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Abstract  

The overall survival rate of childhood cancer has increased over the last decades due to 

improvements in cancer therapies. However, aggressive cancer treatments, such as chemo- or 

radiotherapy, can leave young prepubertal boys infertile. Cryogenically ‘banking’ sperm from 

prepubertal boys is impossible because spermatogonial stem cells (SSCs) only start to produce 

sperm after puberty. Thus, to help these patients preserve their fertility, it is recommended to 

cryopreserve their immature testicular tissues (ITTs) before receiving cancer therapies. To 

date, there is no standardised procedure for ITT transportation and cryopreservation in clinical 

practice. Approaches to fertility restoration using frozen/thawed ITTs are in the experimental 

stages. This thesis aimed to investigate the effects of different cryopreservation methods and 

potential transportation times on ITTs, and developed a three-dimensional (3D) testicular 

organoids (TOs) system to support the proliferation and development of SSCs. In Chapter 2, I 

compared the effects of uncontrolled slow freezing (USF), controlled slow freezing (CSF), and 

vitrification on the cryopreservation of neonatal gonocyte-containing ITTs using a bovine 

model. All three methods had similar effects in preserving germ cells, Sertoli cells and 

proliferating cells in seminiferous cords (p>0.05). Vitrified ITTs were found to have lower cell 

apoptosis but higher cords-basement membrane detachment (p<0.05). In chapter 3, I 

investigated the effects of transportation times of 1 hour, 6 hours, 24 hours, and 48 hours on 

ITTs. Transportation times up to 48 hours did not affect the viability, percentage of Sertoli cells 

and proliferating cells, and expressions of selected key genes (p>0.05). However, ITTs in the 

48-hour group had higher levels of deterioration in terms of the structure of the seminiferous 

cords (16.43%±2.14%) and decreased percentage of seminiferous cords with germ cells 

(43.19%±6.45%; p<0.05). Next in Chapter 4 and chapter 5, for the first time, a 3D TO model 

was developed for in vitro culturing neonatal bovine testicular cells. Firstly, I optimized the 

dissociation and enrichment of germ cells in neonatal bovine ITTs. Next, by comparing 

different extracellular matrix (ECM), I found that Matrigel was optimal in the formation of 

germ cell aggregations. The TOs emerged from single cell suspensions and developed into 3D 

structures where germ cells were in the centre with Sertoli cells at the outer layers in neonatal 

bovine. Furthermore, growth factors glial cell line-derived neurotrophic factor (GDNF), 

fibroblast growth factor 2 (FGF2), and leukemia inhibitory factor (LIF) were found to promote 

the transformation of gonocytes into SSCs, while follicle-stimulating hormone (FSH) and 

testosterone maintained the viability and proliferation of cells in TOs. In summary, this thesis 
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provided evidence that vitrification could be an alternative method for cryopreservation of 

ITTs, and tissue transportation times of up to 24 hours does not affect tissue quality and could 

be used in clinical practice. In addition, a novel 3D TO system was developed in the bovine 

model, thus offering an in vitro platform for the propagation and development of SSCs.   

 

Key words: immature testicular tissues, three-dimensional culture, testicular organoids, 

fertility preservation, slow freezing cryopreservation, vitrification, in vitro, transportation time.   
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1.1 Development of testes from the neonatal to the post-pubertal 

period 

Testes, or testicles, are two oval-shaped organs in the scrotum that mainly have two functions:  

to produce androgens and to produce and store germ cells (GCs). The testicular parenchyma is 

covered by a fibrous capsule, the tunica albuginea. The septae of the capsule radiate into the 

parenchyma, forming hundreds of cone-shaped lobules with seminiferous tubules (Figure 1-

1). The GCs and Sertoli cells in the seminiferous tubules are supported by the basement 

membrane in the lobules of the testis. These seminiferous tubules become straight and 

anastomose to make the rete testis in the mediastinum of testis. The tubules in the rete testis 

drain into the efferent ducts that carry spermatozoa to the epididymis. The epididymis is 

divided into three segments: the caput proximal (head of the epididymis) to the testis, the 

corpus (body of the epididymis), and the cauda (tail of the epididymis) (Clement and Giuliano, 

2015). The ductus epididymis is formed by the coiled epididymal tubule. The epididymal duct 

is surrounded by smooth muscle cells, which contract rhythmically according to 

neural stimulation. The most important function of the epididymis is to help spermatozoa to 

migrate from the testicular efferent ducts to the ductus deferens and acquire motility and 

fertility maturity. During pre-puberty, the testes are immature and not fully functional. 

Spermatogenesis does not begin until after puberty with only mitosis occurring in immature 

testicular tissues (ITTs). The seminiferous tubules of the prepubertal testis mostly contain 

spermatogonial stem cells (SSCs) and Sertoli cells, while in the post- pubertal testis, 

spermatogenesis and GCs are formed in different stages.  
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Figure 1-1. Sagittal representation of testes and epididymis. Adapted and modified from (Ellis and 
Mahadevan, 2014) with permission from publisher.  

 

 

1.1.1 Hormone changes during mini-puberty and puberty  

In males, the hypothalamic-pituitary-gonadal (HPG) axis (Figure 1-2) plays a key role in 

development, sexual maturation, and aging (Corradi et al., 2016). The hypothalamus secretes 

gonadotropin-releasing hormone (GnRH) in a pulsatile manner, which stimulates the secretion 

of gonadotropins including follicle-stimulating hormone (FSH) and luteinizing hormone (LH) 

from the anterior pituitary gland. FSH and LH act on Leydig cell, Sertoli cells, and GCs in the 

testes. LH induces Leydig cells to synthesize the sex steroid hormone, testosterone, while FSH 

induces s to produce anti-Müllerian hormone (AMH) and inhibin B, which apply negative 

feedback on the hypothalamic-pituitary axis and suppress GnRH and LH secretion (Hiller-

Sturmhöfel and Bartke, 1998). Testosterone and FSH quantitatively maintain the 

spermatogenic process in the testis and are essential to this process.  
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Figure 1-2. The hypothalamic-pituitary-gonadal axis in males. Gonadotropin-releasing hormone 
(GnRH) triggers the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from 
the pituitary gland. LH induces Leydig cells to produce testosterone, while FSH induces Sertoli cells to 
produce inhibin B. Testosterone and inhibin B, in turn, exert negative feedback control on the 
hypothalamus and pituitary gland. Adapted from Salonia et al. (2019) with permission from publisher.  

 

 

The development of the testes is closely associated with the regulation of the HPG axis (Figure 

1-3). Production of testicular hormones starts during the first trimester of the fetal period, and 

reaches its first peak in the second and third trimester, driving growth of the genitalia and the 

descent of the testes. In late pregnancy, HPG activity is suppressed by placental estrogens. 

Gonadotropins surge again during the first 6 months after birth, a period known as mini-puberty 
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(Forest and Cathiard, 1975). During this time, serum LH increases and peaks between 2-10 

weeks after birth, then gradually decreases and maintains low prepubertal values from 6 months 

of age to the onset of puberty (Winter et al., 1975a, Bergadá et al., 2006). FSH and testosterone 

increase in the serum and then drop to a low prepubertal level during mini-puberty (Bergadá et 

al., 2006). During this time, a mild increase of testicular volume resulting from the proliferation 

of Sertoli cells can be detected by ultrasound (Kuijper et al., 2008, Kuiri-Hänninen et al., 2011). 

Gonocyte to SSC transformation also happens during mini-puberty and is regulated by 

gonadotropins and testosterone.  

Male puberty is initiated by the re-activation of the HPG axis, with major changes in the 

physiology of the testis that include increased testicular volume, hormonal and molecular 

modulation, and the initiation of spermatogenesis (Plant, 2015, Koskenniemi et al., 2017). 

During puberty, the plasma levels of testosterone, FSH, and LH increase significantly while 

AMH secretion is suppressed (Salonia et al., 2019). The increased production of testosterone 

is accompanied by the enlargement of the scrotum and testis, or gonadarche, and the first 

physical manifestation of puberty (Hiort, 2002). Spermatogenesis starts with the differentiating 

division of undifferentiated spermatogonia (SPG), followed by spermatocyte meiosis and the 

formation of round spermatids (Ogawa, 2001) then resulting in sperm production and a visible 

rise in testis volume.  
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Figure 1-3. Anatomical changes and serum hormone levels from the fetal period to puberty. 
During the first trimester of fetal period, the secretion of testicular hormones starts to which 
is independent of pituitary gonadotropins and cause genital differentiation. During the second and the 
third trimesters, the release of androgen stimulates development of genitalia and testicular 
descent. Within six months after birth, which is also called 'mini-puberty', volume of testes increases 
due to the proliferation of Sertoli cells. During mini-puberty, serum levels of anti-Mullerian hormone 
(AMH) and inhibin B remain at detectable levels, but the levels of gonadotropins and testosterone (T) 
decrease. Testicular volume grows significantly throughout puberty period due to the spermatogenic 
development and gonadotropin and T action. Testicular volume grows significantly throughout puberty 
period due to the spermatogenic development and gonadotropin and T action. At the same time, T 
inhibits AMH, while follicle-stimulating hormone (FSH) and germ cells upregulate inhibin B. INSL3, 
insulin-like factor 3; O, testicular volume as measured by comparison to Prader's orchidometer; US, 
testicular volume as assessed by ultrasonography. Adapted from Salonia et al. (2019) with permission 
from publisher.  
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1.1.2 Testicular development  

The development of GCs is comprised of two phases: SSC formation and spermatozoa 

production. SSCs are unipotential stem cells of the seminiferous epithelium in testis that are 

capable of self-renewal as well as the production of daughter cells to differentiate into 

spermatozoa. The first phase involves differentiation of primordial germ cell (PGC) into SSC 

precursor and further transformation into undifferentiated SPG during the neonatal period. The 

SSC precursors are also called gonocytes or prespermatogonia (PreSPG). The latter phase, 

spermatozoa production, or spermatogenesis, is the process whereby SPG undergoes mitosis 

to produce spermatocytes, followed by meiosis to produce haploid cells, which can then 

differentiate into spermatids. Complete spermatogenesis occurs only in the post-pubertal and 

adult stages. 

Human testes mainly consist of functionally distinct intratubular and interstitial compartment. 

The intratubular compartment, also called seminiferous tubule, contains GCs, Sertoli cells, and 

peritubular myoid cells (PMCs). The interstitium contains most of the somatic cells, including 

Leydig cells, fibroblasts, macrophages, nerve fibers, and capillaries. There are three distinct 

maturation stages of testicular development in human: neonatal (up to one year after birth), 

prepubertal (from early childhood to puberty, typically from one to fourteen years), and adult 

(Guo et al., 2020). During neonatal period, gonocytes migrate from the center of the 

seminiferous cords in neonatal testes (Figure 1-4 A) to the basal membrane and transition into 

undifferentiated SPG during the first 9 months after birth (Culty, 2009, Oatley and Brinster, 

2012). A prepubertal testis lacks an apparent lamina or lumen and no meiosis progression 

occurs. Individual undifferentiated SPG are located in a specialized microenvironment at the 

basement membrane of the seminiferous tubules (Figure 1-4 B). During the prepubertal period, 
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typically ages from 1 to 10 years before the start of puberty, SPG and Sertoli cells intermingle 

in the cord-like structure, and after the initiation of puberty, a lumen begins to form, and Sertoli 

cells and SPG settle in the basal compartment. Sertoli cells, the only supporting cells in the 

SSC niche, provide extrinsic signals necessary for self-renewal and spermatogenesis (Oatley 

et al., 2011). Mature Sertoli cells are larger than immature ones and the proportion declines 

with age. Tight junctions between Sertoli cells form the blood-testis barrier that separates the 

basal and luminal compartments of the seminiferous tubules (Yoshida, 2010). Leydig cells 

reside in the interstitium outside the seminiferous tubule and, along with macrophages and 

lymphocytes in the intratubular testicular tissues, are an important component of the SSC niche 

(Miller et al., 1983). Puberty usually starts between 10 and 13 years after birth in human, and 

this is when primary spermatocytes first appear and spermatogenesis begins (Figure 1-4 C). 

In the adult human testes (Figure 1-4 D), complete spermatogenesis happens in seminiferous 

tubules, where germ cells in different stages occur and spermatozoa are released in lumen for 

further maturation.  
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Figure 1-4. Schematic representation of a cross-section of the seminiferous epithelium and germ 
cell niche in human neonatal (A), prepubertal (B), pubertal (C) and adult testis (D). In the neonatal 
testis, typically within a year after birth, gonocytes are located at the centre of the seminiferous cords 
and no lumen is present. Gonocytes gradually migrate to the basement membrane and transform into 
spermatogonia. In prepubertal testis, typically aged 1 to 10 before initiation of puberty, Sertoli cells and 
spermatogonia are present at the basal surface with peritubular myoid cells to form the SSC niche. 
Primary, secondary spermatocytes and spermatids begin to appear during puberty, usually aged 10 to 
13 years. Mature Sertoli cells in the pubertal testis are larger than immature Sertoli cells in the 
prepubertal testis. The volume of testis increases dramatically during puberty. Complete 
spermatogenesis occurs in the adult testis. Pictures are not to scale. Created with BioRender.com. 
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Some of the most important cellular changes occur in the GC population (Table 1-1). The 

quantity of SPG in the prepubertal testis varies during testicular development. The number of 

SPG in each transverse tubular cross-section (S/T) tends to decrease as LH levels decline 

during the first 3 years of life. This is followed by a two-fold increase at 6-7 years caused by 

elevated levels of FSH, LH, inhibin B, and testosterone (Winter et al., 1975b). The S/T then 

remains stable until about 11 years of age. After this point, the S/T increases dramatically to a 

value of 7 (compared to a value of 1 at 3 years of age) with increasing levels of gonadotropins, 

thus marking the onset of puberty (Masliukaite et al., 2016). The spermatogonial density per 

cubic centimeter (cm3) of testicular volume (S/V) decreases during the first 3 years of life, and 

increases near puberty (Winter et al., 1975b). Guo et al. also showed that the proportion of SPG 

increases from 3% of all the testicular cells in 7-year-olds to 10-15% in 11-year-olds (Guo et 

al., 2020).  
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Table 1-1. Germ cell content at different testicular development stages. Table created by the 
Author using published information (Oatley and Brinster, 2012, Masliukaite et al., 2016, Sohni et 
al., 2019, Guo et al., 2020). 

Developmental 
period 

Infant Juvenile Adult 

Germ cell 
development 

Prospermatogonia 
proliferate until 5-6 
months after birth and 
differentiate into type A 
spermatogonia 

Undifferentiated 
spermatogonia only 

Complete 
spermatogenesis 

Germ cells according 
to scRNA-seq results 

Three populations: 
primordial germ cells-like 
(PGCL) and two 
prospermatogonial 
populations, some 
resembling SSCs 

Undifferentiated 
spermatogonia 
proliferate and start to 
differentiate at 10-12 
years of age 

Complete 
spermatogenesis 

Prepubertal 
spermatogonial cell 

counts per 
seminiferous tubular 

cross-section (S/T) 

A decreasing trend during 
the first 3 years of life 
(from 2.5 to 1.2 years) 

Plateau until 11 years 
of age 

A sharp increase 
marks the onset of 
puberty (to a level 
of 7) 

Spermatogonial 
numerical density 

per testicular tissue 
volume of 1cm3 (S/V) 

A decreasing trend during 
the first 3 years of life 
(from 30x106/cm3 to 
19x106/cm3) 

48x106/cm3 Approximately 
100x106/cm3 

 

 

 

 



28 

 

1.1.3 Germ cell development and spermatogenesis  

In mice, the PreSPG to SPG transition occurs within 3 days after birth, while in domestic 

animals such as bovine or humans, this transition period continues for up to 3 months after 

birth (Paniagua and Nistal, 1984, Fujihara et al., 2011, Sohni et al., 2019, Tan et al., 2020). 

However, the formation of SPG is complex and remains largely unknown with only a few 

recent scRNA-seq studies shedding light on human PreSPG development and SSC formation.  

Earlier research, based on morphological analysis and protein markers, suggested that only one 

GC type, PreSPG, also called gonocytes, links PGC and SPG in the human neonatal testes 

(Fukuda et al., 1975, Gaskell et al., 2004). However, Sohni et al. conducted scRNA-seq 

analysis on newborn testes on days 2 and 7 and discovered three sub groups in PreSPG states 

shortly after birth: PGC like (PGCL), PreSPG-1, and PreSPG-2 (Figure 1-5) (Sohni et al., 

2019). The PGCL cluster had an expression profile that was very similar to that of PGCs in 4- 

to 19-week-old human fetus, including the expression of pluripotency genes such as OCT-4 

(also known as POU5F1) and NANOG. Analysis has shown that PGC and PGCL have highly 

related gene expression patterns. PreSPG-1 and PreSPG-2 lack PGC gene expression but 

instead have PreSPG gene expression, including the expression of MAGEA4 and RHOXF1. 

MAGEA4, a commonly used gene marker for PreSPG and adult SPG (Hayashi et al., 2012), is 

also a good marker for distinguishing between PGCL (MAGEA4-) and PreSPGs (MAGEA4+). 

This suggests that the order of human GC development begins with the differentiation of 

human fetal PGCs into PGCL, which then differentiate into PreSPG. More advanced PreSPGs 

are likely to differentiate into undifferentiated SPG. PGCL gradually disappear within the first 

year after birth, while PreSPG and undifferentiated SPG remain in the human testes until 7 

years of age (Guo et al., 2018, Guo et al., 2020). 
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In humans, SPG (labeled as UTF1+ and FGFR3+) feature three main subsets: undifferentiated 

SPG, early-differentiated SPG, and differentiating SPG. SSCs, also called undifferentiated or 

type A SPG, consists of SSC-1, which are more primitive/naïve, and SSC-2, or progenitors, 

which are more developmentally advanced (Sohni et al., 2019). During prepuberty, SSCs, 

which remain in the gap 0 (G0) or gap 1 (G1) phases, are the dominant GCs in the human testes. 

As males’ approaching prepuberty, early-differentiating SPG and differentiating SPG 

gradually appear. While early-differentiating SPG expresses the NANOS3, and L1TD1 genes; 

differentiating SPG (labeled as KIT+ and largely MKI67+) express the DMRT1, TUBA3D, 

DNMT1, and CALR genes (Sohni et al., 2019, Guo et al., 2020). Significant expression of the 

SYCP3 meiotic marker has only been found in adolescents after 14 years of age (Guo et al., 

2020). In post-puberty or adulthood, differentiating SPG go through mitosis and differentiate 

into spermatocytes (STRA8+), which then undergo further meiosis into spermatids (PRM3+). 

Early GC development in humans remains largely unexplored and more studies are required to 

define the relationship between different cell sub-clusters and regulation.  
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Figure 1-5 Human germ cell development. Black arrows point the direction of differentiation and 
grey arrows point the transition between different cell states. The expression pattern of key marker 
genes is indicated by boxes. PGC, primordial germ cells; PGCL, PGC-like; PreSPG, pre-
spermatogonia; SSC, spermatogonial stem cell; TC, transition cells, Adapted from Sohni et al. (2019) 
under a CC BY-NC-ND license.  

 

 

Spermatogenesis is the regulated process whereby SSCs (diploid) divide into spermatozoa 

(haploid) through mitosis, meiosis, and spermiogenesis. The time needed to generate an fully 

mature sperm ranges from 42 to 76 days in a healthy man (Misell et al., 2006). SSCs can either 

renew themselves to maintain the number of stem cells in the SSC pool or differentiate and 

form sperm. Type A SPG, with dark nuclei, usually remain in the G0 or G1 phase, without 

active meiosis. Type B SPG undergo final mitotic division to form primary spermatocytes. 

These then undergo meiosis I and form secondary spermatocytes.  Secondary spermatocytes 

undergo meiosis II and generate spermatids, which subsequently mature into spermatozoa 

while moving into the lumen of the seminiferous tubules. After release from the seminiferous 

tubules, spermatozoa are transported to the epididymis, where they undergo post-testicular 

maturation and are eventually stored in the cauda to await ejaculation.  
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1.1.4 SSC niche and regulation 

The most important role of tissue stem cells is to maintain the homeostasis of tissues by keeping 

the constant stem cell pool while producing the differentiated cells to replace those lost tissue 

cells. The special microenvironment where stem cells located is often called a “niche”, where 

stem cells can keep the perfect balance of self-renewal and differentiation. The stem cell niche 

is regulated by multiple elements in vivo, including hormones and cytokines, extracellular 

matrix (ECM) components, biomechanical factors, the physical environment, cellular 

elements, and neurotransmitters (Köse et al., 2018). There are mainly two types of niche: 

“closed” (or “definitive”) niche and “open” (or “facultative”) niche(Yoshida, 2018). “Closed” 

niche refers to a specialized region where stem cells are kept undifferentiated within the niche 

and will differentiate outside the niche. In an “open” niche, however, stem cells and other 

differentiating progeny are intermingled. The SSC niche belongs to the “open” niche where 

SSCs are intermingled with differentiating SPG. It is possible that some early SPG stages can 

de-differentiate to become SSC and re-enter the niche. The SSC niche, an entity made up of 

multiple somatic cells and GCs, provides appropriate architectural support and a growth factor 

milieu (Oatley and Brinster, 2012, Mäkelä and Hobbs, 2019). Different cells in the interstitium 

and seminiferous epithelium are important for homeostasis (Oatley and Brinster, 2012, Lord et 

al., 2018) and the regulation of SSC fate (Oatley and Brinster, 2012, Chassot et al., 2017). 

Thus, identifying components of the SSC niche is critical to understanding the regulation of 

gonocyte-to-SPG transformation and spermatogenesis in vivo and establishing fertility 

restoration strategies using in vitro culture techniques. The SSC niche is essential for the 

regulation of stem cell self-renewal and differentiation and ensures the balance between these 

two processes.  
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Located in the basal compartment of the seminiferous tubule, the SSC niche supports and 

protects the most primitive SPG (Chiarini-Garcia et al., 2001b, Chiarini-Garcia et al., 2003). 

However, the location of undifferentiated SPG is not random; they are usually found on the 

basement membrane adjacent to interstitial tissues and the vasculature (Chiarini-Garcia et al., 

2001a, Chiarini-Garcia et al., 2003, Yoshida et al., 2007a). The maintenance and homeostasis 

of the SSC niche also rely on the vascular network (Oatley and Brinster, 2012), endothelial 

cells (Bhang et al., 2018), PMCs (Chen et al., 2016), and testicular macrophages (DeFalco et 

al., 2015). Time-lapse imaging studies show that SPG undergo a transition from 

undifferentiated SPG to type A SPG while migrating away from the original niche near the 

intertubular vessels and interstitium. SSC differentiation starts when cells move away from the 

self-renewing niche into a differentiated niche and disperse over the whole basal compartment 

region of the seminiferous epithelium. In another experiment involving seminiferous tubule 

fragment grafting, the relocation of undifferentiated SPG was shown to be closely associated 

with the branch of blood vessel and interstitium (Yoshida et al., 2007b). Thus, the location of 

the niche is essential for the fate of SSCs.  

Surrounding somatic cells that contribute significantly to the SSC niche include Sertoli cells, 

PMCs, peritubular macrophages, testicular endothelial cells, Leydig cells, and lymphatic 

endothelial cells. These cells provide support and produce factors to regulate SSCs directly or 

indirectly (Juho-Antti and Robin, 2019). Sertoli cells are the most important cellular 

component of the niche because they are in direct contact with undifferentiated SPG (Oliver 

and Stukenborg, 2019), and feed and support GCs via direct or indirect communication. Sertoli 

cells secrete numerous paracrine factors, including glial cell line-derived neurotrophic factor 

(GDNF) (de Rooij, 2009). PMCs provide structural support and also push the luminal fluid 

towards the rete testis. In the interstitial tissue, testosterone is produced by the Leydig cells and 
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activates Sertoli cells and indirectly enhances SSC colonization in the testis (Ogawa et al., 

1998). The interstitial tissue may also impact SSCs in the niche via secreted factors, such as 

colony-stimulating factor 1 (CSF1) (Oatley et al., 2009), or by regulating Sertoli cells (de 

Rooij, 2009). Somatic cell maturation and the establishment of the hypothalamus-pituitary-

gonadal (HPG) axis at puberty leads to changes in the niche microenvironment, including the 

regulation of GDNF and other hormones. These events drive some SSCs into adult-type niches 

and differentiation (Shinohara et al., 2001, Tadokoro et al., 2002, Ventela et al., 2012).  

During the prepubertal period, the levels of FSH, LH, and testosterone remain low. Once 

puberty starts, AMH levels begin to decline while serum levels of inhibin B, FSH, LH, and 

testosterone rise, resulting in testicular growth. Male puberty is initiated by activation of the 

HPG axis, with major changes in the physiology of the testis that include increased testicular 

volume, hormonal and molecular modulation, and the initiation of spermatogenesis (Plant, 

2015, Koskenniemi et al., 2017). Testis size and volume increase and progressive changes in 

the structure of the tubules leads to clearly defined laminae and lumina (Rey, 1999). GDNF 

(Naughton et al., 2006b, Chen and Liu, 2015), fibroblast growth factor (FGFs) (Takashima et 

al., 2015b, Masaki et al., 2018), and retinoic acid (RA) (Raverdeau et al., 2012) are important 

growth factors that regulate SSC development. Pituitary hormones also affect testicular cells. 

While FSH stimulates the proliferation of Sertoli cells and SPG, and the production of 

testosterone, LH stimulates the completion of spermatogenesis. Aged niche cells can also alter 

SSCs and reduce stem cell regenerative potential, as demonstrated in adult stem cells, while 

exposure to systemic factors from younger individuals can restore regenerative function 

(Conboy et al., 2005). The density of SSCs in seminiferous tubules is tightly regulated by the 

concentration of FGFs produced by lymphatic endothelial cells near the vasculature in the 

niche environment (Kitadate et al., 2019). Results of scRNAseq on human SSCs niches showed 
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several important signalling pathways that are highly related to SSC niche environment 

regulation, including testosterone, RA, WNT, FGF, activin/inhibin, NOTCH, and GDNF 

pathways (Guo et al., 2018; Guo et al., 2020). These signalling pathways and other factor 

regulations of human SSC niches have not yet been fully understood and thus additional studies 

are urgently needed to assess the molecular mechanisms.  

In summary, SSC renewal and differentiation are strictly regulated by different cell types and 

molecular mechanisms within the niche microenvironment. Studies have investigated SSC, 

SPG, and spermatid gene expression at different ages to gain molecular insights into the 

transcriptional and epigenetic processes associated with the development of human male GCs. 

However, the cellular, molecular, biochemical, and genetic mechanisms and signaling 

pathways in SSC niches in the prepubertal and post-pubertal stages are not yet fully understood 

and require further research. This is important because understanding the human SSC niches 

at early stages could enhance our knowledge of the development and regulation of GCs during 

prepuberty and peri-puberty; there are key stages in the development of the testes and achieving 

fertility preservation for patients with cancer. Almost all potential approaches to restore fertility 

would rely on the GCs in testis biopsies, which carry gene heritage and directly affect the health 

of offspring. Understanding the SSC niche environment could also facilitate the preservation 

of GCs in testicular tissues by monitoring the changes of structure or homeostasis in stem cell 

niche. Therefore, in this thesis, I studied the morphology of GCs and Sertoli cells, and the 

connection between cells in the stem cell niches using histological analysis in Chapter 2 and 

3. I also investigated the creation of a stem cell niche in vitro to study the propagation of GCs 

and the regulation of growth factors in stem cell niches (Chapter 4 and 5). 
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1.1.5 Bovine animal model  

In my DPhil project, I used a 2-week-old neonatal bovine animal model to study gonocytes and 

prepubertal testicular tissues. Bovine abattoir testicular tissues were collected from 

slaughterhouse, which would be otherwise discarded. For the ethical aspect, Home Office 

licensing is not required in this case. Testicular development in bulls is relatively slow from 

birth to 20 weeks, after which the development begins to accelerate (Wrobel et al., 1986). The 

seminiferous epithelium in neonatal calves contains gonocytes/SSCs and Sertoli cells but no 

advanced spermatids for the first 20 weeks after birth. Gonocytes are the predominant GCs in 

seminiferous tubules until around 20 weeks after birth when they are replaced by SPG. The 

first SPG are observed at approximately 10 weeks in Holsten bull calves (Al-Haboby, 1986); 

this could be compared to 8-10 weeks in humans. The initiation of spermatogenesis in Holstein 

bulls starts at around 16 weeks and ends by 32 weeks (Curtis and Amann, 1981), thus providing 

a longer pubertal time for research studies.  

The bovine model provides some specific advantages. First, the duration of the prepubertal 

period is similar to humans, and longer than mouse or rat models. Second, bulls have a low 

efficiency of spermatogenesis (12x106 sperm per gram of testicular tissue daily), that is similar 

to that of humans (4 to 6x106 sperm per gram of testicular tissue daily). Third, the duration of 

spermatogenesis in bulls is approximately 61 days; this is similar to the 74 days duration 

observed in humans (Amann et al., 1976, Johnson, 1986). Thus bovine ITT represents an ideal 

animal model for research, considering the limited availability of human testicular tissue.  

To study GC development in neonatal bovine testes, I used a range of GC markers, 

pluripotency-associated markers, and stress- or apoptosis-related markers. Protein gene 

product 9.5 (PGP9.5 UCHL-1), is a GC marker that is expressed in undifferentiated bovine 
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gonocytes and SSCs (Wrobel et al., 1995). Promyelocytic leukaemia zinc-finger (PLZF), an 

established marker for pluripotency, is involved in chromatin remodelling and the 

transcriptional regulation of SSC maintenance (Buaas et al., 2004; Costoya et al., 2004; Kala 

et al., 2012). GFRα-1, a marker of undifferentiated SPG, is predominantly expressed in 

gonocytes and SSCs. GFRα-1 knockdown causes differentiation by inactivating the rearranged 

during transfection (RET) tyrosine kinase, indicating an essential role for GFRα-1 in SSC 

regulation (He et al., 2007). OCT-4 and NANOG are markers of pluripotency while vimentin, 

which is expressed in the perinuclear area of Sertoli cells, peritubular cells, and a few interstitial 

cells, has been proposed as a Sertoli cell marker in bovine testis (Devkota et al., 2006). Sex 

determining region Y(SRY)-box transcription factor 2 (SOX2) is a pluripotency marker that is 

expressed in SSCs; the SOX2-positive C-KIT negative SSCs can self-renew or undergo 

differentiation into sperm (Arnold et al., 2011).  

Spermatogenesis-related markers include stimulated by retinoic acid gene 8 (STRA8) and C-

KIT. STRA8 is induced by RA and is considered as a meiotic gatekeeper gene because it helps 

to regulate the initiation of meiosis during spermatogenesis (Bowles et al., 2006; Koubova et 

al., 2006). SSCs are believed to be negative for C-KIT, a known marker for differentiated SPG 

(Izadyar et al., 2003a).  

Cyclic-AMP responsive element modulator (CREM) and heat-shock protein 70-2 (HSP70-2) 

are two genes associated with cell apoptosis. CREM is involved in the progression of 

spermatogenesis; the inactivation of CREM can result in the upregulation of downstream 

signalling molecules, thus causing post-meiotic arrest and the promotion of apoptosis (Blendy 

et al., 1996; Nieschlag, and Schütz, 1996; Matsukawa, 2004; Nantel et al., 1996). The 

molecular chaperone HSP70-2 is involved in maintaining protein conformation and 
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stabilization (Gething and Sambrook, 1992) and is linked to apoptosis inhibition (Dix et al., 

1996, Mori et al., 1997) , thus helping to protect the GC proteome from stress and dissociation. 

 

1.2 Cancer in prepubertal boys  

Worldwide, approximately 400,000 new cases of cancer are diagnosed annually among 

children and adolescents 0-19 years of age (World Health, 2021). A microsimulation model 

has estimated that the current global five-year net childhood cancer survival is 37.4% (Ward et 

al., 2019b). However, in developed countries, the five-year survival rate has reached 80% and 

is still increasing as a result of improvements in cancer therapy (Ribeiro et al., 2008, 

Wasilewski-Masker et al., 2014b). While current cancer treatments are increasingly effective 

at curing disease, the use of aggressive chemo- or radiotherapy frequently causes irreparable 

damage, including GC depletion and hypogonadism, to pre-pubertal gonads, which can result 

in sterility (Tournaye, Dohle and Barratt, 2014). Chemotherapy, involving medications such as 

alkylating agent, is associated with impaired spermatogenesis and reduced SPG quantity 

(Poganitsch-Korhonen et al., 2017, Skinner et al., 2017). Exposure to various cytotoxic cancer 

treatments, such as cyclophosphamide, cisplatin, and doxorubicin, is also shown to induce GC 

loss in an in vitro prepubertal testis model (Smart et al., 2018). Irradiation not only causes direct 

damage to GCs, it can also have an adverse effect on supporting Sertoli and Leydig cells in the 

testes (Stukenborg et al., 2018). The prevalence of infertility is 46% among childhood cancer 

survivors when compared with 17.5% in their siblings (Wasilewski-Masker et al., 2014b). 

In adult males, semen can be cryopreserved before cancer therapy; this procedure successfully 

preserves their fertility by assisted reproductive technologies (ART). Cryopreserving mature 

sperm from pre-pubertal boys is impossible, however, because puberty is necessary for the 
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production of functional spermatozoa from the SSCs in the testes. Thus, for childhood cancer 

patients with a high risk of infertility, ITTs need to be cryopreserved before cancer therapy in 

order to preserve their reproductive function (Wyns et al., 2010).  

 

1.3 The cryopreservation of testicular tissue 

Since the first fertility preservation programme for prepubertal males was launched in 2002, 

the number of cryopreservation centres worldwide has risen steadily (Picton et al., 2015). 

Methods for obtaining functional sperm from ITTs are being developed, and primate studies 

have demonstrated the feasibility of this approach. As a consequence, more clinics are 

promoting ITT cryobanking as an experimental approach for patients to acquire mature sperm 

in the future. In 2020, data gathered from 24 coordinating centres around the world showed 

that more than 1,033 young patients had testicular tissue retrieved and stored for fertility 

preservation (Goossens et al., 2020).  

For childhood cancer survivors, the cryopreservation of testicular tissues prior to initiating 

gonadotoxic treatment is a potential way for patients to safeguard their fertility. Since the 

surgical biopsy of ITTs is an invasive procedure and fertility preservation approaches are still 

in their early stages, cryobanking should be restricted to patients who are at a high risk of 

cancer treatment-induced testicular damage and subsequent infertility. Not all childhood cancer 

therapies are associated with a high risk of infertility. In addition, certain first-line 

chemotherapy drugs, such as antimetabolites, vinca alkaloids, podophyllotoxins, and antitumor 

antibiotics, are associated with a lower risk of infertility. Therefore, it is not necessary for 

patients receiving these drugs to bank their ITTs after initial diagnosis (Skinner et al., 2017). 

For children who have testicular cancer, Hodgkin's disease, non-malignant Hodgkin's 
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lymphoma, or solid tumours, ITT fragments are usually collected before treatment in most 

centres because of the high risk of GC damage (Picton et al., 2015). Most testicular tissue 

biopsies and cryopreservation are performed before the initiation of high-risk cancer treatments 

such as allogeneic or autologous hematopoietic stem cell transplant (HSCT) and testicular 

irradiation. However, in some centres, patients who had previously received chemo- or 

radiotherapy are also included depending on specific inclusion criteria (Wyns et al., 2011, 

Braye et al., 2019, Valli-Pulaski et al., 2019).  

In 2008, the University of Oxford initiated the Oxford Reproductive Tissue Cryopreservation 

Programme (ORTCP) to help children and adolescents with cancer to preserve their fertility. 

The ORTCP includes a clinical centre, Oxford Cell and Tissue Biobank (OCTB), and a 

research programme (Figure 1-6 A). The clinical centre collects reproductive tissue samples 

from participating patients through minor surgery. Testicular biopsies are transported to the 

tissue bank where gonadal tissue is then processed and stored (Sadri-Ardekani, 2011). 

Approximately 10% of tissue from consenting patients is used for research. According to the 

data provided by the OCTB, testicular tissues from 471 patients had been collected and 

cryopreserved in the OCTB by June 2021 (unpublished data; Figure 1-6 B); 28% and 27% of 

these patients were diagnosed with leukaemia and bone marrow disorder, respectively 

(unpublished data; Figure 1-6 C). The ORTCP has third-party agreements with most principal 

cancer treatment centres in the UK and Ireland (Figure 1-6 D), thus providing patients with 

the choice to have their tissue procured at a local centre or in Oxford. There are varying 

distances between each third-party centre and Oxford, which could result in transportation 

times of up to 6 hours. The time from procurement to the start of tissues processing is 

important; therefore the ORTCP aims to process tissue biopsies on the same day as when 

tissues are collected. However, if the tissues are delivered at night or the cryopreservation 
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equipment is already in use, tissues may have to be processed the next day. There are some 

other limitations that might postpone tissue processing in tissue biobanks. For example, 

testicular tissues cannot be processed at the same time as ovarian tissues in the same machine 

due to the different cooling programmes; this could cause a few hours delay. Consequently, 

there is an urgent need to investigate the optimal holding time from ITTs procurement to 

cryopreservation process, as this might have potential impact on the quality of ITTs. Therefore, 

in Chapter 2 of this thesis, I investigated four tissue holding times using neonatal bovine 

testicular tissues, aiming to explore the effects of holding time before the cryopreservation of 

ITTs.  
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Figure 1-6. Oxford reproductive tissue cryopreservation programme (ORTCP). A) Components 
of the future fertility trust programme. B) Numbers of testicular referrals that have proceeded to 
procurement, been cancelled or are awaiting procurement since 2013. *Data collected by 04/06/2021. 
C) Diagnosis of referral patients. D) A map of Oxford fertility programme ovarian and testicular tissue 
procurement centres in the UK. The green triangle represents the location of Oxford university hospitals 
and Oxford cell and tissue biobanks. The white circles are surgical centres that procure ovarian and 
testicular tissues in accordance with third-party agreements with OCTB. Data provided by Future 
Fertility Programme Oxford with permission to use.  
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Controlled slow freezing (CSF) is a commonly used cryopreservation method in prepubertal 

male fertility preservation programmes (Pietzak et al., 2015, Valli-Pulaski et al., 2019). 

Programmable freezers have been used to preserve human testicular tissues based on a number 

of positive findings; these findings include the generation of offspring from cryopreserved ITTs 

in animal models (Shinohara et al., 2002b), and the observation of proliferation and 

differentiation in prepubertal human SPG (Wyns et al., 2008). These findings are supportive 

of clinical applications. Studies also showed that CSF was able to protect good structural 

integrity in both human adult and prepubertal tissues (Keros et al., 2005, Kvist et al., 2006, 

Keros et al., 2007). Therefore, CSF has been considered as the first-choice technique for the 

cryopreservation of human ITTs (Wyns et al., 2011). However, as the computerized machine 

that CSF requires is expensive, and the procedure of CSF is time-consuming, other cheaper, 

simpler, and more convenient alternatives would be preferred.  

Uncontrolled slow freezing (USF) has been proposed as an effective strategy for the 

cryopreservation of ITTs in animal models, such as neonatal mice, pigs, and goats 

(Honaramooz et al., 2002, Ohta and Wakayama, 2005). More recently, vitrification, an ultra-

rapid freezing method, has been suggested as an alternative method for ITT cryopreservation 

because it is a simpler procedure and has the advantage of not forming ice crystals. Despite 

widespread clinical application of vitrification on the cryopreservation of human embryos and 

oocytes (Rienzi et al., 2017, Nagy et al., 2020), vitrification has only been used for 

experimental studies in animal and human testicular tissues but is not yet been widely used in 

human ITT banking (Curaba et al., 2011a, Baert et al., 2013, Poels et al., 2013). So far, no 

study has determined whether neonatal testicular tissues can be successfully cryopreserved by 

USF and vitrification. Therefore, in Chapter 3, I designed a study to investigate USF, 
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vitrification and CSF for bovine neonatal testicular tissues and to compare the efficiency of 

cryopreservation using these two methods with conventional CSF.  

 

1.4 Strategies for fertility restoration  

While ITT collection and cryopreservation has already been launched in clinical practice, there 

is an urgent need for reliable and clinically safe strategies to restore fertility. Animal models 

and donated human ITTs have been used to establish three fertility restoration approaches: 1) 

testicular tissue auto- or xeno-transplantation, 2) GC propagation and auto- or xeno-

transplantation for in vivo spermatogenesis, and 3) in vitro GC spermatogenesis (Figure 1-7).  
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Figure 1-7. Clinical strategy for the fertility preservation in prepubertal, adolescent and adult 
patients at high risk of infertility. Strategies in solid boxes indicate they are currently available in 
clinical practice; strategies in dashed boxes indicate these are experimental cryopreservation or fertility 
restoration methods. Sperm of testicular tissues are obtained before the initiation of gonadotoxic 
therapy, based on the age and pubertal stage. For prepubertal patients or adult and adolescent patients 
who cannot have sperm frozen, testicular tissues are collected and cryopreserved. Three different 
cryopreservation techniques are being optimized for testicular tissue cryopreservation; these include 
controlled slow freezing, uncontrolled slow freezing, and vitrification. After the patients have achieved 
complete remission and fertility restoration treatments are ready for clinical application, frozen tissue 
fragments may be thawed for i) testicular tissue auto- or xenotransplantation, ii) germ cell propagation 
and auto- or xenotransplantation for in vivo spermatogenesis, and iii) in vitro germ cell spermatogenesis. 
Sperm produced in vivo through auto-transplantation of testicular tissues. Sperm produced through 
xenotransplantation or in vitro spermatogenesis could be used for IVF/ICSI. *Purified germ cells could 
be induced to re-colonise in the testis and produce sperm which provides the possibility to make natural 
conception. IVF, in vitro fertilization; ICSI, Intracytoplasmic sperm injection. Figure reproduced and 
modified from Fig. 1 in Onofre et al. (2016).  

 

 

1.4.1 Testicular tissue auto- or xeno-transplantation 

Auto- or xeno-grafting of frozen/thawed testicular tissues is a promising strategy for preserving 

fertility that protects the SSC niche. The autologous grafting of cryopreserved prepubertal testis 

from a rhesus recently resulted in sperm and offspring production, indicating a possible use for 

autografting in clinics (Fayomi et al., 2019). In their study, rhesus monkey ITT fragments were 

autologously grafted under the skin of the back and scrotum for 8 to 12 months; these ITT 

fragments were found to grow in size and produce testosterone. Testicular tissue fragment 

transplantation has the advantage of retaining SSCs inside their niches, thus ensuring cell-to-

cell interactions and providing the required microenvironment, growth factors and hormones 

for SSCs. However, the main disadvantage of tissue auto-transplantation is that autografting 

may have a potential risk of reintroducing cancer cells back into the patients. Therefore, 

testicular tissue auto-transplantation is not recommended for patients whose ITTs could 

potentially carry malignant cancerous cells.  
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Spermatogenesis and healthy offspring have been successfully developed following the 

xenogeneic transplantation of ITTs from rabbits, mice (Shinohara et al., 2002b), and juvenile 

monkeys (Liu et al., 2016b). The xenotransplantation of ITTs from 6-month-old marmosets to 

immunodeficient mice has resulted in complete spermatogenesis (Ntemou et al., 2019). 

However, spermatogenesis has not yet been observed following the xenotransplantation of 

human ITT fragments into animal hosts (Del Vento et al., 2018). While this approach avoids 

the reintroduction of cancer cells into patients, it does carry a risk of viral transmission or 

epigenetic changes; consequently, this technique is not ready for clinical use.  

 

1.4.2 Germ cell propagation and auto- or xeno-transplantation for in vivo 

spermatogenesis 

Since testicular tissue transplantation is not suitable for patients with systemic cancer and/or 

malignant hematopoietic disorders due to the potential contamination of cancer cells in 

testicular tissue biopsies. Therefore, in vitro GC isolation and propagation, followed by 

transplantation, is considered a safer strategy for fertility restoration. In prepubertal testicular 

tissues, the percentage of GCs in total testicular cells is relatively low; thus, undifferentiated 

GCs are usually needed to be enriched and propagated in vitro before being transplanted back 

into the testes for further spermatogenesis. SSC propagation, followed by transplantation, has 

been successfully applied to both mouse and primate models, resulting in the generation of 

functional sperm and healthy offspring or embryos (Brinster and Zimmermann, 1994, Hermann 

et al., 2012), thus suggesting a potential clinical application for GC transplantation. A study 

found that the genetic and epigenetic stability of human SSCs could be maintained during in 

vitro propagation (Nickkholgh et al., 2014), which indicatd the well preservation of the 
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potential functionality of SSCs. in addition, SSC propagation can also provide a useful model 

to better understand the basic biology and molecules involved in the development of human 

SSCs. The results of early studies on the epigenetics of in vitro-produced gametes are 

reassuring (Yokonishi et al., 2014b), but further research is required to verify GC quality and 

functionality prior to clinical application. As mentioned previously in Section 1.1.4, 

undifferentiated SSCs and differentiating SPG are intermingled in an “open” niche in the testis. 

Therefore, it is possible that the early SPG could be de-differentiated with the right support, 

which could increase the SSC recovery from each patient. For human tissues, an efficient and 

safe SSC isolation process is urgently needed, together with suitable in vitro culture conditions 

for GCs at different stages. After purification and propagation, SSCs could be potentially auto-

transplanted into patient’s testis or be xeno-transplanted to testis of other recipients to re-

establish the SSC niches and recover fertility.  

In addition, the demand for livestock products will increase due to the growth of the human 

population over the coming decades, which requires a higher efficiency in livestock production. 

Cattle are also commonly used as a large animal model for fertility preservation/ re-

establishment. “Surrogate sire” technology, an alternative method to artificial insemination, is 

being developed in farming to transplant the germline from a donor to recipient males to 

achieve efficient genetic gain from desirable sires(Giassetti et al., 2019). The process of SSC 

transplantation in surrogate sire also requires good methods for the isolation, purification and 

propagation of SSCs from donor and re-establishment of SSC niche in the testis of recipient 

males.  

Therefore the strategies developed and optimized in this thesis, including bovine testicular 

tissue digestion, SSC isolation, SSC enrichment, and in vitro SSC maintenance and 

propagation in two-dimensional (2D) or three-dimensional (3D) systems (Section 4, 5), could 
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potentially provide more guidance for future clinical human GC transplantation as well as 

improving the efficiency of surrogate sire technology in livestock industry.  

 

1.4.3 In vitro spermatogenesis (IVS) 

Despite the promising results of different transplantation approaches in animal models, the 

transplantation of SSCs or ITTs is not yet available in clinical practice. The risk of re-

introducing cancer cell is a major bottleneck for clinical transplantation in humans, especially 

for testicular or non-solid tumours, such as leukaemia. Considerations for the clinical 

application of these procedures also include the difficulty in isolating and propagating SSCs, 

and the possible effect of gonadotoxic treatments on the SSC niche (Del Vento et al., 2018). A 

more promising and safer fertility preservation option is the in vitro maturation of 

freeze/thawed SSCs/ITTs to produce functional spermatids for later ART.  

While animal models have been used to study ITTs and spermatogenesis, there are no in vitro 

methods available to generate functional spermatids from human ITTs. Thus, there is a 

significant need for experimental models that sustain complex SSC niches in human testicular 

tissues to allow us to study in vitro spermatogenesis. To date, many systems have been 

established for in vitro SSC or ITT culture, development, and spermatogenesis. These systems 

can be divided from low to high physiological relevance into 2D culture, 3D culture, bioreactor 

culture, 3D printing, organoid culture, tissue sample culture, and testis-on-a-chip (Figure 1-8). 

Generally, the most commonly studied in vitro spermatogenesis (IVS) approaches using human 

tissue are divided into two categories: organ culture and dissociated testicular cell culture. 

Organ culture maintains the natural SSCs niches in intact testicular tissue fragments but has 

limitations for long-term culture and cell manipulation. Strategies for the culture of isolated 
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testicular cells, including conventional 2D culture, 3D culture, organoid culture and testis-on-

a-chip, has provided multiple in vitro platforms to study testicular tubulogenesis and IVS (Baert 

et al., 2020, Richer et al., 2020). The 2D and 3D culture of testicular cell suspension allows the 

initiation of testicular tubulogenesis, which enables the long-term culture of testicular cells and 

re-establishes a cord-like or tubule-like structure. In vitro testicular organoids (TOs) and testis-

on-a-chip are recent engineering techniques that provide cells with a microenvironment that 

mimics in vivo conditions for SSCs. In recent years, TO has been used in tissue engineering 

and refers to the reconstruction of a 3D testicular structure from isolated testicular cells to 

model testicular architecture and function in vitro (Baert et al., 2017). TO provides a platform 

to study the role of different types of testicular cells, and the regulation of growth factors and 

hormones in vitro, aiming to achieve IVS or provide a drug screening tool for human testicular 

tissues. TO is described in more detail in Section 1.5.2. Testis-on-a-chip is a more advanced 

technology that is based on the formation of organoids and a range of microfluidics techniques, 

aiming to mimic the organ-level function of human testis and crosstalk between multiple 

organs on a laboratory developed chip device (Baert et al., 2020). The establishment of testis-

on-a-chip is still in a very early stage; further studies are needed.  
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Figure 1-8. in vitro engineering techniques for human testicular tissue culture. In vitro human 
testicular cell culture platforms contain two-dimensional (2D) culture, three-dimensional (3D) culture, 
bioreactors, 3D printing, tissue engineering organoid culture, intact tissue culture, and the testis-on-a-
chip platform, in order of their physiological relevance to real in vivo human testis. Suspension of 
isolated testicular cells has been commonly used in most of these in vitro culture techniques except 
tissue sample culture. Figure created by author on Biorander.com.  

 
 
 
 
1.4.3.1 Organ culture  

Organ culture involves the cultivation of small ITT segments (1-3 mm3) to retain the natural 

histological structure. Several strategies have been explored, including air-liquid interface 

culture, microfluidic devices, and bioreactor systems (Figure 1-9). To provide adequate 

oxygen, as well as nutrition and support from the culture medium during culture, air-liquid 

interface cell culture has been used as conventional method for testicular fragments. In 1964, 

the first organotypic cultivation of rat ITTs was performed using gas-liquid interface culture  

(Steinberger et al., 1964), leading to meiotic entry and pachytene spermatocyte generation in 

12-day-old rats (Steinberger and Steinberger, 1965). Millipore filters (Steinberger and 

Steinberger, 1971), grid (Boitani et al., 1993), agarose gel (Sato et al., 2013)and hanging 

drop(Szczepny et al., 2009) have been used to lift the testicular tissue fragments in dish so that 

tissues could partially contact the culture medium and partially to gas. In 2011, complete 
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spermatogenesis was observed in freeze/thawed ITTs from neonatal mice that were cultured in 

an in vitro gas-liquid interphase system; these sperm successfully generated healthy fertile 

offspring (Sato et al., 2011). Complete IVS has been reproduced using adult human ITTs; the 

production of pachytene spermatocytes (Roulet et al., 2006) and haploid cells (de Michele et 

al., 2018) has been reported after organotypic culture. The hanging drop method supports the 

proliferation of GCs from human adult testes (Jørgensen et al., 2014) but not gonocytes from 

human fetal testes (Jørgensen et al., 2015). Microfluid systems have been used to provide a 

continuous and controlled supply of oxygen and controllable culture medium, which were 

beneficial for the long-term culture of ITT fragments (Komeya et al., 2016a, Komeya et al., 

2017, Yamanaka et al., 2018). Komeya et al. (Komeya et al., 2016a) constructed a microfluidic 

system with a constantly running medium channel that maintained mouse ITT and full 

spermatogenesis for six months. In addition, a bioreactor made of a hollow cylinder of chitosan 

hydrogel was created for the long-term primary culture of seminiferous tubule segments from 

prepubertal rats and adult human, and complete spermatogenesis was observed in both tissues 

(Perrard et al., 2016). Although organ cultures are able to maintain the original structure of 

testicular tissues, there are some disadvantages of organ culture: i) scale-up is difficult, ii) 

growth of tissues is slow, iii) the restriction of space inside tissue fragments for cell 

proliferation, iv) the restriction of nutrition and gas for cells in the centre of tissue fragments, 

and v) it is difficult to maintain long-term organ culture.  
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Figure 1-9. Organ culture methods for testicular tissues. Schematic representation of conventional 
testis organ culture techniques such as A) hanging-drop culture, B) floating membrane, and C) agar gel 
methods. D) Schematic demonstrating of a pumpless microfluidic device by separating medium flow 
from tissues. Adapted from Komeya et al. (2016b) under CC BY license. E) A glass bottom and a 
PDMS overlayer comprised a single layer microfluidic device for testis fragments culture. The 
culture medium passes through two different medium reservoir tanks that are linked to channels on both 
sides of the tissue chamber and then combine to produce an output. Adapted from Yamanaka et al. 
(2018) with permission from publisher. G) Bioreactors have been used for culturation of seminiferous 
tubule segments. Inspired by Eyni et al. (2021). Created with BioRender.com. 

 

 

1.4.3.2 Dissociated testicular cells in vitro  

A standard 2D culture system was initially used for primary testicular cell culture in 1980 

(Tung and Fritz, 1980). Since then, important cell-to-cell or cell-to-ECM interactions have 

been studied in multiple testicular cell types (Hadley et al., 1985, Kierszenbaum et al., 1986). 

The effect of growth factors, hormones, and culture conditions on GCs or somatic cells has 
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also been explored (Schlatt et al., 1996, El Ramy et al., 2005). Importantly, immortalized cell 

lines were generated from murine GCs, Sertoli cells, Leydig cells, and other somatic cell types; 

these resources allow us to investigate the characteristics and functions of individual cell types 

(Hofmann et al., 1992). Functional haploid spermatids were successfully generated from the 

SSCs of adult patients with azoospermia or cryptorchidism after 2D culture in vitro (Tesarik 

and Bahceci, 1999, Yang et al., 2014). Some studies showed that the 2D culture of human GC, 

feeder cells such as Vero and Sertoli cells, and hormonal supplementation were essential to the 

spermatogenic process; however, no seminiferous tubular-like structures were observed 

(Tesarik et al., 2000, Sousa et al., 2002, Tanaka et al., 2003). Digested adult testicular cells can 

partially rearrange into tubular structures in 2D cultures but cannot support GC maintenance 

(von Kopylow et al., 2018). While 2D cultures provide certain cellular interactions and 

structural conditions, the cellular morphology may differ from that of real tissues. In general, 

the efficacy of 2D cultures for IVS is relatively low. More complicated testicular models that 

facilitate the interaction between germ and somatic cells are needed to overcome this problem. 

Over the last decade, the culture of testicular cells has shifted away from conventional 

2D culture models towards more advanced novel 3D culture techniques, such as different types 

of ECM, organoid, bioreactors, and testis-on-a-chip. The 3D culture mimics the features of the 

in vivo microenvironment and generate complex and sophisticated tissue structures; this has 

been regarded as an alternative method for studying testicular growth and spermatogenesis in 

vitro.  Different 3D models for the culture of testicular cells is described in more detail in the 

next section.  



55 

 

1.5 De novo three-dimensional (3D) models for propagation and 

spermatogenesis 

The stem cell microenvironment is formed by various cell types, ECM, and spatial 

arrangement, as well as cell-to-cell communication, cooperation, and metabolization, all of 

which contribute to homeostasis required for survival and function (Moore and Lemischka, 

2006). The earliest understanding of the cell microenvironment may originate from the 

"hematopoietic stem cell microenvironment," created by Raymond Schofield’s 1978 "niche" 

hypothesis (Schofield, 1978). Schofield believed that niches create a specific anatomical 

structure where the interaction between stem cells and other cells determines their behaviour. 

Removing stem cells from niches results in cell differentiation.  

Over the past few decades, the dynamics and complexity of the stem cell microenvironment 

have been studied in human bone marrow, skin, small intestine, brain, muscle, and other 

tissues. As described in Section 1.1.4, SSCs reside in niches that are regulated by different 

cells and factors.  3D culture techniques have provided a better understanding of how the 

microenvironment is composed during various in vivo physiological and pathological 

processes, including interactions and dynamic changes that occur between cells, ECM, factors, 

and other active substances. More importantly, a 3D in vitro system could facilitate the study 

of human tissues and cells. As a result, the use of 3D culture systems to mimic the in vivo SSC 

niche environment is a significant area of research.  
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1.5.1 The in vitro cultivation of 3D scaffolds and testicular cells  

Both scaffold-free and scaffold-based approaches have been used for the 3D cultivation of 

testicular cells (Edmondson et al., 2014). Due to the poor meiotic progression observed when 

using the scaffold-free technique (Yokonishi et al., 2013), most studies have used scaffold-

based strategies. A scaffold network of key macromolecules modulates SSC niche 

maintenance, proliferation, self-renewal, and differentiation in vitro. The ECM also directly 

communicates with stem cells through surface receptors and uses growth factors to regulate 

SSC activity (Gattazzo et al., 2014). Most commonly used 3D scaffolds have been reported to 

provide the in vitro testicular architecture and lead to the generation of haploid gem cells, 

including 1) natural scaffolds including those, such as collagen, that are ECM-derived (Lee et 

al., 2006, Lee et al., 2007b, Reuter et al., 2014), Matrigel (Legendre et al., 2010), decellularized 

testicular matrix (DTM) (Baert et al., 2015), and seaweed-derived scaffolds, such as calcium 

alginate (Lee et al., 2001) and soft agar (Stukenborg et al., 2008, Mohammadzadeh et al., 2019), 

and 2) synthetic scaffolds such as methylcellulose (Stukenborg et al., 2009), and poly (D, 

L-lactic-co-glycolic acid) (Lee et al., 2011b) (Table 1-2).  
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Table 1-2. Selected in vitro 3D models to study testicular physiology and advanced germ cell 
differentiation.  

Culture model Donor age 
and species  

Growth factor Maximu
m culture 
length  

Organization  Propagation/ 
differentiation of 
germ cells 

Reference  

Natural scaffolds  

3D: collagen gel, 
or collagen + 
Matrigel  

18 dpp 

rats 

Testosterone 
(10−7 M)  

 

22 days 

 

Cyst-like 
structures 

 

Increase in the 
collagen haploid 
cell population 
with or without 
Matrigel; post-
meiotic 
differentiation of 
spermatogenetic 
cells. 

 

(Lee et al., 
2006) 

3D; 4.3 mg/mL or 
2.5 mg/mL 
Matrigel with or 
without type I 
collagen 

18 dpp 
peripubertal 
rats 

Retinol 
(3.3.10−7 m) 

rFSH (100 mIU) 

Testosterone 
(10−7 M) 

22 days Cluster 
organization 

 

Round spermatids 
were detected. 

(Legendre 
et al., 
2010) 

Laminin, 
Matrigel,  

DTM-derived 
hydrogel 

6 dpp 
prepubertal 
mice; 
culture of 
isolated 
SSCs 

Testosterone (10 
μM) 

FSH (100 ng/ml) 

RA (100 ng/ml) 

7 days Not 
applicable. 

DTM is able to 
maintain SSC 
stemness and 
promote SSC 
differentiation into 
round spermatids 
without SCs. 

 

(Yang et 
al., 2020) 

1:1 Matrigel to 
cell suspension 
medium 

Adult 
obstructive 
azoospermia 
patients 

RA (2 μM) 

Testosterone 
(10−6 M)  

 

 

20 days Not applicable Round spermatids 
differentiated fro
m human SSCs 
in the 3D Matrigel 
system fertilized 
mouse oocytes, 
generating 
embryos with 
developmental 
potential. 

(Sun et al., 
2018) 

DTM from sheep 
testis 

18,26,38 
years old 
human  

For cell 
proliferation: 

4-6 weeks Not applicable Meiotic-related 
gene 
expression was 

(Ashouri 
Movassagh 
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GDNF (10 ng/mL) 

EGF (20 ng/mL) 

LIF (103 U/mL) 

bFGF (10 ng/mL) 

For 
differentiation:  

RA(3.3 × 10−7 M) 

FSH 
(2.5 × 10−5 U) 

Testosterone(10−7 
M) 

higher after 6 
weeks of culture. 

 

et al., 
2020) 

SACS 

 

10 dpp and 
mature (30 
dpp CD-1 
mice 

Not applicable 21 days  

 

Colonies  Higher 
proliferation; 
round spermatids 
were observed 
when all testis 
cells seed 

(Stukenbor
g et al., 
2008) 

SACS Immature 
(7–9 dpp) 
CD-1 mice 

hCG (5 IU/l)  

rhFSH (5 IU/l) 

 

 

31 days Colony 
formation 

 

GCs underwent 
spermatogenesis 
and divided into 
pre-meiotic, 
meiotic and post-
meiotic stages. 

(Stukenbor
g et al., 
2009) 

SACS 7 dpp mice Not applicable 14, 30 
days 

Colonies  Pre-meiotic germ 
cell expansion and 
differentiation into 
spermatozoa. 

(Abu 
Elhija et 
al., 2012) 

SACS 13-33 
months old 
rhesus 
monkey 

 

FSH (5 ng/ml) 

Testosterone 
(10−7 m mol/l) 

 

4-8 weeks Formed 
colonies/clust
ers  

 

Meiotic cells and 
postmeiotic cells 
were presented 
after culture.  

(Huleihel 
et al., 
2015) 

Natural scaffolds with different cultural methods 

Air-liquid 
interface 
technique with 
agarose gel  

0.5–5.5 dpp 

neonatal 
mice 

Human rEGF (20 
ng/ml) 

human bFGF (10 
ng/ml)  

14 days Irregular and 
maze-like 
reconstruction 
of tubular 
structure 

Reconstructed 
tubules support 
germ cell 
differentiation into 

(Yokonishi 
et al., 
2013) 
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human rGDNF 
(10 ng/ml) 

 pachytene 
spermatocytes.  

Human testis 
ECM in hanging 
drop culture  

Adult (ages 
56–61) 
human  

RA (2 μM) 

FSH (2.5 x 10−5 
IU) 

Human rSCF (100 
ng/ml) 

23 days  Compact, tight 
organoids 
with GCs 
being in the 
centre while 
somatic cells 
tend to be in 
the periphery 
of the 
structure. 

Diploid to haploid 
GCs.  

(Pendergra
ft et al., 
2017) 

Cell-free or cell-
laden scaffolds 
bioprinting with 
nanocellulose-
alginate hydrogel  

Prepubertal 
(<7 dpp) 
and adult (6 
months old) 
mice 

Not applicable Up to 48 
days 

No restoration 
of the tubular 
architecture 

 

Progression of 
spermatogenesis 
up to the elongated 
spermatid stage; 
cell 
59 eorganization 
into tubular 
structures was not 
observed. 

(Baert et 
al., 2019b) 

Synthetic scaffolds 

PLGA 18 and 30 
dpp rats 

RA (3.3 × 10−7 M) 

retinol (3.3 × 
10−7 M) 

rFSH (100 mIU) 

Testosterone(10−7 

M) 

Phytohemagglutin
in(100 µg/ml) 

18 days Initial 
colonization 

 

Differentiation of 
spermatocytes 
into spermatids. 

(Lee et al., 
2011b) 

Collagen sponges 7 dpp rats hCG (5 IU/I) 

FSH 

 

35 days Detection of 
tubulogenesis 

No detection of 
haploid cells; 
maintainance of 
germ cells 

(Reuter et 
al., 2014) 

Agar and 
polyvinyl alcohol 
(PVA) nanofibers 

3-6 dpp 
neonatal 
mice 

bFGF (10 ng/ml) 

GDNF (10 ng/ml) 

14 days Formation of 
spermatogonia
l stem-like cell 
colonies 

 

Differentiation of 
SSCs to meiotic 
and postmeiotic 
germ cells. 

(Ziloochi 
Kashani et 
al., 2020) 
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PDMS nanotubes 7 dpp 
prepubertal 
rats 

With or without 
hCG (5 IU/I) and 
human rFSH (5 
IU/I) 

14 days Cord-like 
structure 
formation 

 

Not investigated (Lee et al., 
2011a) 

Methylcellulose Immature 
(Days 7–9) 
CD-1 mice 

 

hCG (5 IU/l)  

rhFSH (5 IU/l) 

 

 

16 days 
days 

Colony 
formation 

 

Haploid cells (Stukenbor
g et al., 
2009) 

Methylcellulose  13-33 
months old 
rhesus 
monkey 

 

FSH (5 ng ml−1) 
Testosterone 
(10−7 m mol l-1) 

 

4-8 weeks Formed 
colonies/clust
ers  

 

Meiotic cells and 
postmeiotic cells 
were presented 
after culture.  

(Huleihel 
et al., 
2015) 

Methylcellulose 23–50 years 
old 
azoospermic 
patients  

 

GDNF, LIF, FGF 
and EGF 

 

3-7 weeks Colonies  Meiotic and 
postmeiotic cells 
were observed 
after culture.  

(Abofoul-
Azab et al., 
2019) 

 
FSH, follicle-stimulating hormone; RA, retinoic acid; MEM, Minimum Essential Medium; AlbuMAX, 
bovine serum albumin (BSA) purified with chromatography; DMEM/F12, Dulbecco’s Modified 
Eagle’s Medium/Nutrient Mixture F-12; FBS, fetal bovine serum; SCF, stem cell factor; HAS, human 
serum albumin; KSR, knockout serum replacement; (r)EGF, (recombinant) epidermal growth factor; 
LIF, Leukemia inhibitory factor; FGF, fibroblast growth factor; SCs, Sertoli cells; GCs, Germ cells; 
dpp, days post-partum; LCs, Leydig cells; DTM, decellularized testicular matrix; BMP4, bone 
morphogenic factor 4; SACS, soft agar culture system; PLGA , poly (D, L-lactic-co-glycolic acid). 
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In 2006, Lee et al. showed that rat GCs were able to differentiate on a 3D collagen gel culture 

system after 22 days and showed high cell viability (Lee et al., 2006). Collagen sponges have 

also been used successfully for immature rat testicular cell culture (Reuter et al., 2014). A 

subsequent study reconstructed seminiferous tubule-like structures with GCs on the inside and 

Leydig cells on the outside of a 3D collagen matrix culture and SPG were shown to successfully 

differentiate into primary spermatocytes (Zhang et al., 2014). Similarly, Sertoli cells from the 

transitional zone of adult mice testes organized into cord-like structures when embedded in a 

collagen matrix (Kulibin and Malolina, 2016). However, complete spermatogenesis has not 

been reported in 3D culture with collagen. Collagen, as one of the components of the ECM 

found in real testicular tissues, might not provide enough support for the optimum 

microenvironment for SSCs in vitro. Therefore, in order to mimic the real SSCs niche, a more 

complex combination of ECM is needed for in vitro SSC propagation and differentiation.  

DTM is a more natural scaffold with a 3D testicular structure and native ECM compounds such 

as laminin, fibronectin, collagen, and glycosaminoglycans, that was created to support the 

attachment and infiltration of dissociated human testicular cells (Baert et al., 2015). In the DTM 

culture system, testicular cells form organoids that secrete testosterone and inhibin B but do 

not undergo essential testicular compartmentalization or full GC differentiation (Baert and 

Goossens, 2018). An innovative DTM-derived hydrogel scaffold was recently developed to 

support the culture of porcine TOs (Vermeulen et al., 2019). Neonatal mouse testicular cells 

cultured using the DTM system were shown to generate TOs that were similar to porcine and 

human organoids but exhibited more advanced SPG differentiation into post-meiotic cells 

(Rezaei Topraggaleh et al., 2019), indicating that this platform has potential for in vitro 

spermatogenesis. In mouse SSC culture, spermatogenesis was able to continue to the round 

spermatid stage in DTM hydrogel matrix (Yang et al., 2020); this could be associated with the 
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natural soluble growth factors binding to nature ECM (Hynes, 2009). These studies suggested 

that natural testicular ECM components such as collagen, fibronectin, and laminin, as well as 

a structural organization similar to that seen in vivo, would promote testicular cell 

rearrangement in vitro. However, DTM is derived from natural testicular tissues, which 

requires a large amount of animal testicular tissues and a complex procedure to obtain the 

DTM. The residual DNA, nucleotides, and other unidentified cellular proteins in the DTM 

might adversely affect GCs and somatic cells cultured in DTM system. Thus, DTM is not an 

ideal 3D system for future clinical applications.   

In 2009, Stukenborge et al. effectively generated elongated spermatids from mouse testicular 

cell aggregates in a soft agarose culture system (SACS) and methylcellulose (Stukenborg et 

al., 2009). More recently, SACS has been used to form 3D cell aggregates of both dissociated 

somatic and GCs and generate post-meiotic cells from rat (Reda et al., 2014) and rhesus 

monkey ITTs (Huleihel et al., 2015). However, no advanced human GC differentiation or long-

term GC culture has been reported and the effects of SACS on human GCs have not yet been 

investigated, thus restricting the use of SACS for future clinical application.  

Synthetic scaffolds have also been used for in vitro testicular cell culture. For example, GCs 

from neonatal mouse testis developed into the post-meiotic stage in 3D agar and polyvinyl 

alcohol (PVA) nanofibers culture treated with RA and bone morphogenic factor 4 (BMP4) 

(Ziloochi Kashani et al., 2020). A 3D bioprinting method based on an alginate-based hydrogel 

was used as a culture system that allowed for design of the scaffold and cell deposition, and 

post-meiotic cells were identified in the culture (Baert et al., 2019a). Collagen sponges (Reuter 

et al., 2014) and carbon nanotubes (Pan et al., 2013) were also used to assess the influence of 

structural and topographical clues on in vitro rat testicular organogenesis, thus resulting in the 

generation of tubule-like structures. However, these synthetic scaffolds may have one or more 
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of the following disadvantages when used in cell culture: i) low cell adhesion; ii) low 

bioactivity; iii) biocompatibility problems; and iv) nondegradability (Reddy et al., 2021). The 

biocompatibility of these synthetic scaffolds with human GCs is not fully understood; thus, 

more studies are needed to explore the potential use of a synthetic scaffold on human testicular 

tissues.  

In recent years, a novel organoid technology using Matrigel has been applied to testicular cell 

culture after its application to numerous animal and human organs, such as lung, liver, and 

intestine (Kim et al., 2020). Matrigel is one of the most commonly used naturally derived ECM 

scaffold material that promotes the reorganization of cell suspension into 3D structure in vitro. 

Matrigel is a soluble and sterile extract of basement membrane proteins from Engelbreth-

Holm-Swarm (EHS) mouse sarcoma. Furthermore, Matrigel mainly contains laminin, collagen 

and entactin. Compared to synthetic scaffolds, the components of Matrigel are more similar to 

the in vivo physiological microenvironment which cells normally interact with. Compared to 

other natural gels, Matrigel has greater versatility to promote the reorganization of a 3D 

structure. Therefore, Matrigel has been regarded as a suitable ECM for the in vitro culture of 

testicular cells; this is described in more detail in the next section.  

 

 
 

1.5.2 Testicular organoids (TOs) 

1.5.2.1 Brief development of organoids  

An organoid is an in vitro 3D cellular cluster produced entirely from dissociated primary 

tissue cells or induced pluripotent stem cells (iPSC) that is capable of self-renewing and self-
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organizing. Organoids could demonstrate organ structure and/or function that is identical to the 

tissue of origin (Fatehullah et al., 2016). James Rheinwald and Howard Green were the first to 

develop organoids in 1975 by mixing human keratocytes with irradiated mouse fibroblasts and 

showed that these organoids could form a stratified self-organized squamous epithelium which 

had distinct cell types in each layer and resembled stratified skin (Rheinwald and Green, 

1975). When an intestinal organoid culture system was first generated in 2009, stem cell 

research took an extensive technical leap forward in its ability to construct 3D cultures from 

primary tissues (Sato et al., 2009).  

Organoids are generated from two distinct types of stem cells: 1) PSC that includes embryonic 

stem (ES) cells and induced pluripotent stem cells (iPSC), and 2) organ-specific adult stem 

cells (aSCs) (Clevers, 2016). When PSCs and aSCs are allowed to differentiate in culture, they 

are able to self-assemble into structures that closely resemble critical features of their tissues 

of origin. While PSC-based organoids are established by developmental processes, aSCs form 

organoids by reproducing the stem cell niche microenvironment during physiological tissue 

self-renewal or injury repair. Adult stem cells differentiate into tissue-specific cell types in vivo 

and regularly self-renew to refill the stem cell pool (Clevers and Watt, 2018). The novel 3D 

organoid method allows researchers to create a well-defined, stable in vitro culture system 

resembling the stem cell niche that can provide long-term support for near-physiological 

epithelia from purified stem cells. Organoids are now generated for a growing number of 

organs, including the gut (Sato et al., 2009), stomach (Barker et al., 2010), colon (Sato et al., 

2011b), kidney, pancreas (Huch et al., 2013), liver (Takebe et al., 2013), mammary glands, 

prostate, airways, thyroid, retina, and brain (Quadrato et al., 2017). Organoids are a promising 

tool for advancing personalized treatment and next-generation drug screening, and for reducing 

the need for animal experiments. Organoids generated from both primary and stem cells 
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provide simpler and more direct access to study signaling pathways than animal models 

(Lancaster and Knoblich, 2014, Fatehullah et al., 2016). 

 

1.5.2.2 The generation of testicular organoids (TOs) 

Matrigel has been used for immature rat testicular cell culture since SPG progression to 

pachytene spermatocytes and cord-like structures were first observed in 1985 (Hadley et al., 

1985). Hadley et al. stressed the importance of using laminin as a component of Matrigel 

because it promotes the rearrangement of Sertoli cells into cords (Hadley et al., 1990). 

Matrigel has been widely utilized to embed testicular cells from neonatal rats and mice (Yu et 

al., 2005, Gassei et al., 2010) because a higher number of post-meiotic cells are observed in 

cultures containing a combination of Matrigel and collagen than those with only collagen 

(Sakib et al., 2019). In Matrigel, neonatal testicular cells can organize into tubule-like 

structures with a blood-testis barrier in which the differentiation of GCs into round spermatids 

was observed (Legendre et al., 2010). A recent study also showed that tubule-like structures 

could be rebuilt in a three-layer Matrigel system using newborn rat testicular cells (Alves-

Lopes et al., 2017). These results indicate that Matrigel induces testicular cells to reorganize 

into tubular-like structures in vitro, likely from the complex proteins and growth factors 

Matrigel contains. The creation of a TO is a novel approach that is considered the most 

promising method because it could potentially provide an in vitro SSC niche environment that 

mimics the in vivo microenvironment and allows designable manipulation.  

Research on TOs has increased over recent years (Table 1-3). In one of the first studies on TOs 

in 2017, primary testicular cells from both adult and prepubertal human testes were able to self-

organize into functional organoids, where active niche cells and SPG could be maintained for 
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up to 4 weeks (Baert et al., 2017). These newly formed organoids were able to secrete 

testosterone, inhibin B, and cytokines, and tight junction proteins were found on the Sertoli 

cells. Similarly, Pendergraft’s 2017 study showed that human organoids from adult GCs and 

immortalized Leydig and Sertoli cells cultured using the hanging drop method could produce 

testosterone and generate haploid GCs (Pendergraft et al., 2017). Solubilized human testicular 

ECM was added to the culture media to imitate native conditions and markers of 

undifferentiated SPG were continually expressed during a 23-day culture, thus suggesting that 

the GC pool was maintained (Pendergraft et al., 2017). This 3D human testis organoid model 

has the potential to be used as a novel testicular toxicity-screening tool. In 2018, TO technology 

was used to investigate Zika virus infections (Strange et al., 2018), thus indicating a potential 

clinical application for TOs as a platform to study diseases. More recently, Sakib et al. used a 

microwell culture system to generate multicellular TOs that presented testis-specific 

morphology (Sakib et al., 2019). These authors also showed that the GCs in these structures 

experienced less cellular stress, including having a significantly lower number of 

autophagosomes, than GCs in 2D cultures. In 2019, Vermeulen et al. generated the first TOs 

with an exact tissue-specific structure in prepubertal porcine using collagen and hydrogel 

derived from DTM (Vermeulen et al., 2019). Peritubular and Leydig cells were found on the 

exterior of the tubule-like structures, while GCs and Sertoli cells were found on the interior. 

GC proliferation was observed in the organoids, but no further differentiation occurred during 

the 45 days of culture. In 2020, the self-assembly of tubular-like-structure TOs was shown to 

be age-dependent; 5-days-postpartum (dpp) cells (immature mice) were able to form organoids 

while 21-dpp cells (adult mice) were not (Edmonds and Woodruff, 2020). In addition, these 

TOs exhibited long-term (84 days) endocrine function and produce testosterone and inhibin B 

in response to FSH and hCG, indicating their potential as effective in vitro testicular tissue 
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models. More recently, mouse and chimeric TOs were shown to form in a 3D printed one/two-

layer scaffold (Richer et al., 2021). Interestingly, an intact tubule-like structure surrounded by 

interstitium was observed when culturing a mixture of primary testicular cells and germline 

stem cells, thus indicating that cell composition can be manipulated on the organoid platform. 

While the short-term survival of germline stem cells was observed in this organoid system, no 

GC differentiation occurred.  
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Table 1-3. Studies reporting the generation of 3D testicular organoids (TOs).  

Culture model Donor age 
and species  

Growth factor Maximum 
culture 
length  

Organization  Propagation/ 
differentiation of GCs 

Refer
ence  

Human 

DTM 15-year-old 
and adult 
human  

with or without 
hCG (5 IU/L) 
and FSH (5 
IU/L) 

28 days Formation of TOs 
occurs with or without 
scaffold support in 
both adult and 
prepubertal testicular 
cells.  

 

No progression of 
spermatogenesis, but 
spermatogonia were 
maintained and 
proliferated in culture. 

(Baert 
et al., 
2017) 

Human testis ECM 
in hanging drop 
culture  

Adult (ages 
56–61) 
human  

RA (2 μM), 

FSH (2.5 x 10−5 
IU),  

human rSCF 
(100 ng/ml) 

23 days  Compact, tight 
organoids with GCs in 
the centre and somatic 
cells on the periphery. 

Diploid to haploid GCs.  (Pend
ergraft 
et al., 
2017) 

Ultra-low 
attachment 96-well 
plate with 
centrifugation  

Adult - 72 hrs Organ-like structure 
containing GCs, SCs, 
and LCs.  

TOs could be infected by 
the Zika virus.  

(Stran
ge et 
al., 
2018) 

TOs in microwell 
culture 

6-month-old 
and 5-year-
old human 

EGF (20 ng/ml), 

RA (1 μM) 

5 days + 
48h of RA 
stimulation. 

 

Generation of porcine 
TOs with inverted cell 
organization (GC and 
SC were located 
outside while 
peritubular myoid cells 
and LCs were located 
at the core). Testicular 
cells containing 50% 
GCs failed to form 
organoids.  

No progression of 
spermatogenesis was 
reported. 

(Sakib 
et al., 
2019) 

Animal 

Matrigel, three-layer 
gradient system  

  

5–8-, 20- and 
60 days old 
rats 

RA (1 µM), 

 

21 days  Seminiferous tubule-
like structures in the 
organoid 

Maintenance and 
proliferation of SSC  

Responsiveness of 
organoids to IL1a, TNFa 
and RA 

 

(Alves
-
Lopes 
et al., 
2017) 
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TOs in microwell 
culture 

1-week-old 
piglets; P8-
P10 mice; 2-
year-old 
rhesus 
macaque;  

EGF (20 ng/ml), 

RA (1 μM) 

5 days + 
48h of RA 
stimulation. 

 

Generation of porcine 
TOs with inverted cell 
organization (GC and 
SC were located 
outside while 
peritubular myoid cells 
and Leydig cells were 
located at the core). 
Testicular cells 
containing 50% GCs 
failed to form 
organoids.  

No progression of 
spermatogenesis 
reported. 

(Sakib 
et al., 
2019) 

Hydrogel derived 
from ram 
decellularized 
testicular tissues 

3-5 days old 
mouse  

RA (10−6 M), 
hCG (5 IU/l) 
and FSH(5 IU/l) 
were added 
from day 15 to 
30 
 
 

 

30 days - Post-meiotic stage GCs 
(haploid) were detected 
in organoids 

Secretion of testosterone 
and inhibin 

 

(Reza
ei 
Topra
ggaleh 
et al., 
2019) 

Collagen and 
hydrogel from DTM 

< 7 days old 
prepubertal 
pigs 

retinol (1 μM) 

FSH (35 IU/l,) 

hCG (2 IU/l) 

45 days Reassembled tubule-
like structures with 
SCs and GCs in the 
middle and LCs and 
peritubular cells 
localized outside.  

Generation of functional 
TOs, no 
spermatogenesis 
progression; the number 
of GCs decreased in 
culture. 

(Verm
eulen 
et al., 
2019) 

3D ECM-free 
culture (3DF, 
agarose microwell 
inserts), and 2D 
ECM culture (cells 
on top of 1:1 base 
medium-diluted 
Matrigel) 

 

Prepubertal (5 
days old), 
peripubertal 
(12 or 21 days 
old) and adult 
(8-16 weeks 
old) mouse  

FSH (20 
mIU/ml), hCG 
(4.5 IU/ml) 
starting at day 
7of long-term 
culture 

 

 

84 days  Self-assembly 
of tubule-like 
structures 

Incorporation of all 
major cell types 

Structural 
compartmentalization 
between tubular and 
interstitial cells 

 

No meiotic cells were 
detected 

Secretion of testosterone 
and inhibin B over 12 
weeks  

(Edmo
nds 
and 
Woodr
uff, 
2020) 

3D printed scaffolds 
and air medium 
interface cultivation 

4-5 days old 
mice 

Melatonin (10-7 
M), retinol (10-6 
M) 

 

6 weeks Tubule-like structure 

 

 

Differentiation of GCs to 
the meiotic phase 

(Riche
r et al., 
2021) 

hCG, human chorionic gonadotropin; DTM, decellularized testicular matrix; ECM, extracellular 
matrix; FSH, follicle-stimulating hormone; SCF, stem cell factor; IL1, Interleukin-1; TNFα, tumour 
Necrosis Factor alpha; RA, retinoic acid; EGF, epidermal growth factor; GCs, germ cells; SCs, Sertoli 
cells; SSCs, spermatogonia stem cells; LCs, Leydig cells. 
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In vitro TOs could potentially be used as long-term models to study GC niche molecular 

regulatory mechanisms, cell-cell interactions inside SSC niches, and testicular cancer and its 

microenvironment. TO platforms offer many possibilities to study and manipulate Sertoli cells, 

GCs, and other essential components of SSC niches for the treatment of male infertility and 

other conditions. Understanding the SSC niche and its basic mechanisms is important for the 

design of in vitro culture systems that can regulate SSC self-renewal and differentiation for 

potential clinical application. To date, only a few studies have investigated TOs with limited 

human tissues or animal models, let alone the use of prepubertal testicular tissues. No complete 

spermatogenesis has been reported in TO systems in animal models or humans. More studies 

are needed to explore the optimum microenvironment for the culture of GCs in organoids. Due 

to the difference of prepuberty period and development of testis in different species, it is 

important to use suitable animal models with a longer prepuberty period, such as the bovine 

model, to investigate the optimal in vitro microenvironment for GCs before moving to valuable 

human ITTs. Moreover, no study has investigated TO formation using a neonatal bovine 

animal model. No study has yet investigated GCs in the postnatal stage, such as the gonocytes, 

for their in vitro maintenance, propagation, survival and differentiation. Therefore, in this 

thesis, I investigated the in vitro isolation, enrichment, and culture conditions of gonocytes, 

and the formation of neonatal TO using bovine animal model; further details are given in 

Chapter 4 and Chapter 5.  
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1.6 Gaps in the existing literature, hypothesis, and aims 

Increasing attention is being given to infertility caused by childhood cancer treatments and as 

a result, many fertilities preservation programs have been established for the cryopreservation 

of reproductive tissues. To date, no standard tissue transportation processes or cryopreservation 

strategies have been established. Given the importance of maintaining tissue fragment health 

and quality before and after cryopreservation, the transportation process, including the 

transport medium and time, requires investigation. It is often not feasible for a patient to come 

to a fertility preservation center himself, since his condition makes long travels difficult. On 

the other hand, fresh tissue transport is both expensive and risky to tissue health. Thus, 

vitrification, a simpler and more efficient cryopreservation method that does not require the 

use of an expensive and heavy machine, may represent a suitable alternative.  

One of the most significant challenges related to the use of stored human ITTs is the production 

of functional sperm from GCs. Given the differences between prepubertal and pubertal niches, 

reassembling SSC niches in vitro may help to preserve the fertility of prepubertal boys who 

have been diagnosed with cancer. IVS is the most promising approach to preserving the fertility 

of these patients given that it requires minimal invasiveness and no risk of transplanting 

neoplastic cells. However, spermatogenesis is a complex process in a specialized testicular 

microenvironment in vivo, and recreating conditions to support complete GC differentiation in 

vitro is a challenge that has only been achieved in a mouse model thus far. Rebuilding the 

testicular niche from dissociated cells in vitro is an attractive alternative because of the control 

afforded over the cell culture and the possibility of providing vasculature. Use of this strategy 

in combination with innovative technologies, such as organoids, microfluidics, or 3D printing, 

is currently under investigation and may help to create a fully competent IVS culture system.  
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In vitro organoids could potentially be used as an in vitro model to study spermatogenesis and 

testicular diseases. To date, only limited large mammal models have been used to build TOs. 

To our knowledge, no bovine TOs have been generated to date. Bovines are commonly used 

as a large animal model and have a longer prepubertal period to study the development of 

testes, so could be used to generate TOs before moving to the study of valuable human tissue. 

In addition, important questions about the efficacy and safety of the developed systems remain 

unanswered in animal models, let alone in humans. In large animal and non-human primates, 

complete GC differentiation in vitro has relatively low effectiveness and progression beyond 

the spermatocyte stage remains challenging. There is an urgent need to develop an in vitro 

culture system in large mammal models for the propagation and spermatogenesis of GCs. The 

use of 3D culture systems is becoming more refined and may provide micro-environment 

conditions that can support spermatogenesis in vitro.  

The general aim of my DPhil thesis was to develop an improved 3D culture system as a 

replicable and easy assessable platform for in vitro propagation and differentiation of primary 

GCs from ITTs. My research was primarily composed of four studies that are linked by the 

preservation of ITT biopsies and the restoration of fertility.  

Aim 1: To investigate the effect of three cryopreservation methods, vitrification, speed-

controlled slow freezing, and non-speed controlled slow freezing, on bovine neonatal testicular 

tissue structure, cell viability, cell apoptosis, and key gene expression (Chapter 2). 

Hypothesis: Vitrification can be used as an alternative cryopreservation method for bovine 

ITTs by successfully preserving tissue structure and GCs.  
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Aim 2: To investigate the effect of four tissue transportation times (1, 6, 24, and 48 hours) on 

bovine neonatal testicular tissue structure, cell viability, cell apoptosis, and key gene 

expression (Chapter 3).  

Hypothesis: Bovine neonatal testicular tissue can retain good condition after a 48-hour 

transport period.  

Aim 3: To optimize the selection and characterization of GCs from dissociated testicular cells 

(Chapter 4). In this section, I optimized the neonatal bovine testicular GC isolation and 

enrichment protocol and developed basic culture conditions for maintaining GCs in vitro using 

a commonly used 2D culture system.  

Hypothesis: The optimized protocols are effective and reliable for GC isolation, enrichment, 

and short-time in vitro maintenance.  

Aim 4: To develop a novel 3D organoid culture system for the in vitro maintenance and 

development of GCs from bovine neonatal testicular tissue (Chapter 5). To achieve this, I 

investigated factors including cell types, basic culture medium, cell-seeding methods, and 

growth factors, that might affect bovine TO generation. I also evaluated the long-term and 

short-term culture of organoids in this novel 3D system.  

Hypothesis: The novel 3D organoid culture system could support GC maintenance and 

development in vitro by providing a niche-like microenvironment.  
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Chapter 2. A comparison between 
vitrification and two methods of slow 
freezing for the cryopreservation of 
gonocyte-containing neonatal calf 

testicular tissue 
 

 

 

 

 

 



75 

 

2.1 Introduction  

Childhood cancer is a leading cause of death, with an estimated 397,000 cases worldwide in 

2015 (Ward et al., 2019a). In many high-income countries, the 5-year survival rate associated 

with childhood cancer is as high as 80% (Bhakta et al., 2019). However, survival may come at 

the cost of the long-term side-effects of aggressive anti-cancer therapies; one such effect is 

infertility. Rapidly dividing cells are the prime target of chemotherapy and radiotherapy; 

consequently, these cancer treatments may induce a severe loss of GCs, thus resulting in 

temporary or permanent gonadal toxicity. Consequently, there may be a high prevalence of 

infertility among adults who survived childhood cancers, including those who suffered from 

osteosarcoma, Hodgkin’s lymphoma, and soft-tissue sarcomas (Wasilewski-Masker et al., 

2014a). Increasing evidence shows that chemotherapy with alkylating agents (e.g., 

cyclophosphamide) or platinum-based agents (e.g., cisplatin or carboplatin) reduces the 

proliferation of GC populations (Green et al., 2014, Allen et al., 2020). It follows that the 

survivors of childhood cancer might have a lower chance of having a child than their siblings 

(Green et al., 2010).  

The production of functional sperm begins at puberty; therefore, conventional ‘sperm banking’ 

is not practical for the preservation of fertility in prepubertal or adolescent boys. Thus, 

cryopreserving ITTs represents a promising alternative approach for these patient populations 

(Keros et al., 2007, Menon et al., 2009). An increasing number of tissue banks have been 

established in different countries to perform such techniques (Lakhoo et al., 2019b, Valli-

Pulaski et al., 2019, Goossens et al., 2020). At present, the most commonly used methods for 

the preservation of ITTs are controlled slow freezing (CSF), uncontrolled slow freezing (USF), 

and vitrification. In CSF, the cooling speed and temperature can be controlled using a 
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programmed machine, whereas USF does not permit such accurate control over the freezing 

process.  

Slow freezing, using dimethyl sulfoxide (DMSO) as a permeating cryoprotectant, is one of the 

most commonly used methods for the cryopreservation of ITT in human tissue banks (Wyns 

et al., 2008, Valli-Pulaski et al., 2019). The application of this technique, has led to the 

production of functional sperm and live offspring from prepubertal grafts in mice (Honaramooz 

et al., 2002, Shinohara et al., 2002a, Schlatt et al., 2003) and in rhesus monkeys after autologous 

grafting (Fayomi et al., 2019). These findings indicate that this method offers a potential means 

of regaining fertility in young people who have undergone cancer treatment. The cooling rate 

in slow freezing is crucial because it affects the rate of formation and the size of ice crystals 

(Gurruchaga et al., 2018). Uncontrolled slow freezing (e.g., using the Mr. Frosty system) is a 

cheap and simple method; however, using this type of system, it is not possible to accurately 

adjust or design cooling rates that are optimized for testicular tissues. Controlled slow freezing 

allows the application of optimal cooling rates for testicular tissues during cryopreservation 

and allow us to monitor the real cooling rate within samples. However, the controlled slow 

freezing method currently used in clinics for human prepubertal testicular tissues demands 

complex and costly equipment; these systems are usually owned by large urban hospitals or 

central tissue banks. Thus, patients may need to travel long distances to specific hospitals to 

receive this specialized treatment. This may delay their cancer treatment, or alternatively, their 

tissue biopsy may need to be transported a long distance, which may affect the quality of the 

preserved tissue.  

Vitrification is a physical process in which the liquid in cells/tissues starts to become a solid 

liquid (also referred to as a glass-like state) without the formation of ice crystals; this occurs 

because the tissue is cooled rapidly (Wowk, 2010). During this transition, the natural disorder 
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of water molecules and other dissolved solutes can be largely maintained and preserved inside 

cells and tissues. Vitrification has been proposed as a clinically safe and efficient fertility 

preservation technology for use in in vitro fertilization (IVF) laboratories for the 

cryopreservation of oocytes, embryos (De Munck and Vajta, 2017), blastocyst (Rienzi et al., 

2016), sperm (Tao et al., 2020) and ovarian tissues (Suzuki et al., 2015) with full developmental 

competence. However, vitrification has not been widely used for the storage of testicular 

tissues. The use of vitrification to cryopreserve ITTs may enable more timely processing of 

tissues without the need for patients to complete long journeys. Previous research has indicated 

that vitrification is effective for the cryopreservation of undifferentiated SPG in mice (Curaba 

et al., 2011b), horses (J Costa et al.), and humans (Curaba et al., 2011a) in terms of preserving 

tubular morphology. Vitrified testicular tissues from neonatal Aug boars had been proven to 

produce functional sperm after grafting into nude mice (Kaneko et al., 2020). Furthermore, the 

completion of spermatogenesis was reported for both controlled rate freeze/thawed and 

vitrified neonatal mouse testicular tissues (Yildiz et al., 2018). These studies indicate the 

significant potential of vitrification for preserving male fertility.  

ITTs collected from cancer patients (including those suffering from leukaemia, lymphoma, or 

testicular cancer) before they undergo treatment cannot be used for autologous grafting, as they 

may contain malignant cells. In such cases, IVS and xenotransplantation are more appropriate 

approaches. In addition, only a small number of GCs are present in ITTs; in vitro culture could 

facilitate the maturation and development of these GCs. Therefore, the in vitro culture of 

enriched GC populations is important for the isolation and propagation of GCs.  

In the early postnatal developmental stage of the mammalian testis, gonocytes, which are 

located in the centre of the seminiferous cords, are the most prominent type of GC and are 

surrounded by Sertoli cells (Yang and Oatley, 2014). In bovine and human testes, at 
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approximately 2 months of age, gonocytes that originate from PGCs gradually begin to migrate 

to the basement membrane of the seminiferous cords and develop into spermatogonial stem 

cells (SSCs) (Paniagua and Nistal, 1984, Culty, 2009). This transformation is associated with 

the capacity of SSCs to self-renew and undergo spermatogenesis; consequently, this process if 

important for the development of male GCs. Therefore, the preservation of gonocytes during 

the neonatal period is fundamental to healthy prepubertal testes. However, only a few studies 

have addressed the cryopreservation of mammalian gonocytes; furthermore, the vitrification of 

gonocyte-containing testicular tissue has yet to be attempted.  

In this study, we utilized the bovine model as an alternative to human tissues. This established 

animal model has several specific benefits for this type of research. For example, the 

prepubertal period in the bovine model is similar to that of humans, and longer than in mice or 

rats. Second, bulls have a lower spermatogenesis efficiency (12x106 sperm per gram of 

testicular tissue daily); this is similar to the efficiency of humans (4 to 6x106 sperm per gram 

daily). Third, spermatogenesis takes 61 days in bulls, compared to 74 days in humans (Amann 

et al., 1976, Johnson, 1986). The seminiferous epithelium in neonatal calves contains 

gonocytes/SSCs and Sertoli cells and no advanced spermatids for the first 20 weeks. The 

initiation of spermatogenesis in Holstein bulls starts at around 16 weeks and ends by 32 weeks 

(Curtis and Amann, 1981), thus providing a longer pubertal period for research. Given the 

difficulty in obtaining human ITTs, the bovine model is widely considered to represent an 

appropriate animal model for this type of research.  

In the present study, we investigated the effects of vitrification and two methods of slow 

freezing on the cryopreservation of neonatal bovine ITTs containing gonocytes. We also 

assessed the potential of vitrification as an alternative method for cryopreserving neonatal 

ITTs. The three cryopreservation techniques were compared with regards to tubular histology, 
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cell viability, apoptosis, and gene expression in neonatal gonocyte-containing ITTs. After 

thawing, in vitro gonocyte cultures were carried out and analysed to evaluate the activity and 

behaviour of cells after cryopreservation. 

 

2.2 Methods and materials  

2.2.1 Collection and preparation of bovine ITTs 

Bovine ITTs from 2-week-old Holstein calves (Bos taurus) were obtained from Tockenham 

Corner abattoir (Swindon, UK). All testes were washed in phosphate Buffered Saline (PBS) 

(Sigma-Aldrich, UK) and immediately transferred to the laboratory on ice in transfer medium 

containing sterile Hanks’ Balanced Salt Solution (HBSS) (Sigma-Aldrich, UK) supplemented 

with 2% penicillin–streptomycin (Sigma-Aldrich, UK), 0.1 M sucrose (Sigma-Aldrich, UK), 

and 10 mg/mL bovine serum albumin (BSA, Thermo Fisher, UK). Testes were then immersed 

in transport medium and transferred on ice immediately to our laboratory. Upon arrival at the 

laboratory, the adipose tissue and tunica albuginea were removed, longitudinal incisions were 

made to expose the testicular parenchyma (Figure 2-1). Then, ITTs were dissected into 

fragments that were 1–2 mm3 in size and then stratified into three groups according to the 

cryopreservation method: CSF, USF, and vitrification. 
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Figure 2-1. Preparation of calf immature testicular tissues (ITTs). A) ITTs were collected and 
washed with PBS. B) Testis with tunica vaginalis and epididymis (left), after removal of the tunica 
vaginalis and epididymis (middle), and after a longitudinal incision to expose the testicular parenchyma 
(right). Tissue fragments of 2 to 5 mm3 in size were taken from the region indicated by the white arrow 
for subsequent cryopreservation. 

 

 

2.2.2 Cryopreservation and thawing 

In the CSF group, testicular tissue fragments were processed using the testicular tissue 

cryopreservation standard operating procedure applied at the Oxford Cell and Tissue Biobank 

(Oxford, UK) (Lakhoo et al., 2019a) with necessary modifications which were for bovine 

animal tissues. The individual tissue fragments were transferred to cryovials and equilibrated 

in 1 mL of premade cryoprotectant agent (CPA) containing HBSS supplemented with 1.5 M 

DMSO (Sigma, UK), 0.1 M sucrose, and 10 mg/mL bovine serum albumin (BSA). 

Cryopreservation was performed in a computer-controlled freezer (Ice Cube 14S, SY-LAB, 

Purkersdorf, Austria) using the testicular tissue cryopreservation programme: 
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1) Start temperature of 4°C; 

2) Cryovials with ITTs were placed into the auto-seeding rack cryovial holders; 

3) The initial cooling rate was −1°C/min; cooling was continued until the chamber 

temperature reached 0°C and then held for 5 min; 

4) The cooling rate was −0.5°C/minute until −8°C was reached, and then held for 5 min; 

5) The machine automatically seeded the cryovials and the tissues were allowed to soak 

for 15 min; 

6) The cooling rate was −0.5°C/minute until −40°C was reached, and then held for 10 min; 

7) A faster cooling rate was applied, of −7°C/minute until −70°C was reached; 

8) A much faster cooling rate was applied, of −10°C/minute until −140°C was reached; 

9) The cryovials were removed from the chamber and immediately placed in liquid 

nitrogen for storage. 

When the programme was finished, cryovials were removed from the chamber and plunged 

rapidly into a liquid nitrogen (LN2)-containing Dewar, where they were stored to await future 

analysis. 

In the USF group, cryovials were placed in a Mr Frosty™ Freezing Container (Thermo Fisher 

Scientific, Waltham, MA, USA) containing isopropyl alcohol at room temperature, which was 

then transferred to a −80°C freezer overnight before being placed into LN2. This unit was 

designed to provide a cooling rate of approximately 1 °C/min from room temperature to −80°C.  

When thawing, the slow-frozen vials were removed from LN2 and immersed in a 37°C water 

bath for 2 min. Then, 1 ml of warm transport medium was added immediately to each vial to 

dilute the cryomedium by 50%; then, all contents were transferred from cryovials to a prepared 

sterile dish for 3 min. Next, small pieces of testicular tissue were transferred to a fresh dish 
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containing 3 ml of transport medium for a 5 min incubation with gentle agitation at 37°C. This 

process was repeated twice.  

For vitrification, small pieces of testicular tissue were processed using a vitrification kit 

according to the manufacturer’s instructions (VT601, Kitazato, Shizuoka, Japan). One piece of 

tissue was placed in 200 µl of equilibration solution for 25 min. After removing the excess 

equilibration solution, tissue fragments were placed in 200 µl of vitrification solution for 15 

min. Next, small pieces of tissue were plunged immediately into fresh LN2 before being placed 

into an empty cryovial and stored in LN2 until further use. To thaw samples after vitrification, 

tissue fragments were warmed in 1.5 ml of prewarmed thawing solution at 37°C for 1 min 

incubation, followed by 3 min incubation in 600 µl of dilution solution, and two 5 min 

incubations in 600 µl of washing solution. All cryovials were stored in LN2 at −196 °C to await 

further analysis. Vitrified or freeze/thawed testicular tissues from the three groups underwent 

immediate fixation for histology, and were evaluated for apoptosis, cell viability, and gene 

expression. 

 

2.2.3 Histology and immunohistochemical analyses  

Freeze/thawed testicular tissue fragments were fixed in 10% formalin (approx. 4% 

formaldehyde; Sigma-Aldrich, UK) for 24 hours at room temperature before being embedded 

in paraffin wax. All tissue embedding was performed by the histology facility at the Kennedy 

Institute of Rheumatology at the University of Oxford. Sections of 5 µm in thickness were 

obtained using by a microtome (Leica, Germany). At least three section slides from different 

depths of each of the embedded tissues were used for haematoxylin and eosin (H&E) staining 

or immunohistochemical staining (Figure 2-2). For both H&E staining and 
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immunohistochemical staining, the sections were dewaxed and rehydrated by xylene and a 

series of decreasing ethanol concentrations. 

Testicular tissue morphological appearance was assessed by H&E staining. For H&E staining, 

slides were immersed in haematoxylin solution (Sigma-Aldrich, UK) for 30 seconds, followed 

by eosin solution (Sigma, UK) for 1 minute, and washed in running water for 10 minutes. After 

mounting and drying, the microscopy images of the stained tissue sections were collected 

(Nikon, Japan) and seminiferous tubule detachment from the basement membrane was 

analysed. Based on the main morphological patterns, structural integrity, and architecture, the 

histology of ITTs was categorized as grades 1, 2, or 3 according to the attachment of tubular 

cells to the basement membrane (Figure 2-3 A). Seminiferous tubules were regarded intact 

when tubular cells adhered to the basement membrane. Tubules were considered to be grade 1 

if there was full cellular adhesion or <30% detachment from the basement membrane, grade 2 

if there was partial detachment (30% to 70%) from the basement membrane, and grade 3 if 

tubules displayed >70% detachment from the basement membrane. 

For immunohistochemical staining, after the sectioned tissues have been deparaffinized and 

rehydrated, 0.3% H2O2 was used to inactivate endogenous peroxidase, followed by nonspecific 

blockade with horse/goat serum blocking solution for 30 minutes at room temperature. 

Subsequently, ITT sections were incubated with primary antibodies overnight at 4°C. Anti-

PGP9.5 primary antibody (1:100 dilution; ab72911; Abcam, Cambridge, UK) was used as a 

marker of gonocytes and undifferentiated SSCs. Anti-vimentin primary antibody (1:200; sc-

6260; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a marker of Sertoli cells. 

Anti-ki67 primary antibody (1:100; ab15580; Abcam) was employed as a marker for cell 

proliferation. After washing in PBS, the sections were incubated with the secondary antibody 

provided in the VectaStain™ ABC kit (Vector Laboratories, Burlingame, CA, USA). After 
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staining using this kit, signals were visualized using 3,3′-diaminobenzidine (DAB; Novus 

Biologicals, Littleton, CO, USA). All ITT sections were counterstained with haematoxylin for 

30 seconds and washed in running water. After dehydration in a graded ethanol series and 

clearing in xylene, the slides were mounted and dried. Negative controls were prepared using 

corresponding concentrations of isotype immunoglobulin G. Images were taken and analysed 

by ImageJ (National Institutes of Health, Bethesda, Maryland, USA). 

 

 

 

Figure 2-2. Histology and immunohistochemistry procedure. Samples in cryovials were removed 
from the liquid nitrogen tank and thawed in a water bath. After fixation and embedding, the tissues were 
sectioned using a microtome, dewaxed, and rehydrated with xylene and ethanol. The slides were then 
stained with haematoxylin and eosin (H&E) for morphology analysis or with immunohistochemical 
stains for the analysis of germ cells or Sertoli cells. Figure created by author on Biorander.com.  
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2.2.4 RNA extraction  

The PureLink™ RNA Mini Kit (Thermo Fisher, UK) was used for total RNA extraction for all 

tissues in accordance with the kit instructions. All samples were lysed with freshly made lysis 

buffer containing 1% 2-mercaptoethanol (Sigma-Aldrich, UK), and homogenized by 10 passes 

through a 21-gauge needle using a syringe. A mixture of chloroform and isoamyl alcohol was 

incubated with lysate for 2 minutes; the colourless aqueous layer containing RNA was then 

collected. RNA was then bound to the membrane of a spin cartridge and washed with Wash 

Buffer I and II, allowing the collection of ultrapure total RNA collection after three sequential 

elutions. Purified RNA was kept on ice for use within a few hours or stored at −80°C for later 

use. The Qubit® RNA BR Assay Kit (Molecular Probes, UK) was used to quantify the 

concentration of RNA, and the results were read by a Qubit® 3.0 Fluorometer (Invitrogen, 

UK).  

 

2.2.5 Quantitative real-time reverse transcription-polymerase chain 

reaction (qRT-PCR) 

Electrophoresis was performed on a denaturing agarose gel to assess the overall quality of the 

RNA. For electrophoresis, all wells were loaded with 6 µL 2× RNA Loading Dye, 3 µL of 

eluted RNA samples, and 2 µL of 62.5 µg/mL ethidium bromide (1:10 dilution). The primers 

for the genes of interest are presented in Table 2-1. cDNA was synthesised from 100 ng of 

RNA using the SuperScript™ IV One-Step RT-PCR Kit (ThermoFisher Scientific, UK) with 

a thermal cycler programme (Table 2-3) for the reverse transcription reaction.  
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The SuperScript™ IV One-Step RT-PCR Kit (Thermo Fisher Scientific, UK) was used for 

complementary (c)DNA synthesis using a thermal cycler programme with the following 

settings: reverse transcription at 50°C for 10 min, denaturation at 98°C for 2 min, followed by 

40 amplification cycles at 98°C for 10 s, annealing temperature of primers for 10 s at 64.3°C, 

followed by 72°C for 30 s/kb, and a final extension process at 72°C for 5 min (Table 2-2).  

qRT-PCR reactions (Table 2-3) were carried out in 96-well plates with a QuantStudio™ 3 

system (Applied Biosystems, Foster City CA, USA). In each reaction, a total volume of 20 µl 

per well was used, containing 4 µl of diluted cDNA templates, 10 µl of Fast SYBR Green 

Master Mix (Thermo Fisher Scientific), 1 µl each of 10 µM forward and reverse primers, and 

4 µl of DNase/RNase free water. The qRT-PCR cycle programme started with pre-denaturation 

holding stage at 95°C for 20 s, followed by 40 cycles of amplification containing denaturation 

at 95°C for 3s, annealing/extension at 60°C for 30s, ending with a melt-curve stage at 95°C for 

15s and 60°C for 60s. Samples were run in triplicate along with a non-template control. β-actin, 

which has been identified and validated as a stable gene for qRT-PCR in bovine testes, was 

used as a housekeeping gene. Data were analysed using Excel™ (Microsoft, Redmond, WA, 

USA) and the 2−ΔΔCt method (Livak and Schmittgen, 2001).  

 

 

 

 

 



87 

 

Table 2-1. Primer sequences used for qRT-PCR in this study.  

Gene Tm (°C) Forward primer (5'–3') Reverse primer (3'–5') 

Β-ACTIN  66.9 TCGCCCGAGTCCACACAG ACCTCAACCCGCTCCCAAG 

STRA8 63.3 TGTACTCCAGAAACCCCAGTCT TCCTCTTCTTCTTCCTCCTCAA 

PLZF 65.2 CCAGCAGATTCTGGAGTATGCA GCATACAGCAGGTCATCCAAGTC 

GFRΑ-1 64.3 CCACCAGCATGTCCAATGAC GAGCATCCCATAGCTGTGCTT 

THY1 64.6 TTCATCTCCTTGTGACGGGTT GCAGAGGTGAGGGAATGGC 

UCHL-1 63.8 ACCCCGAGATGCTGAACAAAG CCCAATGGTCTGCTTCATGAA 

SOX2 61.0 TTACCTCTTCTTCCCACTCC  TTCTTGCTGTCCTCCATTTC 

OCT-4 61.0 AGAGAAAGCGGACGAGTAT AGTACAGAGTAGTGAAGTGAGG 

NANOG 64.9 TAAGCACAGGGGGCAAAAGT ATGGCTAAAAGGGGTGGAGG 

CREM 63.0 TCCGTTATTCAGTCACCACAAA GAGGGTCTTCGTGAAAGGATTT 

HSP70-2 61.9 TTGGGGACAAGTCAGAGAATG ATCGTGGTGTTCCTTTTGATG 
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Table 2-2. Reverse transcription (RT) reaction and quantitative PCR reaction components.  

 Component Volume per reaction  

Reverse 
transcription 
reaction  

2× Platinum™ SuperFi™ RT-PCR 
Master Mix 

25 µL 

Template RNA 17.5 µL (100 ng top-up with water) 

Forward Primer [50 µM] 0.5 (×7) µL 

Reverse Primer [50 µM] 0.5 (×7) µL 

SuperScript™ IV RT Mix 0.5 µL 

Total Volume 50 µL 

qPCR 
reaction  

Fast SYBR Green Master Mix [2×] 10 µL 

RNase-free Water 7 µL 

cDNA Template (Diluted) 1 µL 

Forward Primer [10 µM] 1 µL 

Reverse Primer [10 µM] 1 µL 

Total Volume 20 µL 

RT-PCR reaction: SuperScript™ IV One-Step RT-PCR Kit was used to reverse transcribe RNA into 
cDNA, amplifying the key genes with primers in a one-step reaction with a total reaction volume of 50 
µL. qPCR reaction: 20 µL total volume reaction mixture was vortexed in a MicroAmp™ Fast Optical 
96-well reaction plate and analysed using a QuantStudio™ 3 instrument. 
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Table 2-3. Reverse transcription reaction and quantitative PCR (qPCR) cycler program.  

Program Step Temperature Time 
Number of 

Cycles 

Reverse 
transcription 
reaction 

Reverse 

transcription 
50°C 10 minutes 

1 
RT 
inactivation/initial 
denaturation 

98°C 2 minutes 

Amplification 

98°C 10 seconds 

40 64.3°C 10 seconds 

72°C 30 seconds/kb 

Final extension 72°C 5 minutes 1 

 

qPCR reaction 

DNA Polymerase UP 

Activation 
95°C 20 seconds Hold 

Denaturation 95°C 3 seconds 
40 

Annealing/Extension 60°C 30 seconds 

DNA Polymerase UP 

Activation 
95°C 20 seconds Hold 
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2.2.6 Tissue digestion 

After thawing, tissues from the three groups were dissociated into single cells suspension using 

a two-step enzyme digestion procedure, adjusted from previously published method (Alves-

Lopes et al., 2018). Briefly, each testis fragment was transferred to 2ml of the first digestion 

solution and then was mechanically desegregated and cut by using needles and scalpel. The 

suspension was incubated at 37°C for 30 min with shaking, which was followed by 10 min 

non-shaking incubation for seminiferous tubules fragments to sediment. Supernatant was 

collected and centrifuged at 400g for 5 min at 4°C, and the pellet containing cells was 

resuspended in fresh culture medium. Then 2ml of the second digestion solution was added to 

the sediment of seminiferous tubule fragments, followed by incubation at 37°C for 30 min with 

shaking. Next, cell suspension was centrifuged at 300g for 5 min at 4°C, and supernatant was 

disposed and cells were resuspended in fresh culture medium.  

 

2.2.7 Viability  

Equal volumes of cell suspension in culture medium or PBS and 0.05% (w/v) trypan blue 

(Gibco, UK) were mixed and incubated at room temperature for 2 min. Then, the numbers of 

unstained (viable) and stained (non-viable) testicular cells were counted in one set of 16 squares 

on a hemacytometer under a light microscope (Microscope Nikon Eclipse Ti, Japan). When 

counting, cells were only counted when they were set within the square or on the right-hand or 

bottom boundary line of the square. Four replicate counts were done for one sample.  
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2.2.8 Apoptosis 

A fluorometric terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 

(DeadEnd; Promega, Fitchburg, WI, USA) was used to detect and quantify apoptotic cells by 

measuring nuclear DNA fragmentation following the kit instruction. Testicular cells adhered 

to coverslips/slides were fixed by immersion in 4% PFA in PBS for 25 min, followed by 

permeabilization with 0.2% Triton X-100 solution in PBS for 5 min. After washing, 

cells/colonies were covered with 100 μl of equilibration buffer for 10 min. A total volume of 

50 μl of rTdT incubation buffer was used to replace the equilibration buffer, followed by 

incubation at 37°C for 1 h in a humidified chamber in the dark. A 2X volume of SSC solution 

was added, followed by incubation for 15 min at room temperature. After being washed 

thoroughly three times with PBS, slides were mounted using mounting medium with 4′,6-

diamidino-2-phenylindole (DAPI). Samples were analysed under a fluorescence microscope, 

and 10 random fields from each slide were imaged. A fluorescence microscope (Nikon, Tokyo, 

Japan) was employed to acquire images of TUNEL-positive cells. Image data were analysed 

using ImageJ. 

 

2.2.9 In vitro culture and proliferation of cells 

Testicular cells were cultured in 24-well plates at a density of 5×104 cells/well at 37°C in an 

atmosphere of 5% CO2. The culture medium for each well contained 1 ml of modified Eagle’s 

alpha medium (MEM-a) supplemented with 10% knockout serum replacement (KSR), insulin 

(10 μg/ml), L-glutamine (2.5 mmol/l), 1× MEM non-essential amino acids, and penicillin (50 

IU/ml). The media in each well was changed every 2–3 days. Details of optimization of culture 
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conditions for SSCs will be discussed in Section 4. Germ cell colonies were identified using 

immunofluorescence staining with SSC marker PGP9.5 and stem cell marker OCT-4, which 

will be detailly described in Section 4.3.2 and representative staining images will be showed 

in Figure 4-11.  

 

2.2.10 Data analyses and statistical methods 

The Shapiro–Wilk test was used to test the normality of quantitative data. Data with a normal 

distribution are presented as a mean ± standard deviation (SD), whereas data with a non-normal 

distribution are presented as a median (25% percentile, 75% percentile). Significance was 

determined using the Student’s t-test or by one-way analysis of variance (ANOVA). P<0.05 

was considered significant. Statistical analyses were undertaken using Prism 9 (GraphPad, San 

Diego, CA, USA).  

 

 

2.3 Results 

Bovine abattoir testicular tissues were collected from slaughterhouse, which would be 

otherwise discarded. For the ethical aspect, Home Office licensing is not required in this case. 
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2.3.1 Effects of the three cryopreservation methods on histological changes 

in bovine neonatal ITTs after thawing  

The structure of bovine seminiferous tubules in H&E-stained sections was evaluated under a 

light microscope. A total of 672, 743, and 603 seminiferous tubules were examined in the USF, 

CSF, and vitrified groups, respectively. No fresh-fixed control group was included in this study 

mainly due to the COVID-19 pandemic lockdown. Two-week-old bovine testicular tissues 

contained interstitial tissue and seminiferous cords without lumina. Seminiferous cords 

consisted of gonocytes located in the centre, which were surrounded by Sertoli cells. The 

integrity of the seminiferous tubules was preserved after freeze/thawing in all groups, with 

continuous adhesion to Sertoli cells and clear identification between Sertoli cells and GCs 

(Figure 2-3B). No necrosis was observed in any of the tissue sections. All seminiferous tubules 

were categorized into grades 1, 2, and 3 according to adherence between the tubules and the 

basement membrane, which was described in details in Section 2.2.3. The percentage of grade 

1 cords in vitrified tissues was significantly lower than in the CSF or USF tissues (P<0.05), 

while the proportion of grade 3 cords was significantly higher in vitrified than USF and CSF-

treated tissues (P<0.05 Figure 2-3C). The CSF group had the highest proportion of grade 2 

cords.  
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Figure 2-3. Tissue integrity and histology after vitrification, controlled slow freezing (CSF) and 
uncontrolled slow freezing (USF). A) Cross-sectional images of testicular tissue graded 1, 2, or 3 
according to adhesion to the basement membrane. Grade 1 – ‘Good’: seminiferous cords with <30% 
detachment of cellular adhesion to the basement membrane. Grade 2 – ‘Satisfactory’: partial 
detachment (30–70%) detachment from the basement membrane. Grade 3 – ‘Detached’: >70% 
detachment from the basement membrane and disrupted cell-to-cell adhesion. B) Representative 
haematoxylin and eosin (H&E) images for tissue frozen using the three different cryopreservation 
methods. The inset in each image displays seminiferous cords at a higher magnification. C) Percentage 
of seminiferous cords classified as grade 1, 2, or 3 in all seminiferous cords that counted. Data are the 
mean ± standard deviation (SD; n = 3). G = gonocyte; SCs = Sertoli cells; M = peritubular myoid cell. 
Scale bar = 50 μm. *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001. 
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2.3.2 Effects of the three cryopreservation methods on gonocytes, Sertoli 

cells and cell proliferation 

A total of 495, 520, and 511 seminiferous tubules with positive staining for the germ-cell 

marker protein gene product 9.5 (PGP9.5; also known as UCHL-1) were analysed in the USF, 

CSF, and vitrified groups, respectively. PGP9.5-positive cells had a low cytoplasm-to-nuclear 

ratio. In 2-week-old bovine testes, PGP9.5-positive cells were located in the centre of the 

seminiferous tubules and were in contact with a single layer of surrounding cells (Figure 2-

4A). Some PGP9.5-positive cells were located between basement cells or located at the 

basement membrane. The proportion of seminiferous cords that contained PGP9.5-positive 

cells per tissue section was 56.44 ± 3.89%, 56.24 ± 6.26%, and 57.10 ± 3.87% in the USF, CSF, 

and vitrified groups, respectively (Figure 2-4B). In gonocyte-containing seminiferous cords, 

the number of gonocytes per 104 µm2 was 7.75 ± 1.75 in the USF group, 7.89± 1.83 in the CSF 

group, and 7.92 ± 1.23 in the vitrified group (Figure 2-4C): these differences were not 

significant. 

A total of 348, 401, and 394 seminiferous tubules were stained with vimentin (an SC marker) 

and analysed in the USF, CSF, and vitrified groups, respectively. Vimentin-positive cells were 

found throughout most of the single cell layer at the basement membrane of seminiferous 

tubules and in some interstitial cells (Figure 2-4D). The proportion of vimentin-positive cells 

within the seminiferous tubules was 90.61 ± 4.12% in the USF group, 91.11 ± 3.95% in the 

CSF group, and 89.87 ± 4.19% in the vitrified group (Figure 2-4E). 

A total of 294, 305, and 311 seminiferous tubules stained with a marker of cell proliferation, 

Ki67, were analysed in each group. Ki67-positive cells were observed mainly in the nuclei of 

proliferating Sertoli cells located at the basement membrane of seminiferous tubules and in 
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some interstitial cells (Figure 2-4F). Only some gonocytes were Ki67-positive. The proportion 

of seminiferous tubules that contained Ki67-positive cells did not differ significantly when 

compared between the groups (Figure 2-4G). The proportion of Ki67-positive cells within the 

seminiferous tubules was 87.05 ± 3.30 % in USF, 86.9 ± 2.40 % in CSF, and 88.12 ± 2.61 % 

in the vitrified group.  
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Figure 2-4. Immunohistochemistry of neonatal testicular tissues after cryopreservation. A) 
Representative image of bovine neonatal tissue stained immunohistochemically with the germ-cell 
marker PGP9.5. B) The proportion of tubules containing PGP9.5-positive cells. C) Average number of 
PGP9.5-positive cells per 104 µm2 seminiferous tubules. D) Representative image of bovine neonatal 
tissue stained immunohistochemically with the Sertoli-cell marker vimentin. E) Proportion of vimentin-
positive cells per seminiferous tubule. F) Representative image of bovine neonatal tissue stained 
immunohistochemically with Ki67, a marker of cell proliferation. G) Proportion of seminiferous tubules 
containing Ki67-positive cells. H) Proportion of Ki67-positive cells per seminiferous tubule. The inset 
in each image displays seminiferous cords at a higher magnification. G = gonocyte; SCs = Sertoli cells; 
M = peritubular myoid cell. Scale bar = 50 μm. Error bars represent the standard deviation (SD) among 
biological replicates (n = 3). *P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001. 
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2.3.3 Effects of the three cryopreservation methods on changes in the 

expression of selected genes in bovine ITT  

According to qRT-PCR, the expression of gonocyte/SSC marker genes (GFRα-1, PLZF, 

UCHL-1, and THY1), stem-cell markers (OCT4, NANOG, and SOX2), spermatogenesis-related 

markers (STRA8 and CREM), and the apoptosis-related gene HSP70-2, were used to evaluate 

the effect of the three cryopreservation methods on ITT quality. No statistically significant 

differences were detected in the expression levels of any of these genes when compared 

between the three cryopreservation methods (all P>0.05) (Figure 2-5). A high variance was 

noticed in vitrification group, which was mainly due to one single outlier value.  
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Figure 2-5. Relative gene expression in immature testicular tissues (ITTs) cryopreserved using 
three methods. The effects of the three cryopreservation methods (controlled slow freezing (CSF), 
uncontrolled slow freezing (USF), and vitrification were evaluated by comparing the expression of 
related genes (STRA8, PLZF, UCHL-1, GFRα-1, CREM, HSP70-2, SOX2, THY1, OCT4, and NANOG) 
in frozen/thawed bovine ITTs. No significant differences in expression between genes were observed. 
Error bars represent the standard deviation (SD) among biological replicates (n = 3). *P<0.05, ** P< 
0.01, ***P<0.001, ****P<0.0001. 
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2.3.4 Effects of the three cryopreservation methods on the proportion of 

membrane-intact live cells and cellular apoptosis  

The viability of isolated testicular cells was assessed immediately after tissue digestion and 

cell dissociation. The proportion of viable cells was 89.0 ± 2.0% in fresh tissue (Figure 2-6A), 

which was significantly higher than in the USF group (64.0 ± 3.6%), CSF group (71.8 ± 2.1%), 

and vitrified groups (70.0 ± 2.0%). There was no significant difference in viability when 

compared between the three cryopreserved groups.  

A TUNEL assay was used to evaluate the extent of apoptosis in testicular cells. The percentage 

of testicular cells that had undergone apoptosis in the CSF and USF groups was significantly 

higher than in the fresh tissue group (P<0.05) (Figure 2-6B), but no difference was found 

between the vitrified and fresh tissue groups (P>0.05).  
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Figure 2-6. Total cell viability and apoptosis in testicular cells from neonatal bovine immature 
testicular tissue (ITT) samples immediately after collection (fresh) and after cryopreservation by 
vitrification or controlled/uncontrolled slow freezing (CSF/USF). A) Viability of cells was 
evaluated before and after cryopreservation using trypan blue staining. B) Percentage of TUNEL-
positive cells in each of the four groups. Values are the mean ± standard deviation (SD) of three 
replicates from three donors. P<0.05 was considered significant. Three biological replicates were 
carried out (n=3). *P<0.05, ** P< 0.01, ***P<0.001, ****P<0.0001. 
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2.3.5 Short term in vitro culture of bovine neonatal testicular cells from 

frozen/thawed ITTs 

Dissociated testicular cells were cultured in vitro, and cell activity was evaluated. The 

formation of gonocyte colonies was observed 7 days after in vitro culture, and no differences 

in the size and numbers of GC colonies were observed. To quantify the effect of the three 

cryopreservation methods on the formation of GC colonies, colony numbers were counted, and 

the diameter of colonies was measured on day 7. The number of GC colonies was 

5.58 ± 1.02/cm2 in the fresh tissue group, 4.95 ± 1.18/cm2 in the vitrified group, 

6.91 ± 1.50/cm2 in the CSF group, and 5.4 ± 2.2/cm2 in the USF group 7 days after in vitro 

culture (Figure 2-7B). The morphology and proliferation patterns of GC colonies were similar 

in cells taken from fresh ITTs and frozen/thawed ITTs. The mode of cryopreservation did not 

significantly affect colony formation in the enriched GC cultures. The colony diameter was 

126.2 ± 35.15 µm in the fresh-tissue group, 115.8 ± 26.22 µm in the CSF group, 124.3 ± 28.75 

µm in the USF group, and 128.2±28.91 in the vitrified group. A growth curve was drawn for 

selected cells from ITTs cryopreserved using the three methods: percentage proliferation was 

found to be similar among the groups and the difference between groups was not significant 

(Figure 2-7D).  
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Figure 2-7. In vitro culture of dissociated testicular cells from tissues cryopreserved using 
uncontrolled/controlled slow freezing (CSF/USF), and vitrification. Representative bright field 
images of germ cell colonies at day 7 of in vitro culture; scale bar = 50 μm. B) Number and C) diameter 
of germ cell colonies; ●▲▽represent different biology replicates. D) Growth curve of in vitro cultured 
testicular cells from tissues cryopreserved using different methods. Values are the mean ± standard 
deviation (SD) of three replicates from three donors. Three biological replicates were carried out (n=3). 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 
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2.4 Discussion 

The cryopreservation of ITTs may be used to preserve fertility in male patients for whom sperm 

cryopreservation is not an option. Cryopreserved ITTs can be used for grafting or IVS to 

generate mature sperm at a future date.  

Testes have a complex architecture and cellular interactions and provide SSCs with a unique 

microenvironment for self-renewal and differentiation. Both the size and structure of immature 

testes develop with age, and the different cell types and tissues present at different stages may 

require different freezing methods. During the early embryonic/foetal period in mammals, male 

germline stem cells begin as PGCs, which develop into gonocytes to represent a transitional 

population between PGCs and SSCs. In the current study, we used the bovine model to study 

neonatal testicular tissues because the structure of the seminiferous cords and early GC 

development are similar to that in humans. Testicular development in the bovine model is 

relatively slow from birth to 20 weeks (Wrobel et al., 1986), thus providing a longer time period 

for investigating the early development of the testes. In the testes of both humans and the 

bovine model, during the first 3 months after birth, gonocytes are the dominant GCs in 

seminiferous cords, and will gradually start to change into SSCs. The first SSCs develop at 

around 3–4 months after birth in both humans and the bovine model, and mainly consist of 

seminiferous cords without a central lumen (Ibtisham et al., 2020). In a rodent study, slow-

frozen and vitrified testicular tissues in neonatal mice produced sperm after in vitro culturing, 

and the use of these sperm resulted in healthy offspring (Yokonishi et al., 2014a). However, 

few studies have explored cryopreservation of neonatal testicular tissue using gonocytes in 

domestic animals or humans (Pukazhenthi et al., 2015).  
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CSF, USF, and vitrification are the most common methods applied for the cryopreservation of 

testicular tissues. Slow freezing has been used to preserve ITTs with SSCs in tissue biobanks 

in both the USA and UK (Lakhoo et al., 2019b, Valli-Pulaski et al., 2019). Glycerol, ethylene 

glycol, and DMSO are used as cryoprotective agents for testicular cryopreservation. Calf 

testicular tissue frozen with 10% DMSO has been found to be more viable than other 

concentrations of DMSO or other cryoprotectants (Zhang et al., 2017). Thus, in our study, 10% 

DMSO was used as the cryoprotectant for slow freezing. The use of an appropriate 

cryoprotective agent and controlled speed of freezing have been suggested to diminish cell 

damage and thus avoid tissue injury; CSF enables modification of the cooling rate and thus 

optimizes cell dehydration and reduces the risk of ice formation in cells.  

However, during CSF and USF, ice formation within cells is not entirely avoidable, which 

could cause germ cell damage. Vitrification uses a small volume of solution and ultrarapid 

liquid solidification, thus avoiding ice formation in cells (Yavin and Arav, 2007). Therefore, 

vitrification has been proposed as an alternative method for the cryopreservation of testicular 

tissues. The production of live offspring from vitrified testicular tissues has been achieved in 

Japanese quail (Liu et al., 2013), piglets (Kaneko et al., 2013), and neonatal mice (Yokonishi 

et al., 2014a), thereby indicating its efficacy and safety as a cryopreservation method for ITTs. 

The maintenance of proliferating SSCs from vitrified non-human primate ITTs has been 

demonstrated in xenografted mice (Poels et al., 2012). In addition, vitrified human ITTs (in 

boys aged 6 and 12 years) have similar spermatogonial and histologic tubular structures, thus 

enabling their survival and proliferation from frozen and fresh samples (Curaba et al., 2011a). 

Vitrification is simpler and less expensive than other methods, and elicits less damage to cells, 

thus producing similar results as slow freezing in the cryopreservation of adult and late-

prepubertal human testicular tissues (Curaba et al., 2011a, Curaba et al., 2011b, Baert et al., 
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2013). Moreover, portable vitrification devices are available, which make immediate 

cryopreservation possible for patients in remote areas. This may help to avoid damage to tissue 

caused by transportation, or the inconvenience and potential treatment delays associated with 

long-distance travel.  

The morphology and structure of seminiferous tubules are commonly assessed as indicators of 

cryopreservation success. In our study, the structure and health of cells in bovine ITTs were 

compared between the three cryopreservation techniques using histology. Intact tubule 

structures with clear boundaries were well preserved in all cryopreserved tissues, regardless of 

the method used. The connections between gonocytes, located in the centre of seminiferous 

cords, and Sertoli cells at the basement membrane were well protected among all three groups. 

In addition, no large gaps were observed between gonocytes and Sertoli cells. These results 

indicate that slow freezing and vitrification can maintain the structure of seminiferous tubules. 

An increase in the gaps between seminiferous cords and interstitial tissue was found in vitrified 

tissues, thus suggesting that neonatal seminiferous cords are more likely to shrink if 

cryopreserved using this method. In a study by Curaba and colleagues, the main damage to the 

structure of mouse ITTs resulting from cryopreservation was the formation of small gaps, and 

an increase in the number of pyknotic cells in the centre of seminiferous tubules; however, the 

authors did not specifically examine the detachment of the tubular basement membrane 

(Curaba et al., 2011a). It is unclear that if the freezing process directly causes separation from 

the basement membrane, or if it alters tissue properties so they are more susceptible to fixation 

artefacts. It is also possible that the way tissues were fixed in the current study (formalin 

fixation) induced the shrinkage of the seminiferous tubules in testicular tissues (McLachlan et 

al., 2006). In future study, bouin’s fluid or modified Davidson’s fluid could be used to reduce 
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the shrinkage of seminiferous tubules in testicular tissues and increase the morphology in 

immunohistochemistry.  

The preservation of GCs is crucial for successfully preserving ITTs for reproductive purposes. 

In this study, we evaluated gonocytes in seminiferous tubules using the germ-cell marker 

PGP9.5. Gonocyte degradation was not detected after cryopreservation using CSF, USF, or 

vitrification. The latter was found to exert similar effects on the preservation of GCs in 

seminiferous tubules compared with the traditional slow-freezing methods. Sertoli cells were 

connected directly to GCs in the seminiferous tubules and occupied most of the space in the 

seminiferous tubules in neonatal testes, thus providing gonocytes with support and nutrition. 

We also showed that the structure and GC related gene expression in the Sertoli cells was well-

preserved in thawed tissue after CSF, USF, or vitrification. Cell proliferation was evaluated 

using immunohistochemical staining for Ki67; some Sertoli cells were found to be Ki67-

positive, indicating active proliferation. Some gonocytes expressed Ki67, and some were 

negative for this marker, indicating that only some gonocytes were actively proliferating. This 

is similar to previous findings in rats (Zogbi et al., 2012). Together, these results suggest that 

vitrification, USF, and CSF have similar effects on the preservation of proliferating cells within 

seminiferous tubules.  

We investigated the expression of gonocyte/SSC markers (GFRΑ-1, PLZF, UCHL-1, and 

THY1) stem-cell markers (OCT4, NANOG, and SOX2), spermatogenesis-related markers 

(STRA8, C-KIT, and CREM), and the apoptosis-related gene HSP70-2 following 

cryopreservation. Our results indicated that CSF, USF, and vitrification had comparable 

protective effects on the propagation, self-renewal, pluripotency, differentiation, and stress in 

gonocytes/SSCs in neonatal bovine ITTs.  
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Testicular cell activity was evaluated using an in vitro culture assay. We investigated cell 

viability, apoptosis, proliferation, and development. Cell viability was decreased, and apoptosis 

was increased after cryopreservation regardless of the cryopreservation technique used; these 

findings were consistent with those of Milazzo and colleagues (Milazzo et al., 2008). These 

data reflected the degradation of testicular tissue throughout cryopreservation. DNA 

fragmentation in neonatal testicular cells, an indicator of apoptosis, increased slightly after a 

freeze/vitrified-thaw procedure within a normal range; this was consistent with previous 

findings in ferret testes (Lima et al., 2020), cat testes, and ovarian tissue (Mouttham and 

Comizzoli, 2016, Lima et al., 2018). Lima and colleagues found that DNA fragmentation can 

return to similar levels as in fresh tissue after in vitro culture, which may be due to DNA repair 

mechanisms during culture (Lima et al., 2020). Our data on cell viability and apoptosis, 

together with our histological findings, demonstrated that ITTs were healthy after 

cryopreservation. In addition, testicular cells from cryopreserved tissue could form GC 

colonies and propagate at a similar rate as those from fresh testicular tissue regardless of the 

cryopreservation technique used, indicating that all the techniques preserved GCs effectively.  

Our study found that vitrification has similar preservation effects as slow freezing methods on 

the viability of testicular tissues. In addition, vitrification could protect GCs from damage by 

avoiding the formation of ice crystals during cryopreservation. These studies were conducted 

using the bovine model; therefore, the use of human neonatal tissues is required to fully 

evaluate the safety and efficiency of vitrification in preserving prepubertal human gonocyte-

containing testicular tissues. If this is successful, vitrified tissue grafting/gonocyte 

transplantation could be used to restore fertility in infertile men. In this case, vitrification could 

be potentially provided as a faster, cheaper and more accessible method for the 

cryopreservation of testicular tissue as this technique already available in for the 
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cryopreservation of embryos and oocytes in IVF clinics. This practice will avoid the risk of 

potential tissue degradation or damage during long-term transportation, or unnecessary patient 

transport. This technology could also be beneficial to adult patients who cannot produce sperm 

and need to store testicular tissues. 

In this study, we demonstrated similar effects of vitrification and CSF on the preservation of 

gonocytes and SC structure in the seminiferous tubules of neonatal tissue. Vitrification had a 

similar impact on cell viability and apoptosis as CSF and USF. Dissociated bovine testicular 

cells from vitrified and slow-frozen tissues exhibited similar rates of proliferation. The 

formation of gonocyte colonies during in vitro culture was similar among all three 

cryopreservation techniques.  

These findings suggest that vitrification could be used as an alternative method to traditional 

slow-freezing cryopreservation techniques for the long-term storage of early-stage gonocyte-

containing bovine ITTs. Our protocol should now be investigated for clinical applications in 

humans.  

 

2.5 Key findings 

v The vitrification of neonatal bovine testicular seminiferous tubules preserved gonocyte 

numbers and the structure of the seminiferous tubules despite a higher prevalence of 

detachment from the basement membrane.  

v Vitrification preserved testicular cell viability and the gene expression of key genes in the 

GCs 

v Vitrified GCs were able to form healthy and viable cell colonies in vitro  
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Chapter 3. The impact of transportation 
time on immature testicular tissue 

(ITTs) 
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3.1 Background 

3.1.1 Childhood cancer and preservation 

In recent decades, the five-year net survival rate for children diagnosed with cancer has risen 

dramatically due to significant progress in cancer therapy and research. The five-year survival 

rate of childhood cancer patients has reached over 80% in high-income countries, such as the 

United States and the United Kingdom (Phillips et al., 2015, Lam et al., 2019, Ward et al., 

2019c). However, both cancer and the necessary treatments may have adverse effects on male 

reproduction. As the survival rate continues to improve, it is essential to consider the infertility 

risk caused by cancer or aggressive cancer treatments. Infertility, caused by GC depletion and 

hypogonadism, is one of the long-term side effects of cancer therapy that is associated with 

adult survivors of childhood cancer (Tournaye et al., 2014). Exposure to various cytotoxic 

cancer treatments, such as cyclophosphamide, cisplatin, and doxorubicin, was proven to induce 

GC loss in an in vitro model of the prepubertal testis (Smart et al., 2018). In adult men, semen 

can be cryopreserved before cancer therapy, and fertility can therefore be successfully 

preserved via ART. In contrast, immature boys have not yet started to make sperm. 

Consequently, the only option is to store testicular tissue prior to the initiation of therapy.  

 

3.1.2 Tissue banks and transfer processes 

Over the past decades, several international centres have established reproductive tissue 

cryopreservation programmes to preserve fertility for childhood cancer survivors. In 2000, it 

was reported that two boys had testicular tissue cryopreserved before cancer therapy for 

malignant illness (Bahadur et al., 2000). In the US, testicular biopsy and cryopreservation has 
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been provided for patients who were at risk of infertility by a coordinated network of medical 

centres, including the University of Pittsburgh Medical Centre (Valli-Pulaski et al., 2019). At 

the University of Oxford, the ORTCP was established in 2008 with the aim of helping children 

with cancer to preserve their fertility by providing tissue cryopreservation alongside a dynamic 

research programme (Lakhoo et al., 2019a). The ORTCP has third-party agreements with most 

principal cancer treatment centres in the UK and Ireland, which give patients the choice to 

either have their tissue procured at a local centre or in Oxford. However, the distance between 

a third-party centre and Oxford varies enormously which results in different transportation 

times. If a patient receives biopsy surgery in a distant hospital, the biopsied tissue may need to 

be transported to tissue bank centre to undergo the standardized cryopreservation procedure. 

Appropriate transport conditions and period of transport are essential for maintaining high 

quality of the biopsied tissue. Within the UK, the tissue transit time varies from half an hour to 

up to 6 hours. In addition to the transit time needed on the road, sometimes tissues are needed 

to be held for longer time period due to the availability of freezing machines. In some cases, 

the overall transportation time (transit time plus holding time, counting from the time of tissue 

collection to the time when tissues are started to undergo cryopreservation) could be up to 48 

hours. Therefore, it is necessary to investigate the effects of tissue transportation time on the 

health of ITTs. Moreover, owing to the difference in structural morphology between ITTs and 

adult testes, there is a need to study the effects of transportation period on ITTs in appropriate 

animal or human models. 

The aim of this study was to explore the effects of different transportation times (1 hour, 6 

hours, 24 hours, and 48 hours) on bovine ITTs preserved for fertility preservation using 

standardized clinically relevant processes. 
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3.2 Methods 

3.2.1 Experimental design 

ITTs from three calves were divided into four groups; each group was subject to different 

transportation times prior to the assessment. In the control group, ITTs were processed within 

1 hour, whereas in the remaining three groups, the tissues were subjected to processing after a 

delay of 6 hours (corresponding to a short transportation time), 24 hours, and 48 hours 

(corresponding to a long transportation time). These time points were selected to replicate the 

real-world transportation times of human tissue in fertility preservation programs. All tissues 

were cryopreserved using the testicular cryopreservation procedure of the ORTCP and stored 

in liquid nitrogen (LN2). The tissues were then thawed and characterised by viability, apoptosis, 

histological, and immunohistochemistry analyses, and RT-qPCR. (Figure 3-1) 
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Figure 3-1. Experimental design for transportation time experiment. Bovine immature testicular 
tissues were collected and transferred to the laboratory, which was followed by dissection into small 
fragments and storage in transport medium for 1 hour, 6 hours, 24 hours, or 48 hours. Tissue fragments 
were cryopreserved using the testicular tissue cryopreservation procedure of the Oxford tissue biobank 
and then stored in liquid nitrogen. After thawing, testicular cell viability, apoptosis, histological and 
immunohistochemical analyses, and gene expression (RT-qPCR) were assessed for each group. Three 
biological replicates were carried out (n=3). Created with BioRender.com. 

 

 

 

3.2.2 Collection and preparation of testicular tissues 

The collection and preparation of neonatal bovine testicular tissues was described in section 

2.2.1. Testicular tissue fragments were then divided into four groups and subsequently 

processed at four different time points (1 hour, 6 hours, 24 hours, and 48 hours). After the 

sections were cut, they were submerged in transfer medium for different time periods at 4°C 

to mimic the transport conditions used for human tissue, and were then dissected into 2–5 mm3 

fragments before the cryopreservation procedure. Multiple pieces of tissue fragments from 
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each testis were processed for cryopreservation without delay within 1 hour after tissue 

collection in the 1-hour group. 

 

3.2.3 Cryopreservation and thawing of bovine testicular tissue fragments 

Testicular tissue fragments were cryopreserved using speed-controlled slow freezing method 

which was described in Section 2.2.2. 

 

3.2.4 Histology and immunohistochemistry 

Histology and immunohistochemistry analysis were described in Section 2.2.3.  

 

3.2.5 Viability  

Trypan blue stain was used to assess cell viability, which was described in Section 2.2.6. 

 

3.2.6 RNA extraction and quantitative real-time PCR (qRT-PCR) 

Details of RNA extraction and qRT-PCR was described in detailed in Section 2.2.4 and 

Section 2.2.5. The changes in the expression of gonocyte/SSC marker genes GFRΑ-1, PLZF, 

UCHL-1, C-kit, and THY1, stem cell markers (OCT4, NANOG, and SOX2), spermatogenesis-

related markers (STRA8 and CREM) and the apoptosis-related gene HSP70-2 were used to 

evaluate the effect of the transportation time. 
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3.2.7 Statistical analysis 

The Shapiro–Wilk test was used to test quantitative data for normality. If the data passed the 

normality test, ANOVA was used for statistical analysis; otherwise, the Kruskal–Wallis test 

was performed. A post hoc test and ANOVA were performed to identify differences between 

groups. All statistical analyses were performed by GraphPad Prism version 9.3.0 for Mac 

software (GraphPad Software, San Diego, California, USA), with p values of <0.05 considered 

to indicate statistical significance. Normally distributed data are presented as mean ± SD, 

whereas non-normally distributed data are presented as median with 25% and 75% percentiles. 
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3.3 Results 

Bovine abattoir testicular tissues were collected from slaughterhouse, which would be 

otherwise discarded. For the ethical aspect, Home Office licensing is not required in this case. 

 

3.3.1 The effects of transportation time on cell viability and tissue 

morphology 

Tubular morphology was assessed by H&E staining. Histological evaluation showed that 

neonatal bovine testes contained undeveloped seminiferous tubules with no lumen. 

Representative structures of the seminiferous cords and interstitium are shown in Figure 3-2 

A. There were two main cell types in the seminiferous cords: GCs and immature Sertoli cells; 

these were distinguished by their morphology. GCs have a higher nuclear/cytoplasmic ratio 

than immature Sertoli cells, and were characterized by their large size, round shape, pale 

cytoplasm, and presence of one or two prominent nucleoli in the nucleus. In 2-week-old 

neonatal bovine immature testes, there were two types of GC, gonocytes and SPG, in the 

seminiferous cords. Gonocytes, located in the centre of seminiferous cord, comprised the 

majority of GCs shortly after birth, although a few SPG were found in the seminiferous cords, 

interacting with the basal lamina. Immature Sertoli cells mostly occupied the seminiferous 

epithelium, with basophilic nuclei observed. Flat PMCs were found in the interstitium 

surrounding the seminiferous cords. Leydig cells were also found in the interstitium. 

The cell viability of the four groups was not statistically significantly different (Figure 3-2 B). 

The viability of testicular cells from freeze/thawed testicular tissues was 83.1%±2.1% in the 1-
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hour group, 82.8%±4.88% in the 6-hour group, 78.59%±6.15% in the 24-hour group, and 

72.4%±3.24% in the 48-hour group. 

The results showed that there was a significant overall difference in the distribution of Grade 

1, 2, and 3 tubules between the four groups (p<0.05; Figure 3-2 C). The testicular tissues 

processed after 48 hours contained 29.53%±3.66% Grade 1 intact tubules; this was 

significantly lower than in the 1-hour group (65.61%±6.26% Grade 1 tubules; p<0.05). A 

significantly higher proportion of Grade 2 cords with partial detachment from the basement 

membrane was observed in the 48 hours group (54.04%±3.51% versus 27.21%±4.54% in the 

1-hour group; p<0.05). The percentage of Grade 3 cords was 7.18%±1.94% in the 1-hour 

group, 14.10%±3.47% in the 6-hour group, 15.87%±1.87% in the 24-hour group, and 

16.43%±2.14% in the 48-hour group (p<0.05). The shape, size, colour, and integrity of the 

seminiferous tubules indicated that they remained healthy in the 1-hour, 6-hour, and 24-hour 

groups (Figure 3-2 D). However, the seminiferous tubules in tissues from the 48-hour group 

were shrunken and partly ruptured. 
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Figure 3-2. Histological analysis and cell viability. A) Representative histology image of bovine 
neonatal testicular tissues stained by haematoxylin and eosin (H&E). G, germ cells; S, Sertoli cells; L, 
Leydig cells; PMCs, peritubular myoid cells. B) Cell viability in freeze/thawed neonatal testicular 
tissues processed after 1 hour, 6 hours, 24 hours, and 48 hours. C) Percentage of seminiferous cords 
categorized as Grade 1, 2, or 3. Overall significance of differences between four groups: # p<0.05; ## 
p<0.01. Significant difference between two groups shown in the hoc test: ** p<0.01; *** p<0.001. D) 
Representative images of H&E staining of tissues processed after 1 hour, 6 hours, 24 hours, and 48 
hours. Scale bars = 50 µm. Three biological replicates were carried out (n=3). 
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3.3.2 The effects of transportation time on germ cells 

The presence of GCs, including gonocytes and all subtype of SSCs in seminiferous tubules in 

2-week-old bovine testes, was detected by PGP9.5 immunohistochemical labelling. To assess 

the effect of delayed time on GCs, immunohistochemical staining with the GC marker PGP9.5 

was applied to tissues with different process time (Figure 3-3 A). PGP9.5-positive cells were 

mainly found in the middle of tubules (gonocytes); only a small proportion have migrated to 

the basement membrane (SSCs). In the 1 hour and 6-hour groups, PGP9.5-positive cells were 

round and well connected to/touching PGP9.5-negative cells. In the 48-hour group, PGP9.5 

cells were of irregular shape and gaps between PGP9.5-positive cells and the surrounding 

PGP9.5-negative cells were observed. The percentage of tubules containing PGP9.5-positive 

cells in the testes tissue sections was significantly different (p<0.05) for each group: 

53.30%±10.38% in the 1-hour group, 50.17%±6.18% in the 6-hour group, 43.05%±6.96% in 

the 24-hour group, and 43.19%±6.45% in the 48-hour group (Figure 3-3 B). When comparing 

the two groups in the post hoc test, a significant difference in tubules with PGP9.5-positive 

cells was found between the 6-hour and 48-hour groups (p<0.05). The number of PGP9.5-

positive cells per 104 µm2 of seminiferous tubules recorded to have a median of 5.3 and 25%-

75% quantiles [5, 10] cells in the 1-hour group, 5.0[4.0, 10.0] in the 6-hour group, 5[3.3, 6.7] 

in the 24-hour group, and 10[6.7, 12.9] in the 48-hour group (Figure 3-3 C). The number of 

PGP9.5 cells per unit tubular area was significantly higher in the 48-hour group than in the 

other three groups (p<0.05). 
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Figure 3-3. Analysis of immunohistochemistry staining of the germ cell marker PGP9.5. A) 
Representative images of immunohistochemical staining for PGP9.5 shows the gonocytes inside the 
bovine neonatal seminiferous tubules in samples processed after 1 hour, 6 hours, 24 hours, and 48 hours. 
Scale bar = 50 µm. B) Percentage of tubules with PGP9.5-positive cells per tissue section. The data 
were normally distributed, and one-way ANOVA was performed. C) Number of PGP9.5-positive cells 
per 104 µm2 within seminiferous tubules. The data are presented as median, 25% and 75% quantiles, or 
min/max. The data were not normally distributed and therefore the Kruskal–Wallis test was performed. 
For B and C, overall significance between the four groups is denoted by # p<0.05. Significant 
differences between the two groups are shown, as determined by post-hoc test: *p<0.05; ** p<0.01; 
*** p<0.001; ****p<0.0001. Three biological replicates were carried out (n=3). 
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3.3.3 The effects of transportation time on Sertoli cells 

Vimentin-positive areas in the testes included Sertoli cells and some interstitial cells. The 

perinuclear region of the cytoplasm of Sertoli cells in seminiferous tubules was stained positive 

for vimentin, with higher intensities observed on the basement side compared with the lumen 

side (Figure 3-4 A). GCs with a higher nuclear/cytoplasmic ratio were not stained with 

vimentin. The percentage of vimentin-positive cells in seminiferous tubules was evaluated and 

no difference was found between the four groups (Figure 3-4 B). 
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Figure 3-4. Analysis of immunohistochemical staining of the Sertoli cell marker, vimentin. A) 
Representative images of immunohistochemical staining of vimentin showing Sertoli cells inside 
bovine neonatal seminiferous tubules in samples processed after 1 hour, 6 hours, 24 hours, and 48 hours. 
Scale bar = 50 µm. B) Percentage of vimentin-positive cells in tubular cells. Three biological replicates 
were carried out (n=3).The data are presented as the mean± SD; significance was determined by one-
way ANOVA. *p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001.  
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3.3.4 The effects of transportation time on proliferating cells 

Ki67 was used to label proliferating cells in neonatal testicular tissue. Ki67-positive cells were 

mainly found within seminiferous tubules and some interstitial cells (Figure 3-5 A). Most 

gonocytes located in the centre of seminiferous tubules were ki67-negative. Ki67-positive cells 

within seminiferous tubules were mainly located at the basement membrane. No difference in 

the percentage of ki67-positive cells per tubule was found in tissues processed after different 

delays (Figure 3-5 B). 
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Figure 3-5. Analysis of immunohistochemical staining of the proliferating cell marker Ki67. A) 
Representative images of immunohistochemical staining of ki67 showing the proliferating cells in testis 
tissue processed after 1 hour, 6 hours, 24 hours, and 48 hours. Scale bar = 50 µm. B) The quantification 
of ki67-positive cells in one seminiferous tubule. Three biological replicates were carried out (n=3). 
The data are presented as the mean ± SD, with one-way ANOVA performed to determine the 
significance of differences. *p<0.05; ** p<0.01; *** p<0.001; ****p<0.0001. 
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3.3.5 The effects of transportation time on gene expression: RT-qPCR 

results 

The expression levels of gonocytes/SSC markers (STRA8, PLZF, GFRΑ-1, THY1, UCHL-1), a 

marker of differentiation (C-KIT), and apoptosis-related genes (CREM and HSP70-2) were 

used to evaluate the effect of different transportation times on the quality of freeze/thawed 

bovine ITTs by real-time quantitative polymerase chain reaction (RT-qPCR). 

The changes in the expression of key genes in bovine ITTs in relation to transportation time 

are shown in Figure 3-6. No statistically significant differences were observed in the 

expression levels of the selected genes tests, except for C-KIT, including GC-related, 

spermatogenesis-related, and apoptosis-related genes. There was a significant difference in C-

KIT gene expression between the 1-hour group and the 6-hour and 24-hour groups (p<0.05). 
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Figure 3-6. Effect of transportation time on the expression of selected genes. The effects of various 
delay in processing on the expression of STRA8, PLZF, C-KIT, GFRΑ-1, THY1, UCHL-1, NANOG, 
OCT-4, CREM, and HSP70-2 in freeze/thawed bovine ITTs. Three biological replicates were carried 
out (n=3). Error bars represent the standard deviation among biological replicates (N=3). * p<0.05 in 
post-hoc test from one-way ANOVA. 
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3.4 Discussion 

Cell viability has been used as an important evaluation parameter and a reliable predictor for 

the health and potential development of tissues after cryopreservation (Abrishami et al., 2010). 

The results of the current study revealed that viability remained high after storage at 4°C for 

48 hours, with no statistically significant differences compared with tissues processed within 

1 hour; this indicated that immature testicular fragments could be transported in certain 

conditions for up to 48 hours at low temperature before undergoing cryopreservation 

procedures without a high proportion of cell death. These results are consistent with a previous 

study on porcine testis tissue, which showed that the viability of total testicular cells and GCs 

in fresh tissues remained high when stored at 4°C for 48 hours, but was significantly decreased 

after storage at 72 hours (Zeng et al., 2009). Another study showed that cell viability remained 

high even after storage for 8 days in storage medium at 4°C (Faes and Goossens, 2017). The 

viability of ITTs is believed to be affected by the transport or holding medium and tissue 

preserving. Previous research showed that the viability of testicular cells from 1-week-old 

piglets varied significantly when preserved in different holding media (Yang et al., 2010). The 

viability was significantly decreased, to around 50%, after preservation as whole tissue 

fragments, but was maintained at up to 80% when preserved in cell suspension after being 

stored at 4°C for 3 days (Yang and Honaramooz, 2010, Yang et al., 2010). The temperature at 

which tissues were stored before cryopreservation was essential and was reported to affect the 

viability of cells; for example a study using mouse ITTs showed that viability also remained 

high after 24 hours at 4°C, but decreased significantly if stored at 22°C–24°C for 24 hours or 

34°C for 6 hours (Salian et al., 2021). It is believed that the use of 4°C, a hypothermic 

temperature, can preserve biological tissue samples for short periods because the low 

temperature suppresses metabolism and reduces the activity of catabolic enzymes; as such, 4°C 
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is often recommended for tissue transportation. The metabolic rate is demonstrated to be 

lowered by 50% for every 10°C decrease in temperature, with 10%–12% metabolism 

remaining at 4°C (Southard and Belzer, 1995). In conclusion, the viability of testicular tissues 

was maintained at a high level after 48 hours of storage at 4°C before the cryopreservation 

procedure.  

The unique complex structure of testicular tissues provides support for GC growth and survival. 

During the first 3 months after birth, the lumen is not detectable in the seminiferous cords. The 

majority of GCs in the seminiferous cords are gonocytes, which subsequently migrate to the 

basement membrane and become undifferentiated SPG as the testes grow. In the current study, 

the structure of seminiferous cords was evaluated and compared in tissues stored for different 

transportation times. The results of H&E staining showed that the gap between the tubules and 

basement membrane increased after 48 hours of storage in transport medium at 4°C before the 

cryopreservation procedure. Disordered tubular structure and rupture were observed in tissues 

from the 48-hour group. These observations indicated that tissues structures could be preserved 

well and remained healthy over a 24-hour transport period, with a high viability and good 

seminiferous cord structure retained, whereas a transport period of 48 hours was more likely 

to result in abnormal structures. The rupture and increasing gap between seminiferous cords to 

the basement membrane observed in testicular tissues could disrupt the original GC niche and 

affect cell–cell interaction and support to the gonocytes. Salian et al. also provided evidence 

that 24 hours storage at 4°C did not affect tissue morphology and appearance (Salian et al., 

2021). In a previous study, adult human testicular tissues were shown to maintain high cell 

viability, good tubular structure, and appropriate numbers of SPG for 3 days at 4°C (Faes and 

Goossens, 2017). Significant deterioration of seminiferous tubular morphology was identified 

on day 5 of storage, with a destroyed tubular structure, ruptured basement membranes, and the 
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loss of the germinal epithelium. It is possible that ITTs are more sensitive to changes in the 

environment than adult tissues, which caused structural changes to occur sooner. However, 

Faes’s study used an average scoring system combining several parameters, which did not 

specify when the early signs of tissue deterioration were apparent or which signs were 

specifically observed. The health classification criteria of testicular tissues varies between 

different studies; in the current study, the attachment of seminiferous cords and the basement 

membrane was strictly categorized and evaluated. I found that the earliest change in 

morphology was the increasing gap between the tubules and the basement membrane, which 

was first observed, although only at a very low level, in the 6-hour group, and significantly 

increased after 48 hours of storage. As the gap increased, the structure of the seminiferous 

cords is more likely to change, and the cells are more likely to be disordered and shrunken. 

Therefore, to better preserve the structure of seminiferous cords, it is recommended that ITTs 

are transported within 24 hours after tissue collection. 

For fertility preservation, GCs are the most important cells that we want to preserve in the 

testicular tissues. I evaluated the GCs in ITTs by analysing PGP9.5 (a GC marker) using 

immunohistochemistry and the expression of selected genes, including gonocyte/SSC markers 

STRA8, PLZF, C-KIT, GFRΑ-1, THY1, UCHL-1, NANOG, OCT-4, CREM. PGP9.5 was 

present in gonocytes and type A SPG in neonatal bovine ITTs, as determined by 

immunohistochemistry (Cai et al., 2016). My study showed that a delay in processing of 6 

hours or 24 hours had no significant effect on GC number and GC related gene expression. 

However, the proportion of tubules with GCs decreased after 48 hours of storage in transport 

medium at 4°C, whereas the number of GCs per seminiferous tubular area increased. These 

results might be caused by changes in the tubule structures, including tubular rupture and 

shrinkage, after extended exposure to transport medium. Healthy and normal GCs are 
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characterized by their large round shape with high a nuclear/cytoplasmic ratio. However, I 

observed changes in the shape of GCs stored for 48 hours; this indicated that the morphology 

of GCs is affected by a long transportation time. It is promising that the health and structure of 

GCs could be well maintained after storage for 24 hours. a previous study showed that the 

proportion of gonocytes did not differ after 3 days of storage (Yang et al., 2010). The functions 

of GCs were assessed by xenografting in Zeng’s study (Zeng et al., 2009); the survival of testis 

grafts for tissues with a 48-hour cooling period remained high, and complete spermatogenesis 

and mature spermatozoa were detected. Overall, the condition of GCs could be maintained 

effectively for 24 hours prior to cryopreservation, with no statistically significant negative 

effects found. Further investigations of GC function will require grafting or in vitro culture. 

Sertoli cell proliferation was assessed by immunohistochemistry using vimentin and ki67 

labelling. Ki67 has been used previously to label proliferating SSCs in ITTs (Poels et al., 2012). 

Most of the proliferating cells within the seminiferous cords of 2-week-old bovine ITTs were 

immature Sertoli cells. During the first 3 months after birth, gonocytes migrate to the basement, 

where they gain the ability to self-renew; during the transformation period, most gonocytes 

were Ki67-negative. The proportion of Sertoli cells and proliferating cells in seminiferous 

cords did not change significantly over the 48-hour storage period. Furthermore, the 

morphology of Sertoli cells did not notably differ. These results were consistent with the 

previous findings showing that the morphology of Sertoli cells in human adult testicular tissues 

started to deteriorate from day 8 (Faes and Goossens, 2016). It is believed that during the first 

48 hours, the transportation time after tissue collection would not have adverse effects on 

Sertoli cells and cell proliferation. 

For gene expression, the expression of CREM in testicular tissues is believed to be related to 

the potential ability of GCs to undergo spermatogenesis (Blendy et al., 1996). The expression 
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of HSP 70-2 is known to be associated with the maintenance of GC viability and a reduction 

in apoptosis (Eddy, 1999). The results of the current study showed that the expression of the 

spermatogenesis-related genes CREM and HSP70-2 remained similar after storage for 48 

hours. The expression of C-kit during foetal gonadal development is associated with the 

survival, migration, and proliferation of PGCs (Izadyar et al., 2002a). A previous study showed 

that C-kit regulated the onset of the differentiation process of GCs (Zhang et al., 2011). Testes 

undergo complex changes during the embryonic and postnatal stages. In 2-week-old neonatal 

testes, gonocytes (identified by stem cell marker OCT-4) migrate to undifferentiated SSCs; 

thus, two types of GCs (identified with germ cell marker PGP9.5) are present. Some SSCs are 

already exist in the seminiferous cord; these can self-renew and are prepared for differentiation. 

The reduction in C-kit gene expression observed in the current study may be associated with 

the suppressed activity of GCs during the 48 hours of storage at low temperature. Overall, it is 

believed that a 48-hour transport process would not adversely affect the spermatogenesis 

potential of GCs in neonatal testes. 

In the current study, the tissues were sectioned into small fragments before immersion in the 

transport medium, which is in similar size to human biopsy tissues collected from patients in 

clinic. The transportation time, storage conditions, and testicular tissue cryopreservation 

procedure strictly followed the human tissue procedures that are used routinely in the Oxford 

Tissue Biobank, and therefore our results are reliable for clinical purposes. 

In conclusion, testicular tissue may be kept in transport medium for up to 48 hours without 

altering viability, tissue morphology, Sertoli cell morphology, or the number of SPG. 

 



133 

 

3.5 Key findings 

• The viability of neonatal bovine testicular cells remained high after simulation of a 48-

hour transport process in medium at 4°C. 

• The space and gap between seminiferous cords and the basement membrane increased 

significantly in bovine neonatal testicular tissues stored in transport medium for 48 

hours, with a deterioration in the structure of seminiferous cords.  

• Changes in the morphology and location of GCs were observed with a 48-hour delay 

prior to processing, including the presence of seminiferous cords with GCs and the 

shape of GCs. 

• SCs and proliferating cells were well preserved during 48 hours of transportation.  

• The expression of selected GC-related, spermatogenesis-related, and apoptosis-related 

genes was unaffected during the simulation of a 48-hour transport period.  
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Chapter 4. Optimization of dissociation, 
enrichment, and culture conditions for 
bovine gonocytes and spermatogonial 

stem cells (SSCs) 
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4.1 Introduction  

The early stage of development in neonatal testes includes a short period of around 3 months 

called mini-puberty. During this stage, the dominant GCs are gonocytes, located in the centre 

of the seminiferous cords. Gonocytes develop from primordial GCs and transform to SSCs; 

thus, gonocytes can be detected based on most GC markers, pluripotency stem cell markers, 

and certain surface protein markers (Awang-Junaidi and Honaramooz, 2018). PGP9.5, PLZF, 

and GRFα-1 are expressed in both gonocytes and SPG (Wrobel, 2000, Costoya et al., 2004, 

Luo et al., 2006, Kim et al., 2019, Zhang, 2021). Nanog and Oct 4 are pluripotency stem cell 

markers that are also expressed in fetal gonocytes (Hoei-Hansen et al., 2005, Goel et al., 2008, 

Mitchell et al., 2014).  

In vivo and in vitro culture are the two main approaches by which cryopreserved prepubertal 

testicular tissues can be induced to produce functional sperm, thereby restoring fertility. The 

main in vivo methods are SSC transplantation, tissue autografting, and xenografting. Although 

these approaches have led to promising progress, the risks of transplanting residual malignant 

cells by autografting or infections of animal origin by xenografting cannot be neglected. 

Therefore, in vitro GC maintenance, propagation, and spermatogenesis are recommended as 

safer methods, especially in patients with leukaemia (Yokonishi et al., 2014a). The 

development of 2D cultures and 3D organoids for the in vitro study of SSCs was described 

earlier in Section 1.4.3 and Section 1.5. Mouse ITTs cultured in vitro have been used to 

successfully produce functional sperm and offspring (Yokonishi et al., 2014a), indicating the 

promising future of this approach. Although no such results have yet been achieved in domestic 

animal models or humans, some progress has been made in this direction. GCs represent a 

unique and small population of cells with self-renewing and differentiating potential in 

prepubertal testicular tissues. The failure of gonocytes to undergo normal development could 
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lead to testicular GC cancer (Rajpert-De Meyts, 2006); therefore, the study of normal fetal GCs 

is fundamental to GC cancer research. Understanding how gonocytes behave in these culture 

systems could provide new opportunities to use gonocytes as a model to study male germline 

stem cells.  

 

4.1.1 Dissociation and isolation of bovine gonocytes 

Various methods have been proposed for the isolation and purification of SSCs from total 

testicular cells. Mechanical disruption, together with trypsin dispersion, is used for SSC 

isolation; however, this method can cause damage to and the loss of SSCs. Another technique, 

two-step enzymatic dissociation after removal of the tunica albuginea (Bellve et al., 1977, 

Izadyar et al., 2002b) is an effective, economical, and simple method for SSC isolation. In 

brief, collagenase is used to disperse seminiferous tubules, after which hyaluronidase and 

DNase I are used to digest cell–cell junctions and genomic DNA to obtain a high-quality 

suspension (Aponte et al., 2008, Kofman et al., 2013).  

In vivo, SSCs are located in niches supported mainly by Sertoli cells in seminiferous tubules to 

maintain their undifferentiated state. During in vitro culture, SSCs in long-term culture will 

finally disappear owing to the extensive growth of Sertoli cells. The proportions of SSCs in 

total testicular cells are relatively low. Thus, the balance between Sertoli cells and SSCs needs 

to be adjusted to achieve better in vitro maintenance of SSCs. Various SSC purification 

methods have been established, including physical and immunological methods (He et al., 

2015). Physical methods for SSC purification include differential plating, Percoll density 

gradient centrifugation selection, morphology-based selection, and gravity sedimentation 
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selection. Immunological methods include fluorescence activated cell sorting and magnetic-

activated cell sorting.  

Percoll density gradient centrifugation selection, differential plating, and morphology-based 

selection are the three most commonly used physical methods for SSC purification. Cells are 

tracked in different Percoll fractions depending on their density. The differential plating 

selection method is based on the different adherence speeds between cell types; normally, high-

activity stem cells adhere to the plate faster than SSCs. Isolated GCs form colonies during 

culture, which makes it possible to identify and enrich SSCs under a microscope by mechanical 

collection. However, there have been limited studies of methods for the isolation and 

purification of bovine gonocytes. No standard methods have been established for this purpose, 

nor has any systematic study investigated the effects of different culture conditions on the 

formation of gonocyte colonies.  

 

4.1.2 2D culture of enriched bovine gonocytes  

In vitro culture systems provide a platform for cell studies that cannot be performed in vivo. 

For instance, gonocytes only exist for a short time in male mammals at an early stage after 

birth. Thus, the lack of an in vitro culture system for calf gonocytes makes it difficult to study 

the molecular mechanisms underlying the functions of bovine gonocytes and their 

transformation into SPG. The postnatal maintenance of bovine gonocytes, and their ability to 

colonize and proliferate, has not been fully investigated. This chapter describes the 

optimization of methods for the isolation and enrichment of gonocytes from neonatal bovine 

testicular tissues, as well as optimization of in vitro culture conditions for their maintenance 

and proliferation (Figure 4-1). 
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In this Chapter, I aim to optimize the isolation of GCs from bovine testicular tissues and 

optimize GC culture condition on a 2D culture systems. Firstly, section 4.3.1 discusses the 

isolation, enrichment, and characterization of gonocytes from 2-week-old bovine testicular 

tissues. Then, section 4.3.2 describes the optimization of a stepwise approach of several culture 

conditions for the maintenance and colony formation of neonatal bovine gonocytes: culture 

medium, fetal bovine serum (FBS) or knockout serum replacement (KSR), incubation 

temperature (34 °C versus 37 °C), cell seeding density (1.0 × 104 versus 5.0 × 104 versus 1.0 

×105 cells/well), and choice of ECM support (laminin versus collagen IV versus Matrigel 

versus fibronectin).  
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Figure 4-1. Optimization of tissue digestion, germ cell enrichment, and in vitro culture conditions 
for gonocytes from neonatal bovine testes. Neonatal calf testes were collected, sectioned, and 
cryopreserved in liquid nitrogen. After thawing, tissues were digested using a two-step enzymic 
digestion method. Germ cells were enriched using the Percoll density gradient centrifugation method 
or differential plating before seeding. Culture conditions were then optimized for in vitro culture of 
gonocytes. Figure created by author on Biorander.com. 
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4.2 Methods  

The collection of neonatal bovine testicular tissues was described in section 2.2.1. The methods 

used to perform tissue digestion were described in section 2.2.8.  

 

4.2.1 Enrichment of gonocytes  

4.2.1.1 Comparison of different Percoll gradient concentrations 

Testicular cells were collected after dissociation by a two-step enzymic digestion method and 

suspended in a 5% Percoll density gradient (Hunter Scientific, Saffron Walden, UK). The 

Percoll gradients were created by layering 2 ml each of 50%, 45%, 40%, 35%, 30%, and 20% 

Percoll in a 15-ml Falcon tube. The cell layer was carefully moved onto the layers of Percoll 

density gradient in a 15 ml Falcon tube, followed by centrifugation for 25 min at 1000 x g and 

34 °C. Cells within and between different Percoll density phases were collected, washed with 

4–5 volumes of phosphate-buffered saline (PBS) and thoroughly mixed by inversion before 

centrifugation at 700 x g for 5 min at 34 °C. After removal of the supernatant, cells in the 

pellets were ready for further processing. Cell viability was assayed with trypan blue and 

counted on a haemocytometer, which was described in Section 2.2.7. The Percoll gradient 

concentrations resulting in the highest proportion of PGP-positive gonocytes/SSCs were then 

used in further experiments.  
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4.2.1.2 A comparison of different incubation times and coating method for differential 

plating 

In order to determine the most effective incubation time and coating method for gonocyte 

enrichment by differential plating, freshly isolated testis cells were seeded on plates either 

coated or uncoated with 2% Matrigel at a density of 1 × 105 cell/well. Testicular cells were fed 

with 10% KSR-minimum essential medium (MEM)-α and cultured at 34°C with 5% CO2 for 

3 h or overnight. Non-adherent cells suspended in the culture medium were collected by brief 

centrifugation at 1200 rpm at room temperature for 5 min. Adherent cells were observed under 

a microscope. The proportions of gonocytes/SSCs were then determined by 

immunocytochemical staining with PGP9.5.  

 

4.1.3 Cell culture  

Gonocytes collected by different enrichment methods were analysed for cell viability using 

trypan blue dye before being seeded for further experiments. Laminin, collagen IV, Matrigel, 

and fibronectin were diluted in PBS to make 5 µg/cm² coating solutions, which were then used 

to coat plates or glass coverslips, followed by incubation for 1 h. Cells were cultured in 24-

well culture dishes with or without glass coverslips coated with different ECMs. The culture 

medium was MEM-α or Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 

(DMEM/F12), supplemented with 10% KSR or 10% FBS, presented in Table 4-1. The medium 

was changed every 2 days.  
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Table 4-1. Culture media and supplements. 

FBS, fetal bovine serum; KSR, knockout serum replacement.  

 

Components (of all culture media) Concentration 

Base medium MEM-α  

Serum or serum replacement 

 FBS  10% 

or KSR 10% 

Other supplements  

 Penicillin–streptomycin 1% 

 Gentamicin 20 µg/ml 

 Insulin–transferrin–selenium 0.1X 

 Vitamin C 10-4 M 

 Vitamin E  10 μg/ml 

 Sodium pyruvate 1 mM 

 Non-essential amino acids 1X 

 Glutamine 2 mM 
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4.1.4 Immunocytochemical staining 

Floating cells collected were fixed on poly-L-lysine-coated slides for immunocytochemical 

staining. Cells or GC colonies adhered to coverslips/slides were washed with PBS and fixed 

by 4% paraformaldehyde (PFA) for 20 min at room temperature. Cells were washed three times 

with PBS, permeabilized with 0.1% Triton X-100 (v/v) (Sigma) in PBS for 15 min, washed 

three times with PBS again, then blocked using 1% bovine serum albumin (BSA) dissociated 

in PBS for 1 h at room temperature. Cells were then stained with primary antibody (Table 4-

2) overnight at 4°C, followed by secondary antibody incubation for 1 h at room temperature in 

the dark. Coverslips/slides were washed in the dark and mounted. Ten random fields on each 

slide were imaged under a fluorescence microscope, and the mean number of positive cells was 

determined.  
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Table 4-2. Primary and secondary antibody information for immunocytochemical staining.  

Primary 
antibody  

Target cells Manufacturer  Optimal 
concentration 

Secondary 
antibody  

Anti-PGP9.5 Germ cell, 
gonocytes, 

SSCs 

Abcam; 
ab72911 

1:100 Goat anti-
mouse IgG 

(1:200; Abcam) 

Anti-Ki67 Proliferating 
marker, growth 

fraction 

Abcam; 
ab15580 

1:200 Goat anti-rabbit 
IgG (1:200; 

Abcam) 

PLZF antibody Germ cells, 
gonocytes, 

SSCs 

Novus 
Biologicals; 
NBP2-19870 

1:100 Goat anti-rabbit 
IgG (1:200; 

Abcam) 

OCT4  Stem cells Novus 
Biologicals; 
NB100-2379 

1:100 Goat anti-rabbit 
IgG (1:200; 

Abcam) 

Vimentin Sertoli cells Santa Cruz 
Biotechnology; 

sc-6260 

1:200 Goat anti-
mouse IgG 

(1:200; Abcam) 
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4.1.5 Cell apoptosis 

A TUNEL (Promega DeadEnd; G3250) assay was used to measure DNA fragments in cells 

following the manufacturer’s instructions, which was described in Section 2.2.8.  

 

4.1.6 Statistical analysis 

Data are presented as mean ± SD. GraphPad Prism 9.3.0 software for Mac software (GraphPad 

Software, San Diego, California, USA) was used to create graphs and perform tests for 

statistical significance. Statistical differences between groups were analysed by the student’s 

t-test or by ANOVA. Differences were considered significant at p<0.05. 
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4.3 Results 

Bovine abattoir testicular tissues were collected from slaughterhouse, which would be 

otherwise discarded. For the ethical aspect, Home Office licensing is not required in this case. 

4.3.1 Isolation, enrichment, and identification of gonocytes 

4.3.1.1 The two-step enzymatic method can isolate gonocytes effectively 

I optimized the two-step enzymatic method by changing the incubation time. The results 

showed that 30 min incubation for each step on a shaker could effectively isolate testicular 

fragments (1-2 mm3) into single cells while maintaining a high cell viability of 85.00± 4.00%. 

The presence of testicular cells was confirmed under a microscope. Incomplete tissue digestion 

occurred with 20 min incubation (Figure 4-2A), whereas single isolated cells were found 

following two-step enzymatic isolation and 30 min incubation (Figure 4-2B).  
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Figure 4-2. Cells isolated from cryopreserved neonatal bovine testicular samples using two-step 
enzymatic digestion. A) With 20 min incubation time in the first and second steps of the digestion 
process, small cell clumps occurred (white arrow). B) With 30 min incubation time for both steps of 
the digestion process, single isolated cells were observed. Scale bar= 100 μm. Three biological 
replicates were carried out (n=3). 

 

 

4.3.1.2 Characterization of gonocytes  

SSCs in single-cell suspension after isolation were identified based on their morphology under 

a microscope. After 3 days of culture in a culture dish, gonocytes/SSCs had a typical 

appearance: a larger cell size with a typical round shape and a higher nucleus/cytoplasm ratio 

(Figure 4-3A). Somatic cells formed a confluent flat mono-feeder layer to support 

gonocyte/SSC growth at the surface. Gonocytes were characterized by immunocytochemical 

staining using the GC marker PGP9.5 (Figure 4-3B). Immunocytochemical analysis revealed 

that gonocytes expressed the pluripotency stem cell marker Oct-4 (Figure 4-3C).  
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Figure 4-3. Characterization of gonocytes/SSCs. A) Bright-field image of enriched gonocytes/SSCs. 
White arrows indicate gonocytes/SSCs, yellow arrows indicate Sertoli somatic cells. B) Representative 
immunofluorescence images of enriched gonocytes/SSCs revealing the expression of PGP9.5 at day 3 
of culture. C) Representative immunofluorescence images of gonocytes/SSCs revealing the expression 
of Oct-4 at day 3 of culture. Scale bar=50 μm. Three biological replicates were carried out (n=3). 
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4.3.1.3 Percoll density gradient centrifugation selection (30–40%) significantly 

enhanced gonocyte purification 

Testicular tissues digested by two-step enzymatic digestion were isolated by a 20%, 30%, 35%, 

40%, 45%, and 50% Percoll density gradients. The proportion of PGP9.5-positive cells in 

suspension was then used to determine the effectiveness of the Percoll density gradient for the 

enrichment of gonocytes/SSCs. The 30–45% Percoll fractions contained significantly higher 

percentages of PGP9.5-positive cells compared with other fractions, with values of 49.8% ± 

1.833 in the 30% fraction, 42.36% ± 2.17 in the 35% fraction, 32.127% ± 3.4 in the 40% 

fraction, and 23.1% ± 1.49 in the 45% fraction, compared to that in total testicular cells groups 

(7.87 ± 2.215%) (p<0.05) (Figure 4-4A). The viabilities of cells selected from different 

fractions of the Percoll gradient were then evaluated using trypan blue. There was no 

significant difference in viability among testicular cells isolated in different fractions of the 

Percoll gradient (p>0.05) (Figure 4-4B). 
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Figure 4-4. Bovine germ cell purification using discontinuous Percoll density gradient 
centrifugation selection. A) Proportion of PGP9.5 positive cells and B) viability of cells selected by 
20%, 30%, 35%, 40%, 45%, and 50% Percoll density gradient. TTC, total testicular cells. 
****p<0.0001. Three biological replicates were performed (n=3). 

 

 

Therefore, 30–40% Percoll was used for GC enrichment owing to its effectiveness for selecting 

GCs and the high viability of the selected cells. The proportions of GCs and Sertoli cells were 

evaluated by immunocytochemical staining. The proportion of PGP9.5-positive cells was 

45.10% ± 3.67 after 30–40% Percoll gradient enrichment, compared with 7.87% ± 2.215 in 

total testicular cells (p<0.001). There were no differences in cell viability and apoptosis in cells 

before and after Percoll selection (p>0.5) (Figure 4-5 D, E). Sertoli cells were evaluated by 

immunocytochemical staining using vimentin as a marker before and after 30–40% Percoll 

gradient selection. Percoll gradient (30–40%) centrifugation led to a significantly lower 

proportion (41.37% ± 2.62) of vimentin-positive cells (p<0.05) compared with that in total 

testicular cells before enrichment (81.72% ± 3.48) (Figure 4-5A, B). Cell viability and 

apoptosis were determined by trypan blue and TUNEL assays; the results showed no difference 

in viability or apoptosis before and after 30–40% Percoll selection (p>0.5) (Figure 4-5D, E).  
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Figure 4-5. Evaluation of cells enriched by 30–40% Percoll density gradient. A, B) Percentage of 
vimentin-positive cells before and after Percoll gradient selection. Scale bar=100 μM. C) Proportion of 
PGP9.5-positive cells. D, F) Cell apoptosis assessed by TUNEL assay. Scale bar=50 μm. E) Viability 
of cells before and after Percoll selection. Three biological replicates were performed (n=3). Data are 
shown as means and standard deviations. GraphPad Prism 9.3.0 software was used to create graphs and 
to test for statistical significance. ****p<0.0001 

 
 
 
 
 
4.3.1.4 The effects of differential plating on gonocyte purification  

Differential plating has been proposed as a method to enrich SPG in testicular cell suspension. 

The initially isolated primary testicular cells were used in the initial group without any 

additional processes. Testicular cells were cultured for 3 h or overnight in uncoated or 

Matrigel-coated plates to enrich gonocytes and reduce the number of somatic cells. The bottom 

of the culture dish was examined by bright-field microscopy after the removal of suspended 

cells. After 3 h of primary cell culture, the bottom of Matrigel-coated or uncoated plates showed 

little cell attachment (Figure 4-6A,C). Increased levels of somatic cell attachment was 

observed on Matrigel-coated or uncoated plates subjected to overnight primary cell culture 
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(Figure 4-6B,D). Both round GCs and flat somatic cells were observed to be attached to the 

bottom of plates after the removal of suspended cells following overnight incubation with or 

without Matrigel coating on differential plates (Figure 4-6B,D). The proportion of gonocytes 

(PGP9.5 positive) in non-adherent cells in each group was assessed by immunocytochemical 

staining. The percentage of gonocytes was 14.00% ± 1.23 among non-adherent cells after 

overnight incubation on uncoated differential plates and 18.10% ± 1.02 among adherent cells 

after overnight incubation on Matrigel-coated differential plates; both these percentages were 

significantly higher than the value of 8.33% ± 1.53 in the initial group (p<0.05; Figure 4-6E).  
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Figure 4-6. Enrichment of bovine gonocytes by 
differential plating. Dissociated neonatal bovine 
testicular cells were incubated for 3 h or 
overnight on uncoated or Matrigel-coated 
differential plates.  

Cells attached at the bottom of the differential 
plastic dish were considered to be adherent cells and 
were examined by microscopy. Cells suspended in 
the culture medium were considered to be non-
adherent cells. Representative bright-field images of 
adherent cells after A) 3 h incubation or B) overnight 
incubation on uncoated differential plates. 
Representative bright-field images of adherent cells 
after C) 3 h incubation or D) overnight incubation 
on Matrigel-coated differential plates. E) 
Proportions of PGP9.5-positive cells in initial group 
and groups of non-adherent cells on uncoated 
differential plates with 3 h incubation (uncoated + 3 
h), Matrigel-coated plate with 3 h incubation 
(Matrigel + 3 h) group, uncoated plate with 
overnight incubation (uncoated ± overnight) group, 
and Matrigel-coated plate with overnight incubation 
(Matrigel + overnight). Scale bar=100 μm. **p<0.01; 
****p<0.0001 Three biological replicates were 
carried out (n=3). 
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4.3.1.5 Morphology-based selection for gonocyte purification 

Isolated total testicular cells were cultured on Matrigel-coated culture dishes for 7 days until 

colonies appeared (Figure 4-7A). Gonocyte colonies were mechanically isolated using a glass 

pipette under a microscope and then transferred to a new freshly prepared culture dish (Figure 

4-7B).  

 

 

 

Figure 4-7. Representative bright-field images of gonocyte colonies. A) Formation of gonocyte 
colonies at day 7 after initial culture. B) Gonocyte colonies after being collected and transferred to a 
new fresh culture dish. Scale bar=100μm. Three biological replicates were carried out (n=3). 
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4.3.2 2D culture conditions for bovine gonocytes 

4.3.2.1 The effects of cell seeding density on formation of germ cell colonies 

This experiment aimed to determine the optimal seeding density for culturing neonatal 

gonocytes. Comparisons were made by seeding enriched testicular cells into 24-well plates at 

densities of 1.0 × 104 (group A), 5.0 × 104 (group B), or 1.0 × 105 (group C) cells/well; each 

well had a volume of 2 cm2 and contained 1 ml of culture medium. Cells were cultured under 

similar conditions at 34°C, and the culture medium (MEM-α + 10% KSR) was changed every 

2 days. 

Cells in group C (1.0 × 105 cells/well) became confluent significantly earlier than those in 

group A (1.0 × 104 cells/well; p<0.05), reaching 90% confluence in 8.83 ± 0.75 days, whereas 

cells in group A and B took 13.67 ± 1.37 days and 11.33 ± 0.86 days to become confluent 

(Table 4-3). More cell–cell contacts were found in groups with higher seeding densities, i.e., 

groups B and C. The formation of cell colonies was observed in groups B and C but not in 

group A. Gonocyte colonies initially appeared at 7.31 ± 0.64 days in group C and 9.42 ± 1.45 

days in group B. There was no significant difference in the time when colonies initially 

appeared when compared between groups B and C. In subsequent experiments, a seeding 

density of 1.0 × 105cells/well was used owing to the shorter confluency time and the appearance 

of colony formation.  
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Table 4-3. Effects of three cell seeding densities on the growth of testicular cells in culture.  

 Group A (1.0 × 104 

cells/well) 

Group B (5.0 × 104 

cells/well) 

Group C (1.0 × 

105cells/well) 

Day confluency was 

reached 

13.67 ± 1.37* 11.33 ± 0.86 8.83 ± 0.75* 

Day colonies 

initially appeared 

n/a 9.42 ± 1.45 7.31 ± 0.64 

Viability (%) 90.33 ± 2.16 90.50 ± 2.42 92.50 ± 2.28 

The results are shown as mean ± standard deviation. One-way ANOVA was used for statistical analysis, 
and multiple comparisons were performed for different columns within rows. *Data differed 
significantly (p<0.05) when compared. Three biological replicates were carried out (n=3). 
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4.3.2.2 The effects of culture medium and serum-free culture on gonocyte culture  

Serum-free culture has been proposed for SSC culture. In this experiment, I compared the 

effects of two different culture media, DMEM/F12 and MEM-a, supplemented with 10% FBS 

or 10% KSR, on the formation of gonocyte colonies in 2D culture. Cells were seeded in 24-

well plates and maintained for 10 days without passage. There were no significant differences 

between the confluency days in the four groups (Table 4-4). The formation of gonocyte 

colonies was only observed in the DMEM/F12 + 10% KSR and MEM-a + 10% KSR groups 

(Figure 4-8). Gonocytes colonies initially appeared at 8.15 ± 1.29 days in the DMEM/F12 + 

10% KSR group, significantly later than the 7.13 ± 0.73 days for the MEM-a + 10% KSR 

group (p<0.05). The numbers and diameters of gonocyte colonies at day 7 were compared; this 

was because seeded cells started to become confluent at day 4 after culture. The mean number 

of gonocyte colonies was 7.42 ± 0.81 colonies/well in the MEM-a + 10% KSR group, 

significantly higher than the 2.75 ± 0.54 colonies/well in the DMEM/F12 + 10% KSR group 

(p<0.05). However, there was no significant difference in the mean colony diameter between 

the two groups. Therefore, MEM-a + 10% KSR was chosen for subsequent experiments.  
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Table 4-4. The effects of two culture media with and without serum on the formation of bovine 
gonocyte colonies.  

 DMEM/F12 + 

10% FBS 

DMEM/F12 + 

10% KSR 

MEM-a 

+ 10% FBS 

MEM-a 

+ 10% KSR 

Day confluency 

was reached  

8.72 ± 1.16 8.96 ± 0.71 8.65 ± 1.23 9.20 ± 0.80 

Day colonies 

initially 

appeared 

n/a 8.15 ± 1.29a n/a 7.13 ± 0.73a 

Number of 

colonies per 

well at day 7 

n/a 2.75 ± 0.54b n/a 7.42 ± 0.81b 

Diameter of 

colonies at day 

7 (μm) 

n/a 60.53 ± 10.72 n/a 63.76 ± 11.27 

MEM-a, Minimum Essential medium Alpha. DMEM/F12, Dulbecco’s Modified Eagle medium 
nutrient mixture F-12. FBS, fetal bovine serum. KSR, knockout serum replacement. Data are mean ± 
standard deviation. Data labelled a or b were compared and significant difference was found, p<0.05. 
Three biological replicates were carried out (n=3). 
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Figure 4-8. Representative bright-field images of formation of germ cell colonies at day 7. 
Representative images of enriched bovine gonocytes cultured in A) Dulbecco’s Modified Eagle 
medium nutrient mixture F-12 (DMEM/F12) culture medium supplemented with fetal bovine serum 
(FBS) or B) knockout serum replacement (KSR). Representative images of enriched bovine gonocytes 
cultured in C) Minimum Essential medium Alpha (MEM-a) culture medium supplemented with FBS 
or D) KSR. Formation of colonies were found in B) and C). Scale bar=100μm. Three biological 
replicates were carried out (n=3). 
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4.3.2.3 The effect of incubation temperature  

The objective of this experiment was to evaluate the effects of two different incubation 

temperature (34°C versus 37°C) on the growth of cultured testicular cells. Other culture 

conditions remained the same: cells were seeded at a density of 1.0 × 105cells/well in MEM-a 

+ 10% KSR culture medium. There were no significant differences in the day at which cells 

reached confluency, the day at which colonies initially appeared, the numbers and diameters 

of colonies, or the viability of cells when compared between the two incubation temperature 

groups (Table 4-5). The mean spermatid cord temperature was approximately 34°C in bulls; 

therefore, 34°C was chosen for subsequent experiments.  
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Table 4-5. The effects of two incubation temperatures on the growth and viability of testicular 
cells in short-term culture.  

 34 °C 37 °C 

Day confluency was 

reached  

9.12 ± 0.83 9.13 ± 0.79 

Day colonies initially 

appeared 

5.24 ± 1.10 5.95 ± 0.93 

Number of colonies per 

well at day 7 

7.15 ± 0.94 7.71 ± 1.02 

Diameter of colonies at day 

7 

67.43 ± 11.32 62.01 ± 12.12 

Viability (%) 92.31 ± 2.86 90.93 ± 3.30 

Data are shown as mean ± standard deviation. *p<0.05, **p< 0.01, ***p<0.001, ****p<0.0001. Three 
biological replicates were carried out (n=3). 
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4.3.2.4 The effects of different ECMs on short-term in vitro gonocyte culture  

In vivo, gonocytes are located in the centre of the seminiferous tubules, supported by Sertoli 

cells and extracellular matrices. The main components of the basement membrane are laminin, 

collagen IV, and fibronectin. This experiment aimed to evaluate the effects of four extracellular 

matrices, laminin, collagen IV, Matrigel, and fibronectin, on the culture of bovine 

gonocytes/SSCs.  

Morphology changes of enriched bovine testicular cells in culture were evaluated for 7 days 

(Figure 4-9A). By 24 h after cell seeding, suspended cells started to adhere to the bottom of 

the culture dish. These cells were mostly somatic cells. In the next few days, dome-shaped, 

refractile colonies started to form, surrounded by flat somatic cells. Somatic cells in the 

collagen IV and fibronectin groups were flatter compared with those in the Matrigel and 

laminin groups. During culture, the adherence of colonies to the bottom of the culture dish was 

looser in the laminin group than in the other three groups. Colony transparency gradually 

decreased as colony size increased.  

Assessment of colony numbers and diameters showed that the effects of the type of matrix and 

culture time were significant (p<0.05). In the laminin group, the number of SSC colonies per 

culture dish at day 3 was 44.00 ± 2.00, whereas only a few colonies had appeared in other 

groups by this time: 8.67 ± 0.57 in the collagen IV group, 9.00 ± 1.73 in the Matrigel group, 

and 7.00 ± 2.00 in the fibronectin group had appeared (Figure 4-9AB). The mean diameter of 

SSC colonies was 78.65 ± 19.71 μm in the laminin group at day 3, significantly higher than 

that in the other three groups (p<0.05). At day 5, there were significantly more gonocyte 

colonies in the laminin and Matrigel groups than in the other groups (p<0.05), with numbers 

of 40.67 ± 4.04 and 45.33 ± 4.16, respectively. No differences were found among the four 
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groups in terms of the diameter of colonies. At day 7, the number of SSC colonies were 38.67 

± 3.78 in the Matrigel group and 38.00 ± 6.24 in the laminin group, higher than those in the 

collagen IV (10.33 ± 1.52) and fibronectin (7.67 ± 1.58) groups (p<0.05). The mean diameter 

of colonies in the collagen group at day 7 was 162.3 ± 64.0 μm, significantly higher those in 

the other groups (p<0.05) (Figure 4-9 C). The diameters of colonies in the Matrigel and 

laminin groups increased at a steady rate, and the variation in colony size was smaller.  
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Figure 4-9. Growth of gonocytes/SSCs colonies on four extracellular matrices. A) Representative 
bright-field images of enriched gonocyte culture on LAM (laminin), COL.IV (collagen IV), MG 
(Matrigel), and FN (fibronectin) from day 1 to day 7 of culture. B) Numbers and C) diameters of 
colonies formed per well on the four extracellular matrices. Scale bar= 100 μm. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Three biological replicates were carried out (n=3). 
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Cell apoptosis was determined by TUNEL assays. TUNEL-positive cells were found both at 

the edges of the SSC colonies and among the uncolonized somatic cells. There were significant 

increases in cell apoptosis at day 7 of culture compared with day 1 in all four ECM groups 

(p<0.05) but no differences between the four groups at day 7 (Figure 4-10).  

 

 

 

Figure 4-10. Cell apoptosis in gonocyte colonies in four extracellular matrix groups after 7 days 
of in vitro culture. Data are shown as mean ± standard deviation. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Three biological replicates were carried out (n=3). 
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At day 7 of culture, immunofluorescence analysis revealed that these colonies expressed 

PGP9.5 and PLZF, which are specific markers for gonocytes/SSCs. Ki-67, a marker of 

proliferating cells, was also found to be expressed in some PGP9.5-positive cells. Vimentin-

positive cells were located at the outer layers of colonies, whereas PGP9.5- and PLZF-positive 

cells tended to be in the centres of colonies. There were no significant differences in the 

proportions of PGP9.5-positive, Ki67-positive, vimentin-positive, and PLZF-positive cells 

when compared between the four ECM groups (p>0.05; Figure 4-11A, B, C, D).  

 

 

 

 

Figure 4-11. Immunocytochemical analysis of SSC colonies at day 7. Proportions of A) PGP9.5- B) 
vimentin-, C) Ki67-, and D) PLZF-positive cells at day 7 of culture. n=3 independent experiments, data 
are shown as mean ± standard deviation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Overall, enriched gonocytes formed higher numbers of moderate-sized colonies on laminin- 

and Matrigel-coated plates compared with the collagen IV and fibronectin groups. Matrigel 

was found to better maintain gonocyte colonies on plates for use in further procedures such as 

staining or collection; therefore, Matrigel was chosen for use in subsequent experiments. 

 

4.3.2.5 The short-term culture of enriched neonatal bovine gonocytes  

Dome-shaped gonocytes colonies normally appeared within a week after cell seeding at an 

appropriate density on Matrigel-coated plates. In order to provide gonocytes with more 

nutrition and more growing space, avoid the overgrowth of somatic cells, and reduced the loss 

of cells during the culture procedure, morphology-based selection was used during passage. 

Culture dishes were checked, and colonies were mechanically collected, sectioned, and 

transferred to new culture dishes during passages (Figure 4-11). After being transferred into 

the new culture dish, somatic cells around colonies were found to expend in the dish. Colonies 

tended to migrate slowly to the edges of the coverslips/culture dish. Gonocyte colonies 

expressed the SSC markers PGP9.5 and OCT4, as confirmed by immunofluorescence (Figure 

4-11C). 
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Figure 4-12. Subcultures of gonocyte colonies and immunofluorescence analysis of SSC colonies. 
A) Representative images of gonocyte colonies ready for subculture. Tightly packed dome-shaped 
gonocyte colonies with clear boundaries were picked for further culture. B) Representative images of 
subcultures of colonies that had been mechanically picked and transferred to a new culture dish. C) 
Immunofluorescence analysis of gonocyte colonies. Positive staining for the SSC marker PGP9.5. 
Positive staining for the stem cell marker OCT-4. Scale bar= 100 μm. Three biological replicates were 
carried out (n=3). 
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4.4 Discussion  

Techniques for GC isolation and enrichment potentially enable GC transplantation or in vitro 

spermatogenesis. A two-step enzymatic method was first proposed for the isolation of 

prepubertal mouse testes in 1977 (Bellvé et al., 1977). This method has also been used to isolate 

testicular cells in humans (Moraveji et al., 2019), buffalo (Feng et al., 2016), sheep (Herrid et 

al., 2009), and mouse (Baazm et al., 2013). My results indicate that two-step enzymatic tissue 

dissociation with a 30 min incubation time is optimal for 2 mm3 sections of neonatal testicular 

tissues and can completely dissociate tissue fragments into a single-cell suspension while 

maintaining high cell viability. The cell dissociation procedures included dispersion of the 

seminiferous cords via the degradation of the collagen surrounding the cords in the first step, 

and dissociation of the seminiferous epithelium into monodispersed cells in the second step. 

DNAse I was used to digest DNA that leaked from damaged cells into the dissociation medium, 

thereby protecting cells in the medium.  

There are only very limited studies involving the isolation of gonocytes at earlier stages post-

birth, such as from neonatal testes. Discontinuous Percoll density centrifugation selection and 

differential plating have been used to isolate gonocytes from 10- to 14-week-old prepubertal 

bull calves (Kim et al., 2014). In their study, gonocytes were collected from the interface of 

20% and 40% Percoll density gradient layer with only 5% gonocytes in collected cells; while 

in differentiating plate with sequential incubation with laminin followed by gelatin, the 

percentage of gonocytes in selected cells reached 38%. However, my results in this chapter 

showed that Percoll density gradient centrifugation is more efficient than differential plating. 

Through discontinuous Percoll gradient density centrifugation, most gonocytes were retained 

in the 30–45% Percoll gradient fraction. My results also showed that gonocyte purificated by 

both Percoll gradient density and differential plating have similar cell viability or apoptosis 
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rate. Therefore, Percoll gradient density centrifugation selection is recommended as an 

effective method for gonocyte isolation from bovine neonatal testes.  

Differential plates coated with laminin and gelatine have been used for the enrichment of 

bovine male gonocytes (Kim et al., 2014). Laminin has been proposed for SSC selection owing 

to the α-6 integrin receptors on the surfaces of mouse and bovine SSCs (Shinohara et al., 1999, 

de Barros et al., 2012). Giassetti et al. (2016) found higher percentages of GFRα-1 positive 

cells among non-adhered cells compared with adhered cells after incubation in laminin-coated, 

BSA-coated, and uncoated plates. Located in the centre of the seminiferous cords, gonocytes 

do not easily adhere or bind to ECM proteins; therefore, negative selection was used in my 

experiments to isolate gonocytes from somatic cells. Matrigel is a reconstituted extracellular 

matrix that mimics the natural basement membrane in vitro. The main protein components of 

Matrigel are laminin, collagen IV, and entactin. Therefore, Matrigel was used to coat 

differential plates to isolate gonocytes and somatic cells. The results indicated that differential 

plating helped to enrich bovine gonocytes and reduce the proportion of Sertoli cells. Increases 

in the proportion of gonocytes were observed among suspended cells after overnight incubation 

in both Matrigel-coated and uncoated differential plates. However, the suitable adherence time 

can vary and needs to be optimized; otherwise, a certain number of the gonocytes adhered to 

plates may be lost (He et al., 2015). The results of this study showed that gonocytes might 

adhere to the bottom of plates, which could lead to their loss. The somatic cell numbers 

remained relatively high compared with those obtained by Percoll density gradient 

centrifugation.  

Morphology-based selection is a simple and low-cost method for gonocyte isolation. Sertoli 

cells grow faster than SSCs in culture; thus, it is necessary to check for and mechanically isolate 

SSC colonies for further passage and culture before the SSCs are overgrown by other cell types; 
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this requires an efficient technique (Guan et al., 2009). In some cases, colonies of gonocytes 

cannot be easily visualized or are mixed with somatic cells, which can lead to the loss of 

gonocytes. Moreover, some changes inside the cells can be missed if the first 7–10 days of cell 

culture is used for gonocyte enrichment in morphology-based selection. Therefore, 

discontinuous Percoll gradient density selection is regarded as a controllable, simple, and time-

saving procedure for gonocyte enrichment. During cell passages, I mechanically collected 

gonocyte colonies to enrich the gonocyte number for further culture.  

KSR has been commonly used in culture medium for the proliferation of embryonic stem cells 

in an undifferentiated state (Tsuji et al., 2008). My results indicated that KSR is a key factor in 

the formation of gonocyte colonies in 2D culture and 3D organoids, and that it affects the rate 

of cell migration inside the Matrigel dome and the boundary of organoids. For in vitro 

spermatogenesis, KSR has been used in culture medium to successfully induce the maturation 

of mice GCs to functional sperm. Sato et al. improved the culture medium from their previous 

experiment by replacing FBS with KSR after noting that FBS contains some factors that could 

suppress the progress of spermatogenesis (Sato et al., 2011a). These authors used KSR and 

B27 as serum replacements and found that KSR induced the expression of Acr-GFP (green 

fluorescent protein) and Gsg2-GFP, which are specific markers of meiosis and haploid cells. 

Lipid-rich BSA (AlbuMAX), one of the factors in KSR, was thought to be the most important 

critical component of KSR for the IVS of mice (Sato et al., 2011a). In 2015, rat ITTs cultured 

in KSR-supplemented medium were found to have increased seminiferous tubule diameter and 

induced the generation of spermatocytes and round spermatids (Liu et al., 2016a). SSCs grow 

efficiently, form “grape-shaped” colonies, and maintain their stemness in vitro with the support 

of KSR (Aoshima et al., 2013). In addition, primary cells are sensitive to some materials present 

in serum; thus, serum-free culture medium is a beneficial option for primary cell culture 
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(Aoshima et al., 2013). Reda et al. (2017) showed that KSR had a positive effect on the 

maturation of mouse GCs and on testosterone production. Gholami et al. (2018) found that the 

culture of GC colonies in soft agar with KSR and hormones enhanced the number and size of 

the colonies and promoted GC differentiation. KSR supplemented with melatonin and 

GlutaMAX has been successfully used for mouse IVS with an organ culture method (Reda et 

al., 2017). Therefore, KSR is recommended as a serum replacement for the culture of gonocytes 

in in vitro culture system.  

In vivo, spermatogenesis occurs inside testes at a temperature that is 2–7°C lower than body 

temperature. My experimental results did not show any difference between the 34°C and 37°C 

groups in terms of cell viability and cell proliferation rate. This may have been because the 

experiments used neonatal (2-week-old) bovine testes. The results of an in vitro whole human 

testicular tissue culture indicated that an incubation temperature of 37°C led to an increased 

loss of tubular morphology and intratubular cell death at days 14 and 70 (Medrano et al., 2018). 

High temperatures were found to suppress self-renewal of SSCs but not cell apoptosis (Wang 

et al., 2019).  

Gonocytes are located in the centre of the seminiferous cords and start to migrate to the 

basement membrane until 4–12 weeks after birth, when they start to transform into SSCs. 

Therefore in a 2-week-old calf, the majority of GCs are gonocytes. In mammals, the epithelial 

cells in testicular tubules exhibit an intimate relationship with ECM proteins (Alberts et al., 

2002). The ECM provides essential physical support for cells, allowing cell–cell 

communications and cell migration. The components of the basement membrane of the 

seminiferous tubules include laminin, collagen IV, and fibronectin (Lai et al., 2002). Laminin 

and collagens support the migration of differentiating GCs from the basal lamina to the lumen 

by regulating junctional restructuring events. Changes in the localization of laminin and 
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collagen IV have been found in Sertoli-cell-only syndrome, cryptorchidism, and atrophy of the 

testes. This highlights the significance of the ECM for the normal functionality of the testes. 

Therefore, development of an appropriate in vitro culture system should include important 

ECM components to help the testicular cells to organize and interact in an appropriate manner. 

My results showed that four ECMs, laminin, collagen IV, Matrigel, and fibronectin, were 

beneficial in the formation of gonocytes colonies. Enriched cells cultured on laminin- or 

Matrigel-coated plates formed colonies faster; this may have been associated with interactions 

between the cell surface receptor integrin and laminin. Laminin was found to enhance cell 

proliferation and increase the activity and expression of stemness-related genes in neonatal 

mouse testicular cell colonies. Moreover, exposure to laminin can change the morphology of 

testicular cells and affect migration of cells during culture by upregulating the expression of 

molecules involved in cell migration, the secretion of cytokines, the induction of hypoxia 

response, and phosphatidylinositol-3-kinase (PI3K)/AKT and the mammalian target of 

rapamycin (mTOR) signalling (Au, Peng et al. 2021). ECM components play an important role 

in the microenvironment supporting the GCs; therefore, it is highly recommended that ECM 

components are used in gonocyte culture in vitro. More studies are needed to investigate the 

mechanism underlying the changes in GCs affected by ECM and other niche growth factors 

involved in self-renewal or differentiation.  
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4.5 Key findings  

• Two-step digestion and a 30–40% Percoll gradient density gradient are efficient 

methods for dissociating testicular tissues and enriching bovine neonatal gonocytes.  

• Enriched gonocytes from neonatal bovine testicular tissues form GC colonies 

characterized by GC markers PGP9.5 and PLZF and stem cell marker OCT4, with 

vimentin positive Sertoli cells forming a feeder layer at the outer edges. KSR 

significantly enhances the formation of gonocyte colonies in 2D culture.  

• Laminin and Matrigel enhance the formation of gonocyte/GC colonies in 2D culture.  
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Chapter 5. The development of in vitro 3D 
organoid culture system for bovine 

gonocytes  
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5.1 Introduction  

5.1.1 The formation and establishment of germ cell niche 

SSCs are scattered throughout loops of seminiferous tubules in living animals, settling in the 

spaces between the basement membrane and the tight junctions of Sertoli cells. This niche 

allows them to provide support to SPG before they enter the meiosis stage. SSCs are regulated 

by the cells in the niches and factor regulation, which was described previously in section 1.1.4. 

SSC differentiation begins as these cells move away from a self-renewing niche to a 

differentiated niche and become dispersed over the entire basal compartment region of the 

seminiferous epithelium. The proper location and structure of the niche is essential for the fate 

of the GCs. In addition, evidence shows that this niche can be regenerated after tissue damage 

in vivo. This indicates that it is possible to reestablish the niche environment in vitro using 

tissue engineering technology. 

Investigating the components of the GC niche is crucial for determining the regulation of 

spermatogenesis in vivo and the establishment of fertility restoration strategies using in vitro 

culturing techniques. The GC niche is essential for the regulation of stem cell self-renewal and 

differentiation abilities, ensuring a balance between these two processes (Lee et al., 2006). 

Located in the basal compartment of the seminiferous tubule, the niche supports and protects 

the most primitive SPG (Chiarini-Garcia et al., 2001b, Chiarini-Garcia et al., 2003). 

Undifferentiated SPG usually settle on the basement membrane next to the interstitial tissue 

and vasculature (Chiarini-Garcia et al., 2001a, Chiarini-Garcia et al., 2003, Yoshida et al., 

2007a). The surrounding somatic cells that significantly contribute to the SSC niche include 

Sertoli cells, PMCs, peritubular macrophages, testicular endothelial cells, Leydig cells, and 

lymphatic endothelial cells; most of these cells provide support and produce factors to regulate 
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SSCs, directly or indirectly (Juho-Antti and Robin, 2019). For gonocytes, located in the center 

of the seminiferous tubules, the only cells that make direct contact are Sertoli cells. Sertoli cells 

are arguably the most important cellular components of the niche due to their direct contact 

with undifferentiated SPG (Oliver and Stukenborg, 2019) and they feed and support GCs. 

Sertoli cells secrete numerous paracrine factors, such as GDNF, which affects SSC behavior 

(de Rooij, 2009). PMCs provide structural support and also play a role in pushing luminal fluid 

towards the rete testis. In the interstitial tissue, the testosterone produced by Leydig cells 

influences the Sertoli cells and thus indirectly enhances colonization of SSCs in the testis 

(Ogawa et al., 1998). The maturation of somatic cells, and the establishment of the 

hypothalamus-pituitary-gonadal axis (HPGA) at puberty, lead to changes in the niche 

microenvironment, including the regulation of GDNF level and other endocrine factors; these 

events drive some SSCs in adult-type niches into differentiation (Shinohara et al., 2001, 

Tadokoro et al., 2002, Ventela et al., 2012).  

The in vitro cultivation of GCs has been performed using different methods, including 2D, 3D, 

and organoid cultures. Physiological cell–cell and cell–matrix interactions are essential for 

regulating cell proliferation and differentiation, which contribute to maintaining the function 

and homeostasis of the tissue. While simplistic 2D monoculture models have their advantages, 

they lack proper representation of the cell–cell and cell–matrix interactions that are present in 

the natural tissue environment. The phenotype of purified primary cells is likely to change 

during culture in 2D culture systems. IVS has been achieved in rodents using organotypic and 

soft matrix culture systems. SSCs were able to proliferate and differentiate into spermatocytes 

after being cultured in a natural decellularized testicular 3D scaffold system (Rezaei 

Topraggaleh et al., 2019), indicating the importance of a reestablished SSC niche in vitro.  

The ECM, consisting of a network of key macromolecules, modulates the maintenance, 
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proliferation, self-renewal, and differentiation of SSCs in the niches. It can also directly interact 

with stem cells through receptors for ECM–stem cell communication, and can also regulate 

SSC activities by presenting growth factors (Gattazzo et al., 2014). For this reason, the ECM 

has been used in 2D culture or 3D culture in vitro for regulating SSC self-renewal and 

differentiation. For example, a previous study showed that GCs from rats differentiated after 

22 days of culture with ECM (Lee et al., 2006). 3D culture better mimics an in vivo situation 

by providing cells with a defined scaffold that resembles real living tissues in terms of their 

features and functions.  

 

5.1.2 Factors that contribute to the niche  

Similar to other adult stem cell niches, the gonocyte/SSC niche provides cells with proper 

architectural support as well as a growth factor milieu (Oatley and Brinster, 2012). During the 

prepubertal period, FSH, LH, and testosterone levels remain low; once puberty starts, AMH 

begins to decline while the serum levels of inhibin B, FSH, LH, and testosterone rise, thus 

resulting in testicular growth. Male puberty is initiated by the reactivation of HPGA, with major 

changes in the physiology of the testis, including increased testicular volume, hormonal and 

molecular modulation, and the initiation of spermatogenesis (Plant, 2015, Koskenniemi et al., 

2017). The size and volume of the testis increase, and the tubular structure progressively forms 

clearly defined lamina and lumen (Rey, 1999). The process of spermatogenesis begins with a 

differentiating division of SSCs and SPG, followed by meiosis of the spermatocytes and finally 

the formation of round spermatids (Ogawa, 2001). GDNF (Naughton et al., 2006b, Chen and 

Liu, 2015), FGFs (Takashima et al., 2015b, Masaki et al., 2018), and RA (Raverdeau et al., 

2012) are important growth factors that regulate SSC development. Pituitary hormones also 
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influence the behavior of testicular cells: FSH stimulates the proliferation of Sertoli cells and 

SPG, while testosterone and LH act more on completing spermatogenesis. In addition, the age 

of the niche cells themselves may also influence SSC behavior. The aging of niche cells can 

reduce the regenerative potential of stem cells, as shown for adult stem cells; exposure to 

systemic factors from younger individuals was shown to restore the regenerative function 

(Conboy et al., 2005). In addition, the limited supply of FGFs produced by lymphatic 

endothelial cells can regulate the self-organized density homeostasis of SSCs in the niche 

environment (Kitadate et al., 2019). To maintain the SSC population in the self-renewing state, 

exposure to a sufficiently high FGF stimulus is needed in the SSC niche. Proliferation of SSCs 

was enhanced when cultured in vitro with medium supplemented with LIF combined with 

GDNF (Wang et al., 2014).  

The proliferation of gonocytes/SSCs has been successfully represented using 2D culture 

systems. However, in prepubertal/adult testes, gonocytes/SSCs are located within a 3D 

structure (seminiferous tubules), and direct cell-to-cell interactions play a critical role in their 

maintenance, proliferation, and development. Therefore, 3D representations of culture systems 

have been developed for the cultivation of cells or tissue fragments in vitro; these systems 

attempt to mimic the interactions and native arrangements between cells and the ECM. The 

two most commonly utilized 3D techniques for the culture of testicular cells in vitro are organ 

culture and supportive scaffolds in combination with dissociated cell culture. Organoids are 

3D structures reconstructed by multiple cell types in vitro that have a similar cell architecture 

and functionality to in vivo native organs (Sakib, Voigt, et al., 2019). Organoid systems are 

based on the self-organizing capabilities of cells and create diverse multi-cellular tissue 

surrogates using novel bioengineering techniques (Yin et al., 2016). In vitro 3D organoid 

culture systems represent an attractive alternative for supporting the maintenance and 
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development of gonocytes/SSCs into their post-meiotic stages and therefore was investigated 

in this study.  

In this Chapter, I report the development of 3D TOs in an in vitro culture system for the 

maintenance, proliferation, and possible spermatogenesis of gonocytes. The factors that affect 

the formation, storage, and development of gonocyte organoids were evaluated, including the 

optimal cell-seeding density, serum, replacement supplement, Matrigel ratio organoid 

cryopreservation, and growth factor treatments.  

 

 

 

 

 

 

 

5.2 Methods  

The collection of neonatal bovine testicular tissues was described in Section 2.2.1. Six testis 

from three different neonatal calves were used in this study. RT-qPCR analysis was described 

in Section 2.2.4 and Section 2.2.5. Digestion of freeze/thawed testicular tissues and 

enrichment of gonocytes/SSC using the Percoll density gradient were described in Section 

2.2.6 and Section 4.2.1.  
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5.2.1 3D culture of enriched gonocytes/SSCs 

Enriched GCs were suspended in culture medium, mixed with Matrigel on ice at a ratio of 1:1, 

and then by carefully dispensed as 20 µL droplets on pre-warmed plates and incubated at 34°C 

for 30 min to polymerize the gel (Figure 5-1). A culture medium was added to cover the 

Matrigel dome after polymerization. Densities of 1×105 cells, 1×106 cells, and 1×107 cells per 

Matrigel droplet were used in the experiment. The basic culture medium was MEM-⍺ medium, 

supplemented with 10% KSR and other supplements, as described in Table 4-1. Growth factors 

were added according to the experimental design (Table 5-1).  
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Table 5-1. Growth factors supplemented in culture medium for the culturation of testicular 
organoids (TOs).  

Growth factor Concentration  Manufacturer 

FSH  10 IU/L Sigma-Aldrich; T1500 

Testosterone  10-6 M Sigma-Aldrich; F4021 

GDNF  20 ng/mL Sigma-Aldrich; G1777 

FGF2  2 ng/mL Thermo Fisher; PHG0266 

LIF  100 ng/mL Thermo Fisher; PHC9484 

FSH, follicle-stimulating hormone; GDNF, glial cell line-derived neurotrophic factor; FGF2, fibroblast 
growth factor 2; LIF, leukemia inhibitory factor. 
 
 
 
 
 

The organoids were passaged by dissociating the Matrigel dome and reseeding cells (Figure 

5-1). A pre-chilled 100 µL recovery solution was added to each well. The Matrigel matrix was 

destroyed by pipetting up and down gently using a pipette with wide bore tips. After 

mechanical separation, Matrigel with recovery solution was incubated at 4°C for 30–60 min. 

A depolymerized Matrigel matrix was checked by microscopy to determine whether organoids 

were floating free from the Matrigel. After a briefly centrifugation of the cultures, the recovery 

solution was removed, and organoids were washed with cold PBS. Then, organoids were 

dissociated using trypsin at 37°C and the level of dissociation was monitored under a 
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microscope. Dissociated TOs were washed with PBS and resuspended with a freshly made 

mixture of Matrigel and culture medium. The TOs easily adhered to the inside of pipette tips 

or tube walls, and therefore, the tips were pre-wetted with culture medium before the transfer 

of organoids to prevent organoid loss. Organoids were passaged every 10–14 days.  
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Figure 5-1. Establishment of 3D organoid in vitro culture system for gonocytes from neonatal 
bovine testis. After being frozen and thawed, the tissues were digested, and germ cells were enriched 
using a Percoll density gradient. The cells were suspended in culture medium and mixed with Matrigel 
on ice. The mixture was seeded as small droplets in 24-well culture dishes. The Matrigel-based 3D 
organoid culture system was put into the incubator for 30 min to allow the Matrigel to become gelled, 
and TOs were formed inside the Matrigel dome after a few days of in vitro culture. Organoids were 
passaged every 10–14 days. Matrigel was dissociated and removed, followed by enzymatic dissociation 
of organoids using trypsin. Dissociated cells and fragments were washed and resuspended in culture 
medium and seeded with Matrigel. Figure created by author on Biorander.com. 
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5.2.2 Cryopreservation and thawing of organoids  

Organoids were cryopreserved intact in Matrigel fragments at a time point in the culture when 

they would otherwise be passaged. The number of organoids in each well was counted using a 

microscope. Mechanical separation of the Matrigel dome into fragments was performed by 

pipetting up and down gently with PBS-wetted 1000 μL tips. Matrigel fragments were washed 

with cold PBS before being transferred to cryovials. One mL of CPA was used in each cryovial 

with 50–100 organoids. Six cryoprotectants were used to cryopreserve organoids (Table 5-2). 

All cryovials were placed in a Mr. Frosty freezing container with isopropyl alcohol and 

transferred to a -80°C freezer for 24 h and then placed in LN2 for long-term storage. 

While the organoids were being thawed, cryovials were taken out from the LN2 tank, 

immediately transferred to a 34°C water bath, and removed once thawed. To remove the 

remaining CPA, the organoids were washed in MEM-α medium with 0.1 M sucrose in a 

concentration of KSR or FSH that was consistent with the CPA used for cryopreservation.  
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Table 5-2. Cryoprotectant agents (CPAs) for cryopreservation of testicular organoids (TOs).  

CPA  

Basic medium and 

supplement 

MEMα, 0.1 M sucrose 

 DMSO KSR or FBS 

CPA 1 1 M 10% KSR 

CPA 2 1 M 10% FBS 

CPA 3 1 M 20% KSR 

CPA 4 1 M 20% FBS 

CPA 5 0.5 M 10% KSR 

CPA 6 1.5 M 10% KSR 

DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; KSR, knockout serum replacement. 
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5.2.3 Cell viability and apoptosis in organoids 

Cell viability was accessed using a live/dead cell image kit (Thermo Fisher; R37601), 

following the manufacturer’s instructions. The cell apoptosis within the TOs was assessed 

using a DeadEnd Fluorometric TUNEL assay (Promega DeadEnd; G3250) in accordance with 

the manufacturer’s instructions. Images were taken under a fluorescence microscope and 

analyzed with ImageJ (National Institutes of Health, Bethesda, Maryland, USA).  

 

5.2.4 Immunocytochemical analysis of organoids 

The immunocytochemical staining of TOs was optimized based on a protocol for all 3D 

organoids (Dekkers et al., 2019). To prevent the loss of organoids from sticking to the tips, 1% 

(wt/vol) PBS–BSA was used to precoat the tips used to transfer organoids. TOs were extracted 

from the Matrigel dome by incubating the dome with recovery solution at 4°C for 30 to 60 min. 

After washing with PBS, organoids were fixed by being immersed in 4% PFA for 30 min at 

room temperature. Organoid wash buffer (OWB) was used throughout the washing process 

during immunochemical staining, which contained 0.1% Triton X-100 and 0.1% BSA. To 

block the organoids, 1% (wt/vol) PBS–BSA was used for incubation at room temperature for 

1 h. Primary antibodies (PGP9.5 and Vimentin) in optimized concentrations 1:100 diluted in 

OWB were used to incubate the organoids 24 h at 4°C. After three washes with OWB, an 

optimized concentration of secondary antibodies was used for 24 h incubation at 4°C, followed 

by three times washing and mounting using mounting medium with DAPI. Images were taken 

under fluorescence microscope or confocal microscope and were analyzed using and Volocity 

software (PerkinElmer, Waltham, Massachusetts, United States). 
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5.3 Results 

Bovine abattoir testicular tissues were collected from slaughterhouse, which would be 

otherwise discarded. For the ethical aspect, Home Office licensing is not required in this case. 

In vivo, GCs are located in a 3D niche in seminiferous tubules, where they are supported by 

Sertoli cells and membrane basements. In 2D culture, most cells appear in a flat monolayer, 

and GCs tend to form dome-shape colonies as described in Section 4. Therefore, after culturing 

gonocytes in a 2D culture system, I explored 3D culture for gonocytes, aiming to provide 

gonocytes with an in vitro microenvironment that is more similar to what appears in vivo. In a 

previous 2D ECM experiment, I compared the enriched growth of testicular cells on four ECM-

coated plates and showed that Matrigel was the optimal ECM for the formation of gonocyte 

colonies. Moreover, Matrigel consists of multiple basement membrane proteins such as laminin 

and collagens, which make it suitable for rebuilding the microenvironment in vitro. Therefore, 

Matrigel was chosen for the subsequent 3D experiments. This section describes the 

optimization of the 3D Matrigel culture conditions for neonatal testicular cells, including 

seeding density, culture medium supplements, cell-seeding methods, organoid 

cryopreservation, and growing. Hormones were used to treat organoids to maintain the in vitro 

culture of gonocytes.  

 

5.3.1 The effect of cell-seeding density on the formation of organoids 

In 2D culture, gonocyte colonies were founded with an initial seeding density of 5×104 cells 

per well and 1×105 cells per well. To optimize the cell-seeding density in 3D culture and 

investigate the effects of cell density on the formation of organoids in 3D, three cell densities 
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were used: 1×105 cells, 1×106 cell, and 1×107 cell per Matrigel droplet (20ul) each well in 24-

well-plate. The cell suspensions were mixed with Matrigel at a ratio of 1:1 to form a 20 ul 

dome-shape gel in each well; then, culture medium was added, and the system was incubated 

at 34°C. The formation of organoids was observed in all groups, beginning with the three 

seeding densities. After single-cell suspensions were seeded in Matrigel, gonocyte organoids 

started to form and show a boundary at day 2; therefore, the diameter and number of organoids 

were measured and counted. Organoids were passaged every 10 to 14 days, so at day 11 before 

organoid passage (Figure 5-2A), the diameter and number of the organoids in the three groups 

were compared. There were no differences in the diameter of organoids at day 2 among three 

groups. However, at day 11, the mean diameter of organoids in the 1×107 cell/well seeding 

group was 36.89±34.70 µm, significantly higher than the value of 28.76±26.99 µm in the 1×105 

cell/well group (p < 0.05; Figure 5-2B). The typical diameter of 2-week-old neonatal testis 

tubules in vivo is 30-50µm. These results indicated that cells in the 1×107 cell/well group 

produced significantly more organoids than the other groups at day 2 and day 11 (p < 0.05, 

Figure 5-2C), with 5.41±1.79 /105 µm2 at day 2 and 8.11±0.55/105 µm2 at day 11.  

The presence of GCs and Sertoli cells in TOs were confirmed by immunocytochemical staining 

with GC marker PGP9.5, PLZF and SC marker vimentin (Figure 5-2D). In 3D TO, a structure 

with GCs located at the centre of the organoids and most of the Sertoli cells in the surrounding 

was observed. 
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Figure 5-2. Formation of organoids from enriched testicular cells seeded at different initial 
seeding densities in 3D Matrigel culture. A) Representative brightfield images of testicular organoids 
(TOs) after 1 day of culturing with initial seeding cells at 1×107 cell/mL. The Matrigel dome is clear 
and transparent. After 11 days of culturing, TOs were formed in three groups with 1×105 cell/mL, 1×106 
cell/mL, and 1×107 cell/mL cell-seeding density. The scale bar in the top images = 2 mm. The scale bar 
in the bottom images = 50 μm. B) The diameters of organoids were measured for each group with 
different seeding densities. C) The number of organoids per 105 μm2 was counted. D) Representative 
immunofluorescence images of TOs revealing the expression of PGP9.5, Ki67, vimentin and PLZF. 
Scale bar= 20μm. Three biological replicates were carried out (n=3). Data are shown as means ± 
standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
 
 
 
 

5.3.2 The effect of serum-free culture on organoids  

In this experiment, 10% FBS and 5%, 10%, and 15% KSR were used as supplements in culture 

medium as serum or serum replacement. Similar to the results for 2D culturing, no formation 

of organoids was observed in MEM-α + 10% FBS (Figure 5-3A). However, the formation of 

organoids was clearly observed in MEM-α+ 5% KSR, MEM-α+ 10% KSR, and MEM-α+ 15% 

KSR (Figure 5-3B–D). 
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Figure 5-3. Formation of organoids cultured in culture medium supplemented with serum or 
serum replacement. A) No organoids formed in MEM-α medium with 10% fetal bovine serum (FBS) 
in the 3D Matrigel culture system. Organoids formed after 1 day of culturing in a 3D Matrigel culture 
system in MEM-α medium supplemented with 5% B), 10% C), or 15% D) knockout serum replacement 
(KSR). Scale bar = 50 µm. Three biological replicates were carried out (n=3). 
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5.3.3 The effect of cell-seeding method with Matrigel 

Single-cell suspensions are usually mixed with Matrigel at a 1:1 ratio. In this experiment, I 

explored whether different mixtures of cell suspension and Matrigel would affect the formation 

of TOs. In a mixed-seed group, a single-cell suspension was mixed with the same volume of 

Matrigel at a 1:1 ratio to form an organoid mixture, and then one large droplet of mixture was 

carefully seeded into a plate and incubated at 37℃ for 10 min to allow the dome to polymerize. 

In an inside-seeding group and in an on-top-seeding group, a drop of Matrigel was incubated 

at 37℃ for 10 min for polymerization before the cell suspension was injected into the middle 

of or on top of the Matrigel dome. This process led to faster cell movement during culture to 

form organoids with clearer boundaries (Figure 5-4).   
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Figure 5-4. Formation of testicular organoids (TOs) in three cell-seeding methods in a 3D 
Matrigel culture system. A) Three methods of cell seeding. Testicular cell suspensions were mixed 
with the same volume of Matrigel (mixed seed) before cell seeding and cultured for 1 day B) and 3 days 
E). Cells were injected into Matrigel after 10 mins incubation (seed inside Matrigel) and were cultured 
for C) 1 day and F) 3 days. Cells were gently seeded on top of the Matrigel after 10 mins incubation 
(seed on top Matrigel) and cultured for D) 1 day and G) 3 days. Scale bar = 50 μm. Three biological 
replicates were carried out (n=3). Figure created by author on Biorander.com. 
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5.3.4 The cryopreservation of 3D organoids 

Fresh testicular tissues are not always available, so frozen and thawed testicular tissues were 

used to generate organoids in this project. For clinical and practical purposes, a 

cryopreservation strategy is needed to preserve TOs. Cryopreservation is a promising method 

used to store and preserve organoids at cryogenic temperatures over the long term. In this 

experiment, TOs within a Matrigel dome were collected in situ and cryopreserved together 

using a slow-freezing method. In a previous experiment, KSR was found to be beneficial in the 

formation of gonocyte colonies or organoids, and could therefore be used as serum replacement 

in culture medium. Six CPAs were used to cryopreserve the organoids. After 30 days storage 

in LN2, TOs were thawed, and their morphology, viability, and cell apoptosis were determined 

via brightfield microscopy, fluorescent live/dead cell staining, and TUNEL staining, followed 

by fluorescence microscopy. There was a significant difference between the viability of fresh 

organoids and post-cryopreserved organoids (p < 0.05; Figure 5-5). Cell viability in each group 

after cryopreservation was compared, and a significance difference was identified, with a cell 

viability 79.75±2.99% in the CPA3 group and 73.33±0.58% in the CPA5 group. Among the 

groups, the CPA3 group exhibited the highest cell viability, and was therefore chosen for the 

subsequent experiments.  
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Figure 5-5. Cell viability before and after organoid cryopreservation. Cryoprotectant agent= CPA. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Three biological replicates were carried out (n=3). 
 
 
 
 
 
 

5.3.5 The influence of growth factors on bovine gonocytes in Matrigel 3D 

culture 

In this series of experiments, I investigated the effects of growth factors in the proliferation, 

stemness, and gene expression of enriched gonocytes in Matrigel 3D culture (Figure 5-6A). 

GDNF, FGF2, and LIF are important factors in the testis that regulate the self-renewal of GCs; 

FSH and testosterone are also associated with spermatogenesis. The basic culture medium 

consisted of MEM-α, additives (Supplementary Table 1), and 10% KSR. The basic culture 

medium was used in the control group. In the GDNF+FGF2+LIF (GFL) group, GDNF, FGF2, 

and LIF were added to the basic culture medium. In the FSH+ testosterone (FT) group, FSH 

and testosterone were added. The enriched gonocytes were cultured in a 3D Matrigel culture 

system and were able to form organoids in a short period of time, usually within 3 days after 

seeding. Cell viability was assessed at days 1, 7, 14, and 28 in the three groups, and dead cells 
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appeared in the centers of the organoids (Figure 5-6B, D). There was a significant difference 

in cell viability between the FT group and control group at day 28 of culture (p < 0.05). During 

culturing, the organoids in the three groups showed similar round shapes, with variation in size 

(Figure 5-6C). The mean size of the organoids was evaluated at days 3, 7, and 14 after cell 

seeding. Significant differences appeared between the three groups at days 7 and 14 (p < 0.05). 

The mean size of organoids at day 7 was 505.4±51.44 µm2, 593.8±47.17 µm2, and 380.0±40.25 

µm2 in the control, GFL, and FT groups, respectively. At day 14, the mean size of the organoids 

was 618.7±39.3 µm2, 1030.00±116.5 µm2, and 768.4±78.49 µm2 in the control, GFL, and FT 

groups, respectively. 
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Figure 5-6. Effects of growth factors on testicular organoids (TOs) in in vitro growth. A) 
Experimental design: organoids were divided into three groups: the control group, GDNF+FGF2+LIF 
(GFL) group, and follicle-stimulating hormone (FSH) + testosterone (FT) group. All organoids were 
cultured for 28 days in a 3D Matrigel culture system. Figure created by author on Biorander.com. B) 
Representative viability images of organoids at day 28 of culture. C) Representative brightfield images 
of organoids at day 28 of culture. D) Viability of cells in organoids were accessed at days 1, 7, 14, 21, 
and 28. Data were presented as means ± SDs. E) Growth of organoids’ size during the first 14 days 
after cell seeding in three groups. Scale bar = 50 μm.  * p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. Three biological replicates were carried out (n=3). 

 

 

Next, organoids were processed for immunocytochemistry to identify the types of cells within. 

Proliferating cells (Ki67 positive) were found in organoids at day 28 in the GFL group and the 

FT group, but fewer proliferating cells were found in the control group (Figure 5-7A). 

Gonocytes were identified in the GFL group but to a lesser degree in the control group and the 

FT group.  

Rt-qPCR data showed that gonocyte markers and the expression levels of GFR⍺-1 level 

remained similar at day 14 after culturing in three groups but decreased significantly to 

0.24±0.024 in the control group and 0.22±0.024 in the GFL group at day 28 (p < 0.05; Figure 
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5-7B). There was no significant change in the expression of the SSC marker gene UCHL-1 

(Figure 5-7C). The related gene expression level of PLZF was significantly reduced on day 14 

in all three groups when compared to day 1 (p < 0.05; Figure 5-7D) and remained at a low 

level of expression at day 28. The expression of the spermatogenesis-related gene C-kit was 

17.26±1.01 at day 28 in the GFL group was significantly higher than the gene expression level 

of 1.00±0.01 in the GFL group at day 1 and was 1.29±0.95 in the GFL group at day 14, 

0.77±0.70 in the control group at day 28, and 0.43±0.15 in the FT group at day 28 (p < 0.05; 

Figure 5-7F).  
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Figure 5-7. Immunocytochemical analysis and relative gene expression in gonocyte organoids in 
the control, GFL, and FT groups. A) Representative immunocytochemical analysis of gonocytes in 
three groups at culturing day 28. Positive staining for the germ cell marker PGP9.5 (red) and 
proliferating cell marker ki67 (green). The effects of different hormones on organoids were evaluated 
by comparing the expression levels of gonocyte-related genes: B) GFRΑ-1, C) UCHL-1, D) PLZF, E) 
STRA8, and spermatogenesis-related gene F) C-KIT. Three biological replicates were carried out (n=3). 
Data are presented as means ± SEMs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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5.4 Discussion  

In vitro culture provides a platform to study the cell behavior of cells. However, the 

development of sperm is a precisely controlled process of stepwise differentiation from the 

SSCs in the 3D microenvironment of the testes in vivo. The hierarchical nature of animals, 

including humans, makes the multi-level recapitulation of organoids achievable when cell–cell, 

cell-matrix, and cell–environment relationships are all found in a suitable model system (Yin 

et al., 2016). Significant progress in achieving complete spermatogenesis from SSCs to 

functional sperm has been made in mice through optimized classic organ culture in vitro (Sato 

et al., 2011). The in vitro cultivation of human SSCs has been developed using different 

methods, including 2D, 3D, and organoid means. The ECM is made up of a network of 

macromolecules that modulate the development and function of SSCs in the niche. ECM has 

been used in 2D and 3D cultures for SSC self-renewal and differentiation. A 3D culture mimics 

an in vivo situation by providing cells with a defined scaffold that is similar to that of real living 

tissues, incorporating the features and functions of different tissues. Physiological cell–cell and 

cell–matrix interactions are essential in cell proliferation and differentiation, which also 

maintain the function and homeostasis of the tissue.  

If provided with an appropriate 3D scaffold and the necessary biochemical factors, cells from 

the testes self-organize to form tissue-specific organoids and provide GCs with a 

microenvironment that is similar to that which occurs in vivo (Alves-Lopes, Söder, and 

Stukenborg, 2017). Organoids are composed of cellular and non-cellular materials that are 

organized in a specific manner and exhibit internal and external interactions. In general, stem 

cells have the intrinsic capability to self-assemble into complex aggregates. Self-organized 

organoids including the intestine (Sato et al., 2009), the stomach (Barker et al., 2010), the 

prostate (Karthaus et al., 2014), and even prostate cancer (Boj et al., 2015) have all been 



204 

 

reproduced through the in vitro process. Stem cells are able to form organized clusters with 

specific structures when presented in a suitable matrix and optimal exogenous factors in vitro 

(Yin et al., 2016). In vitro culture systems provide the possibility for accessible observation, 

the retrieval of cells, controllable conditions, and multiple complex bioengineering approaches. 

An established organoid recapitulates a multitude of biological parameters in organs, such as 

cell–cell, cell–matrix, and cell–environment interactions, as well as spatial organization and 

physiological functions (Yin et al., 2016) and can therefore bridge the gap between in vitro 

culture and in vivo physiology by providing stable systems that can extend cultivation and 

manipulation. 

The novel approach of developing TOs is the most promising method as it provides an SSC 

niche and cell–cell connections that mimic the in vivo microenvironment. In a previous study, 

primary human testicular cells were able to self-organize into functional organoids, where 

active niche cells and SPG could be maintained for up to 4 weeks (Baert et al., 2017). The 

newly formed organoids were able to secrete testosterone, inhibin B, and cytokines. Moreover, 

tight junction proteins have been found in Sertoli cells in organoids. Similarly, another study 

showed that human organoids from adult GCs, and immortalized Leydig and Sertoli cells 

cultured using the hanging drop method, could produce testosterone and support haploid GCs 

(Pendergraft et al., 2017). This 3D human-testis organoid model also has the potential to be 

used as a novel testicular toxicity-screening tool. In 2018, TOs were used to investigate Zika 

virus infections (Strange et al., 2018). Recently, researchers used a microwell culture system 

to generate a multicellular TO with a testes-specific morphology (Sakib, Uchida, et al., 2019), 

and found that GCs in the 3D TO experienced less cellular stress (a significantly lower amount 

of autophagosomes) than GCs in 2D culture. A 3D bioprinting method based on an alginate-

based hydrogel was used as a novel culturing system to control scaffold design and cell 
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deposition, and post-meiotic cells were observed during cultivation (Baert et al., 2019). The 

3D organoid was used in adult testicular culture and prepubertal testicular cell culture, but few 

studies have investigated gonocytes. 

As described in this chapter, an in vitro Matrigel-based TO culture system derived from 

frozen/thawed neonatal bovine testicular cells was successfully developed. The initial cell-

seeding density in each well is essential for organoid formation and the health of cells. In 

previously developed TO culture systems, varied initial cell-seeding densities, including 2.8 

×105 cells/well, 5×105 cells/well, 6×105 cells/well, and 2×106 cells/well were used (Sakib et al., 

2019, Edmonds and Woodruff, 2020, Cham et al., 2021). Higher concentration or after 

centrifugation were reported to promote the formation of seminiferous-tubule-like structures 

in rodents (Alves-Lopes et al., 2017). My results indicate that testicular cells self-assemble 

even in a relatively lower cell-seeding density in a culture platform. The requirement that a 

small number of testicular cells be used to initially form organoids might be helpful where only 

small tissues or limited testicular cells from humans or other species are available for research. 

A higher cell density, of 1×107 cell/well, increases the diameter and number of organoids 

formed in each well, but at the same time, may cause poor perfusion of nutrition and oxygen 

to cells inside the organoids. The diameter of organoids formed in the current 3D culture system 

is similar to the typical diameter of a neonatal testis tubule in vivo (30-50μm), which might 

reflect ease of nutrient and oxygen diffusion in the organoids formed in vitro.  Dead cells and 

cellular apoptosis are easier to identify in the center of organoids with larger diameters using 

live/dead cell images and TUNEL staining data, which might be caused by lack of space, 

nutrient and oxygen for cells in the centre of organoids. Therefore, to better control the size 

and quality of organoids, a moderate cell-seeding density of 1×106 cell/well was considered an 

optimal initial cell-seeding density for generating neonatal bovine testis organoids.  
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Matrigel, a polymer-based gel, is commonly used in organoid culture. The biophysical features 

of Matrigel are highly dependent on the concentrations of polymer, which are crucial for the 

formation of organoids in different tissues. Knowing which conditions or properties are optimal 

for neonatal testicular cells was essential for my experiment. Matrigel is more fluid-like at low 

temperatures or shortly after incubation and becomes more solid-like over time, eventually 

settling to a consistent state after a few hours in an incubator. Furthermore, with an increase in 

polymer concentration, Matrigel exhibits progressively solid-like properties (Borries et al., 

2020). In my preliminary experiments (data not shown), three concentrations of Matrigel (ratio) 

were tested: 33.3% (1:2), 50% (1:1), 66.7% (2:1). The organoids that grew in 66.7% Matrigel 

had visibly more branching at day 7, consistent with the pancreatic organoids in 75% Matrigel 

reported in a previous study (Borries et al., 2020). I also changed the way that initial cell 

seeding was performed to determine whether different seeding procedures would affect the 

formation of TOs. The cells migrated more rapidly when seeded on top or inside the Matrigel 

with 10 min incubation compared to cells suspended in culture medium and Matrigel mixture 

before incubation. This can be explained by the observation that when seeded inside or on top, 

the cells are suspended in culture medium and are freer and move more rapidly, making it easy 

for them to bind to each other and form cell clusters. Meanwhile, all cells/clusters are 

surrounded and supported by Matrigel, where they can maintain their 3D structure. Mixtures 

with 25% Matrigel or higher concentrations gradually become solid-like within 3 h and remain 

stable (Borries et al., 2020). Therefore, during the 10 min incubation at the beginning, the 

Matrigel dome was dominantly liquid-like, and the testicular cells injected within or on top of 

the Matrigel were able to migrate freely due the lower polymer concentration. It is possible 

that within a certain center region of the Matrigel dome, polymer concentrations are lower and 

thus cells in this area form organoids more rapidly. Interestingly, I found some cell bridges that 
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connect between nearby organoids. In some scenario, elongated cells tend to reach out and 

connect two organoids that were closed. But due to time limitations I was unable to investigate 

this further. More studies are needed to establish whether these are factors secreted by cells or 

from the ECM, which guides migration and changes the morphology of cells. It will also be 

interesting to see if there are some ways to encourage organoids to connect and form long 

tubules rather than symmetrical spheres, which might possibly be more physiological.  

Cryopreservation strategies have been used to provide long-term storage options for organoids 

generated from different tissues, such as the colon, brain, intestines, and liver. The efficient 

and effective cryopreservation of organoids accelerates the development of organoid 

technology and clinical translation. The cryopreservation of intact organoids instead of 

dissociated organoids is recommended for intestinal organoids due to their better cell recovery 

(Han et al., 2017). During cryopreservation, cell morphology might change during the 

replacement of cryoprotectant inside cells. Therefore, to protect the structure of the organoids, 

I cryopreserved them in situ within the Matrigel dome. My results indicated that neonatal TOs 

could be generated from frozen/thawed neonatal testicular tissues and preserved by slow 

freezing. Uncontrolled slow freezing was performed in a Mr. Frosty freezing container for this 

experiment because this is a commonly used, easy, and cheap method of cryopreserving tissues 

or cells in a research laboratory. After thawing, over 70% of cells in the frozen/thawed 

organoids were viable, and their viability remained high in the subsequent culture. As noted 

previously, KSR is beneficial for forming gonocyte organoids. To maintain consistency with 

the organoid culture medium, KSR was used in the cryopreservation of prepubertal TOs for 

the first time and showed similar effectiveness to that of FBS without a loss of viability. Very 

few studies have investigated the cryopreservation of TOs. In a previous study, human adult 

TOs were cryopreserved by slow freezing and vitrification showed good viability after thawing 
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(Pendergraft et al., 2017). Vitrification has also been reported to efficiently cryopreserve 

porcine TOs and retain the defined interior-interstitial and exterior-seminiferous compartments 

(Sakib et al., 2019). However, the cited study reported reduced GATA4 (Sertoli cell marker) 

expression and a more dispersed SMA (PMCs marker) distribution at day 7 of culture after 

thawing. My current cryopreservation strategy for preserving organoids within Matrigel 

provides an easy means of long-term storage for neonatal TOs. Cryopreservation of 3D 

organoids boosts their potential to be an accessible in vitro model for clinical use. In one study, 

better cell recovery and enhanced stem cell expansion were observed in frozen/thawed small 

intestine cell organoids within Matrigel, followed by encapsulation with an alginate shell (Lu 

et al., 2017). In the future, a Matrigel core within a hydrogel shell structure could be used for 

the large-scale culture and cryopreservation of whole organoids.  

The main challenges for an in vitro GC culture system are survival, maintenance, proliferation, 

and maturation. In male GC cultures, growth factors are commonly used in short- and long-

term SSC cultures. Only limited research has been performed on gonocyte cultures using 

growth factors. One reason for this may be that gonocytes only exist for a short time after birth, 

so their mechanisms are not fully understood. To study the possible maintenance and 

maturation of both gonocytes and Sertoli cells in TOs, growth factors, including GDNF, FGF2, 

LIF, FSH, and testosterone, were used for organoid culture. Sertoli cells play an important role 

in GC maintenance, self-renewal, and differentiation, as they are the only somatic cells to form 

a niche microenvironment in seminiferous tubules and directly interact with GCs. GDNF and 

FGF2 are important Sertoli cell growth factors that regulate the self-renewal of SSCs, and are 

commonly used in SSC cultures. GDNF regulates the self-renewal of SSCs through GDNF-

RET-GFRA1 signaling (Naughton et al., 2006a, Jijiwa et al., 2008). GDNF/RET/GFRA1 

activates the PI3K/AKT intercellular signaling pathways; this exerts influence on the 
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transcription factors BCL6B, ETV5, LHX1, ID4, and POU3F1 that have been demonstrated to 

promote SSC self-renewal (Oatley et al., 2006, Lee et al., 2007a). FGF2, produced and released 

by mammalian Sertoli cells, drives in vitro SSC self-renewal by upregulating the ETV5, 

BCL6B, and LHX1 genes via MAP2K1 activation (Ishii et al., 2012). SSC proliferation is also 

regulated by the autocrine activation of the PI3K/AKT and MAPK/ERK pathways by FGF2 

(Zhang et al., 2012). FGF2 is involved in SSC expansion and the formation of GC colonies 

(Takashima et al., 2015a). LIF maintains the pluripotency of mouse embryonic stem cells and 

the self-renewal of SSCs. GDNF, FGF2, and LIF have been used for the long-term maintenance 

of porcine SSCs in vitro for up to 1 month in 2D cultures (Guan et al., 2006). I found that 

GDNF, FGF2, and LIF supplemented in culture medium resulted in larger organoids, 

consistent with the SSC expansion reported in a previous study (Takashima et al., 2015a). The 

increased size of GC colonies/organoids may be caused by the different cytoskeletal 

organizations due to GDNF and FGF2, which separately promote flat colony formation and 

colony clumping (Takashima et al., 2015a). A combination of the growth factors GDNF, FGF2, 

and LIF maintained the expression levels of the GC markers UCHL-1 and STRA8 and 

decreased the expression levels of the gonocyte marker GFR⍺-1, thus indicating the 

transformation from gonocytes to undifferentiated SSCs. Interestingly, a significant increase 

in C-KIT gene expression was observed at day 28 in organoids cultured with GDNF, FGF2, 

and LIF. C-KIT is thought to be associated with spermatogenesis. However, a previous study 

suggested that c-kit is associated with the migration of neonatal rat gonocytes to the basement 

membrane within 1 week after birth and is associated with the pseudopod that appear in 

gonocytes while migrating (Orth et al., 1997). It is possible that the expression of c-kit is 

suppressed and remains at a relatively low level in the testes of neonatal calves before the 

migration of gonocytes. When migration starts, the expression of the c-kit gene increases and 
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supports gonocyte migration in vitro. Immunocytochemical staining with the proliferating cell 

marker Ki67 showed a higher number of proliferating GCs (PGP9.5 positive) in organoids 

cultured with GDNF, FGF2, and LIF, thus indicating the transformation of gonocytes to 

proliferating SSCs.  

After birth, the levels of FSH, LH, and testosterone increase during mini-puberty (Becker and 

Hesse, 2020). The FSH signaling pathway may be associated with gonocyte transformation in 

mice (Li et al., 2017). Testosterone can be generated by Leydig cells in immature mouse TOs 

as a result of LH stimulation during in vitro culture (Vermeulen et al., 2019, Edmonds and 

Woodruff, 2020) and it plays an important role in regulating SSC differentiation and 

spermatogenesis and is commonly used in SSC culture (Walker, 2011). In my 3D organoid 

culture system, gonocytes were enriched by Percoll gradients, and most selected cells were 

proven to be gonocytes and Sertoli cells, with only a very few Leydig cells remaining in 

enriched cells. Therefore, testosterone, instead of LH, was used as a supplemental growth 

factor in the culture medium. FSH and testosterone were added to supplement the culture 

medium to mimic the mini-puberty stage to induce gonocyte transformation into SSCs. Higher 

cell viability was detected at day 28 in the FSH and testosterone group, thus indicating that 

FSH and testosterone help to maintain the viability of testicular cells in organoid culture. The 

expression of the STRA8 gene increased and then decreased during the 28 days of culture. 

However, no GC meiosis was detected during culture. The mean size of the organoids at 28 

days was larger in cultured FSH and testosterone, and more Ki-67 positive cells were observed 

by immunocytochemical staining. These results indicated that FSH and testosterone stimulate 

the proliferation of cells in organoids. Further studies are now needed to investigate the 

mechanisms underlying the influence of gonadotrophin on the development of gonocytes.  
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5.5 Key findings  

• For the first time, a 3D organoid culture system was developed for neonatal bovine 

gonocytes in vitro. Gonocytes in organoids were cultured in vitro up to 28 days. TOs 

were efficiently cryopreserved with good cell viability and little cell apoptosis for 

further use; 3D neonatal TOs are a novel tool for in vitro studies of GC development, 

cellular interactions, endocrinology, and toxicity.  

• GDNF, FGF2, and LIF were found to promote the transformation of gonocytes into 

SSCs. FSH and testosterone were beneficial for maintaining the viability and 

proliferation of cells in organoids.  
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As a result of the improvement in cancer therapies, the childhood cancer survival rate has been 

increasing in countries such as the UK (Ribeiro et al., 2008, Wasilewski-Masker et al., 2014b). 

An increasing number of cryopreservation centres worldwide are being established to provide 

reproductive tissue cryopreservation for young people with cancer to preserve their fertility. 

The recruitment of patients, collection and processing of tissues vary between different centres. 

So far, no global standard procedure has been set up for prepubertal reproductive tissue 

cryopreservation and tissue transportation. In Chapter 2 of this thesis, I compared the effects 

of vitrification and slow freezing for the cryopreservation of bovine ITT.  

When storing tissues, one of the most important things is the quality of tissues; this includes 

but is not limited to the following aspects: tissue quality during transportation and the 

cryopreservation process, tissue quality after thawing, and the potential for fertility restoration 

from the frozen/thawed tissues. To my knowledge, no study has investigated the effects of 

short-term storage before cryopreservation on neonatal testicular tissues. The study in Chapter 

3 investigated the tissue holding time before the cryopreservation process. 

IVS is ideal for cancer patients, since this approach does not require immediate transplantation 

and avoids the risk of reintroducing cancer cells. To date, no study has reported in vitro 

complete spermatogenesis in ITTs from domestic animals, non-human primates or human. An 

effective in vitro platform is urgently needed to study the behaviour and regulation of GCs in 

their niches, and further development. To date, TOs have been established only in rodents, 

pigs, and humans. Studies in Chapter 4 and 5 of this thesis shed light on a new bovine animal 

model to study TOs derived from neonatal testicular cells.  
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6.1 Vitrification as a potential alternative method for the 

cryopreservation of ITTs 

The main goal of Chapter 2 was to determine if vitrification could be a potential alternative 

cryopreservation method for prepubertal testicular tissues. In this study, vitrification was 

compared to traditional slow freezing methods with or without speed control in the 

cryopreserving neonatal bovine ITTs. USF is a commonly used method for cryopreserving 

tissues and CSF has been used in the OCTB. Different from mice, human and domestic animals 

such as bovine have a longer puberty period during which GCs are maintained in an 

undifferentiated stage. Therefore, the neonatal bovine ITTs used in this study are more similar 

and comparable to early-stage human ITTs. Results showed that there were no statistically 

significant differences between the three groups (vitrification, USF and CSF) in terms of GC 

and Sertoli cell evaluation through immunohistochemistry staining. Cell apoptosis was lower 

in vitrified testicular tissues than slow frozen tissues. However, when evaluating the effect of 

different cryopreservation methods on tissue structure, the percentage of seminiferous tubules 

attached to the basement membrane was lower in the vitrification group. In vitro culture 

showed similar results from the three groups. This study demonstrated that vitrification could 

effectively cryopreserve neonatal bovine testicular tissues that contain gonocytes, thus 

providing an alternative method for the cryopreservation of postnatal testicular tissues with 

gonocytes. The transformation from gonocytes to SSCs during the postnatal stage is important 

as this can directly affect the development of SSCs. The results of the current study are 

consistent with previous studies in Japanese quail (Liu et al., 2013), piglets (Kaneko et al., 

2013), and new-born mice (Yokonishi et al., 2014a). Taken together, these findings suggest 

that vitrification could be used for the long-term storage of early-stage ITTs.   



215 

 

This study had two main limitations. Firstly, I evaluated the success of cryopreservation of calf 

neonatal testicular tissue only by evaluating in vitro culture; I did not evaluate the subsequent 

fertility function of these tissues. Secondly, only the expression levels of a few gonocyte-

related genes were measured. It is now necessary to evaluate cryogenic damage during the 

long-term culture and transplantation of vitrified ITTs. 

There are some questions that need to be answered before vitrification can be applied to human 

tissues. This study only tested vitrification on tissues from the postnatal stage. Since the 

structure of testicular tissues undergoes significant changes during the prepuberty period, 

whether vitrification is suitable for tissues at other stages remains unknown. Furthermore, the 

fertility function of vitrified tissues should be directly tested through xenografting or other 

approaches. Future research should aim to answer these questions using domestic animal 

models before application on human ITTs. 

 

6.2 Short-term storage for up to 24 hours before cryopreservation 

could maintain ITTs in good condition 

Generally, fresh human testicular biopsy should be sent for cryopreservation in tissue bank as 

soon as possible after collection to avoid compromising the samples. However, in some cases, 

a delay in the cryopreservation process is unavoidable. The purpose of Chapter 3 of this thesis 

was to determine the effects of different tissue transportation times on ITTs. The tissue 

processing strictly followed the procedure for prepubertal human tissues at the OCTB in order 

to mimic the real conditions that human tissue biopsies will experience during tissue 

transportation and processing.  
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My results showed that there were no statistically significant differences in cell viability, 

percentage of Sertoli cells, the percentage of GCs and proliferating cells in tissues after the 48-

hour transport period. However, the degradation in the structure of seminiferous cords 

increased in ITTs after 48 hours. Therefore, it is recommended that ITTs are processed for 

cryopreservation within 24 hours to protect their structure. The most important cells are the 

GCs, as these carry genetic information for the next generation. This study showed that SSC-

related gene expression did not change for up to 48 hours of transportation time. However, the 

morphology of GCs, and the average occupied area of each GCs decreased after 48 hours. In 

previous studies, no neonatal testicular tissues have been investigated; this study shed light on 

the morphological changes in seminiferous tubules without formation the lumen. In Faes’s 

study in 2017, adult human tissues were maintained for up to 3 days without the degradation 

of tissue morphology (Faes and Goossens, 2017). These authors also recommended keeping 

tissues in larger pieces to protect the morphology of tissues. During prepuberty, the size of the 

seminiferous tube, the formation of the lumen, and the age of patients, can all vary; thus, the 

effects of the length of transportation time on ITTs at different stages might also vary. It is 

possible that for testis in younger boys, the diameters of the seminiferous tubule in neonatal 

testes are smaller, immature Sertoli cells are more sensitive to the transport environment, 

therefore I detected significant changes in tissue morphology in the current study. Another 

reason may have caused morphology changes in the 48-hours group could be the size of the 

tissue fragments. The volume of the testes in prepubertal boys are smaller than those in adult; 

the amount of tissue that could be collected through surgery in clinic is limited. Therefore, 

small pieces of bovine ITTs were used in this study to be consistent with that in human ITTs.  

It is unfortunate that this study did not include more biological replicates due the restricted 

access of tissues caused by the Covid-19 lockdown; more biological replicates are needed in 
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future. In practice, the success of a storage method should be measured by its ability to preserve 

a tissue’s fertility function. Thus, xenotransplantation or IVS could be used as methods in the 

next step to examine the fertility function of frozen/thawed ITTs. The aim would be to ensure 

that human ITTs are in good condition and quality during and after transportation, therefore 

ideally this experiment should be repeated using human ITTs. Further studies need to 

investigate if testicular tissues from different age respond differently to delayed processing. 

The findings of Chapter 3 suggested that ITTs should be processed within 24 hours from 

collection to cryopreservation. However, the fertility function of these frozen/thawed ITTs with 

different delayed processing times has not yet been investigated and remain unknown. Tissue 

grafting or IVS could be used in subsequent experiments to explore the fertility function of 

these ITT fragments using the same bovine animal model. Further research should repeat the 

current experiment with prepubertal human testicular tissue from different ages that could 

represent different developed stages of testicular tissues.  

 

6.3 3D testicular organoids (TOs) as in vitro models of germ cell 

biology 

To address the lack of reliable 3D models of the neonatal testicular tissues, I optimized the 

dissociation and enrichment of GCs (Chapter 4) and developed a 3D organoid culture 

technique for neonatal testicular cells (Chapter 5). For the first time, TOs were generated from 

bovine neonatal testicular cells.  

There are two purposes to establish an in vitro culture system with an optimum 

microenvironment for testicular cells: i) for the propagation of GCs, and ii) for SSC 
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spermatogenesis. The GCs in neonatal testicular tissues are mainly gonocytes, which have the 

characteristics of both PGCs and SPGs. The isolation and enrichment of bovine gonocytes have 

not yet been fully understood. I optimized the protocols for isolating testicular cells from 

bovine ITTs using a two-step enzymic process that has been used for the isolation of testicular 

cells from rats ITTs (Alves-Lopes et al., 2018). A Percoll density gradient and differential 

plating were used for the enrichment of isolated GCs, and the expression of bovine GC markers 

was confirmed by immunocytochemical staining. In 2D culture, colonies of GCs were observed 

and confirmed by immunocytochemical staining with the GC marker PGP9.5. In addition, 

basic culture medium and serum replacement were also found to be directly associated with 

the formation of colonies in 2D culture. Culture medium MEM-a supplemented with 10% KSR 

was found to be the optimal basic culture medium to promote the formation of GC colonies 

and therefore was used for subsequent cell culture. Next, in order to select an optimal ECM for 

the culturation of GCs, I cultured enriched GCs on culture plates that were coated with four 

different ECMs (laminin, collagen IV, Matrigel and fibronectin). Matrigel was found to be the 

optimal ECM for GC culture because of a higher number and less variability in the size of the 

colonies formed in Matrigel coated plates. Immunocytochemical staining confirmed that GCs 

were located at the centre of the colonies surrounded by Sertoli cells at the outer layers.  

Next, the in vitro culture system was shifted from 2D to a more complex 3D organoid system. 

This was necessary, as traditional 2D culture is not tractable and cannot provide long-term 

support for GCs. Matrigel was subsequently used in the formation of 3D TOs. To start with, I 

improved and simplified a method reported previously (Alves-Lopes et al., 2018) for bovine 

TOs by optimizing the cell seeding density and Matrigel ratio. In clinical practice, testicular 

biopsy fragments are small and only 10% of the tissue biopsy can be used for scientific 

research; therefore the amount of GCs available to human research is limited. In Section 5.3.1, 
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I confirmed that by using the optimized method designed in this thesis, TOs could be formed 

even with low cell density; this could be beneficial when this system is applied to human ITT 

fragments. Similar to the GC colonies in 2D culture, the organoids formed in 3D system had a 

structure with GCs located at the centre of the organoids and most of the Sertoli cells in the 

surrounding. Compared to normal serum FBS, the serum replacement KSR was found to 

promote the formation of TOs; this is consistent with results from 2D culture. However, the 

mechanism underlying this is not yet fully understood. Different cell-seeding methods were 

investigated in this study. Interestingly, incubating the Matrigel before cell seeding accelerated 

the formation of organoids; this can be explained by the effect of polymerization of Matrigel 

on the migration of cells within Matrigel.  

Another important issue is the storage of the organoids. Previously, only one study has reported 

the cryopreservation of TOs in LN2; this was for only 7 days (Pendergraft et al., 2017). In 

Section 5.3.4, I optimized the CPAs and proposed an optimal CPA for the long-term 

cryopreservation of ITT organoids. After thawing, the morphology of organoids remained good 

and cell viability remained over 70%. This optimized protocol for cryopreserving TOs could 

potentially be used for the storage and transportation of large-scale 3D organoid models.  

As described in Section 1.1.1, the HPG axis and related growth factors play an important role 

in testis development, self-renewal, and the differentiation of SSC in niches. In Section 5.3.5, 

a number of growth factors that are essential for self-renewal, expansion and spermatogenesis 

of GCs was applied in the culture of TOs; these growth factors include GDNF, FGF2, LIF, 

FSH and testosterone. Size, morphology, and cell viability of TOs were evaluated. GDNF, 

FGF2 and LIF were found to be associated with the growth of organoid size and the 

transformation of gonocytes to SSCs. FSH and testosterone were found to improve cell 

viability of organoids and proliferation of testicular cells in a long-term culture.  
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In conclusion, the analysis of neonatal bovine TOs undertaken here has extended our 

knowledge of the in vitro culture of gonocytes and methodology for establishing a 3D TO 

culture system using a new domestic animal model; this 3D model provides a physiologically 

similar microenvironment that allows cell-cell contacts, cell re-aggregations, long-term in vitro 

culture and GC transformation into SSCs.  

This study has some limitations. Firstly, due to the restriction on sample collection and access 

to the laboratory caused by Covid-19 lockdown, only a small number of biological replicates 

were included in this study. Secondly, only a few gonocyte-related genes expressions were 

evaluated in this study to examine changes of the GCs. Lastly, the fertility function of the GCs 

and potential maturation of other somatic cells were not investigated in this study due to time 

constraints.  

 

6.3.1 Unanswered questions and future directions 

There are a number of unanswered questions surrounding the role of TOs. For example, since 

cells are the most important components in TO, would the ratios of different types of testicular 

cells affect the self-assembly and other functions of the TOs? How do other vital soluble niche 

factors, such as RA, WNT and NOTCH, regulate TOs? To improve the TO system, would 

other organ culture methods such as the hanging drop approach and gas-liquid approach be 

beneficial to the culturation of TOs or promote the formation of a tubular-like structure?  

This current TO model provided evidence that neonatal bovine testicular cells were able to 

self-assemble into organoids. In rats, the self-assembly of testicular cells appears to be age-

dependent (Alves-Lopes et al., 2017). I would be interesting to know if testicular cells in 
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domestic animals or humans have similar characteristics. The self-assembly of testicular cells 

could provide the possibility to study GC biology in organoid systems with the potential for in 

vitro propagation and spermatogenesis. Therefore, further research might explore whether this 

organoid model could be applied to bovine testicular cells at different ages, and whether GCs 

at different stages could survive and develop in this re-established microenvironment.  

The work in the current study mainly focused on GCs in the organoids; however, the roles of 

other somatic cells such as Sertoli cells and Leydig cells in organoids have not yet been fully 

investigated. As normal testicular tissues have the function of androgen secretion, experiments 

are needed to investigate the endocrine function of TOs as mini tissue units. In previous studies, 

the secretion of testosterone and inhibin B in prepubertal mice TOs (Edmonds and Woodruff, 

2020) and adult and pubertal human TOs (Baert et al., 2017) have been reported.  The 

prepubertal TOs developed in this thesis could be used to further investigate the endocrine 

function in a prepubertal TOs model in domestic animal models or humans.  

Moving from animal models to humans, TOs could be used as i) a powerful in vitro research 

platform; ii) a potential fertility restoration strategy, and iii) an effective screening tool for drug 

toxicity detection. Since the gene profiles, signalling pathways and molecular regulation in 

human SSC niches (Mäkelä and Hobbs, 2019) have been increasingly revealed over recent 

years, this TO system could potentially be a useful platform that allows cell manipulation and 

monitoring for fundamental human GC biology research. An important potential future clinical 

application of human TOs is to provide the appropriate microenvironment for GC propagation 

and spermatogenesis (Pendergraft et al., 2017); this would help patients whose testicular tissues 

are contaminated by cancer cells to restore their fertility. In addition, similar to organoids 

derived from other organs, TOs could potentially replace the existing experimental models as 
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a more reliable and time-saving screening tool by providing mini tissue units that are highly 

similar to real human tissues.  
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