et al. 2003).  

Statistical Analysis.   

Statistical analyses were performed using StatView (SAS Institute, Cary, NC).  

Data obtained from histological analyses of testes were analyzed by ANOVA. All other 

data were analyzed by nested ANOVA.  All, post hoc comparisons were performed using 

Fisher�s PLSD test.  Statistically significant differences were defined as p<0.05.  
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2.4 Results 

2.4.1 The effects of altered GDNF signaling on replication of GFR1+ As, Apr, and Aal 

spermatogonia 

We first examined whether the effect of GDNF on cell replication changed as 

GFR1+ As gave rise to Apr and then to Aal spermatogonia. To address this issue in vivo, 

Ret (V805A) mice were treated for 2 or 3 days with 1NA-PP1 or vehicle. Twenty-four 

hours prior to tissue collection the mice were injected with the thymidine analogue, EdU. 

Figure 2.7.2A shows a representative 1.8 m optical section through the base of a tubule 

of a control mouse.  GFR1 (green) is concentrated in the plasma membranes of As, Apr, 

and Aal spermatogonia; EdU (red) is present in some of the nuclei, marking these cells as 

having completed most or all of replicative DNA synthesis during the last 24 hours of the 

experiment.  Note that four of the Aal spermatogonia (see cells marked by asterisks) 

express a lower level of GFR1, raising the possibility that on average, Aal 

spermatogonia express a reduced level of the ligand-binding domain of the GDNF 

receptor.  This possibility was examined in detail by quantifying fluorescence intensities 

of all GFR1+ As, Apr and Aal spermatogonia on tubules of control and treated animals. 

Results show that Aal spermatogonia express significantly less GFR1 than As cells (Fig 

2.7.3). The amount of GFR1 expressed by Apr spermatogonia is intermediate to the 

amounts expressed by the other two cell types.   

  To quantify the effect of inhibiting GDNF signaling on replication of GFR1+ As, 

Apr, and Aal spermatogonia, we determined the fraction of GFR1+ As, Apr and Aal 

spermatogonia that had incorporated EdU.  Data (Fig 2.7.2B) the untreated control 
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tubules show that the progression of As to Aal spermatogonia is associated with a 

significant increase in the fraction of cells that are replicating. Furthermore, inhibition of 

GDNF signaling for 2 or 3 days reduced replication of GFR1+ As, Apr and Aal 

spermatogonia; on day three, replication of these cells was reduced to 19%, 15% and 

25% of controls, respectively. However, consistent with the fact that these cells have long 

cell cycle times, there was no significant effect of inhibition of GDNF signaling for 3 

days on cell numbers (Huckins 1971c) (Fig 2.7.4) . 

While inhibition of GDNF signaling had similar effects on the replication of 

GFR1+ As, Apr and Aal spermatogonia, the results left open the possibility that there 

were differences between the three cell types in their response to increased GDNF 

stimulation. This issue is important because the expression of GDNF by murine Sertoli 

cells increases as their adjacent spermatogenic cells progress from stage VI to stage XII 

of the cycle of the seminiferous epithelium and because replication of As, Apr and Aal 

spermatogonia primarily occurs at stages of highest GDNF expression (de Rooij 2001; 

Johnston et al. 2011b; Caires et al. 2012).  Therefore, to determine if increased GDNF 

concentration would stimulate replication of GFR+ As, Apr and Aal spermatogonia and 

to test if there were differences between the three cell types in their response to increased 

GDNF concentration, we cultured tubules in the presence or absence of 250 pg/ml (21.6 

pM) of recombinant GDNF for 1, 2 or 3 days and added EdU during the last 24 hours of 

the experiment. Undifferentiated spermatogonia in control tubules were exposed to the 

GDNF secreted by their Sertoli cells.  The published Kd of GDNF for its receptor predicts 

that the amount of recombinant GDNF added to the cultures was sufficient to saturate 

approximately one-half of available receptors (Treanor et al. 1996; Cik et al. 2000). Thus, 
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treatment of Ret (V805A) mice for 7 days with 1NA-PP1 significantly reduced numbers 

of GFR1+ As, Apr, and Aal spermatogonia, the greatest absolute decrease occurred with 

Aal spermatogonia, which were reduced from 61 cells/mm2 of tubule surface area 

(vehicle-treated) to 16 cells/mm2 (1NA-PP1-treated) (Fig 2.7.7B). This same trend was 

evident qualitatively when we used expression of another marker, ZBB16, to identify As, 

Apr, and Aal spermatogonia. (Fig. 2.7.8)   

Nested ANOVA analysis verified that the inhibition of GDNF signaling reduced 

the numbers of all three GFR1+cell-types and that the effect of inhibiting GDNF 

signaling differed between cell types.  Subsequent experiments showed that this 

differential effect of inhibited GDNF signaling on Aal spermatogonia continued when 

GDNF was inhibited for 9 days, as the few remaining GFR1+ cells were predominantly 

As and Apr spermatogonia (Fig 2.7.9). This particular effect on Aal spermatogonia was 

consistent with our observation that these cells were missing when GDNF signaling was 

inhibited for 11 days (Savitt et al. 2012).  

We also tested the hypothesis that inhibition of GDNF signaling increased 

apoptosis by As, Apr or Aal spermatogonia.  However, in both control and treated mice, 

less than 3% of these cells expressed the marker of apoptosis, activated caspase 3, and 

inhibition of GDNF signaling did not significantly increase this percentage. As this 

percentage was very low, and as we did not detect a significant increase in apoptosis with 

treatment, we conclude apoptosis is not a significant regulator of numbers of GFR1+ 

spermatogonia and that this process is not increased when GDNF signaling is inhibited. 

(See supplemental methods and Fig. 2.7.10).        
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2.4.3 Estimates of absolute numbers of GFR1+ cells in the testes of control mice and 

mice treated for 7 days with 1NA-PP1 

Recent reports indicate that there are between 3,000 to 6,000 functional SSCs in a 

mouse testis (Nagano and Yeh 2013b), and it is generally assumed that these cells 

represent but a small fraction of the total pool of the cells that are morphologically 

defined as GFR1+ As, Apr, and Aal spermatogonia.  To date, however, this assumption 

has not been tested. To do so, we used stereology to determine the total surface area of 

the seminiferous tubules in each testis and multiplied these areas by numbers of GFR1+ 

As, Apr and Aal spermatogonia/mm2 of tubule surface (See: Supplemental Table 1 for 

stereological data).  This analysis revealed that there were on average 131,137 GFR1+ 

spermatogonia in each testis of a control mouse; 24,427 of these were As cells (Table 1). 

Inhibition of GDNF signaling for 7 days resulted in a 77% reduction in total numbers of 

GFR1+ spermatogonia. On average, testes of treated mice contained 5,035 GFR1+ As 

spermatogonia. 

2.4.4 An analysis of the effects of varying periods of inhibited GDNF signaling on 

relative numbers of spermatogonial stem cells and progenitor spermatogonia 

The fact that inhibition of GDNF signaling for 7 days resulted in a 77% reduction 

in numbers of GFR+ spermatogonia raised the question of whether a significant 

number of SSCs were lost or whether these cells were more resistant to loss of GDNF 

signaling than progenitor spermatogonia. Furthermore, when stem cells or progenitor 

cells were lost, what was the time course of this loss? To answer these question, Ret 

(V805A) mice were injected with vehicle or with 1NA-PP1 for 3, 5, 7 or 9 days and 
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testes collected 45 days after the first injection. To estimate the percentage SSCs that had 

had been lost by the end of treatment with 1NA-PP1, we determined the percentage of 

cross sections of seminiferous tubule that on day 45 of the experiment were devoid of all 

spermatogonia, spermatocytes and step 1-14 spermatids. Results (Fig. 2.7.11A) show that 

in mice treated for 7 days with 1NA-PP1, there was no increase in this percentage. In 

fact, 87% of the tubules contained at least 3 generations of spermatogenic cells, including 

step 1 to step 12 spermatids (Table S2). Thus, the process of spermatogenesis was not 

completely interrupted in the 7-day treatment group.  In contrast, when animals that were 

treated for 9 days and testes examined on day 45 of the experiment, 50% of the 

seminiferous tubules were depleted of all spermatogenic cells with the possible exception 

of step 15 or 16 spermatids. Taken together, these data suggest that inhibition of GDNF 

signaling for 9 days but not for 7 days led to a significant and substantial reduction in 

numbers of spermatogonial stem cells. This also suggests that the GFR1+ As, Apr and 

Aal
 spermatogonia that were lost during 7 days of inhibited GDNF signaling had been 

functioning as progenitor spermatogonia. If they were, there would be a subsequent 

reduction in numbers but not a complete depletion of spermatogenic cells. To test this 

prediction, we enumerated round spermatids and pachytene spermatids per Sertoli cell in 

randomly selected tubules. We excluded from this analysis tubules that were devoid of 

spermatogonia, spermatocytes and step 1-14 spermatids in order to avoid including the 

effect of loss of SSCs in these results (As noted above, only samples from animals treated 

for 9 days with 1NA-PP1 had a significant number of such tubules).  Results (Fig 

2.7.11B) show that when GDNF signaling was inhibited for 7 days and samples collected 
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on day 45 of the experiment the numbers of round spermatids and pachytene 

spermatocytes per Sertoli cell were significantly reduced by 59% and 50%, respectively.  
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2.5 Discussion 

The results of these studies show that numbers of GFR1+ or ZBTB16+ As, Apr and 

Aal spermatogonia were reduced when GDNF signaling was inhibited for 7 days. This 

loss resulted 38 days later in reduced numbers of pachytene spermatocytes and round 

spermatids but not in maturation depletion of seminiferous tubules. However, such 

depletion occurred when GDNF signaling was inhibited for 9 days. Taken together, these 

data indicate that numbers of SSCs were reduced when GDNF signaling was inhibited for 

9 days but not when it was inhibited for 7 days. This suggests that during 9 days of 

inhibited GDNF signaling, loss of progenitor spermatogonia began before loss of 

spermatogonial stem cells. Thus, we interpret these data as indicating that SSCs are more 

resistant to loss of GDNF signaling than progenitor spermatogonia. 

While inhibition of GDNF signaling for 7 days led at the end of treatment to a 74% 

decrease in numbers of GFR1+ spermatogonia, 38 days later, numbers of pachytene 

spermatocytes and round spermatids per Sertoli cell were reduced only by 53% and 61%, 

respectively. Why was the apparent loss of GFR1+ spermatogonia greater than the 

subsequent decrease in numbers of pachytene spermatocytes and round spermatids? One 

possible explanation is that despite the high sensitivity of confocal microscopy, we did 

not detect some cells that expressed very low levels of GFR1, causing us to over 

estimate the loss of GFR1+ cells. A second possibility was that the numbers of 

spermatocytes and spermatids reflected both the effects of the loss of the GFR1+ 

spermatogonia that functioned as progenitor cells as well as the partial rebuilding of their 

numbers when GDNF signaling was reestablished. This suggestion is based on the 
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following considerations: 17 and 25.5 days are required for Type A1 spermatogonia to 

give rise to the pachytene spermatocytes and round spermatids, respectively, in a stage 

VII seminiferous tubule (Oakberg 1956). As we collected samples 38 days after the last 

day of treatment with 1NA-PP1, the pachytene spermatocytes and round spermatids we 

counted were the descendants the Type A1 spermatogonia that were formed 

approximately 21 and 12.5 days after GDNF signaling was reestablished. That 

reestablishment would be expected to cause sequential expansion of the numbers of 

progenitor spermatogonia, Type A1 spermatogonia and then the more mature 

spermatogenic cells. This expansion would cause the decrease in numbers of pachytene 

spermatocytes and round spermatids to be less than the decrease in the numbers of 

progenitor spermatogonia that were present in the testes immediately after 7 days of 

treatment. Nonetheless, our data support the conclusion that inhibition of GDNF 

signaling for 7 days diminishes the numbers of functional progenitor spermatogonia. 

The reasons that inhibition of GDNF signaling causes loss of progenitor 

spermatogonia and spermatogonial stem cells are evident in our analysis of the 

replication and differentiation of morphologically defined GFR1+ As, Apr and Aal 

spermatogonia. In vivo, inhibition of GDNF signaling suppresses to a similar extent the 

replication of these cells. However, inhibition of GDNF signaling has the greatest effect 

on the fraction of Aal spermatogonia that are differentiating and on their absolute 

numbers.  As cells that are morphologically defined as Aal spermatogonia are considered 

functionally to be progenitor cells, these results partially explain why progenitor 

spermatogonia respond more rapidly to loss of GDNF signaling than spermatogonial 

stem cells. However, eventually the inhibition of GDNF signaling leads to a loss of SSCs, 
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and we propose that this loss occurs because the SSCs cease to replicate and then 

differentiate into Type A1 spermatogonia.  

Our conclusion that in vivo SSCs are more resistant than progenitor spermatogonia 

to loss of GDNF signaling is consistent with in vitro studies which show that when 

GDNF is withdrawn from cultures of spermatogonia enriched in SSCs, the total number 

of cells in the cultures decreased more rapidly than the numbers of functional SSCs as 

assayed by their ability to restore spermatogenesis when transplanted into a germ cell-

deficient testis (Ebata et al. 2011b). However, those authors also reported that in vitro 

GDNF caused the spermatogonia to aggregate into clusters and that this aggregation 

suppressed the numbers of functional stem cells.  Additionally, the authors reported that 

the clusters disaggregated when GDNF was removed from the culture medium. Thus, the 

apparent retention of SSCs in the absence of GDNF stimulation could have been due 

either to the enhanced resistance of SSCs to loss of GDNF signaling or to the 

disaggregation of the clusters allowing a greater fraction of the remaining cells to express 

the characteristics of SSCs. Thus, those results while tantalizing did not resolve the issue 

of whether SCCs have an enhanced resistance to loss of GDNF signaling.  However, the 

confounding factor of the formation and disaggregation of cell clusters did not occur in 

our in vivo experiments, which provide direct proof that SSCs are more resistant to loss 

of GDNF signaling than their progeny, the progenitor spermatogonia. 

Our conclusion that in vivo spermatogonial stem cells are more resistant to loss of 

GDNF signaling than spermatogonial progenitors raises the issue of the biological bases 

for the stem cells resistance. Firstly, it is possible that during the period that GDNF 

signaling is experimentally suppressed, the loss of spermatogonial progenitors causes 
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Sertoli or other cells to increase their expression of growth factors such as CXCL12, 

bFGF and CSF1, all of which promote self-renewing replication of SSCs cells in vitro 

(Oatley et al. 2009a; Payne et al. 2010; Ebata et al. 2011b; Ferguson et al. 2013; Yang et 

al. 2013a). Secondly, it is possible that the stem and progenitor cells are equally 

responsive to these other growth factors, but that the concentrations of these growth 

factors are highest in the stem cell niche. This suggestion is consistent with the 

proposition that these niches face the interstitium and, thus, Leydig cells and blood 

vessels, both of which are potential sources of important growth factors (Yoshida et al. 

2007a). An alternative possibility is that because stem cells are the least differentiated 

cells in the spermatogenic lineage, they must progress through more steps, and thus 

require more time than progenitors to differentiate into Type A1 spermatogonia. This 

suggestion is consistent with our observation that in control mice the percentage of 

GFR1+ As spermatogonia that are Kit+ is markedly lower than the percentage in 

GFR1+ Apr and Aal spermatogonia. Steps that potentially need to be taken for 

differentiation to occur include the silencing of genes that promote �stemness,� by 

increased expression of the DNA methyltransferases, Dnmt3a2 and Dnmt3b, and/or by 

the establishment of transcriptionally repressive histone modifications, such as H3K9me2 

(Shirakawa et al. 2013).  

Our results provide the first estimate of the total number of GFR1+ spermatogonia 

in the mouse testis. We recognize that GFR1+ is not often expressed by Aal 

spermatogonia in chains longer than 4 cells, and thus our estimates do not account for all 

Aal cells. However, as GDNF is required for the in vivo maintenance of As, Apr and Aal 

spermatogonia and as in the testis GFR1 is the functional ligand-binding domain of the 
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GDNF receptor, the cells that maintain their undifferentiated state must express GFR1.  

This paper provides the first determination of the total numbers of GFR1+ As, Apr and 

Aal spermatogonia in the testis of an adult mouse with a C57Bl/6J genetic background. 

The stereological data, when combined with recent estimates of numbers of SSCs in a 

mouse testis (Nagano and Yeh 2013b) lead to the conclusion that on average, one SSC is 

present every 260 to 520 microns length of tubule. Furthermore, our data indicate that 

there are 24,427 and 5,035 GFR1+ As spermatogonia in testes of control mice and mice 

that were treated for 7 days with 1NA-PP1, respectively. As our results suggest that it 

was primarily progenitor spermatogonia that were lost when GDNF signaling was 

inhibited for 7 days, and as it is estimated that there are between 3,000 and 6,000 SSCs in 

the testis of a mouse (Nagano and Yeh 2013b), we suggest that after 7 days of inhibited 

GDNF signaling, between 84% to 100% of the remaining GFR1+ As spermatogonia 

functioned as stem cells.  Furthermore, we suggest that in a normal mouse testis that has 

not experienced a period of inhibited GDNF signaling, less than 25% of the GFR1+ As 

cells function as spermatogonial stem cells.   

We acknowledge that we have discussed our data from the vantage point of the 

classical model that stipulates that spermatogonial stem cells are a subset of As 

spermatogonia and that numbers of these stem cells are primarily regulated by self-

renewing replication. The classical model posits that non-stem As spermatogonia and, Apr 

and Aal spermatogonia are progenitor spermatogonia that represent early, sequential steps 

in spermatogonial differentiation. This model is supported by the fact that numbers of 

functional spermatogonial stem cells, as assayed by their ability to reestablish 

spermatogenesis when transplanted into a germ cell-deficient testis, are substantially 
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lower than the total number of GFR1+ spermatogonia reported herein (Ogawa et al. 

2003; Nagano and Yeh 2013b). Furthermore, the conclusion that As, Apr and Aal 

spermatogonia differ from one another is supported by the following facts:  Only As 

spermatogonia express the transcriptional repressor, ID4, that is required for stem cell 

maintenance (Oatley et al. 2011b).  As spermatogonia replicate more slowly than Aal 

spermatogonia. And the fraction of cells that express Kit increases significantly as As 

spermatogonia become Apr spermatogonia and then Aal spermatogonia (Figures 2.7.6 & 

2.7.7).  

However, we also acknowledge that live cell imaging has led to a different model 

for the formation and function of As, Apr, or Aal spermatogonia.  This model posits that all 

GFR1+ spermatogonia function as spermatogonial stem cells, and that their numbers are 

controlled by stochastic processes that determine both the frequency of cell replication 

and the differentiation of these cells into Ngn3+ and then Kit + cells. Additionally, this 

model proposes that numbers of As spermatogonia are primarily controlled by 

fragmentation of chains of Aal spermatogonia and not by self-renewing replication (Klein 

et al. 2010; Nakagawa et al. 2010b; Hara et al. 2014). As noted above, other data 

obtained by stereological analysis and from functional stem cells assays argue strongly 

against the new hypothesis that all GFR1+ cells are stem cells.  Nonetheless, this 

different model does provide an alternative explanation for why loss of GDNF signaling 

leads to a more rapid loss of progenitor spermatogonia than SSCs. It is possible that when 

GDNF signaling is inhibited, SSCs and progenitor spermatogonia may be lost to cell 

differentiation at similar rates. However, at the same time, there may be an increased rate 

of formation of SSCs due to fragmentation of chains of GFR1+
 Aal spermatogonia and 
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subsequent dedifferentiation of the liberated As cells into SSCs. Thereby, the stem cell 

pool would initially be buffered from losses due to cell differentiation.  It should be 

noted, however, that this event would occur in the absence of GDNF signaling, which our 

data proves promotes loss, not formation, of SSCs. Thus, this alternative explanation 

requires that growth factors or cytokines besides GDNF regulate fragmentation of chains 

of Aal spermatogonia and the de-differentiation of these liberated cells into SSCs. 

Nonetheless, when viewed from the perspective of cell populations, this alternative 

explanation still leads to the conclusion that loss of GDNF signaling is accompanied by a 

more rapid decrease in numbers of progenitor spermatogonia than in numbers of 

spermatogonial stem cells.  
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2.7 Figure Legends 

2.7.1 Dose-response analysis of the effect of 1NA-PP1 on testicular Ret mRNA levels. 

Ret (V805A) mice were injected once a day for 3 days with vehicle or with one of the 

following doses of 1NA-PP1-HCl: 20.8 mg/kg, 43.7 mg/kg and 62.5 mg/kg.  Data (mean 

+ SEM, n=3 mice per group) are presented as copies of Ret mRNA / copies of 18S RNA 

in whole testes.  These measurements were made by quantitative real-time PCR using 

previously described methods (Savitt et al. 2012). 
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2.7.3 Relative levels of expression of GFR1 by As, Apr and Aal spermatogonia 

Relative levels of expression of GFR1 by As, Apr and Aal spermatogonia in mice treated 

for 3 days with vehicle or with 1NA-PP1. Data (Mean + SEM; n=3/group) are expressed 

as the relative units of fluorescence as measured by analysis of confocal micrographs. 

Data shows that Aal spermatogonia express less GFR1 than As spermatogonia and that 

Apr spermatogonia express an intermediate amount of GFR1. Furthermore, the data 

show that inhibition of GDNF signaling for 3 days results in reduced expression of this 

receptor subunit on all 3 cell-types.  
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2.7.4 Numbers of GFR1+ As, Apr and Aal spermatogonia per mm2 of tubule surface 

Numbers of GFR1+ As, Apr and Aal spermatogonia per mm2 of tubule surface in Ret 

(V805A) mice treated with vehicle (control) or with 1NA-PP1 for 2 or 3 days. Data, 

expressed as mean + SEM (n=3), show no significant effect of treatment on cell numbers.  
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2.7.8 Photographic montage of seminiferous tubules  

Photographic montage of seminiferous tubules from (A) a control Ret (V805A) mouse 

treated with vehicle for 7 days and (B) one tubule from a Ret (V805A) mouse treated 

with 1NA-PP1 for 7 days. Samples were collected 24 hours after the last injection and 

cells expression ZBTB16 detected by immunocytochemistry and fluorescence 

microscopy. Background and contrast for each image in the montage was adjusted so that 

the backgrounds of each of micrographs in the montage were similar.  
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2.7.9 GFR1+ cells on a tubule of a Ret (V805A) mouse that had been treated for 9 

days with 1NA-PP1 

A representative confocal image of GFR1+ cells on a tubule of a Ret (V805A) mouse 

that had been treated for 9 days with 1NA-PP1.  After 9 days of inhibited GDNF 

signaling, almost all of the few remaining GFR1+ cells are As and Apr spermatogonia.  
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2.7.10 Lack of effect of inhibition of GDNF signaling on apoptosis of undifferentiated 

spermatogonia. 

Mice were treated for 3 or 7 days with vehicle or with 1NA-PP1 and tubules collected 

and stained for ZBTB16 (red) and the marker of apoptosis, activated caspase 3 (green). 

A-C show 4 Aal ZBTB16+ spermatogonia in a control animal that are undergoing 

apoptosis.  Panel A shows both ZBTB16+ cells and activated caspase 3+ cells; B shows 

ZBTB16 alone; C shows activated caspase 3 alone. D:  Fractions of total ZBTB16+ As, 

Apr and Aal spermatogonia that express activated caspase 3.  Data are presented as mean + 

SEM; n=3 to 5 mice/group.  
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2.7.11 An analysis of the effects of varying periods of inhibited GDNF signaling on 

relative numbers of spermatogonial stem cells and progenitor spermatogonia. 

A. Estimate of the fraction of SSCs that remained immediately after inhibition of GDNF 

signaling for 3, 5, 7 or 9 days.  Loss of SSCs was estimated 45 days after the first 

injection. Data (mean +SEM; n=3) are presented as the fraction of seminiferous tubule 

cross-sections that lacked spermatogonia, spermatocytes and step 1-14 spermatids. Means 

with different superscripts differ statistically. B. Evidence for the loss of spermatogonial 

progenitors that occurred as a consequence of inhibition of GDNF signaling for 5,7 and 9 

days. Data (mean+SEM; n=3/group) are expressed as the numbers of step 1-8 spermatids 

per Sertoli cell and the numbers of pachytene spermatocytes per Sertoli cell. Loss of 

these cells was established 45 days after the first injection.  Means with different 

superscripts differ statistically.      
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2.8 Tables 

2.8.1 Numbers per Testis of GFR1+ As, Apr and Aal
 Spermatogonia in Control Ret 

(V805A) Mice and in Mice That Experienced 7 days of GDNF Signaling 

Inhibition 

Type of 

Spermatogonia 

Control Mice Mice With Inhibited GDNF  

Signaling 

As 24,427 + 2,764 5,035 + 1,256 

Apr 31,226 + 6,133 6,379 + 2,888 

 75,443 + 3,386 18,886 + 5,972 

Total 131,137 + 12,284 30,301 + 10,117 

Data are expressed as Mean + SEM. 
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2.8.2 Analysis of Seminiferous Tubules in Testes of Control Mice and Mice Treated for 

7 days with 1NA-PP1 

Testis Weight and Volume Density of  

Seminiferous Tubules in a C57Bl/6J Mouse  

 Testis Weight (mg) Volume Density  

        C57Bl/6J  107 + 5 0.9089 + 0.0046 

 

Testis Weights and Diameters, Lengths and  

Surface Areas of Seminiferous Tubules  

in a Testis of Control and Treated Ret (V805A) Mice1 

    Testis Weight 

          (mg) 

Average 

Diameter (mm) 

Total Length    
(mm) 

Total 
Surface 

Area 

(mm2) 

Control (V805A) 88 + 15 254 + 23 1560 + 149 1248 + 158 

Treated  (V805A) 77 + 2 250 + 4 1430 + 58 1122 + 33 

Data presented as Mean + SEM 

1 The Ret V805A mutation is carried on the C57Bl/6J genetic background.  
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2.8.3 Fraction of Tubules With Active Spermatogenesis that Contained at Least 3 

Generations of Spermatogenic Cells 

Experimental Group Average  

Control 1.00 +0 

5 Days 0.94 + 0.03 

7 Days 0.87 + 0.03 

9 Days 0.5 + 0.18 

Data are expressed as the average (+ SEM) fraction of tubules with active 

spermatogenesis that contained at least 3 generations of spermatogenic cells. In some 

tubules, these three generations were spermatogonia, early pachytene spermatocytes and 

step 1 to 6 spermatids. In the other tubules, these generations were early spermatocytes 

(preleptotene, leptotene or zygotene), late pachytene spermatocytes and step 7 to 12 

spermatids. Testes from 3 mice were examined for each group.  
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3 Recovery of Spermatogonial Stem Cells and Progenitor 

Spermatogonia in the Mature Testis After Temporary Loss of 

Stimulation by Glial Cell Line-Derived Neurotrophic Factor 

 

 

  



 

3.1 Abstract 
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3.2 Introduction 

For men, the nonobstructive azoospermia (NOA)/ Sertoli cell only (SCO) 

phenotype is defined histologically by the lack of spermatogenic cells in cross-sections of 

a testis biopsy.  While this histology suggests loss of spermatogonial stem cells (SSCs) 

and their immediate progeny, progenitor spermatogonia, some human SCO testes contain 

sporadic patches of active spermatogenesis, indicating that they contain some SSCs 

(Schlegel 2004).  This conclusion is strengthened by our recent report that transcripts 

encoding a marker of SSCs, GFR1, are readily detectable in the SCO testes, although at 

10% of the level of normal testes (Singh et al, 2017). Understanding the biological basis 

for the evidently decreased number and function of SSCs might lead to new therapies for 

some infertile men. A prerequisite for gaining this understanding is defining how SSC 

numbers are rebuilt when they are experimentally depleted from a normal, fertile testis. 

This paper uses a novel mouse model to begin to define the molecules and mechanisms 

that drive the restoration of mouse SSCs and progenitor spermatogonia in a normal adult 

testis after the numbers of these cells have been reduced experimentally.  

Our mouse model uses a chemical-genetic approach to reversibly inhibit signaling 

to SSCs and progenitor spermatogonia by glial cell line-derived neurotrophic factor 

(GDNF) (Savitt et al. 2012).  Prior to this model, GDNF was demonstrated to be essential 

for maintaining mouse SSCs in vitro and for establishing a normal number of these cells 

in vivo (Meng et al. 2000; Kanatsu-Shinohara et al. 2003; Nagano et al. 2003; Kubota et 

al. 2004b). However, the role of GDNF in regulating SSCs in a normal, adult testis had 

not been specifically investigated. In our model, introduction of a mutation in the active 

site of the tyrosine kinase subunit of the GDNF receptor, Ret, enables bulky ATP 
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competitive inhibitors to bind and thereby inhibit down stream signaling. However, when 

the inhibitor is not present GDNF signaling functions as normal. Thus, inhibition is 

reversible. Using this model, we have demonstrated that GDNF as an essential regulator 

for SSC and progenitor spermatogonia number, replication, and differentiation in the 

mature mouse testis. Extended inhibition of GDNF signaling causes the adult mouse 

testis to display a SCO phenotype reminiscent of what is observed in testes of some 

infertile men. However, when GDNF signaling is inhibited for shorter periods, some 

SSCs remain, and upon restoration of signaling the remaining SSCs eventually restore 

spermatogenesis in the tubules in which they reside (Savitt et al. 2012). We have 

demonstrated that the loss of SSCs and progenitor spermatogonia that results from 

inhibited GDNF signaling is caused by their reduced replication and their differentiation 

(Parker et al. 2014). What is currently unknown is how the restoration of GDNF signaling 

promotes the reestablishment of fertility in the mature testis.  

Previous work has indicated that when male mice are injected with the 

antineoplastic drug, busulfan, the immediate reduction in numbers of SSCs is associated 

with a brief period of increase in GDNF mRNA expression, followed by restoration of 

SSC numbers (Zohni et al. 2012). Our laboratory has also shown that addition of GDNF 

to cultured seminiferous tubules increases replication of undifferentiated spermatogonia 

(Parker et al. 2014). Based on these reports, we predicted that when we inhibited GDNF 

signaling, the loss of SSCs and progenitor spermatogonia would cause an increase in 

GDNF expression.  When GDNF signaling was restored, this increased expression would 

stimulate an increase in replication of the undifferentiated spermatogonia, thereby 

replenishing the depleted SSC and progenitor spermatogonia population.  
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The initial goal of the experiments described in this manuscript was to test the 

prediction described above. Those experiments also provide definitive proof that 

inhibition of GDNF signaling causes a loss of functional SSCs. We next describe the 

biological processes driving the restoration of SSCs and progenitor spermatogonia after 

GDNF signaling is restored. Our results also generate a new hypothesis regarding how 

this restoration is achieved. We propose that while GDNF signaling is required for the 

restoration of SSCs and progenitor spermatogonia, this restoration is not driven by an 

increased expression of extrinsic regulators of these cells. Factors intrinsic to the cells 

themselves may be the drivers.  
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3.3 Materials and Methods 

Animals used in experiments 

Many of the experiments described here studied Ret (V805A) +/+ mice (Savitt et al. 2012), 

which have a C57BL/6 genetic background. To study the effect of inhibiting GDNF 

signaling on numbers of functional SSCs and on the numbers of cells expressing the most 

restricted spermatogonial stem cell marker (ID4), we crossed Ret (V805A) +/+ mice with 

B6129S7-Gt (Rosa) 26Sor/J mice (The Jackson Lab, Bar Harbor ME) which express the 

LacZ transgene in all cells. The progeny of this cross were backcrossed 6 times to Ret 

(V805A) +/+ mice. We also crossed the Ret (V805A) +/+ mice to mice transgenic for ID4-

EGFP, which also have a Bl6 genetic background (Chan et al. 2014). Their progeny were 

backcrossed to Ret (V805A) +/+ mice six times. Finally, Ret (V805A) +/+, Rosa 26+/- mice 

were crossed to Ret (V805A) +/+, ID4-GFP+/- mice and the progeny with the genotype, 

Ret (V805A) +/+, Rosa 26+/-, ID4-GFP+/-, were used in the first experiments described in 

this chapter.  

Primers and PCR conditions for identifying transgenic mouse models 

Genomic DNA was isolated from tail biopsies. Mice that were heterozygous for the Ret 

(V805A) mutation and heterozygous for Rosa26 were identified by polymerase chain 

reaction (PCR) using primers: 

Ret F:  5�- GGA CGG AAC AGT GCT TCT TG - 3� 

Ret R: 5�- CTC GGC GAC AGC CTA TCT TA � 3� 
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PCR conditions were 3 minutes at 95°C followed by 35 cycles of 1 minute at 95°C, 1 

minute at 54.5°C, 2 minutes at 72°C, followed by a 2 minute incubation at 72°C.  

The presence of the LacZ transgene was identified using primers: 

LacZ -F:  5�-ATG GGT AAC AGT CTT GGC GG-3� 

LacZ -R: 5�-GGC GTA TCG CCA AAA TCA CC-3� 

PCR conditions were 3 minutes at 95°C followed by 35 cycles of 1 minute at 95°C, 1 

minute at 55°C, 2 minutes at 72°C, followed by a 2 minute incubation at 72°C.  

The presence of the ID4-EGFP transgene was identified by PCR using primers: 

GFP F:  5�-AAG TTC ATC TGC ACC ACC G-3� 

GFP R: 5�-TCC TTG AAG AAG ATG GTG CG-3� 

PCR conditions were 3 minutes at 94°C followed by 35 cycles of 1 minute at 94°C, 1 

minute at 55°C, 2 minutes at 68°C, followed by a 2 minute incubation at 68°C.  

Treatment of mice  

Male Ret (V805A) mice 90 to 120 days of age were given daily subscapular injections of 

43.7 mg/kg of the ATP competitive inhibitor, 1NA-PP1-HCl, which was synthesized and 

prepared for injection as previously described (Savitt et al. 2012) (Hereafter, 1NA-PP1-

HCl is referred to as 1NA-PP1). Control animals were injected with vehicle 

(saline:cremophor EL (7:2)). To observe the effect of inhibiting GDNF signaling on cell 

replication, mice were injected intraperitoneally with 20 mg/kg of the thymidine 
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analogue, 5-ethynl-2�deoxyuridine (EdU, Invitrogen, Carlsbad, CA) 24 hours prior to 

tissue collection (Parker et al. 2014). The Johns Hopkins University Institutional Animal 

Care and Use Committee approved the use of mice for all experiments. 

Transplantation of Germ Cells into germ cell-deficient testes 

Transplantation of germ cells from control and 1NA-PP1-treated Ret (V805A) +/+, Rosa 

26+/-, ID4-GFP+/- mice was used to directly assess the effects of inhibiting GDNF 

signaling on numbers of functional spermatogonial stem cells. Transplantation was 

performed in the laboratory of Kyle Orwig, University of Pittsburgh Medical School. 

Mice were treated at Johns Hopkins for 9 days and on day 9, mice were shipped to 

University of Pittsburgh. On days 11, 12, and 13 of our experiment approximately 

800,000 viable germ cells isolated from each treated or control mouse were transplanted 

into the seminiferous tubules of three germ cell deficient, busulfan-treated C57BL/6 mice 

using previously published methods (Medrano et al. 2014). Recipients were analyzed two 

months later by incubating fixed decapsulated testes in 5-bromo-4-chloro-3-indolyl-b-D-

galactopyranoside (X-gal) and counting the numbers of colonies of X-Gal+ cells in the 

tubules. Both the Johns Hopkins IACUC and the University of Pittsburgh Medical School 

IACUC approved the shipment of mice to Pittsburgh and the transplantation of germ cells 

in order to assess stem cell numbers. 

Histology of Testes 

To evaluate the loss of functional spermatogonial stem cells we also took advantage of 

the fact that a loss in stem cells is followed by depletion of more mature spermatogenic 

cells. Testes were fixed in 5% glutaraldehyde in cacodylate buffer, postfixed in osmium 
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genome browser (Zeisel et al. 2013). Database analyses were performed with cutadapt, 

bowtie2, tophat2, and cuffdiff2 using previously published protocols (Trapnell et al. 

2009; Martin 2011; Langmead and Salzberg 2012; Trapnell et al. 2013). The level of 

detection in this analysis was defined as an FPKM < 0.1. The Cornell University 

Genomics Core supported by the NICHD centers program performed the sequencing and 

conducted initial analysis of transcriptome data for gene expression differences.  

Key Reagents used in these studies 

We used Taqman assays to quantify mRNA levels in the testes and antibodies to 

detect specific proteins. The sources and catalogue numbers for all key reagents are 

provided in Table 3.8.1. The table also includes dilutions for each antibody.  

Statistical Analysis  

Statistical analyses were performed using GraphPad Prism 6.0 (La Jolla, CA). Data 

are obtained from histological and biological analysis of testes and were analyzed by 

Anova. All post hoc comparisons were performed using Uncorrected Fisher�s LSD test. 

Statistically significant differences were defined as P < 0.05.  
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3.4 Results 

3.4.1 The effects of long term GDNF signaling inhibition on SSC number.  

The first goal of our studies was to prove that inhibition of GDNF signaling for 9 

days causes a partial loss of functional SSCs. An additional goal was to generate 

evidence that numbers of these stem cells were increased after GDNF signaling was 

restored. In this experiment SSCs of Ret (V805A) +/+, Rosa 26+/-, ID4-GFP+/- mice were 

treated for 9 days with 1NA-PP1 or with vehicle and some of the mice were used as a 

source of germ cells for transplantation into germ cell-deficient testes. Transplantations 

occurred 2, 3, and 4 days after the last injection of 1NA-PP1. Testes from mice receiving 

the transplants were analyzed 2 months later; results demonstrate that numbers of SSCs 

are dramatically reduced by 9 days of inhibited GDNF signaling (Fig. 3.7.1A).  

 During the time transplantation was performed, seminiferous tubules were also 

collected from 3 additional control mice and 3 additional treated mice to qualitatively 

evaluate the pool size of spermatogonia that express a highly restricted marker of SSCs, 

ID4-GFP. Confocal micrographs of whole mounts of seminiferous tubules with ID4-

GFP+ cells are shown for control (3.7.1 B), and treated (3.7.1 C), mice. While these cells 

were readily identified in control animals, very few were present in tubules of treated 

animals. Finally, 2 months after the last injection of 1NA-PP1 or vehicle, we analyzed 

testis histology and relative numbers of ID4-GFP+ spermatogonia. This analysis was 

conducted at the same time as the analysis of the testes of mice that received the 

transplants. Examination of tubules of each treated animal for ID4-GFP+ cells indicated 

that after 2 months, their numbers were recovering though not yet to control levels (Fig. 
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3.7.1 D, E). Note that all ID4-GFP+ cells of control and treated mice also expressed a 

second stem cell marker, GFR1.  

 In the histological analysis, seminiferous tubules in three different testis cross 

sections of each treated and control mouse were identified as exhibiting full, normal 

spermatogenesis, as lacking 1 or more generations of spermatogenic cells or as exhibiting 

an SCO histological type (Fig. 3.7.1 F-H). Enumeration of tubules in each category 

(Table 3.8.2) show that 2 months after inhibition of GDNF signaling, 46% of the tubules 

exhibited qualitatively normal spermatogenesis, while 30% had an SCO phenotype. 

Taken together, these data demonstrate that inhibition of GDNF for 9 days results in a 

substantial loss of SSCs. However, both testis histology and evaluation of ID4-GFP+ cells 

argues that upon restoration of GDNF signaling, the depleted pool of SSCs begins to 

rebuild.   

3.4.2 The effects of restoration of GDNF signaling after a partial loss of SSCs on the 

numbers of undifferentiated spermatogonia 

We next evaluated the timeline for the restoration of SSCs and progenitor 

spermatogonia.   We knew from our previous work that the response to GDNF signaling 

changes as SSCs give rise to more differentiated progenitor spermatogonia. Thus, we 

examined the recovery of the A single (As), A paired (Apr), and A aligned (Aal) 

spermatogonia (Parker et al. 2014). Mature Ret (V805A)+/+ mice were treated for 9 days 

with 1NA-PP1 or vehicle and tubules were collected and processed for 

immunocytochemistry. The first collections occurred 24 hours after the last injection, 

which is labeled as day 10 throughout this manuscript. Additional collections occurred on 
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days 14, 18, 22, and 28. Figure 3.7.2 (A-F) shows representative images of whole mounts 

of seminiferous tubules stained with the marker for undifferentiated spermatogonia, 

ZBTB16 (Buaas et al. 2004). This undifferentiated spermatogonia marker labels the As, 

Apr, and chains (4-16) of Aal spermatogonia. Figure 3.7.2A shows a control image from a 

mouse injected with vehicle for 9 days with numerous As, Apr, and Aal spermatogonia. In 

contrast, one day after 9 days of inhibition of GDNF signaling, many of the ZBTB16+ 

spermatogonia are lost from the testis (3.7.2 B). Thereafter, ZBTB16+ cell number 

gradually recovers (3.7.2 C-F).  

In addition we stained for the undifferentiated spermatogonia marker GFR1 in 

our control and treated tubules as seen in Figure 3.7.2 (G-L). GFR1 is the ligand 

binding receptor for the paracrine factor, GDNF, and is a more restrictive marker of the 

undifferentiated spermatogonia than ZBTB16. It labels the As, Apr, and short chains (4-8) 

of Aal spermatogonia. As observed with the previous marker ZBTB16, GFR1+ 

spermatogonia are lost after GDNF signaling is inhibited for 9 days with 1NA-PP1. As 

recovery progresses GFR1+ cell number gradually recovers. Interestingly at days 18 and 

22 during recovery we also observed longer chains of GFR1+ cells than are observed in 

controls.  

To more precisely describe the recovery of GFR1+
 As, Apr and Aal 

spermatogonia, we enumerated these cells on tubules from 8 control animals and from 8 

mice at each of the time points during recovery. Data (Fig. 3.7.2 M) show the number of 

these cells per mm2 of the seminiferous tubule surface area for controls and at each 

recovery time point. In controls, the mean of As, Apr, and Aal GFR1+ spermatogonia are 
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34.13, 41.86, and 117.18 cells per mm2, respectively. After treatment with 1NA-PP1 for 9 

days the lowest number of GFR1+ As and Apr spermatogonia were found at day 14, 2.08 

and 5.33 cell per mm2, respectively. The lowest number of GFR1+ Aal spermatogonia 

were observed at day ten, 9.75 cells per mm2. Numbers of GFR1+ As and Apr 

spermatogonia increased significantly by day 28. In contrast, numbers of GFR1+ Aal 

spermatogonia were increased by day 14. The data indicates that recovery of the most 

differentiated progenitor spermatogonia occurs first followed by the Apr and As 

spermatogonia. By day 28 of recovery, in all cell types, numbers of GFR1+ 

spermatogonia had returned to at least 50% of controls. We concluded that upon 

restoration of GDNF signaling the pool of the most differentiated progenitor 

spermatogonia is rebuilt first, thereby increasing the immediate precursors for type A1 

spermatogonia, the cells that are fully committed to the highly ordered process of 

spermatogenesis.  We next explored the biology behind this recovery in two replicate 

experiments. 

3.4.3 The effects of restoration of GDNF signaling after a partial loss of SSCs on the 

replication and differentiation of GFR1+ spermatogonia 

We previously demonstrated that short-term inhibition of GDNF signaling 

reduces the self-renewing replication of GFR1+ spermatogonia and increases their 

differentiation (Parker et al. 2014). In this experiment we investigated the replication and 

differentiation of GFR1+ spermatogonia in mice that were treated with 1NA-PP1 for 9 

days, and samples were collected on days 10, 14, 18, 22 and 28 of the experiment. A total 

of 8 animals per group were examined.  
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In order to identify replicating cells, the mice were injected with the thymidine 

analogue, EdU, 24 hours prior to tissue collection. Figure 3.7.3 (A-C) is a confocal 

micrograph of a control mouse seminiferous tubule. Separate channels for GFR1+  (A), 

and EdU+ (B), are shown as well as the merged channels (C). Using these images we 

enumerated total and replicating GFR1+ As, Apr, and Aal spermatogonia to quantify 

changes in replication during recovery. Data in figure 3.7.3 D show that the progression 

of As to Aal spermatogonia is associated with a significant increase in the fraction of cells 

that are replicating, which is consistent with our previously published data (Parker et al. 

2014). In addition, during recovery the fraction of replicating GFR1+ As, Apr, and Aal 

spermatogonia increases as compared to controls. The largest increase (4.1-fold) was 

observed in GFR1+ As spermatogonia at day 14. In contrast, the highest increase in rates 

of replication in GFR1+ Apr and Aal spermatogonia (1.5-fold) occurred on day 22.  Thus, 

when GDNF signaling is restored, both the time and the magnitude of maximal 

replication differ between As spermatogonia and the Apr and Aal cells. This increase in As 

GFR1+ spermatogonia was not followed by an immediate increase in As cell number 

(Fig 3.7.2 M). This suggests the new cells formed from replicating As GFR1+ 

spermatogonia are differentiating and losing GFR1+ expression, or that they replicate 

again and form GFR1+ Aal spermatogonia. 

In order to look at changes in differentiation during recovery we determined the fraction 

of GFR1+ cells that express Kit, a marker of spermatogonial differentiation. Figure 3.7.3 

(E-G) shows a confocal micrograph of a whole mount of a seminiferous tubule collected 

from a control animal. This image shows many Kit+ cells (Fig. 3.7.3 E), a few GFR1+ 
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cells (Fig. 3.7.3 F) and one cell that expresses both cell surface proteins (Fig. 3.7.3 G). 

Such images were used to quantify the fraction of As, Apr, and Aal GFR1+ 

spermatogonia that also expressed Kit on tubules of control mice and treated mice that 

were sacrificed on days 10, 14, and 22 of the experiment. Data shown in figure 3.7.3 H 

show the fraction of As, Apr, and Aal GFR1+ spermatogonia also expressing Kit. In 

controls, few GFR1+ spermatogonia express the differentiating marker, Kit. Treatment 

with 1NA-PP1 for 9 days significantly increases the fraction of GFR1+ As, Apr and Aal 

spermatogonia expressing Kit. Statistical analysis of the data in Fig 3.7.3 H showed no 

effect of cell type on the fraction of GFR1+ spermatogonia that express Kit, but did 

show an effect of recovery day. Thus, data for the three cell types were pooled in order to 

simplify presentation of data. At day 10, 24 hours after the last injection, there is a 

significant increase (5.5 fold) in the fraction of GFR1+ spermatogonia expressing Kit. 

This fraction significantly decreases from day 10 to day 22, but remains different from 

controls. Therefore, these data suggest that the inhibition of GDNF signaling for 9 days 

increases the fraction of differentiating GFR1+ spermatogonia and this increased 

differentiation decreases slowly as numbers of undifferentiated spermatogonia are 

restored. 

3.4.4 GDNF expression during restoration of GFR1+ spermatogonia 

Our results convincingly show a change in the replication and differentiation of 

GFR1+ spermatogonia with the restoration of GDNF signaling. Alongside these 

changes, the numbers of undifferentiated spermatogonia are returning. Previous work 

suggests restoration of undifferentiated spermatogonia after a substantial loss of cells is 
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3.4.5 Expression of FGF2 and CXCL12, during recovery of the numbers of SSC and 

progenitor spermatogonia 

A number of extrinsic factors in addition to GDNF have been shown to regulate 

SSCs and their immediate progenitors, progenitor spermatogonia (Kanatsu-Shinohara et 

al. 2003; Kubota et al. 2004b; Kubota et al. 2004a). For example, FGF2 and CXCL12, 

which are expressed by Sertoli cells support the self-renewing replication and 

maintenance of SSCs (Oatley and Brinster 2012; Yang et al. 2013b). We therefore 

investigated if FGF2 mRNA or CXCL12 mRNA increased after loss of SSCs and 

progenitor spermatogonia. However, data (n=5/group, mean + SEM) revealed no changes 

in transcriptional expression of either FGF2 (Fig 3.7.5 A) or CXCL12 (Fig 3.7.5 B). 

3.4.6 Comparison of the transcriptomes of testes of control mice and of treated mice 

We next used RNA sequencing to search for changes in expression of any of the 

other factors shown to regulate numbers of SSCs in vivo or in vitro. We analyzed testes 

collected at day 14 because of the marked increase in replication in GFR1+ As 

spermatogonia on that day, and compared their transcriptomes to those of control mice. 

Three testes per group were analyzed.  

 RNA sequencing revealed that the transcriptomes of control and treated animals 

are very similar. Principal component analysis (Fig 3.7.6) demonstrates that the testicular 

transcriptomes of control mice, shown in blue, are approximately 98% similar, the 

testicular transcriptomes of treated mice, shown in red, are approximately 97% similar 

and overall the transcriptomes of all animals are roughly 96% similar. Of the ~14000 

expressed genes that were detected, 284 were identified as differentially expressed. 
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Figure 3.7.7 A shows a scatter plot of the average control FPKM values versus the 

average experimental FPKM values on a log scale. The y=x trend of the scatter plot 

clearly demonstrates the similarity of the two transcriptomes.  

 We wanted to use RNA sequencing to identify any transcripts changing that are 

known to support spermatogenesis or to identify new transcripts that may support the 

recovery of the SSCs and progenitor spermatogonia. Before examining the differentially 

expressed genes we checked the expression of the known extrinsic factors that support 

SSCs number or promote differentiation (Fig. 3.7.7 B). The data shown in figure 3.7.7 B 

are the average control and experimental FPKM values graphed on a log scale. The 

consistent expression across the controls and treated for GDNF, FGF2, and CXCL12 

recapitulate our RTQ-PCR data. In addition to those factors the remaining factors known 

to support SSCs in mouse spermatogenesis also remain consistent between controls and 

treated (Nagano et al. 2003; Pellegrini et al. 2003; Simon et al. 2010; Yeh et al. 2011; 

Zhang et al. 2011; Boyer et al. 2012; Chan et al. 2014; Hasegawa and Saga 2014).  Thus, 

our analysis did not detect a change in the transcriptional expression of any of the known 

extrinsic regulators of SSCs and progenitor spermatogonia.  

Those results prompted us to focus on transcripts that were changing, looking for 

those that have previously been shown to regulate SSCs or to modulate a response to 

GDNF. We narrowed the differentially expressed data by setting the minimum fold 

change to log2(1.5), and setting the minimum FPKM value to 0.25 to eliminate any data 

that may be weak due to low expression. Eighty-four differentially expressed genes 

remained. Three of these genes, Sox3, Pax6 and Kif26a were of particular interest (Table 

3.8.3) based on their expression in spermatogonia or relation to GDNF signaling. Sox3 is 
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a transcription factor that is expressed by differentiated spermatogonia. Ablation of the 

Sox3 gene prevents spermatogonia from forming spermatocytes (Raverot et al. 2005; 

Laronda and Jameson 2011; Song and Wilkinson 2014). Pax6 is another transcription 

factor that is expressed in spermatogonia, and exhibits dynamic changes in expression 

during spermatogenesis. Currently it is known that Pax6 balances self-renewal and 

differentiation in neural stem cells, and over expression drives differentiation (Kimura et 

al. 2015). Kif26a is a kinesin that blunts the response of enteric neurons to GDNF (Zhou 

et al. 2009). Furthermore, the intracellular distribution of Kif26A mRNA within neuronal 

stem cells is highly regulated, suggesting a role in the differentiation of these cells (Pilaz 

et al. 2016). Finally, significant amounts of Kif26a mRNA are detected in highly purified 

preparations of spermatogonial stem cells (Chan et al. 2014). Thus, we decided to further 

investigate Kif26a expression.  

 First we used RTQ-PCR to verify the decrease in Kif26a mRNA expression in the 

treated testes collected at day 14. Figure 3.7.8 A shows the mean + SEM of controls and 

day 14 testes (n=13/group); Kif26a expression has significantly decreased from controls 

when normalized to molecules of 18S rRNA.  We then measured Kif26a expression 

across all the recovery time points. Data (Fig. 3.7.8 B) show the trend of Kif26a 

expression when normalized to molecules of 18S rRNA and day 14 shows the only 

significant change in expression from controls. We recognize however, that this result is 

confounded by the fact that Kif26A is expressed by SSCs as defined by their expression 

of ID4, and that numbers of these cells are greatly decreased when GDNF signaling is 

inhibited for 9 days. (We are currently developing in situ methods to test the hypothesis 

that in the testis Kif26 mRNA is only expressed by spermatogonia.)  
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 As we hypothesize that Kif26a mRNA is primarily expressed by spermatogonia, 

we sought to determine if its transcriptional expression changed to the same extent as 

transcripts whose expressions are known to be restricted to SSCs and progenitor 

spermatogonia, GFR1 mRNA, and Ret mRNA. Figure 3.7.9 shows the changes in 

expression in GFR1 (A) and Ret (B) after 9 days of inhibition with 1NA-PP1 and 

throughout recovery. Data (n=5; mean + SEM) show significant decreases in expression 

of both transcripts after 9 days of inhibited GDNF signaling. GFR1 mRNA expression 

gradually increases during recovery but remains significantly lower than controls until 

day 28. Ret expression remains significantly decreased through day 28 but by day 28 it is 

evident Ret expression is returning. It was noteworthy that GFR1 and Ret both exhibit a 

larger decrease in expression compared to Kif26a. Furthermore, unlike GFR1 and Ret, 

Kif26a expression returns to a level near controls by day 18 and that level is sustained 

through day 28.  

 Since we hypothesize Kif26a is expressed by undifferentiated spermatogonia, we 

presented molecules of Kif26a mRNA normalized to molecules of GFR1 mRNA (Fig 

3.7.10). When normalized to GFR1, Kif26a exhibits a significant increase in expression 

at day 10 and day 14. Ongoing studies predict that a similar result is obtained when 

Kif26a mRNA levels are normalized to Ret mRNA. If Kif26a is predominately expressed 

in GFR1+ spermatogonia, Kif26a expression may be increasing per cell when GDNF 

signaling is inhibited. 
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3.5 Discussion 

Inhibition of GDNF signaling causes a significant loss of functional SSCs. This is 

proven by transplantation and by evaluation of testis histology. Transplantation assays 

after 9 days of inhibition demonstrated a much greater loss of SSCs than suggested by 

histological evidence provided in this and in previous publications (Savitt et al. 2012; 

Parker et al. 2014). The greater loss in SSCs as measured by transplantation may be due 

to a decreased ability of SSCs from treated animals to repopulate empty stem cell niches. 

GDNF stimulates migration by SSCs and inhibition of GDNF signaling for 9 days might 

reduce the abilities of these stem cells to move from the lumen of seminiferous tubules, 

cross the blood testis barrier, and take up residence in the adluminal compartment of the 

tubule (Dovere et al. 2013).  

Restoration of GDNF signaling restores numbers of SSCs and Progenitor Spermatogonia 

Two lines of evidence indicate that after the loss of GDNF signaling causes a 

reduction in SSCs, the restoration of signaling supports the recovery of SSCs. 

Concurrently with the transplantation assays we qualitatively compared numbers of ID4-

GFP+ spermatogonia in control mice with numbers in treated mice examined 1 day and 2 

months after treatment. We also evaluated the testis histology of animals that experienced 

9 days of inhibited GDNF signaling, and were analyzed 2 months later. Few ID4-GFP+ 

spermatogonia were present immediately after treatment, but 2 months after treatment 

they were much more abundant. In addition the histology of these same animals revealed 

that only 30% of cross sections of seminiferous tubules exhibited the SCO phenotype. 

This is a significant reduction from the 50% of SCO seminiferous tubules we observed 
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when mice were treated for 9 days but analyzed one month later (Parker et al. 2014). 

Taken together, the decrease in the percentage of tubules exhibiting the SCO phenotype, 

and the increase after treatment in numbers of spermatogonia expressing ID4-GFP, 

ZBTB16, or GFR1 provide evidence that the SSCs and progenitor spermatogonia are 

recovering after GDNF signaling is restored.  

 Our data demonstrate a significant difference in the response of GFR1+ As, Apr, 

and Aal spermatogonia to restoration of GDNF signaling. While treatment dramatically 

reduces numbers of As, Apr, and Aal spermatogonia the response to restoration of GDNF 

signaling differs between cell types. There is a significant increase in numbers of Aal cells 

by day 14, while numbers of As and Apr cells are not significantly increased until day 28. 

In addition to cell number the response in replication of the As, Apr, and Aal 

spermatogonia also differs. While the fraction of GFR1+ As, Apr, and Aal spermatogonia 

that were replicating all increased the most robust increase and immediate response was 

observed in the As spermatogonia. Lastly we explored differentiation of the GFR1+ As, 

Apr, and Aal spermatogonia in which we did not see a cell type effect but we did see a 

significant effect of the day of recovery after treatment. Inhibition of GDNF signaling 

increases the fraction of differentiating GFR1+ spermatogonia and after restoration of 

GDNF signaling this fraction slowly but significantly decreases by day 22. It is 

noteworthy that the rapid effect of restored GDNF signaling on the replication of As 

spermatogonia, and its slower effects on differentiation are consistent with the difference 

in effects that we observed in replication and differentiation during increasing times of 

inhibited GDNF signaling (Parker et al. 2014). Inhibition has a rapid effect on replication 

of these cells but a much slower effect on their differentiation.  Thus, the data presented 
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here further support the conclusions that in the mature mouse testis GDNF stimulates 

replication of GFR1+ spermatogonia and suppresses their differentiation.  

Investigation of what drives the recovery of SSCs and Progenitor Spermatogonia 

Based on literature and our previous work we hypothesized that the biological effects 

that were demonstrated during recovery of SSCs and progenitor spermatogonia were a 

result of increased GDNF expression (Zohni et al. 2012). As demonstrated in the results 

section neither GDNF mRNA nor protein expression were increased, despite the increase 

in replication of GFR1+ spermatogonia. Furthermore, our experiments did not detect a 

significant change in the transcriptional expression of any of the known extrinsic 

regulators of SSC number, replication or differentiation. This suggests the recovery of 

SSCs and progenitor spermatogonia following the restoration of GDNF signaling is not 

driven by increased expression of extrinsic regulators coming from the niche and/or other 

supporting cells of the testis.  

Alternative Hypothesis for what is driving recovery of SSCs and Progenitor 

Spermatogonia 

 Inhibition of GDNF signaling for 9 days causes a loss of SSCs and progenitor 

spermatogonia. The restoration of signaling causes the recovery of SSCs and progenitor 

spermatogonia but there is no change in extrinsic regulators that support SSC number or 

promote differentiation. The observation of no change in the extrinsic regulators 

encouraged us to look at other possible mechanisms that might stimulate recovery of 

SSCs and progenitor spermatogonia. The extrinsic factors secreted by the niche are not 
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changing, but the SSCs and progenitor spermatogonia that remain after treatment may 

intrinsically change to drive the recovery of their own cell population.  

 In our results we noted a few transcripts that are expressed by the spermatogonia 

that we are interested in following up on. The transcription factor Sox3 is expressed in 

the spermatogonia and its expression is reduced in comparison to control testes in the 

treated testes. Sox3 is needed for differentiation of the spermatogonia and reduction in 

it�s expression may suggest the SSCs are suppressing differentiation in order to rebuild 

the cells in the testes (Raverot et al. 2005; Laronda and Jameson 2011; Song and 

Wilkinson 2014). Pax6 is also a transcription factor involved in balancing the self-

renewal and differentiation of stem cells (Kimura et al. 2015). Over expression of Pax6 

stimulates differentiation in neural stem cells and our transcriptome sequencing indicates 

Pax6 expression is higher than controls in the treated testes. This suggests the system 

may be pushed towards differentiation by day 14 in recovery, which would be interesting 

to follow up on considering we know the SSCs are recovered during this process. The 

kinesin, Kif26a was also of particular interest (Zhou et al. 2009).  

 We followed up on the change in transcript expression for Kif26a for several 

reasons. First Kif26a transcript is expressed by highly purified SSC enriched germ cell 

cultures (Chan et al. 2014). Also as stated before Kif26a inhibits GDNF signaling in the 

enteric neurons (Zhou et al. 2009). Lastly there is evidence that Kif26a is involved in the 

differentiation of neuronal stem cells (Pilaz et al. 2016). Thus, there is a strong possibility 

that Kif26a could be involved in the GDNF signaling pathway in the undifferentiated 

spermatogonia and affect differentiation of the SSCs.  
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3.7 Figure Legends 

3.7.1 Inhibition of GDNF signaling for 9 days reduces the numbers of SSCs and 

progenitor spermatogonia 

Inhibition of GDNF signaling for 9 days reduces the numbers of spermatogonial stem 

cells (SSCs) and progenitor spermatogonia, but numbers of cells recover upon restoration 

of GDNF signaling. (A) Effect of inhibition of GDNF signaling for 9 days on numbers of 

functional SSCs. Mice were treated for 9 days with 1NA-PP1 or vehicle, cells were 

isolated from their testes on days 11-13 of the experiment and transplanted into the 

seminiferous tubules of the germ cell-deficient testes. A total of 9 animals received 

transplants from treated mice; a total of 6 animals received transplants from control mice.  

The numbers of transplanted SSCs were evaluated by counting numbers of tubule 

segments filled with LacZ+ spermatogenic cells.  Data (Mean + SEM) are expressed as 

spermatogenic colonies per 106 transplanted cells from control or treated mice. (B, C) 

Representative confocal micrographs of ID4-GFP+ cells on seminiferous tubules from 

mice that were injected for 9 days with vehicle (B) or with 1NA-PP1 (C) and tubules 

collected on day 14 of the experiment. Spermatogonia expressing high levels of GFP 

were observed along the length of all tubules of control mice. These cells were present 

but rare in tubules of treated animals.  (D, E) Representative confocal micrographs of 

ID4-GFP+ cells (green) on seminiferous tubules from mice that were injected for 9 days 

with vehicle (A) or with 1NA-PP1 (B) and tubules collected 2 months later. After 

collection, tubules were immunostained for GFR1 (Red). Cells that express both ID4-

GFP and GFR1 appear yellow on this micrograph. ID4-GFP+ cells were present along 
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the length of all tubules of control mice. These cells were also present in all tubules of 

treated animals, and in higher numbers than was observed in tubules collected at day 14 

of the experiment. Note that all ID4-GFP+ cells co-express GFR1. (F-H) Histological 

Cross-sections of seminiferous tubules exhibiting the three different morphologies 

observed in mice treated for 9 days with 1NA-PP1 and evaluated 2 months later.  (F) A 

seminiferous tubule with normal spermatogenesis. (G) A seminiferous tubule with 

incomplete spermatogenesis. In this example, the tubule is missing round spermatids. (H) 

A seminiferous tubule without any spermatogenic cells, and thus exhibiting the Sertoli 

cell-only (SCO) histological phenotype.  
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3.7.2 Recovery of SSCs and/or progenitor spermatogonia following 9 days of inhibited 

GDNF signaling 

Recovery of spermatogonial stem cells and/or progenitor spermatogonia following 9 days 

of inhibited GDNF signaling. (A-F) ZBTB16+ cells detected by immunocytochemistry 

and fluorescence microscopy on seminiferous tubules collected from A) Control, B) Day 

10, 1 day after the last 1NA-PP1 injection, C) Day 14, D) Day 18, E) Day 22, F) Day 28 

of the experiment. (G-L) Identification of GFR1+ cells detected by 

immunocytochemistry (green) in confocal micrographs of seminiferous tubules collected 

from G) Control, H) Day 10, I) Day 14, J) Day 18, K) Day 22, L) Day 28. Optical 

sections obtained by confocal microscopy are 1.8 um thick. (M) Numbers of GFR1+ A 

single (As), A paired (Apr), and A aligned (Aal) spermatogonia per mm2 of seminiferous 

tubule surface in mice treated with vehicle or with 1NA-PP1 for 9 days and samples 

collected on Day 10, 14, 18, 22, and 28 of the experiment. Data are expressed as the 

mean + SEM (n=8 mice per group). Data was statistically significant by cell type, 

treatment, and cell type x treatment. In control mice GFR1+ cell number is significantly 

different from all treated mice. The lowest numbers of As and Apr GFR1+ 

spermatogonia occurs at Day 14 and the lowest numbers of Aal spermatogonia was 

observed at Day 10. Statistical significance on chart indicates a significant increase from 

D14 in As and Apr * = p < 0.05 with uncorrected fisher LSD post hoc test and significant 

increase from D10 in Aal **** = p < 0.0001 with uncorrected fisher LSD post hoc test. At 

day 28 cell number across all cell types remain significantly decreased from controls.  
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3.7.3 Replication and differentiation of GFR1+ spermatogonia during their recovery 

from 9 days of inhibited GDNF signaling 

Confocal micrographs of seminiferous tubules from control mice (A) GFR1+ 

spermatogonia were detected by immunocytochemistry (green), B) replicating cells were 

detected by their incorporation of the thymidine analogue, EdU (red), Fig 3C is the 

merged image showing replicating GFR1+ spermatogonia. (D) In vivo effect of 

inhibition of GDNF signaling for 9 days followed by restoration of GDNF signaling on 

the replication of GFR1+ A single (As), A paired (Apr), and A aligned  (Aal) 

spermatogonia. Data (mean + SEM; n=8/ group) are presented as the fraction of GFR1+ 

As, Apr, and Aal spermatogonia that incorporated EdU during last 24 hours of the 

experiment. Data was statistically significant by cell type, treatment, and by cell type x 

treatment. Post hoc comparisons indicate significantly increased replication in As at day 

14, Apr and Aal at day 14 and 22 from controls. (E-G) Identification by 

immunocytochemistry and confocal microscopy of a GFR1+ spermatogonium that is 

identified as differentiating based on its expression of Kit.  This sample was obtained 

from a mouse that was treated for 9 days and testes collected on day 10 of the 

experiment.   (E) Kit+ are shown as green, (F) GFR1+ spermatogonia are shown as red 

and the (G) merged images identify one GFR1+, Kit+ spermatogonia (See arrows on E-

G)  (H) Effect of inhibition of GDNF signaling for 9 days followed by recovery at Day 

10, 14, and 22 on the fraction of GFR1+ spermatogonia that also express Kit. Two way 

Anova shows a significant effect of treatment but not of cell type. (I) Data summed 

across cell types. Data (mean + SEM; n=5/ group) are presented as the fraction of all 



  97

GFR1+ spermatogonia expressing Kit. Means marked with different letters differ 

statistically.  
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3.7.4 Expression of GDNF transcript and protein in control and treated testes 

Expression of GDNF mRNA (A) and GDNF Protein (B) in control mice and in mice at 

varying times after 9 days of inhibited GDNF signaling. Day 10 is 24 hours after the last 

injection of 1NA-PP1. (A) Molecules of GDNF mRNA levels were normalized to 

molecules of 18S rRNA X 107 in the same sample (Mean + SEM; n=5/group) (B). GDNF 

protein levels in testis homogenates of control mice and treated mice. Data  (mean + 

SEM; n=4/group) are expressed as pg of GDNF per g of total protein. Total protein was 

measured by Bradford assay. Neither mRNA nor protein expression changed 

significantly during this experiment.  
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3.7.5 Expression of FGF2 and CXCL12 transcript in control and treated testes 

Expression of FGF2 mRNA (A) and CXCL12 mRNA (B) in control mice and in mice at 

varying times after 9 days of inhibited GDNF signaling.  Data for both transcripts (mean 

+ SEM; n=5/group) are presented as molecules of transcript normalized to molecules of 

18S rRNA X 106. Expression of neither transcript changed significantly during this 

experiment. 
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3.7.6 PCA analysis of the testis transcriptomes of control and treated mice 

PCA analysis of the testis transcriptomes of control mice and of mice treated for 9 days 

with 1NA-PP1 and samples collected on day 14 of the experiment. RNAseq analysis 

detected ~14,000 expressed genes. Controls were 98% similar, experimentals were 97% 

similar and between overall there was a 96% similarity in the samples.  

 

   



  102

3.7.7 Comparison of the levels of expression of individual transcripts in testes from 3 

control mice and 3 treated mice 

Comparison of the levels of expression of individual transcripts in testes from 3 control 

mice and in testes from 3 mice treated for 9 days with 1NA-PP1 and samples collected on 

day 14 of the experiment. FPKM values of expressed genes are presented on a log10 

scale. (A) Scatter plot of the average control FPKM values vs. the average experimental 

FPKM values. Grey indicates �no test� due to the level of the transcript being below the 

defined detection level (0.1 FPKM values), Red marks identifies transcripts with no 

differential expression. Blue marks the 284 transcripts that exhibited differential 

expression between controls and treated animals. Black marks identify extrinsic factors 

that are known to promote SSC self-renewal replication, numbers, or differentiation. (B) 

Average FPKM for expression of known extrinsic factors in testes of controls and 

experimental animals. FPKM values that fell below 0.1 were defined as being below a 

detectable level.  
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3.7.8 Analysis of expression of Kif26a mRNA by RTQ-PCR 

A) Data (mean + SEM n=13/group) presented as molecules of Kif26a mRNA normalized 

to molecules of 18S rRNA x 106. Unpaired t-test indicates significant decrease in Kif26a 

expression from control at day 14. * = p < 0.05. B) Expression of Kif26a at varying times 

after 9 days of inhibited GDNF signaling. Data (mean + SEM; n > 7/group) are presented 

as molecules of Kif26a normalized to molecules of 18S rRNA X 106. One way anova 

shows that at day 14 testis levels of Kif26a mRNA differ from controls.   
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3.7.9 Expression of GFR1 and Ret transcript in control and treated testes 

Expression of GFR1 mRNA (A) and Ret mRNA (B) at varying times after 9 days of 

inhibited GDNF signaling. Data for both transcripts (mean + SEM; n=5/group) are 

presented as molecules of transcript normalized to molecules of 18S rRNA X 107. 

Asterisks denote the level of statistical differences between treated and controls * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 
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3.7.10 Expression of Kif26a normalized to GFR1 expression in control and treated 

testes 

Expression of Kif26a at varying times after 9 days of inhibited GDNF signaling 

normalized for expression of GFR1. Data (mean + SEM; n > 7/group) are presented as 

molecules of Kif26a normalized to molecules of GFR1 mRNA in the same sample. One 

way anova identified significant increases in the ratio of Kif26a mRNA to GFR1 

mRNA at day 10 and day 14 from controls. **** = p < 0.0001. 
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3.8 Tables 

3.8.1 List of key reagents 

Primer  Source Catalogue No. 
Mouse GDNF Applied Biosystems Mm00599849_m1 
Mouse GFR1 Applied Biosystems Mm00439086_m1 
Mouse FGF2 Applied Biosystems Mm01285715_m1 

Mouse CXCL12 Applied Biosystems Mm00445553_m1 
Mouse Ret Applied Biosystems Mm00436304_m1 

Mouse Kif26a Applied Biosystems Mm01339746_m1 
Human 18S rRNA Applied Biosystems 4319413E 

      
Antibodies (Working Conc.) Source Catalogue No. 

ZBTB16 [PLZF] (1:1000) R&D Systems AF2944 
GFR1 (1:200 and 1:100) R&D Systems AF560 

c-Kit (1:50) Novus Biologics USA NB100-77477 
Alexafluor 488-donkey anti-goat IgG (1:200) Life Technologies A11055 

Alexafluor 546- donkey anti goat IgG 
(1:200) Life Technologies  A11056 

Alexafluor 488 donkey-anti rat IgG (1:200) Life Technologies A21208 
      

Kits Source Catalogue No. 
GDNF Emax ImmunoAssay System Promega G7621 
Superscript III First Strand Synthesis Invitrogen 18080-051 

RNeasy Mini Kit Qiagen 74104 
Click-It EdU Alexa Fluor 555 Imaging Kit Life Technologies C10338 
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3.8.2 Analysis of the histology of seminiferous tubules in testes of control and treated 

mice 

Experimental Group % Normal % Incomplete 
Spermatogenesis  

% SCO 

Control 98 + 0.7 1.5 + 0.7 0 

Treated 46.3+11.9 20.8+ 1.8 29.9+10.4 

Data are presented as Mean + SEM. 

A minimum of 75 seminiferous tubules in three different cross sections of testes from 

three different control and treated animals were scored as having qualitatively normal 

spermatogenesis, as exhibiting incomplete spermatogenesis (at least one generation of 

spermatogenic cells missing) or as lacking all germ cells and thus exhibiting a Sertoli 

Cell Only (SCO) histological phenotype. Data are expressed as the percentage (+ SEM) 

of tubules in each category.   
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3.8.3 Candidates of interest from transciptome analysis 

  Symbol Gene Name Description Log2(FC) 

Interesting 
Candidates Sox3 

Sex Determining 
Region Y- Box 3 

Role in driving differentiation of 
spermatogonia. Expression is 
required for spermatogenesis. -1.49

  Pax6 Paired Box 6 

Expression level balances self-
renewal and differentiation in 
neural stem cells. Over expression 
drives differentiation. 1.32

  Kif26a 
Kinesin Family 
Member 26A 

Regulator of GDNF Signaling 
pathway in enteric neurons. 
Suppresses signaling by binding to 
component of pathway. -1.21

 

Data are presented as log2 fold change in testis of treated animals.   
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4 Discussion of Dissertation Research and Future Directions 

Spermatogonial Stem Cells (SSCs) are the foundation for male fertility. The 

regulation and balance of SSC self-renewing replication and differentiation is essential in 

order to maintain this male fertility for a lifetime. Infertility affects about 10% of couples 

in the United States and between these couples about half of the cases are due to 

infertility in the man. The experiments in this dissertation focused on the regulation of 

SSCs in normal testes with a full complement of SSCs, and in normal testes where 

numbers of SSCs were reduced experimentally. Understanding this regulation holds 

promise for identifying therapies for infertile men who have a markedly diminished 

numbers of SSCs, and reduced production of GDNF by Sertoli cells (Singh et al., 2017).  

It is possible that one way to restore fertility in these patients would be to increase the 

levels of GDNF in the testis.  

The consensus in the field is that SSCs are a subset of the A single (As) 

spermatogonia; whereas the remaining As spermatogonia, in addition to A paired (Apr) 

and A aligned (Aal) spermatogonia, function as the transit amplifying progenitors (de 

Rooij 2001). These cells express a number of genes required for stemness, including but 

not limited to GFR1, the ligand binding subunit of the GDNF receptor (Nagano and 

Yeh 2013a). The work of Meng et al. (2000) demonstrated the importance of GDNF to 

establishing the numbers of SSCs required in vivo to sustain fertility of the adult. Those 

investigators reported that the testes of mice haplosufficient for GDNF failed to produce 

the numbers of SSCs normally found in the adult, and those stem cells were gradually 

lost as the animals grew older. In contrast, transgenic overexpression of GDNF caused 
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the pathologic accumulation of these cells. This pioneering work therefore proved that 

GDNF plays an important role in establishing a normal number of SSCs in the adult. 

Those experiments also demonstrated that GDNF is involved in the balancing self-

renewing replication and differentiation of SSCs.   

When I began the research for this dissertation, the specific in vivo function of 

GDNF in the normal adult testes was unknown; neither was it known how GDNF 

regulated the numbers of SSCs or progenitor spermatogonia in the adult. The first 

hypothesis we addressed was that GDNF was required to sustain SSCs and progenitor 

spermatogonia in the normal adult testis The experiments described in chapter 2 tested 

this hypothesis by taking advantage of the fact that a loss in SSCs is followed by a 

depletion of increasing mature spermatogenic cells and the eventual development of the 

SCO histological phenotype (Savitt et al. 2012; Parker et al. 2014).  Histological analysis 

of testes that had experienced inhibition of GDNF signaling for varying periods of time, 

and then analyzed histologically 1 month after signaling was restored, led us to conclude 

that in the adult testis, GDNF is an important regulator of both SSCs and progenitor 

spermatogonia.  Furthermore, we demonstrated that GDNF signaling maintains numbers 

of these cells by stimulating their replication and suppressing their differentiation (Parker 

et al. 2014). This new information was critical because it was unknown, in vivo, if GDNF 

maintained SSCs and progenitor spermatogonia through stimulating replication, acting as 

a survival factor, and/or through suppressing differentiation.  

Chapter 3 began with a second and more direct test of the hypothesis that GDNF 

is required to sustain SSCs in the mature testis.  There we compared the numbers of SSCs 

in testes of control and treated animals by their ability to restore the entire spermatogenic 
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lineage when transplanted into germ cell-deficient testes. Results demonstrated that 

inhibition of GDNF signaling for 9 days caused a significant and substantial decrease in 

the numbers of SSCs. Thus, in the mature mouse testis GDNF is essential for maintaining 

the numbers and functions of both SSCs and transit amplifying progenitor spermatogonia.  

Once we demonstrated that inhibition of GDNF signaling reduced the numbers of 

SSCs we used this as a tool to recapitulate the human SCO phenotype in the mature 

mouse testis. As stated previously, some human SCO testes contain SSCs, albeit at lower 

numbers than normal (Singh, et al. 2017). Why those stem cells do not replicate and fill 

empty stem cell niches is unknown. A prerequisite to addressing this issue is to define 

how a depleted pool of SSCs is rebuilt in a normal testis. In chapter 3, we tested the 

hypothesis that following significant reduction in numbers of SSCs and progenitor 

spermatogonia, the restoration of these cells was associated with an increase in the 

testicular concentration of GDNF.  Our experiments inhibited GDNF signaling for 9 

days, which resulted in a significant loss in SSCs.  We then restored GDNF signaling by 

ceasing treatment with 1NA-PP1, and we followed both the recovery of SSCs and 

progenitor spermatogonia as well as the transcriptional expression of GDNF and other 

known extrinsic regulators of these cells. Surprisingly, while recovery clearly requires 

active GDNF signaling, neither the transcriptional expressions of this nor any other 

known extrinsic regulator of SSCs were increased.   

In both chapters 2 and 3, we investigated how GDNF signaling affects the 

numbers, replication, and differentiation of the SSCs and progenitor spermatogonia. 

Results demonstrated significant differences between GFR1 As, Apr and Aal 

spermatogonia in their responses to altered GDNF signaling. Inhibition of GDNF 
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signaling first causes a loss of Aal spermatogonia followed by losses of Apr and As 

spermatogonia. When signaling is restored, Aal cells return first followed by the Apr and 

Aal spermatogonia. We also observed different effects of GDNF on the replication of As, 

Apr, and Aal spermatogonia. Addition of exogenous GDNF to cultures of seminiferous 

tubules increased replication across all cell types. However, we demonstrated a greater 

effect on the replication in As and Apr spermatogonia than on Aal spermatogonia. 

Consistent with those data, when GDNF signaling was restored after 9 days of inhibition, 

there was a greater increase in the replication of As and Apr cells than of Aal cells. Lastly, 

we noted that the inhibition and restoration of GDNF signaling had a much more 

immediate effect on replication of GFR1+ cells than on their differentiation, as 

demonstrated by the expression of Kit. Taken together, these results demonstrate 

temporal differences in specific cellular responses to GDNF signaling. Furthermore, they 

show that the response to GDNF changes as SSCs form more differentiated progenitor 

spermatogonia.  

My studies showed that when GDNF signaling is restored, the number of SSCs 

and progenitor spermatogonia recover; however, the mechanism behind this recovery of 

the stem cell pool is still unknown. During recovery of cell number we observed very 

long chains of GFR1+ spermatogonia. These long chains, which are uncharacteristic of 

GFR1+ cells in a normal testis, were observed at days 18 and 22 of recovery but by day 

28 many of these longer chains were gone. This suggests that chain fragmentation 

contributes to the replenishment of the SSC pool. This suggestion is consistent with 

studies of SSCs in both flies and mice (Brawley and Matunis 2004; Nakagawa et al. 

2010a). The Yoshida lab demonstrated with lineage analysis and live imaging that chains 
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of cells formed from the division of progenitor spermatogonia are not necessarily 

committed to differentiation, and they can recover stem cell potential through 

fragmentation (Nakagawa et al. 2010a). Fragmentation was not a frequent event, but 

upon cytotoxic treatment with busulfan and the subsequent loss of germ cells the 

frequency of fragmentation increased. In our system, where SSCs and progenitor 

spermatogonia are reduced due to a loss in GDNF signaling, the regeneration of SSCs 

might be supported by chains of progenitors fragmenting and de-differentiating in order 

to replenish the SSC pool.  

Once our work revealed that restoration of GDNF signaling stimulated the 

recovery of SSCs and progenitor spermatogonia we needed to understand what molecular 

changes were driving the recovery. Identifying the process that drives recovery in this 

system could reveal factors and/or mechanisms that are dysfunctional in the SCO 

patients. After cytotoxic damage the testis looses SSCs and progenitor spermatogonia. 

This is followed by increased GDNF mRNA expression (Zohni et al. 2012). It was 

proposed that this increase was a response to cell loss, and the higher levels of GDNF 

drove recovery of the SSCs and progenitor spermatogonia.  However, it was possible that 

the increase in GDNF expression was due not to loss of cells but was a direct response of 

Sertoli cells to the cytotoxic agent. Our mouse model does not rely on a cytotoxic attack 

on dividing cells, but rather on a highly specific inhibition of Ret kinase activity, and 

thus, GDNF signaling. Our results revealed that the reduction of SSCs and progenitor 

spermatogonia causes no increase in GDNF mRNA expression or the testis concentration 

of GDNF protein. We used RNA sequencing to investigate if after 9 days of inhibited 

GDNF signaling there was an increase in expression of any other extrinsic factors that 
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were known regulators of SSCs and progenitor spermatogonia. Levels of expression of 

these factors remained consistent between controls and treated testes. This prompted our 

decision to turn to an alternative hypothesis and suggest that the recovery of SSCs and 

progenitor spermatogonia was driven by intrinsic changes in the remaining SSCs and 

progenitor spermatogonia.  

There are many intrinsic factors expressed by SSCs that regulate their self-

renewal replication and differentiation. Some are transcription factors that have been 

identified as promoting SSC self-renewal (Song and Wilkinson 2014). Two examples that 

support SSC self-renewal and serve as distinctive markers for SSCs and progenitor 

spermatogonia are Inhibitor of DNA binding 4 (ID4) and ZBTB16 (previously called 

PLZF). ID4 promotes the undifferentiated cell state by inhibiting expression of 

transcription factors that promote differentiation. ID4 expression is unique to the As and 

some Apr spermatogonia, and the importance of this expression is evident in the fact that 

Id4 null mice lose SSCs (Oatley et al. 2011a; Chan et al. 2014). ZBTB16 is a 

transcriptional repressor that is expressed in most undifferentiated spermatogonia, and 

loss of ZBTB16 function causes a progressive loss of germ cells (Buaas et al. 2004). 

Importantly, ZBTB16 represses c-kit expression, thereby suppressing the ability of these 

cells to respond to kit ligand, a stimulator of the differentiation of progenitor 

spermatogonia (Song and Wilkinson 2014). Both of these factors highlight why it would 

be interesting to test the hypothesis that intrinsic factors are driving the recovery of the 

SSCs.  

There are also transcription factors that promote differentiation of the SSCs and 

progenitor spermatogonia. One of potential interest from our results in Chapter 3 is the 
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transcription factor Sox3. A loss of Sox3 in vivo causes a fertility defect (Raverot et al. 

2005; Laronda and Jameson 2011). Histological analysis of seminiferous tubules in this 

knock out revealed many areas with only spermatogonia, suggesting a spermatogonial 

defect in differentiation. Sox3 may also act in SSCs due to some tubules of Sox3 null 

mice exhibiting an SCO phenotype. It is unknown if Sox3 promotes differentiation but 

we know from this same study that this transcription factor stimulates expression of other 

differentiation markers, and suppresses the expression of SSC self-renewal factors 

(Raverot et al. 2005). Thus, it was of interest that RNA sequencing data revealed that 

Sox3 mRNA expression was reduced in treated testes.  

Our RNA sequencing data also identified other interesting transcripts. This 

includes the transcription factor Pax6, which is shown to have a role in neuronal stem cell 

differentiation. In addition Pax6 is expressed by spermatogonia and it has dynamic 

changes in expression throughout spermatogenesis (Kimura et al. 2015). Our 

transcriptome sequencing analysis demonstrated that Pax6 mRNA increased in treated 

testes. However, most interesting to us were the results of transcripts encoding the 

kinesin, Kif26a. In developing enteric neurons, Kif26a binds to a component of the 

GDNF signaling pathway and prevents downstream signaling (Zhou et al. 2009). In 

addition transcriptional analysis of cultures of mouse SSCs and progenitor spermatogonia 

isolated from mice transgenic for ID4-GFP demonstrate that ID4-GFP- cells express 

higher levels of Kif26a mRNA than do ID4-GFP+ cells (Chan et al. 2014). Therefore, 

since we observed a change in Kif26a expression that we also confirmed with RTQ-PCR, 

it would be interesting to see if Kif26a also is involved in regulating GDNF signaling in 

spermatogonia.  
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Sequencing of mRNA from the whole control and treated testes provided our 

group with some interesting transcripts to follow up on. However we know the 

undifferentiated spermatogonia population is very heterogeneous and sequencing RNA 

from the whole testis provides evident challenges when we are trying to identify factors 

involved in regulating SSC number and proliferation. The first challenge is that SSCs 

only make up 1 to 2% of undifferentiated spermatogonia and the undifferentiated 

spermatogonia are also a small population of cells in the entire testis (Nagano and Yeh 

2013a). As a result, the sequencing of this very heterogeneous population of cells may 

result in false negatives. Part of this issue could be solved from sequencing deeper to 

reveal more expressed transcripts. However we believe the best way to solve this issue is 

to begin to move into the direction of single cell sequencing. Using our RetV805A/ID4-

GFP mouse we can use FACS to isolate ID4-GFP+ cells and sequence these to observe 

intrinsic changes in their transcriptome when GDNF signaling is inhibited for a brief 

period of time. Single cell sequencing of this cell population might also reveal more 

about the heterogeneity that is within the SSC and progenitor spermatogonia population. 

In neural stem cells, this methodology has revealed novel signals that activate 

proliferation of the stem cells (Luo et al. 2015). This information would be very helpful 

in the field to expand the knowledge on how complex regulation of SSC self-renewal and 

differentiation is within mammalian spermatogenesis.  

As we move forth to identify the mechanisms that drive the reestablishment of 

SSCs and progenitor spermatogonia we must uncover the mechanisms utilized to regain 

stemness. A traditional way to do this would be to test the activity of transcripts in germ 

cell culture. Through over expression and knock down assays we can gather evidence on 
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how the intrinsic factors such as Kif26a, Pax6 and Sox3 affect the SSC activity of the 

germ cells and the numbers of spermatogonia. We could then follow up on these assays 

and measure the stemness of the germ cells using transplantation. In addition new genetic 

engineering tools afford us the opportunity to efficiently analyze effects of the ablation or 

over expression of any interesting candidates. Looking at information in vitro is helpful, 

but analyzing the function in vivo gives us better insight on how this protein may or may 

not be impacting the entire system. It can also reveal other phenotypes outside of the 

control of SSC and progenitor spermatogonia number. It will be very interesting to follow 

up on these changes that occur in the testis as it restores SSCs and active 

spermatogenesis.  

My studies have further provided evidence on the importance of GDNF signaling 

and serves as a proof of principle that restoration of GDNF signaling can replenish the 

stem cell pool. Although much is still unknown, this gives hope that our work may 

eventually lead to therapies that will help infertile men. 
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Student Member                           May 2014 - May 2016 

Department Events Committee     

 

Volunteer Writer         May 2014 - Jan 2016 

American Society of Biochemistry and Molecular Biology (ASBMB Today) 

 

Student Organizer                         May 2015 - Aug 2015 

PhD Career Development Seminar Series       

 

Chair                 Aug 2013 - Jun 2015 

Collegiate Transition Taskforce, Delta Sigma Theta Sorority Inc. 

 

Farmer’s Market Science Outreach Chair    Oct 2013 � May 2015 

Project Bridge             
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TEACHING EXPERIENCE 

Graduate Teaching Assistant                   Jan 2015 � Oct 2016 

Johns Hopkins Bloomberg School of Public Health 

 

Graduate Tutor                        2011 

Johns Hopkins School of Medicine 

 

MENTORING EXPERIENCE 

Lead Mentor             Oct 2012 � Dec 2016 

Thread  

 

Committee Member        Jan 2013 � May 2015 

Betty Shabazz Delta Academy, Delta Sigma Theta Sorority Inc.    

 

SCHOLARSHIPS AND FELLOWSHIPS 

Christine Mirzayan Science and Technology Policy Graduate Fellow      2016 

MARC U*STAR Trainee                 2009-2011 

Scholar, Howard Hughes Medical Institute          2007-2011  

Scholarship, Meyerhoff Scholarship Program, UMBC         2007-2011 

 
PUBLICATIONS 

Parker, N., Falk, H., Singh, D., Fidaleo, A., Smith, B., Lopez, M.S., Shokat, K.M., & 

Wright, W.W. (2014). Responses to Glial Cell Line-Derived Neurotrophic Factor Change 

in Mice as Spermatogonial Stem Cells Form Progenitor Spermatogonia Which Replicate 
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and Give Rise to More Differentiated Progeny, Biology of Reproduction, doi: 

10.1095/biolreprod.114.119099 

 

Li, X., Ewis, H., Hice, R. H., Malani, N., Parker, N., Zhou, L., & Craig, N. L. (2013). A 

Resurrected Mammalian hAT Transposable Element and a Closely Related Insect 

Element are Highly Active in Human Cell Culture, PNAS, doi: 

10.1073/pnas.1121543109 

 

Parker, N., "Myron Goodman Reflects on SOS Error-prone DNA Repair." ASBMB 

Today 2015: 9-10. Print. 

 Selected from 4 magazine publications 
 
 
ABSTRACTS AND PRESENTATIONS 
 
Talks 
 
Nicole Parker B.S., William Wright Ph.D. Effect of a Temporary Inhibition of GDNF 
Signaling on the Numbers and Replication of GFRα1+ As, Apr and Aal Spermatogonia. 
National Centers for Translational Research in Reproduction and Fertility Research 
Meeting, Bethesda, MD, 2015. 
 
Nicole Parker B.S., William Wright Ph.D. Restoration of GDNF Signaling Effects on 
Replication of Undifferentiated Spermatogonia After the Partial Loss of Spermatogonial 
Stem Cells. Department of Biochemistry and Molecular Biology at JHSPH Department 
Retreat, Baltimore, MD, March 2014. 
 
Nicole Parker B.S., Dolly Singh ScM, Hayley Falk BS, Benjamin Smith ScM, William 
Wright PhD. Changes In Stimulation By Glial Cell Line−Derived Neurotrophic Factor 
(GDNF) Have Rapid Effects On The Replication Of Stem And Other Undifferentiated 
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Spermatogonia Within A Mature Seminiferous Epithelium And On The Expression By 
These Cells Of GFRα1. Presented at the Department of Biochemistry and Molecular 
Biology at JHSPH Colloquium, Baltimore, MD, June 2013. 
 
Posters 
 
Nicole Parker B.S., William Wright Ph.D. Identifying Potential Mechanism Stimulating 
Recovery of SSCs and PS After Temporary Inhibition of GDNF Signaling. Presented at 
the 24th North American Testis Workshop at the American Society of Andrology 42nd 
Annual Conference, Miami, FL, April 2017 
 
Nicole Parker B.S., William Wright Ph.D. Recovery of spermatogonial stem cells and 
progenitors post inhibition of GDNF signaling. 2016 AAAS Annual Meeting, 
Washington, D.C., February 2016. 
 
Nicole Parker B.S., William Wright PhD. Effect of a Temporary Inhibition of GDNF 
Signaling on the Numbers and Replication of GFRα1+ As, Apr and Aal Spermatogonia. 
Presented at the 23rd North American Testis Workshop at the American Society of 
Andrology 40th Annual Conference, Salt Lake City, UT, April 2015. Also presented at 
the Department of Biochemistry and Molecular Biology Department Retreat, Baltimore, 
MD, March 2015. 
  
Nicole Parker B.S., Dolly Singh ScM, Hayley Falk BS, Benjamin Smith ScM, William 
Wright PhD. Changes In Stimulation By Glial Cell Line−Derived Neurotrophic Factor 
(GDNF) Have Rapid Effects On The Replication Of Stem And Other Undifferentiated 
Spermatogonia Within A Mature Seminiferous Epithelium And On The Expression By 
These Cells Of GFRα1. Presented at the 22nd North American Testis Workshop at the 
American Society of Andrology 38th Annual Conference, San Antonio, TX, April 2013. 
Also presented at Biochemistry and Molecular Biology Department Retreat, Baltimore, 
MD, May 2013.  
 
Nicole Parker, Xianghong Li PhD and Nancy Craig PhD. Excision Assay of TcBuster in 
Saccharomyces cerevisiae. Presented at the Annual Biomedical Research Conference for 
Minority Students, Phoenix, AZ, November 2009. 
 

PROFESSIONAL SOCIETY MEMBERSHIPS 
 
American Association for Advancement of Science   2015 - Present 

American Society of Cell Biology      2015 - Present                
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American Society of Microbiology      2016 - Present 

American Chemical Society       2016 - Present 

COMMUNITY SERVICE 

Member              May 2015- Present  

Students for a Positive Academic Partnership with the Baltimore Community Strategic 

Planning Committee 

Member                 November 2008- Present 

Delta Sigma Theta Sorority, Incorporated     

Guest Panelist                      February 2014, 2015  

Meyerhoff Selection Weekend, Alumni Panel   

Guest Panelist                 June 2012, 2013, 2014  

Meyerhoff Bridge Day: How to Successfully Reach Graduate School 

 Guest Panelist                      October 2012 

Delta Sigma Theta Scholarship Award Ceremony, How to be Successful in College and 

Beyond 

Guest Panelist                                       July 2011 

Female Summer Leadership Experience presented by North Carolina School of 

Science and Mathematics, Alumni Panel 

 


