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Abstract (English)  

Insulin receptor substrate (IRS) proteins are key mediators of insulin and insulin-like 

growth factor (IGF) 1 signaling.  In mice, deletion of Irs2 causes diabetes and females 

are infertile.  However, the role of IRS2 in male reproduction is unknown.  Therefore, 

the objectives of these studies were to determine if Irs2-deficiency alters testicular 

development and function.  Irs2-deficient adult and neonatal male mice exhibited 

reduced testicular size and weight.  There was a reduction in the number of Sertoli cells, 

spermatogonia, spermatocytes, and spermatozoa, however there were no differences in 

the number of Leydig cells or the concentration of testosterone in serum.  Testicular 

morphology appeared unaffected, and there were normal cellular associations without 

obvious abnormalities in the seminiferous epithelium.  Gene and protein expression of 

IRS1, 3, and 4 were unchanged in Irs2-deficient mice indicating that the other IRS 

proteins did not overcompensate for the loss of Irs2.  Gene expression of growth 

hormone receptor and protein expression of SOX9 were significantly reduced in Irs2-

deficient mice.  There was increased phosphorylation of AKT, GSK3β, and ERK in the 

testes of Irs2-/- mice but no differences in protein expression of cell cycle regulatory 

proteins cyclin D or p27.  In summary, the results from these studies demonstrate that 

IRS2 plays a critical role in the regulation of testis size, and that IRS2 may modulate 

testis size by reducing or delaying Sertoli cell proliferation during embryonic and early 

postnatal development.  These results provide an important platform for further 

understanding the effects of IRS2 signaling and diabetes on male reproductive function.  
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Resumen (Español) 

Las proteínas sustrato del receptor de insulina (de sus siglas en Inglés: IRS) son 

mediadores clave en la señalización dependiente de insulina y del factor de crecimiento 

semejante a insulina tipo 1 (IGF1). En ratones, la supresión de Irs2 causa diabetes tanto 

en los machos como en las hembras. Las hembras son infértiles, sin embargo, el papel 

de IRS2 en el sistema reproductor de los machos aún no se conoce. Por ello, los 

objetivos del presente estudio se centraron en determinar si la ausencia de Irs2 altera el 

desarrollo y función testicular. Los ratones macho adultos deficientes en Irs2 presentan 

una reducción significativa en el peso y en el tamaño de los testículos. Existe una 

disminución significativa en el número de células de Sertoli, espermatogonias, 

espermatocitos y espermatozoas, sin embargo no existen diferencias en el número de 

células de Leydig ni se detectan cambios en la concentración plasmática de testosterona.  

Aparentemente, la morfología testicular no parece verse afectada. Las asociaciones 

celulares observadas son normales y tampoco se aprecian anormalidades en el tracto 

epitelial del tubo seminífero.  La expresión a nivel génico y de proteína de IRS1, IRS3 e 

IRS4 no mostró cambios significativos en ratones deficientes en Irs2 indicando que los 

otros miembros de esta familia de proteínas no compensan la pérdida de expresión de 

Irs2. La expresión del ARN mensajero del receptor de la hormona de crecimiento y la 

expresión proteica de SOX9 se encuentran significativamente reducidas en ratones 

deficientes para Irs2. Los ratones Irs2-/- presentaron mayores niveles de fosforilación de 

AKT, GSK3β y ERK en comparación a los silvestres pero no mostraron diferencias en 

la expresión de ciclina D1 o p27, proteínas relacionadas con el control del ciclo celular. 

En resumen, los resultados presentados en este estudio demuestran que IRS2 juega un 

papel crítico en la regulación del tamaño testicular. IRS2 podría modular el tamaño de 

los testículos al reducir o retrasar la proliferación de células de Sertoli durante el 
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desarrollo embrionario y/o en estadíos postnatales tempranos. Los presentes resultados 

proporcionan una importante base con fundamentos para entender los efectos de la 

señalización dependiente de IRS2 y la diabetes en la función del sistema reproductor 

masculino.   
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Chapter 1  Introduction 

Insulin 
 
Insulin is the most potent anabolic hormone known and is essential for appropriate 

tissue development, growth, and maintenance of whole-body glucose homeostasis (1) 

and it promotes proper metabolism, energy balance and maintenance of normal body 

weight (2).  Insulin is secreted by the β cells of the pancreatic islets of Langerhans in 

response to increased circulating levels of glucose and regulates glucose homeostasis by 

reducing hepatic glucose output via decreased gluconeogenesis and glycogenolysis and 

increasing the rate of glucose uptake into muscle and adipose tissue.  Insulin mRNA is 

translated as a single chain precursor called preproinsulin, and removal of its signal 

peptide during insertion into the endoplasmic reticulum generates proinsulin.  Proinsulin 

consists of three domains: an amino-terminal B chain, a carboxy-terminal A chain and a 

connecting peptide in the middle called C peptide. Within the endoplasmic reticulum, 

proinsulin is exposed to several specific endopeptidases which excise C peptide, thereby 

generating the mature form of insulin.  Insulin and free C peptide are packaged in the 

Golgi into secretory granules which accumulate in the cytoplasm.  When β cells are 

appropriately stimulated, insulin is secreted by exocytosis and diffuses into the blood of 

islet capillaries. C peptide is also secreted into blood but has no known biological 

activity. The ultimate effector system for regulating glucose disposal is the translocation 

of vesicles containing glucose transporter 4 (GLUT4) to the plasma membrane to 

increase the rate of cellular glucose transport (3).  Insulin also profoundly affects lipid 

metabolism, increasing lipid synthesis in liver and fat cells and attenuating fatty acid 

release from triglycerides in muscle and adipose tissue.  Insulin resistance occurs when 

normal circulating concentrations of insulin are insufficient to regulate these processes 

appropriately.  Thus, insulin resistance is a defect in signal transduction. 
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Figure 1.1.  Insulin actions.  Insulin is produced by pancreatic beta cells in the islets of 
Langerhans and regulates glucose homeostasis. 
 

Insulin-like Growth Factor 1 

Insulin-like Growth Factor 1 (IGF1) is a small polypeptide consisting of 70 amino acids 

with a molecular weight of 7649 Daltons (4) and is produced primarily in the liver but 

also by many cell types.  Similar to insulin, IGF1 has an A and B chain connected by 

disulfide bonds and the C peptide region is composed of 12 amino acids.  The structural 

similarity with insulin explains the ability of IGF1 to bind to the insulin receptor, albeit 

with lower affinity.  In plasma, 99% of IGF1 is bound to a family of binding proteins 

(IGFBP1-6) which modulate the availability of free IGF1 to tissues (5).  In humans, 

approximately 80% of circulating IGF1 is bound to IGFBP3, which is regulated mainly 

by growth hormone (GH) and slightly by IGF1 (6).  IGF1 plays an important role in 

growth and is tightly coupled with the actions of GH and the somatotropic axis and is 

the mediator of the mitogenic and anabolic activity of GH (7).  Laron Syndrome is a 

type of dwarfism in which GH resistance occurs due to mutations or deletions in the GH 

receptor gene and is characterized by high concentrations of GH in serum but the 

inability to produce IGF1 and reduced production of IGFBP3 (6). 
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Receptors of Insulin and IGF1 

Insulin action is initiated through binding and activating its cell surface receptor, which 

consists of two α subunits and two β subunits that are disulfide linked into an α2β2 

heterotetrameric complex (1).  IGF1 signals via the type 1 IGF1 receptor (IGF1R), a 

widely expressed cell surface heterotetramer, highly similar to the insulin receptor (IR), 

which possesses intrinsic kinase activity in its cytoplasmic domains (8).  Insulin binds 

to the extracellular α subunit of the IR/IGF1R and modifies the α subunit dimer which 

mediates trans-autophosphorylation between the membrane-spanning β subunits (9).  

This activates the intrinsic tyrosine kinase activity of the intracellular β subunit of the 

receptor which then leads to tyrosine phosphorylation of a variety of docking proteins.  

Interestingly, unlike other receptor tyrosine kinases that bind directly to the cytoplasmic 

tails of downstream effectors, the IR and the IGF1R utilize insulin receptor substrate

(IRS) proteins to mediate the binding of intracellular effectors (10).   

 

Figure 1.2.  Receptors for insulin, IGF1, and IGF2.  Each receptor is composed of an α2β2 
heterotetrameric complex, however single αβ dimers are derived from separate genes and the IR 
has two splice variants, IRB and IRA.  Therefore, combinations of the single αβ dimers exist and 
insulin, IGF1, and IGF2 can bind to several hybrid receptors, albeit at different affinities.  The α 
subunit is the extracellular portion of the receptor while the β subunit spans the membrane and 
its cytoplasmic portion interacts with IRS proteins.  The schematic shows the αβ dimers, α2β2 
hybrid receptors, and the known ligands that bind each receptor.   
 

The activity of the IR/IGF1R is tightly regulated, as unchecked activation or inactivity 

would lead to profound metabolic consequences.  Ligand-stimulated internalization and 

degradation of the IR is a common feature of most insulin-resistant, hyperinsulinemic 

states, including obesity and type 2 diabetes (11).  A third member of the insulin 
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receptor family is insulin receptor-related receptor (IRR).  Despite similar homology, 

IRR is still an orphan receptor with obscure function and is expressed in few tissues 

(12).  The main difference compared to the IR and IGF1R is the C-terminal region 

which lacks at least 50 amino acids (13).   

 

Insulin Receptor Substrate Proteins 

IRS proteins mediate the effects of the IR/IGF1R on cellular and whole body 

physiology, including reproduction (14).  At least 11 intracellular substrates of the 

IR/IGF1R have been identified and four of these belong to the IRS family of proteins 

and have been named IRS1-4 (15).  The IRS proteins have both pleckstrin-homology 

(PH) domains and phosphotyrosine-binding (PTB) domains near the N-terminus that 

account for the high affinity of these substrates for the IR/IGF1R.  

 

Figure 1.3.  Two dimensional structure of IRS proteins.  The N-terminus of IRS proteins 
contains pleckstrin homology (PH) and phosphotyrosine binding (PTB) domains which 
associate with the insulin receptor and IGF1 receptor.  The center and C-terminus contain 
multiple potential tyrosine phosphorylation sites which then bind to other signaling molecules 
that contain Src-homology-2 (SH2) domains that continue to propagate the insulin/IGF1 signal.  
IRS2 contains a unique KRLB (Kinase Regulatory-Loop Binding) domain (aa 591-733), which 
serves as a negative regulatory element to control the extent of tyrosine phosphoylation of IRS2.  
Hence, inhibition exerted by the KRLB domain attenuates insulin signaling and action 
independent of serine/threonine phosphorylation (16). 
 

The PH domain brings IRS proteins to the membrane in proximity to the IR/IGF1R and 

the PTB domain binds to phosphotyrosine 960 located in a NPXY (Asparagine-Proline-

Unspecified-Tyrosine) motif of the juxtamembrane region of the IR/IGF1R (17), but 
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hindrance of these interactions by serine/threonine phosphorylation negatively affects 

insulin signaling (18).  The center and C-terminus contain up to 20 potential tyrosine 

phosphorylation sites that after phosphorylation by the IR/IGF1R, bind to intracellular 

adaptor molecules that contain Src-homology-2 (SH2) domains, such as the p85 

regulatory subunit of phosphatidylinositol 3-kinase (PI3K), or growth factor binding 

protein 2 (GRB2), which associates with son-of-sevenless to activate the RAS-mitogen-

activated protein kinase (MAPK) pathway (15).  Serine/Threonine phosphorylation 

adjacent to tyrosine phosphorylation sites impedes binding of the SH2 domains of IRS 

proteins, thus inhibiting insulin signalling (19). 

 

Insulin Signaling 

Insulin signaling is mediated by a complex, highly integrated network that controls 

several processes.  Upon insulin binding, the IR/IGF1R phosphorylates IRS proteins 

which are linked to the activation of two main pathways:  the PI3K-AKT pathway, 

which is responsible for most of the metabolic actions of insulin and the RAS-MAPK 

pathway which regulates expression of some genes and cooperates with the PI3K 

pathway to control cell growth and differentiation (15).  IRS proteins are rapidly 

phosphorylated on their tyrosine residues following insulin binding (20), which creates 

recognition sites for additional effector molecules containing SH2 domains, such as 

GRB2 (21) and the p85 regulatory subunit of PI3K (22), thereby activating specific 

signaling cascades.  Additionally, the IR and IGF1R can phosphorylate other substrates, 

such as SHC (23) and GAB1 (24), which link multiple pathways.  Together, these 

intermediate signals stimulate a variety of different downstream biological effects 

including mitogenesis, gene expression, glucose transport, and glycogen synthesis. 
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Figure 1.4.  A simplified view of insulin/IGF1 signaling through IRS proteins.  Activation of 
the IR/IGF1R by insulin/IGF1 binding, leads to autophosphorylation of the β subunits and the 
receptor tyrosine kinase phosphorylates IRS proteins.  Phosphorylated IRS proteins recruit 
effector proteins such as p85 and GRB2 which bind to IRS proteins and propagate the 
insulin/IGF1 signal.  Insulin/IGF1 signaling modulates several cellular processes such as 
metabolism, proliferation, cell growth, and apoptosis.  See text for details. 
 

The PI3K pathway triggers the metabolic functions of insulin.  PI3K consists of a 

regulatory p85 and a catalytic p110 subunit.  The regulatory subunit contains SH2 

domains which associate with phosphorylated tyrosine residues on IRS proteins 

following insulin stimulation (25).  The catalytic subunit then catalyzes membrane-

bound phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-

triphosphate (PIP3), which stimulates phosphoinositide-dependent protein kinase 1 

(PDK1) activity.  Proteins with PH domains can bind to PIP3 and become localized to 

the same region, allowing for their activation.  Protein kinase B (AKT) (26) and PDK1 

(27) contain PH domains that bind to PIP3 with high affinity.  The binding of PIP3 to 

AKT induces a conformation change that makes threonine 308 accessible to PDK1 

phosphorylation (28).  However, AKT is not activated until it is phosphorylated at 

serine 473 by the mammalian target of rapamycin (mTOR)-Rictor complex. 

 

AKT mediates most of the PI3K-mediated metabolic actions of insulin through the 

phosphorylation of several substrates including other kinases, signaling proteins, and 
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transcription factors that affect cell growth and proliferation, cell cycle entry, and cell 

survival (29).  Glycogen synthase kinase-3 beta (GSK3β) is a direct target of AKT and 

phosphorylation of serine 9 inactivates it, causing an increase in glycogen synthesis 

(30).  GSK3β can also phosphorylate several other substrates and is involved in many 

processes besides the regulation of glycogen synthesis (30).  Another direct target of 

AKT phosphorylation is tuberous sclerosis complex-2 (TSC2) which associates with 

TSC1 (31).  TSC1/2 inhibits the growth regulator mTOR.  Phosphorylation of TSC1/2 

by AKT inhibits its activity and activates the mTOR pathway.  mTOR associates with 

various proteins such as Raptor and regulates protein synthesis by phosphorylating p70 

S6 kinase and eukaryotic translation initiation factor 4E binding protein 1 (31).  AKT 

also regulates the expression of gluconeogenic and lipogenic enzymes by controlling the 

activity of the forkhead box class of transcription factors, which are critical for insulin 

action (32).  Further analysis has revealed that PI3K and some of its downstream 

effectors are evolutionarily conserved components of the insulin signaling pathway.  In 

Caenorhabditis elegans, insulin regulates metabolic activity and longevity (33) and in 

Drosophila melanogaster, insulin controls cell size (34). 

 

The MAPK cascade is propagated by sequential phosphorylation and is an 

evolutionarily conserved, intracellular signal transduction pathway that responds to 

various extracellular stimuli and controls several fundamental cellular processes 

including growth, proliferation, differentiation, motility, stress response, survival, and 

apoptosis (35).  The activation of the IR/IGF1R stimulates RAS, a small GTPase, at the 

plasma membrane.  Activated RAS recruits RAF which then phosphorylates MEK 

which in turn phosphorylates extracellular signal-regulated kinase (ERK).  After 

stimulation, ERK is able to phosphorylate hundreds of substrates in many cellular 
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locations and these are responsible for the induction of ERK-dependent cellular 

processes such as proliferation, differentiation, survival, and apoptosis (36).  When 

deregulated, the MAPK pathway plays a major role in various pathologies such as 

diabetes (37). 

 

Organization of the testis 

The testis is covered by a tough fibrous capsule of connective tissue called the tunica 

albuginea and has two major compartments, the interstitial space and the seminiferous 

tubule space.  The interstitial compartment contains macrophages, fibroblasts, nerve 

fibers, and blood and lymphatic vessels.  The most abundant cell type in the interstitium 

is the Leydig cell, the major source of testosterone (38).  Seminiferous tubules are 

convoluted loops that have two ends connected into the beginning of the excurrent duct 

system (the rete testis) by the straight tubules (tubuli recti).  Although numerous 

convolutions are present in each loop, the tubules straighten between convolutions and 

travel largely in the long axis of the testis.  This leads to an organized packing of tubules 

within the entire organ.  As a result, a transverse histological section through the long 

axis of the testis of most species can be used to visualize cross-sectioned tubules while a 

histological section in the long axis of the testis will usually produce longitudinal 

sections (39). 
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Figure 1.5.  Seminiferous tubule organization in the testis.  The course of one convoluted rat 
seminiferous tubule and its connections to the rete testis.  The tubule joins the rete at both ends 
however it straightens along the long axis of the testis. Adapted from (39). 
 

The seminiferous tubule compartment is bounded by the lymphatic endothelium, 

peritubular myoids cells, and acellular elements, which together form the lamina 

propria, the boundary tissue of the tubules.  Basement membranes are found between 

the lymphatic endothelial cells and between the peritubular myoid cells and the cells 

within the tubules.  The peritubular myoid cells are contractile and are thought to 

provide the major motive force for the movement of fluid and propulsion of sperm 

through the seminiferous tubules (40, 41).  Along with the basal lamina the peritubular 

myoid cells provide the structural underpinning on which the Sertoli cells and basal 

compartment cells of the seminiferous epithelium rest.  Sertoli cells provide much of the 

structural framework of the organization of the seminiferous epithelium. 

 

Within the basement membrane, the seminiferous tubules are lined by a columnar 

epithelium composed of germ cells and the somatic Sertoli cells.  Adjacent Sertoli cells 

are connected by tight specialized junctions to form a diffusion barrier, the blood-testis 

barrier, which divides the seminiferous tubule into two functional compartments, basal 

and adluminal.  The basal compartment consists of Sertoli cells, spermatogonia, and 
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preleptotene-leptotene spermatocytes (42).  In the adluminal compartment, primary 

spermatocytes divide and differentiate into germ cells in more advanced stages of 

spermatogenesis.  Functionally, the blood-testis barrier creates a controlled 

microenvironment providing the nutrients, appropriate mitogens, and differentiation 

factors as well as an immunologically protected ambient required for the full 

development of germ cells (43). 

 
 
Figure 1.6.  Compartments of the seminiferous tubule.  Sertoli cells partition the seminiferous 
epithelium into a basal and adluminal compartment via Sertoli-Sertoli cell tight junctions which 
are the basis of the blood-testis-barrier.  Arrows indicate the transport of substances to the basal 
compartment and to the adluminal and lumen via Sertoli cells. Adapted from (44). 
 

Spermatogenesis 

Spermatogenesis is a cyclic and highly coordinated developmental process and one of 

the most highly productive self-renewing systems in the body.  It is complete after about 

4.5 cycles which last 30-75 days in mammals (39); in mice one cycle takes 

approximately 38 days (45).  Spermatogenesis is a continuum of cellular differentiation 

consisting of three major phases:  spermatogonial renewal and proliferation, meiosis, 

and spermiogenesis.  Spermatogenesis is initiated by the division of spermatogonial 

stem cells to form preleptotene primary spermatocytes, which undergo a final 

replication of nuclear DNA before entering meiotic prophase.  Meiosis proceeds as 

primary spermatocytes develop from the preleptotene stage to leptotene, zygotene, 
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pachytene, and finally diplotene.  The diplotene primary spermatocytes go through two 

meiotic divisions and give rise to round spermatids. Subsequently, round spermatids

enter spermiogenesis and encounter dramatic morphological changes without a cell 

division to form elongated spermatids and then develop to mature spermatozoa (46). 

 

Figure 1.7.  Cell types in the seminiferous tubule (diagrammatic).  In mammals, sperm is 
generated in long, thread-like tubes, called seminiferous tubules.  Each tubule is lined with an 
epithelium that contains spermatogonia which divide by mitosis to produce diploid 
spermatocytes, which then undergo meiosis to generate two haploid round spermatids, which 
develop further into elongated spermatids.  In mammals, the entire process lasts 30-75 days.  
Drawing of a cross section of a seminiferous tubule at 300x from a fertile 32 yr old man.  
Arrows indicate cell types within the seminiferous tubule and sperm at different stages of 
maturation.  Image adapted from (44). 
 

This complex process is orchestrated by the expression of thousands of genes encoding 

proteins that play essential roles during specific phases of germ cell development.  The 

expression of a number of these genes is developmentally regulated during 

spermatogenesis.  Both transcriptional and translational control mechanisms are 

responsible for temporal and stage-specific expression patterns (47, 48).  Elongated 

spermatids released into the lumen of the seminiferous tubules do not have the capacity 

to fertilize an oocyte.  They acquire this ability gradually as they transit the epididymis, 

when they are exposed to ejaculatory fluid, and primarily during their journey in the 

female genital tract.  Capacitation, which can be induced in vitro by exposing sperm to a 

defined medium, is a series of biochemical and physiological modifications which 
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render the sperm capable of fertilizing an oocyte (49), and is a key step in sperm 

maturation. 

 

Sertoli cells 

Sertoli cells play the lead role in development of a functional testis and are the first cells 

to differentiate recognizably in the indifferent fetal gonad, an event which enables 

seminiferous cord formation, prevention of germ cell entry into meiosis and 

differentiation and function of the Leydig cells (50).   

 

Figure 1.8.  Cell types in the seminiferous tubule (electron mircograph).  The seminiferous 
tubule contains Sertoli cells (green) embedded between differentiating spermatocytes (purple) 
and elongated spermatids (red).  Sertoli cells nurture the developing sperm cells by secreting 
hormones and proteins required for spermatogenesis.  Sertoli cells also establish and maintain 
the stem cell niche to ensure renewal of sperm cell precursors (spermatogonia, blue).  Image: A 
seminiferous tubule from a rat imaged by scanning electron microscopy (1000x) and enhanced 
with color (Roger Wagner adapted from Cell 2012). 
Without the physical and metabolic support of the Sertoil cells, germ cell 

differentiation, meiosis, and transformation into spermatozoa would not occur (51).  

Furthermore, the number of Sertoli cells determines the size of the testis and the number 

of germ cells that can be supported during spermatogenesis, thereby determining the 

number of sperm that can be produced (52).  Differences in testis size among species 

and within strains are explainable by differences in the number of Sertoli cells, 

furthermore, testis size and sperm count in the ejaculate show a clear linear relationship 

in humans (51).   



 
 

13 

 

Figure 1.9. Diagram of a Sertoli cell and elongated spermatids.  Left: A drawing of a 
reconstructed rat Sertoli cell.  Overall, the cell is irregularly columnar (about 90µm high) 
displaying a base (below) and an apex (above).  One of the lateral surfaces of the cell is shown.  
Numerous cup-shaped processes extend from the cell to encompass germ cells at various stages 
of maturation.  The openings of the apical crypts where elongated spermatids attach cannot be 
seen from this view.  Right:  Ten elongated spermatids as they were seen within the apical 
crypts of the reconstructed rat Sertoli cell at left.  On average these germ cells extend 42µm into 
the crypts of the Sertoli cell.  The flagella of the spermatids protrude from the apex of the cell to 
extend into the tubular lumen.  Adapted from (24). 
 

The establishment of an adequate number of Sertoli cells at puberty is crucial for future 

male fertility and the number of Sertoli cells present in the adult testis depends on both 

the duration of the proliferative phase and the rate of division during that phase (51).  In 

rats, Sertoli cell proliferation starts during fetal life and is complete by approximately 

day 16 post partum (53).  Follicle stimulating hormone (FSH) signaling is a critical 

factor in determining the rate of Sertoli cell division (54) but other factors also have an 

effect on the final number of Sertoli cells (42).  Thyroid hormones have been shown to 

be involved in determining the duration of Sertoli cell division and may be involved in 

the maturational changes that decrease and eliminate mitogenic responses to FSH (55). 
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Steroidogenesis in the Testis 

Testosterone is produced by Leydig cells and binds to the androgen receptor (AR) to 

modulate gene transcription in target cells such as Sertoli cells (56).  The development 

and maintenance of the male phenotype and fertility in adults are highly dependent on 

androgens.  Testosterone controls development of the male reproductive system and 

secondary sex characteristics, activates the hypothalamic-pituitary-gonadal axis, 

masculinizes the brain, regulates sexual behavior, causes differentiation of the testis, 

and initiates, processes, and maintains spermatogenesis (57, 58).  Postnatally, 

testosterone production is driven by luteinizing hormone (LH), which binds to and 

regulates the expression of LH receptors (LHR) on Leydig cells and maintains the local 

and peripheral concentration of androgens required for hormonal and reproductive 

development (59, 60).  LHR activation also stimulates the MAPK pathway which is a 

critical component of Leydig cell proliferation and survival (61).  The importance of 

MAPK signaling in Leydig cells has been demonstrated by the selective deletion of 

ERK1 and ERK2 which causes infertility (61). 

 

Growth and the Somatotropic Axis 

Growth in mammals is regulated by signaling pathways controlled by growth factors 

and hormones and is predominantly determined by more proliferation than apoptosis 

thereby increasing total cell number.  During mouse development, this process begins in 

early embryogenesis at the blastocyst stage and lasts until about 4-5 months of age.  GH 

and IGF1 exert direct and/or indirect effects on virtually every organ in the body and 

GH is believed to play an important role in testicular growth and development since 

human GH-deficiency is associated with abnormally small testes (62).  Additionally, 

GH has been shown to directly affect steroidogenesis, spermatogenesis, and testis 
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differentiation as well as gonadotropin secretion and responsiveness (63, 64).  GH is a 

major regulator of postnatal growth, although it plays a minimal role in embryonic 

growth in spite of growth hormone receptor (GHR) expression in embryos (65), thus, 

absence of GH action does not impair prenatal growth (66).  IGF1 and IGF2 are part of 

a major growth-promoting signaling system (67), where IGF2 is essential for normal 

embryonic growth (68, 69), and IGF1 has continuous function throughout development 

(70, 71).  There is considerable evidence that GH and systemic and locally produced 

IGF1 exert stimulatory, synergistic, or permissive effects at each level of the 

hypothalamic-pituitary-gonadal axis.  Consistent with the multitude of actions caused 

by GH and IGF1, GHR and IGF1R are expressed in the brain and testes (72-74).  

However, the actions of IGF1 at many of these sites represent not only the actions of 

endocrine GH-dependent IGF1, but also those of locally derived paracrine IGF1, which 

may be regulated independently of GH.  It is well documented that local production of 

IGF1 plays an important role in the intricate paracrine control of function of different 

types of somatic cells in the testis (75).  In addition, production of both GH and IGF1 is 

positively related to energy intake and sexual maturation appears to be linked more 

closely with growth than with chronological age. 

 

Transcriptional Regulation of Testicular Development 

In mice, gonads are formed at embryonic day (E) 10.0-10.5 and consist of somatic cells 

and migratory primordial germ cells (76).  The male phenotype is specified by the 

presence of the sex-determining region of the Y chromosome (SRY), which triggers 

differentiation of the Sertoli cell lineage, and Sertoli cells subsequently function as 

organizing centers and direct the differentiation of the testis.  Alterations in Sry 

expression are associated with abnormal sexual differentiation and in the absence of Sry 
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XX or XY gonads do not develop testes (76-78).  XY mice that are mutant for Ir, Igf1r, 

and Irr develop ovaries and exhibit a completely female phenotype and exhibit reduced 

expression of Sry and Sox9 (SRY box containing gene 9), indicating that the insulin 

signaling pathway is required for male sex determination (79).  In somatic cells of XY 

genital ridges, SRY expression starts at E10.5, peaks by E11.5 and wanes by E12.5.  A 

few hours later SOX9 expression is upregulated to induce differentiation of Sertoli cells.  

SOX9 expression peaks at E11.5-12.5 and continues to be expressed in Sertoli cells 

postnatally and throughout adulthood (80). 

 

Members of the globin transcription factor (GATA) family are conserved through 

evolution in different species and GATA1 is expressed in mouse Sertoli cells from 

postnatal day 7 coinciding with the first wave of spermatogenesis in prepubertal mice 

(81).  Sertoli cells are irregularly shaped tall columnar epithelial cells and examination 

of cadherins in the testis has demonstrated that epithelium cadherin (ECad) is present in 

Sertoli cells (82).  Nestin is an intermediate filament protein and is expressed in Leydig 

cells (83).  The ATP-dependent RNA helicase DEAD (Asp Glu Ala Asp) Box Protein 4 

(DDX4) is expressed in spermatocytes of all animals and is evolutionarily conserved 

from Drosophila melanogaster to mammals (84). 

Proper control of the cell cycle is vital for proliferation and growth of cells, organs, and 

organisms.  Proliferating cell nuclear antigen (PCNA) is a member of the DNA sliding 

clamp family which functions to provide polymerases with the high processing ability 

required to duplicate an entire genome.  PCNA interacts with multiple proteins which 

are involved in metabolic pathways, DNA repair, and cell cycle regulation (85).  

Spermatogonia are the only cell type within the seminiferous tubules of adult mice that 

proliferate by mitosis and therefore PCNA is a marker of spermatogonia in the adult.  
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Stem cell factor is produced by Sertoli cells and binds its receptor C-KIT on 

spermatogonia and their interactions play an important role in the regulation of 

spermatogenesis and are believed to regulate germ cell proliferation, meiosis, and 

apoptosis (86).  During development, spermatogenic cells become arrested several 

times.  Cell cycle progression depends on the activity of a series of cyclin/cyclin-

dependent kinase (CDK) complexes and cyclin D/CDK4 complexes function as master 

integrators that couple mitogenic signaling cascades to the cell cycle by phosphorylation 

and inactivation of retinoblastoma proteins, leading to dissociation of E2F transcription 

factors and transcriptional regulation of genes important for G1/S transition and cell 

cycle progression through the G1/S restriction point (87).  The CDK inhibitor p27kip1 

regulates the G1/S transition and its expression is associated with inhibition of 

proliferation.  Immunoexpression of p27kip1 in the developing testis coincides with 

maturation of Sertoli cells (51). 

 

Metabolic and Endocrine Abnormalities Impair Reproductive Function 

In mammals, reproduction is controlled by the hypothalamic-pituitary-gonadal axis but 

is also affected by changes in energy homeostasis and metabolism.  Severe dietary 

restriction, catabolic states, and short-term caloric deprivation impair fertility.  

Likewise, obesity is associated with infertile conditions such as polycystic ovary 

syndrome (PCOS) (88) and low sperm counts (89).  PCOS is the most frequent female 

endocrine disorder affecting 5-10% of women and causing infertility due to 

dysfunctional follicular maturation and ovulation, multi-cystic ovaries, endometrial 

hyperplasia, and hyperandrogenemia, together with metabolic abnormalities including 

obesity, hyperinsulinemia, dyslipidemia, insulin resistance, an increased risk of type 2 

diabetes, and cardiovascular disease (88, 90).  Obesity has dramatically increased 
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worldwide over the past 30 years and the risk of developing chronic diseases such as 

diabetes mellitus, hypertension, heart disease, and stroke increase proportional to the 

level of obesity in both men and women (91).  Obese men and women with a body mass 

index of more than 35kg/m2 are 20x more likely to develop diabetes mellitus (92), 

which has been linked to impaired fertility in males and females (90, 93, 94). 

 

Effects of Obesity on Spermatogenesis 

An important lifestyle-dependent factor that adversely affects spermatogenesis is 

obesity.  In Western countries, 10-30% of men are obese (95), and several studies have 

shown that obese men are 3x more likely to be infertile than non-obese men (95, 96).  In 

addition, a body mass index of more than 25kg/m2 is associated with a 25% reduction in 

sperm count and sperm motility (97, 98).  These changes may be due to a number of 

factors and the alterations in sperm production may be secondary to altered hormone 

changes.  Obesity in men is associated with reduced blood testosterone levels (99), and 

increased estradiol concentrations, which lead to an altered testosterone:estradiol ratio 

(95).  The suppression of estradiol levels in obese men by aromatase inhibitors 

normalizes the testosterone:estradiol ratio and improves semen quality (100).  However, 

there may be intratesticular effects that are unrelated to altered gonadotropin levels 

because the reduction in inhibin B levels in obese men is disproportionately larger than 

the change in FSH levels, suggesting that there may be direct effects of increased 

obesity on Sertoli cell function (95, 97, 101).  Alternatively, it could indicate reduced 

Sertoli cell number in obese young men (101), which would be a far more serious 

possibility because reduced Sertoli cell number would permanently lower sperm counts, 

although it is unknown how or when obesity would lead to a reduction in Sertoli cell 

number (89).  Another explanation for reduced spermatogenesis in obese men could be 
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deposition of fat around the scrotal blood vessels, leading to impaired blood cooling and 

elevated testicular temperature (102), and the sedentary lifestyle of obese men could 

exacerbate a temperature increase.  Considering the high prevalence of obesity among 

young men today and the equally high prevalence of low sperm counts, it is possible 

that the obesity epidemic may have an impact on spermatogenesis among young men, 

and it may also render such individuals more susceptible to damaging effects by other 

lifestyle or environmental exposures. 

 

Insulin Signaling Pathways and Reproductive Function in Females 

Insulin signaling pathways regulate peripheral energy homeostasis by acting in skeletal 

muscle, adipose tissue, and the liver to control carbohydrate, lipid, and protein 

metabolism.  These signals also act in other tissues, for example, in the regulation of 

pancreatic β cell and hypothalamic functions (103).  Insulin resistance occurs when 

normal circulating concentrations of insulin are unable to regulate blood glucose 

homeostasis.  Type 2 diabetes is a metabolic disorder that is characterized by high blood 

glucose due to insulin resistance and is closely linked to obesity.  Insulin signaling has 

been implicated in the regulation of female reproductive function through its actions in 

both the central nervous system (CNS) and ovaries.  Female mice that lack insulin 

receptors in their neurons show impaired fertility with fewer antral follicles and corpora 

lutea due to reduced release of LH (104).  Insulin also stimulates gonadotropin releasing 

hormone (GnRH) secretion in vivo, and intracerebroventricular administration of insulin 

restores reproductive behavior in diabetic rats (105, 106).  In vitro studies using 

immortalized GnRH neuronal cell lines have suggested that insulin regulates GnRH 

expression through the MAPK pathway (107).  Therefore, insulin signaling in the CNS 

plays a role in regulating reproductive function in female rodents.  Insulin signaling has 
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also been shown to have complex roles in ovarian function, including the regulation of 

ovarian steroidogenesis, follicular development, and granulosa cell proliferation (108).  

The strong association of insulin resistance with ovarian dysfunction in PCOS also 

suggests a role for insulin signaling in ovarian function (109). 

 

Diabetes and the Role of IRS2 in Reproduction 

Insulin signaling is also important in the testis and may play a critical role in testis 

development.  Studies in rodents suggest that diabetes decreases sperm counts, and 

effects various aspects of male reproduction (91, 110).  Interestingly, a study in men 

with diabetes revealed that besides a slightly reduced semen volume, conventional 

semen parameters such as sperm concentration, total sperm output, motility, and 

morphology were not different between diabetic and non-diabetic men, however there 

were significantly more nuclear DNA fragmentation and mitochondrial DNA deletions 

in sperm from diabetic patients which may impair their reproductive capability (111).  

Irs2-deficient mice develop type 2 diabetes (112).  Despite the structural homology 

between the IRS proteins, studies in knockout mice and knockout cell lines indicate that 

the various IRS proteins serve complementary, rather than redundant, roles in 

insulin/IGF1 signaling because a deletion of each isoform has a different biological 

consequence (113).  Mice that lack Irs1 display profound growth retardation without a 

significant effect on reproduction, but diabetes does not ensue because insulin secretion 

increases to compensate for the mild resistance to insulin (94, 112, 114, 115).  There are 

minimal metabolic, endocrine, and growth phenotypes upon deletion of Irs3 or Irs4 (14, 

116, 117).  However, deletion of Irs2 leads to deregulation of the insulin signaling 

system, inducing insulin resistance and pancreatic β cell dysfunction manifesting in the 

development of type 2 diabetes (112). 
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Irs2-deficient females are infertile due to reduced pituitary size and gonadotroph 

numbers, a decrease in concentrations of LH in plasma, a reduction in ovary size, 

reduced numbers of follicles, and consequent anovulation (94).  IRS2 signaling in the 

CNS plays complex roles in energy homeostasis (103), however, signaling events 

downstream of IRS2 in the ovary play critical roles in follicular development and 

ovulation by regulating key components of the cell cycle apparatus involved in the 

coordination of proliferation and differentiation (108).   

 

The role of IRS2 in male reproduction is largely unknown.  When Irs2-/- male mice 

were mated with Irs2-/- females no pregnancies were achieved (94), indicating that IRS2 

plays an essential role in reproductive function.  Matings between Irs2+/+ males and 

Irs2-/- females resulted in 9% pregnancy rates (94), indicating that reproductive function 

is severely impaired in Irs2-deficient females.  Irs2-deficient males are adequate 

breeders before the onset of diabetes and matings between Irs2-/- males and Irs2+/+ 

females resulted in 88.8% pregnancy rates (94), suggesting that reproductive function is 

slightly reduced in Irs2-deficient males.  However, defects in carbohydrate metabolism 

due to Irs2-deficiency are more severe in males than females, thus diabetes ensues more 

rapidly in males at which point they show no interest in mating (94).  Although 

pregnancy rates of matings between various IRS genotypes indicate that Irs2-deficiency 

slightly impairs reproductive function in males, the phenotype and mechanisms are 

unknown.   
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Chapter 2  Hypothesis and Objectives 

Hypothesis 

The classical regulation of reproduction involves the actions of the hypothalamic-

pituitary-gonadal axis.  However, fertility can be modulated by the environment, 

lifestyle, and the availability of nutrients.  In cases such as anorexia or obesity, fertility 

is negatively affected, demonstrating that fertility requires the integration of 

reproductive and metabolic signals.  Mice deficient in Irs2 develop diabetes and females 

are infertile.  The effects of Irs2-deficiency on male reproduction are largely unknown.  

It is hypothesized that insulin/IGF1 signaling through IRS2 is required for normal testis 

function, growth, and development. 

 

Objectives 

1. To determine if Irs2-deficiency alters testicular development. 

2. To characterize the testicular morphology of Irs2-deficient mice. 

3. To determine the role of IRS2 in male reproduction. 
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Chapter 3  Materials and Methods 

Animals 

All animal experiments were performed in accordance with national regulations 

regarding animal welfare and were approved by the institutional committee for ethics 

and animal use at the Centro de Investigación Príncipe Felipe in Valencia.  Mice were 

housed in a room with a controlled photoperiod of 12h light and 12h dark per day at 

23ºC with access to food and water Ad libitum.  Irs2-/- mice were produced and 

maintained on a C57Bl/6 background as described previously (112).  Heterozygous 

Irs2+/- offspring were interbred to homozygosity and genotypes verified by semi-

quantitative polymerase chain reaction (PCR).  Fasting blood glucose levels were 

assessed by tail tip blood collection one day before tissue collection using an ELITE 

glucometer (Bayer Diagnostics, Barcelona, Spain), and male mice were categorized into 

one of three groups based on genotyping and concentrations of blood glucose:  Irs2+/+ 

(wild-type control; blood glucose 70-90mg/dl), Irs2-/- ND (non-diabetic; blood glucose 

90-110 mg/dl), or Irs2-/- D (diabetic; blood glucose >250mg/dl).  Unless otherwise 

stated, a minimum of six mice were used for each experimental group. 

 

Blood Collection 

Adult male mice were decapitated using surgical scissors. Blood was collected into a 

1.5ml eppendorf tube and allowed to clot on ice before centrifuging at 13,200 x g for 20 

min at 4oC.  Serum was aspirated and placed into a new 1.5ml eppendorf tube and 

stored at -20oC until processed for quantification of testosterone by enzyme-linked 

immunosorbent assay (ELISA). 

 

 



 
 

26 

Tissue Collection and Processing 

After decapitation, testes were immediately excised, trimmed of fat and connective 

tissue, and weighed using a Mettler Toledo XS105 Dual Range digital analytical 

balance (Barcelona, Spain).  One testis was snap frozen in liquid nitrogen and stored at  

-80oC until processed for protein or RNA extraction.  The opposite testis was fixed in 

Bouin’s Solution (Sigma, St. Louis, MO, USA) for 6hr, and then stored in 70% ethanol 

for 2-24hr.  For paraffin embedding, Bouin’s-fixed testes were placed into plastic 

cassettes and run through a paraffin-embedding Spin Tissue Processor machine (Myr; 

STP 120-2, El Vendrell, Spain) according to the following protocol: 70% ethanol for 30 

min, 70% ethanol for 30 min, 96% ethanol for 30 min, 96% ethanol for 30 min, 100% 

ethanol for 30 min, 100% ethanol for 30 min, xylene for 10 min, xylene for 10 min, 

paraffin for 1hr, and paraffin for 2hr. 

 

Sperm Capacitation 

For individual mice, cauda epididymides from both testes were dissected free and rinsed 

in PBS before being placed in 1ml TN medium (20mM Tris (Sigma 25,285-9), 150mM 

NaCl (Sigma S5886) and adjusted to pH 7.4).  Using scissors, the epididymides were 

cut several times and incubated at 37ºC, 5% CO2 in a humidified atmosphere for 10 min 

to allow sperm to passively exit.  Subsequently, the remaining pieces of epididymides 

were removed and sperm in the TN media were counted on a hemacytometer.  The TN 

media containing sperm was transferred to a 15ml conical tube and centrifuged at 800 x 

g for 10 min at room temperature.  The TN media was removed and discarded and 2ml 

of pre-equilibrated (overnight incubation at 37ºC, 5% CO2 in a humidified atmosphere) 

of capacitation medium (100mM NaCl, 4.78mM KCl, 1.71mM CaCl2-2H2O, 1.19mM 

KH2PO4, 1.19mM MgSO4-7H2O, 23.6mM sodium lactate, 0.11mg/mg sodium 
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pyruvate, 1mg/ml glucose, 1% penicillin/streptomycin, 0.06mg/ml phenol red, 20mM 

Hepes, 20mg/ml BSA, 2mg/ml NaHCO3 and adjusted to pH 7.4) was carefully layered 

on top of the sperm pellet.  This loosely-capped tube was placed in a vertical rack at 

37ºC, 5% CO2 in a humidified atmosphere for 2hr and the sperm were allowed to “swim 

up”.  The top 1ml was removed from the conical tube and sperm motility and movement 

patterns from Irs2+/+, Irs2-/- ND, and Irs2-/- D mice were visually assessed using a 

microscope. 

 

Histology and Hematoxylin and Eosin Staining 

Bouin’s-fixed, paraffin-embedded testes were cut using a microtome (Microm/Thermo 

Scientific; HM 340E, Walldorf, Germany) to a thickness of 5µm and placed on 25 x 75 

x 1mm polysine slides (VWR International, Leuven, Belgium).  For histology and to 

assess testicular architecture and structure, sections were stained with hematoxylin and 

eosin.  Tissue sections were placed in xylene for 15 min to remove the paraffin, then 

hydrated in decreasing concentrations of ethanol (96% and 70%) for 5 min each, then 

rinsed in distilled water for 5 min.  Slides were then immersed in Harris Hematoxylin 

solution (Sigma) for 1 min and washed in tap water for 5 min before being rinsed 10 

times in 1% hydrochloric acid/70% ethanol.  Tissue sections were rinsed in tap water 

for 5 min and subsequently stained in Eosin Y Solution (Sigma) for 10 min. After a 5 

min rinse in tap water tissue sections were dehydrated in increasing concentrations of 

ethanol (70% and 96%) for 5 min each and finally cleared in xylene for 10 min.  After a 

few minutes to allow the slides to dry, they were mounted using Entellan (Merck 

#107961, Darmstadt, Germany) and covered with a 24 x 60mm coverslip (Menzel-

Glaser, Braunschweig, Germany).  Images of the hematoxylin and eosin stained 
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testicular sections were captured using a Leica DM microscope (Switzerland) attached 

to Leica Application Suite (v 2.4.0 RI) imaging software. 

 

Quantification and Analysis of Parameters of Seminiferous Tubules 

Quantification of morphological measurements was performed using ImageJ software 

(v 1.43u, NIH, USA).  The length of seminiferous tubules are packed longitudinally 

within the mouse testis, therefore a transverse histological section through the long axis 

reveals primarily round cross sections of seminiferous tubules (39).  The following 

measurements were taken from cross sections of round seminiferous tubules.  Diameters 

of seminiferous tubules were quantified by measuring the length of a bisecting line 

drawn from the basement membrane, through the center of the lumen and terminating at 

the basement membrane on the opposite side.  The length of the seminiferous 

epithelium was measured by drawing a line from the basement membrane towards the 

lumen and measuring the linear distance of the epithelium.  The circumference of the 

seminiferous tubules was quantified by tracing the circumference of round seminiferous 

tubules and measuring the distance of the line.  At least 50 measurements were taken for 

each parameter. 

 

Immunofluorescence 

Tissue sections were placed in xylene for 15 min, then hydrated in decreasing 

concentrations of ethanol (96% and 70%) for 5 min each, then rinsed in distilled water 

for 5 min.  Antigen retrieval was performed by incubating the slides in boiling (100ºC) 

10mM sodium citrate buffer pH 6.0 (Sigma S1804) for 20 min.  The samples were 

removed from the hot plate and allowed to cool in the sodium citrate buffer at room 

temperature for 30 min.  The slides were then washed three times in distilled water for 5 
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min per wash and rinsed quickly in 1x phosphate buffered saline (PBS) 10 times.  Non-

specific binding was blocked by incubating the samples in blocking solution (1% 

bovine serum albumin (BSA; Sigma A7906), 5% horse serum, 0.2% Triton-X in 1x 

PBS, (Sigma X100)) for 1h at room temperature.  The blocking solution was removed 

and the primary antibody of interest was added to an aliquot of blocking solution at its 

optimized concentration and samples were incubated overnight at 4oC.  The primary 

antibodies used are presented in Table 3.1. 

 

Table 3.1.  Commercial Source and dilution of primary antibodies used for 
immunofluorescence.  E-Cadherin (ECad) is a marker of Sertoli cells, Proliferating Cell Nuclear 
Antigen (PCNA) is a marker of spermatogonia, DEAD-box Protein 4/MVH (DDX4) is a marker 
of spermatocytes, Nestin is a marker of Leydig cells, and Smooth Muscle Actin (SMA) is a 
marker of peritubular myoid cells. 
 

Primary Antibody Distributor Dilution Conditions 
ECad Abcam ab53033 

polyclonal rabbit IgG 
1:100 Overnight 4ºC 

PCNA Santa Cruz sc56 
monoclonal mouse IgG2a 

1:100 Overnight 4ºC 

DDX4 Abcam ab13840 
polyclonal rabbit IgG 

1:100 Overnight 4ºC 

Nestin Millipore AB5922 
polyclonal rabbit IgG 

1:300 Overnight 4ºC 

SMA Abcam ab5694  
polyclonal rabbit IgG 

1:100 Overnight 4ºC 

 

After the incubation, the primary antibody was removed by aspiration and washed five 

times with 1x PBS for 5 min each.  The appropriate Alexa Fluor 488 conjugated 

fluorescent secondary antibody (goat anti-rabbit (A11070) or goat anti-mouse (A11017) 

Invitrogen, Eugene, OR, USA) was added to the blocking solution at a dilution of 1:400 

and incubated with the sample for 30 min at room temperature in the dark.  The 

secondary antibody was then removed by aspiration and the sample was washed four 

times with 1x PBS and one time with distilled water for 5 min each.  To stain nuclei, 

4,6-diamidino-2-phenylindole dihydrochloride (DAPI) was diluted in 18.2 Ω MilliQ 
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water and 1ng/ml DAPI was incubated with all samples for 5 min at room temperature.  

It was removed by aspiration and washed once for 5 min in distilled water.  A few drops 

of Dako Fluorescent Mounting Medium (Barcelona, Spain) were placed on each slide 

and then covered with a coverslip.  The slides were sealed with nail polish to prevent 

dehydration and were processed immediately.  Images were captured using a Leica DM 

6000B fluorescent microscope attached to Leica Application Suite (v 2.8.1) imaging 

software. 

 

Testis Lysis and Protein Quantification 

The lysis buffer contained 50mM Tris pH 7.5, 200mM NaCl, 0.2% NP-40, and 1% 

Tween-20. The following components were prepared and added to the lysis buffer 

immediately before use, 50mM β -glycerophosphate, 2mM phenylmethylsulfonyl 

fluoride (PMSF), 1mM sodium orthovanadate (Na3VO4), and 1x Complete protease 

cocktail inhibitor (Roche Diagnostics, Mannheim, Germany).  Each frozen testis was 

placed in ice-cold lysis buffer at a concentration of 100mg tissue per 1ml lysis buffer 

and homogenized on ice using a polytron homogenizer (PT-MR 1600E, Kinematica 

Inc., Littau, Switzerland).  The ice-cold lysis mixture was sonicated on ice three times 

for 5 sec and then incubated at 4ºC for 30 min on a rotating wheel followed by 

centrifugation at 13,200 x g for 15 min.  The supernatant was transferred to a new 

eppendorf tube and protein concentration was estimated using the BCA Protein Assay 

Kit (Thermo Scientific, Rockford, IL, USA) by extrapolation of known standard 

concentrations.  Standards were prepared from 2mg/ml BSA with serial dilutions to 

0.125mg/ml.  Colorimetric analysis was performed in a 96-well plate using a Multiskan 

FC Microplate Photometer (Thermo Scientific, Finland).   
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Gel Preparation and SDS-PAGE 

Two stacking (4.5% acrylamide) and resolving (7 or 10% acrylamide) gels were 

prepared the day of use according to the recipes in the table below and poured between 

glass plates spaced 1.5mm apart.  The 7% (10%) resolving gel consisted of 7.94ml 

(5.93ml) of 18.2 Ω MilliQ water, 5ml (5ml) of Tris buffer pH 8.8, 4.66ml (6.67ml) 

acrylamide, 2ml (2ml) glycerol, 200µl (200µl) 10% ammonium persulfate, and 13.3µl 

(13.3µl) tetramethylethylenediamine (TEMED).  The 4.5% stacking gel was made by 

mixing 5.4ml of 18.2 Ω MilliQ water, 2.25ml Tris buffer pH 6.8, 1.2ml acrylamide, 

90µl 10% ammonium persulfate, and 6µl TEMED.  First, the resolving gel was poured 

between the glass plates.  Immediately afterwards, 70% ethanol was carefully layered 

on top of the resolving gel to remove bubbles and ensure a flat and even line of 

demarcation between the resolving and stacking gels.  After the resolving gel had 

polymerized the ethanol was removed and the space between the glasses was blotted dry 

with Whatman filter paper.  The stacking gel was then poured on top of the polymerized 

resolving gel and combs with 10 or 15 wells were set into the stacking gel to create 

lanes for loading protein lysates. 

 

Laemmli 2x loading buffer, containing 4% sodium dodecyl sulphate (SDS), 10% 2-

mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, and 0.125M Tris-HCl and 

adjusted to pH 6.8, was added at a 1:1 volume to the volume of protein to be loaded in 

the gel.  A total concentration of 20µg protein was loaded per lane and resolved under 

reducing and denaturing conditions by SDS-polyacrylamide gel electrophoresis 

(PAGE).  The apparatus was set at 70V for 30min, until the leading edge had clearly 

passed through the stacking gel and was migrating in the resolving gel, at which time 

the voltage was increased to 100V and allowed to proceed for an additional 80-90 min 
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until the leading edge approached the end of the gel.  The apparatus was turned off 

before the leading edge could leave the gel.   

 

Protein Transfer and Immunoblotting 

All incubation and washing steps were performed on a see-saw rocker plate.  

Polyvinylidene fluoride (PVDF) membranes were activated by incubating in 100% 

methanol for 1-2 min, and then thoroughly rinsed in distilled water and 1x tris-buffered 

saline with 0.5% Tween-20 (TBST) before beginning the transfer.  Resolved proteins in 

the gel were then transferred to PVDF membranes by exposing them to an electrical 

current of 270mA for 1-1.5hr at 4ºC.  Following transfer, PVDF membranes were 

washed for 5 min in 1x TBST.  Non-specific binding of proteins to the PVDF 

membranes was blocked by incubating in blocking solution containing 1x TBST - 3% 

BSA for 1hr at room temperature.  Primary antibodies were diluted in blocking solution 

and incubated according to the conditions in Table 3.2.  After the incubation period the 

primary antibody was removed and the PVDF membrane was washed in 1x TBST five 

times for 5 min per wash.  The appropriate horseradish peroxidase-conjugated 

secondary antibody (Thermo Scientific; goat anti-rabbit IgG (#31460) or goat anti-

mouse IgG (#31430)) was diluted 1:10,000 in blocking solution and incubated with the 

PVDF membrane for 1hr at room temperature.  The secondary antibody was then 

removed and the PVDF membrane was washed in 1x TBST five times for 5 min per 

wash.  Reactive bands were revealed on X-ray film using Pierce Enhanced 

Chemiluminescent (ECL) Western Blotting Substrate reagents (Thermo Scientific 

#32106).  Equal amounts of ECL Reagent A were mixed with Reagent B and placed on 

the PVDF membrane for 1-2 min.  The PVDF membrane was then placed in a 
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Hypercassette (Amersham Biosciences, Buckinghamshire, England) and incubated with 

the X-ray film for the desired time to reveal bands. 

 

Table 3.2.  Commercial Source and dilution of primary antibodies used for Western blotting. 
 

Primary 
Antibody 

Distributor Dilution Conditions MW (kD) 

AKT Cell Signaling #4691 
monoclonal rabbit IgG 

1:1000 Overnight 4ºC 60 

p-AKT  
(Ser 473) 

Cell Signaling #4060 
monoclonal rabbit IgG 

1:1000 Overnight 4ºC 60 

ERK Cell Signaling #4695 
monoclonal rabbit IgG 

1:1000 Overnight 4ºC 44, 42 

p-ERK  
(Thr 202/Tyr 204) 

Cell Signaling #4370 
monoclonal rabbit IgG 

1:1000 Overnight 4ºC 44, 42 

GSK3β Invitrogen #44610 
monoclonal mouse IgG2a 

1:1000 Overnight 4ºC 47 

p-GSK3β  
(Ser 9) 

Santa Cruz #11757 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 47 

IRS1 Casero #PH 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 180 

IRS2 Santa Cruz #8299 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 185 

IRS3 Casero #299 
polyclonal rabbit IgG 

1:500 Overnight 4ºC 60 

IRβ Santa Cruz #711 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 95 

IGF1Rβ Santa Cruz #713 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 97 

Cyclin D1 Cell Signaling #2926 
monoclonal mouse IgG2a 

1:1000 Overnight 4ºC 36 

p27 Santa Cruz #527 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 27 

SOX9 Abcam ab#26414 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 56-60 

DDX4 Abcam ab#13840 
polyclonal rabbit IgG 

1:1000 Overnight 4ºC 76 

PCNA Santa Cruz #56 
monoclonal mouse IgG2a 

1:1000 Overnight 4ºC 36 

βActin Sigma #A1978 
monoclonal mouse IgG1 

1:2000 1hr RT 42 
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Semi-quantification of immunoblotted bands 

X-ray films containing the exposed bands of the protein of interest were scanned at 500 

pixels and the bands were quantified using the Adobe Photoshop CS2 program.  A 

rectangle was drawn around the band of interest and the number of pixels was 

quantified using the histogram tool.  The same size rectangle was then moved within the 

same lane to an area with no bands and the pixels were quantified in this “background” 

area.  The value of the background area was subtracted from the value of the protein of 

interest to yield the value of the protein of interest.  For each protein of interest the same 

size band was used for each lane.  The same procedure was used to quantify protein 

expression of the control protein, βActin.  The value of the protein of interest was 

subtracted from the value of βActin to yield the value of protein expression of the 

protein of interest.  For control mice (Irs2+/+) the mean of the values of the protein of 

interest were normalized to a value of 1 arbitrary densitometric unit and the SEM was 

accordingly adjusted.  The mean and SEM of the values from Irs2-/- ND and Irs2-/- D 

were compared to 1. 

 

RNA Isolation, Template Preparation, and Generation of cDNA  

All materials used for RNA isolation were RNase-free.  Each frozen testis was placed 

into TRIzol reagent at a concentration of 100mg tissue per 1ml TRIzol and 

homogenized on ice using a polytron homogenizer.  Total RNA was extracted according 

to the manufacturer’s instructions (TRIzol Reagent #15596-026 Invitrogen) and 

resuspended in 40µl RNase-free water (Invitrogen #750024).  RNA purification was 

achieved by treating samples with RNase-free DNase I (New England Biolabs 

#B0303S, Ipswich, MA, USA).  The samples were then subjected to the Qiagen RNeasy 

Mini Kit procedure according to the manufacturer’s instructions (Qiagen #74104, 
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Hilden, Germany).  RNA concentrations were quantified using a ND-1000 Nanodrop 

Spectrophotometer (v3.7, Thermo Scientific, Wilmington, DE, USA) and RNA was 

stored at -80ºC until used for cDNA. 

 

In 0.2ml RNase-free PCR tubes, cDNA was generated by combining 1µg RNA, 

2.5ng/ml random hexamers (Invitrogen #51709), 0.5mM dNTP’s (Invitrogen #10297-

018), and adjusted to 12µl in RNase-free water (Invitrogen #750024), and incubated at 

65ºC for 5 min then immediately transferred to 4ºC.  Eight µl of the following mixture 

were added to each tube for a final reaction volume of 20µl:  1x RT buffer (5x First 

Strand Buffer (Invitrogen #494157), 10mM DTT (Invitrogen), 2U/µl RNaseOUT 

(Invitrogen #10777-019), 5U/µl Superscript II Reverse Transcriptase (Invitrogen), and 

RNase-free water (Invitrogen #750024).  The tubes were briefly centrifuged and then 

placed on the thermocycler block (Eppendorf, Madrid, Spain) and incubated at 25ºC for 

10 min, 42ºC for 50 min, 70ºC for 15 min, 4ºC ∞.  When the program finished, cDNA 

was stored at -20ºC until used for quantitative PCR (QPCR). 

 

Quantitative PCR  

QPCR was performed using a Roche Lightcycler 480 Real-Time PCR System machine 

(Barcelona, Spain) with the TaqMan probes (Applied Biosystems) in Table 3.3.  To 

prepare samples for quantitative PCR a Primer Mix and a cDNA Mix were prepared 

then combined for each sample in a white 96-well PCR plate.  The Primer Mix 

consisted of 10µl Master Mix (Eurogentec #RT-QP2X-03-WOU+) and 1µl of the 

appropriate TaqMan Probe.  The cDNA mix contained 1µl (40ng) of the appropriate 

cDNA and 8µl RNase-free water.  Each well contained a final volume of 20µl.  A piece 

of clear sealing tape was placed over the 96-well plate and centrifuged briefly.  The 
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plate was then placed on the PCR machine and subjected to the following conditions:  3 

min initialization at 94ºC, followed by 40 cycles of 1 min denaturation at 94ºC, 1 min 

annealing at 55ºC, and 1 min elongation at 72ºC.  Each reaction was performed in 

duplicate and the value of the gene of interest was normalized to the expression of the 

control gene, Gapdh.  A negative control, without a prior reverse transcription reaction, 

was included for each gene and data were analyzed by the comparative Ct method  

(2-ΔΔCt) (118). 

 

Table 3.3.  TaqMan probes used for QPCR 

TaqMan Probes Catalog Number 
IRS1 Mm01278327_m1 
IRS2 Mm03038438_m1 
IRS3 Mm00802869_g1 
IRS4 Mm01340253_m1 
Androgen Receptor Mm00442688_m1 
FSH Receptor Mm00442819_m1 
LH Receptor Mm00442931_m1 
IGF1 Receptor Mm00802831_m1 
GH Receptor Mm00439093_m1 
HSD3B1 Mm00476184_g1 
SLC2A4 Mm00436615_m1 
DDX4 Mm00802445_m1 
GATA1 Mm01352636_m1 
KIT Mm00445212_m1 
GAPDH Mm99999915_g1 
 

Quantification of Testosterone 

An enzyme-linked immunosorbent assay (ELISA; USCN Life Science, Wuhan, China) 

was used to determine the concentration of testosterone in mouse serum according to 

the manufacturer’s instructions.  A volume of 50µl serum was analyzed per mouse.  

Each sample was analyzed in duplicate and values were extrapolated from a standard 

curve prepared with known concentrations of testosterone. 
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Statistical Analysis 

Statistical analyses were performed using GraphPad Prism (v4.0).  All data are 

presented as mean ± SEM.  The differences in means were analyzed by ANOVA or 

unpaired t-test followed by Tukey’s Multiple Comparsion Test or Welch’s Correction, 

respectively.  A difference of P<0.05 was considered statistically significant. 
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Chapter 4  Results 

Deletion of Irs2 causes reduced testis size and weight 

Consistent with published results, many Irs2-/- mice in these studies were diabetic (D) 

by 10-12 weeks after birth.  To avoid this additional complication in the analysis of 

IRS2 function in testicular development, we carefully monitored mice to permit an 

experimental group which had not yet developed hyperglycemia (ND). Testes from  

Irs2-/- mice were reduced in size and weight but no differences in body weight were 

observed compared to Irs2+/+ mice.  When testes weights were normalized to body 

weights, the ratio of testes:body weights was significantly reduced in Irs2-/- mice.  There 

were no differences in testes weight between Irs2-/- ND and Irs2-/- D mice (Table 4.1). 

 

Table 4.1.  Glucose concentrations, body weight, and testes weight in Irs2-deficient mice. Irs2-/- 
male mice exhibited extremely elevated glucose levels by 10-12 weeks after birth indicative of 
hyperglycemia and were thus considered diabetic.  However, glucose concentrations from 6-
week old Irs2-/- mice were comparable to those of Irs2+/+ mice.  Body weights did not differ 
between groups but testes weight and therefore the testes:body weight ratio was reduced in Irs2-
deficient mice.  Results are mean ± SEM of 10 mice per measurement per phenotype.  Values 
within columns with an asterisk are significantly different than Irs2+/+; ** denotes P<0.01 and 
*** denotes P<0.001.  ND=non-diabetic, D=diabetic.   
 

 
Genotype 

Glucose 
(mg/dl) 

Body 
Weight (g) 

Testes Weight  
(mg) 

Testes:Body 
Weight 

Irs2+/+      80.7 ± 1.1 21.9 ± 0.6   200.0 ± 8.1      9.4 ± 0.3 
Irs2-/- ND    104.5 ± 3.9 20.0 ± 0.8  107.5 ± 3.3***     5.3 ± 0.2 *** 
Irs2-/- D   278.9 ± 18.0** 21.5 ± 0.8  113.1 ± 2.7***     5.2 ± 0.2 *** 

 

To determine if there were differences in testis structure and morphology, testicular 

cross sections were examined.  Histological examination of the testis by hematoxylin 

and eosin staining demonstrated that there were no apparent alterations in the 

seminiferous epithelium or interstitial space.  The seminiferous epithelium contained 

Sertoli cells and germ cells at all stages of differentiation and in apparently normal 

cellular associations (Figure 4.1).  However, the diameter of the seminiferous tubules 
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(Figure 4.2A), the length of the seminiferous epithelium (Figure 4.2B), and the 

circumference of the seminiferous tubules (Figure 4.2C) were significantly reduced in 

Irs2-/- mice. 

 

Figure 4.1.  Histology of testicular cross sections.  Testes were Bouin’s-fixed paraffin-
embedded and 5µm transverse histological sections were cut through the long axis of the testis.  
Hematoxylin and eosin staining of testicular cross sections demonstrates that spermatogenesis 
appears to proceed normally in the absence of Irs2 with normal cellular associations in the 
seminiferous epithelium and numerous spermatozoa in the lumen.  There are no morphological 
abnormalities in the interstitial space.  Representative images were captured using a 40x 
objective. The scale bar represents 50µm. 
 

 
Figure 4.2.  Morphological measurements of seminiferous tubules.  The diameter of the 
seminiferous tubule (A), the length of the seminiferous epithelium (B), and the circumference of 
the seminiferous tubule (C), were measured from hematoxylin and eosin stained testicular cross 
sections using the ImageJ software program.  Results for each measurement are mean ± SEM 
from a minimum of 50 randomly selected seminiferous tubules from transverse histological 
sections through the long axis of the testis from five mice from each phenotype.  Asterisks 
denote a significant difference compared to Irs2+/+; * P<0.05, *** P<0.001. 
 

Testes weight is reduced in Irs2-/- neonatal mice 

To determine if the reduced testis phenotype of Irs2-deficient adult mice occurs as an 

embryonic defect, testes from neonatal mice were analyzed at postnatal day 0 (day of 

birth), postnatal day 2, and postnatal day 4.  Testes weight (Figure 4.3C) but not 

seminiferous tubule diameter (Figure 4.3D) of Irs2-/- mice at postnatal day 0 was 
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significantly reduced compared to Irs2+/+ mice.  At postnatal day 2 there were no 

differences in testes weight or seminiferous tubule diameter (Figure 4.4).  At postnatal 

day 4 testes weight (Figure 4.5C) was significantly reduced but there were no 

differences in the diameter of seminiferous tubules (Figure 4.5D).   

 

 
 
Figure 4.3.  Histology and morphological measurements of neonatal testes at postnatal day 0 
(day of birth).  Testes from (A) Irs2+/+ mice and (B) Irs2-/- mice were fixed in Bouin’s solution 
and embedded in paraffin, and sections were cut to a thickness of 5µm and stained with 
hematoxylin and eosin.  Images were captured at 100x magnification under oil immersion, scale 
bar represents 20µm.  Representative images from 7 Irs2+/+ mice and 3 Irs2-/- mice.  (C)  
Testes weight at postnatal day 0.  Testes were dissected free from surrounding tissue and 
weighed. Results are mean ± SEM of 5 mice per genotype. (D)  Seminiferous tubule diameter 
at postnatal day 0.  The diameter of seminiferous tubules was measured using ImageJ software.  
Results are mean ± SEM of at least 50 seminiferous tubules from 5 mice per genotype.  
Asterisks above bars denote a significant difference compared to Irs2+/+; ** P<0.01. 
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Figure 4.4.  Histology and morphological measurements of neonatal testes at postnatal day 2.  
Testes from (A) Irs2+/+ mice and (B) Irs2-/- mice were fixed in Bouin’s solution and embedded 
in paraffin, and sections were cut to a thickness of 5µm and stained with hematoxylin and eosin.  
Images were captured at 100x magnification under oil immersion, scale bar represents 20µm.  
Representative images from 6 Irs2+/+ mice and 3 Irs2-/- mice.  (C)  Testes weight at postnatal
day 2.  Testes were dissected free from surrounding tissue and weighed.  Results are mean ± 
SEM of 13 Irs2+/+ mice and 3 Irs2-/- mice.  (D)  Seminiferous tubule diameter at postnatal day 
2.  The diameter of seminiferous tubules was measured using ImageJ software.  Results are 
mean ± SEM of at least 50 seminiferous tubules from 6 Irs2+/+ mice and 3 Irs2-/- mice. 
 
 

 
Figure 4.5.  Histology and morphological measurements of neonatal testes at postnatal day 4.  
Testes from (A) Irs2+/+ mice and (B) Irs2-/- mice were fixed in Bouin’s solution and embedded 
in paraffin, and sections were cut to a thickness of 5µm and stained with hematoxylin and eosin.  
Images were captured at 100x magnification under oil immersion, scale bar represents 20µm.  
Representative images are from 3 mice from each genotype.  (C)  Testes weight at postnatal day 
4.  Testes were dissected free from surrounding tissue and weighed.  Results are mean ± SEM of 
3 mice from each genotype.  (D)  Seminiferous tubule diameter at postnatal day 4.  The 
diameter of seminiferous tubules was measured using ImageJ software.  Results are mean ± 
SEM of at least 50 seminiferous tubules from 7 Irs2+/+ mice and 3 Irs2-/- mice.  Asterisks 
denote a significant difference compared to Irs2+/+; * P<0.05.   
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Figure 4.6.  Testes weight and seminiferous tubule diameter in neonatal mice.  (A) Testes 
weights in Irs2-/- mice were significantly reduced at postnatal day 0 and 4 but not at postnatal 
day 2.  (B) There were no differences in seminiferous tubule diameter between Irs2+/+ or Irs2-/- 

mice at postnatal day 0, 2, or 4.  Asterisks denote a significant difference compared to Irs2+/+;  
* P<0.05, ** P<0.01. 
 

Irs2-deficiency causes reduced testicular cell number and sperm counts 

As germ cells mature during spermatogenesis, they are in constant contact with Sertoli 

cells in the seminiferous epithelium.  To determine if reduced testis size was associated 

with reduced cell number and ultimately sperm production, multiple cell types were 

assessed.  Significantly fewer Sertoli cells, spermatogonia, and spermatocytes per cross 

section of seminiferous tubule were detected in Irs2-/- mice compared to Irs2+/+ mice.  

(Figure 4.7A-C). Interestingly, there were no differences in the number of Leydig cells 

per interstitial space between Irs2+/+, Irs2-/- ND, or Irs2-/- D mice (Figure 4.7D).  

Consistent with the reduction in spermatogonia and spermatocytes, there were 

significantly fewer spermatozoa in the epididymides of Irs2-/- mice (Figure 4.7E).  

However, after in vitro capacitation, spermatozoa from all mice appeared normal with 

no abnormal movement patterns and motility was indistinguishable between Irs2+/+ and 

Irs2-/- mice.  Although differences in cell number between the Irs2+/+ and Irs2-/- mice 

were observed, there were no significant differences in cell number in any cell type 

between the Irs2-/- ND and Irs2-/- D mice (P>0.05) (Figures 4.7A-E). 
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Figure 4.7.  Analysis of distinct cell populations in the testis and epididymis. (A-D)  Transverse 
histological sections 5µm in thickness were cut through the long axis of Bouin’s-fixed paraffin-
embedded testes and sections were probed with antibodies to specific cell types which were 
visualized and quantified by immunofluorescence.  (A-C)  Cell number per cross section of 
seminiferous tubule was quantified in a minimum of 50 seminiferous tubules per mouse.  (A)  
Sertoli cells were immunostained with an antibody to ECad.  Results are mean ± SEM of 7 
Irs2+/+, 12 Irs2-/- ND, and 11 Irs2-/- D mice.  (B)  Spermatogonia were immunostained with an 
antibody to PCNA.  Results are mean ± SEM of 10 Irs2+/+, 11 Irs2-/- ND, and 10 Irs2-/- D 
mice.  (C)  Spermatocytes were immunostained with an antibody to DDX4.  Results are mean ± 
SEM of 7 Irs2+/+, 8 Irs2-/- ND, and 7 Irs2-/- D mice.  (D)  Leydig cells were immunostained 
with an antibody to Nestin.  A minimum of 50 interstitial spaces per mouse were examined.  
Results are mean ± SEM of 5 mice per phenotype.  (E)  The epididymides from each mouse 
were dissected free from the testes, placed in medium, and repeatedly sliced open to allow 
spermatozoa to be released.  Spermatozoa were collected and counted on a hemacytometer.  
Results are mean ± SEM of 5 Irs2+/+, 4 Irs2-/- ND, and 4 Irs2-/- D mice.  Asterisks denote a 
significant difference compared to Irs2+/+; ** P<0.01, *** P<0.001. 
 
 

Irs2-deficient mice have reduced cell number but normal cell density 

To determine if the difference in cell number of specific cell types within the testis was 

attributable to the difference in testis size, cell number was normalized.  For cells within 

the seminiferous tubule, cell number was normalized to the diameter of the seminiferous 

tubule.  There were no differences in the number of Sertoli cells, spermatogonia, or 

spermatocytes per micrometer of diameter of seminiferous tubules between phentoypes 

(Figure 4.8A-C).  However, because there were more interstitial spaces per equivalent 

area, when the number of Leydig cells was normalized per mm2 of testis tissue, there 
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were significantly more Leydig cells in testes of Irs2-/- mice (Figure 4.8D).  The number 

of epididymal spermatozoa was normalized to weight of testis tissue (mg) and there 

were no significant differences in the number of spermatozoa that were produced by 

Irs2+/+, Irs2-/- ND, or Irs2-/- D mice (Figure 4.8E).  Thus, the testes of Irs2-/- mice were 

smaller and contained fewer cells than those of Irs2+/+ mice but the morphology and 

function appeared normal. 

 

 
 
Figure 4.8.  Cell density in the testis. (A-C) For cells within the seminiferous tubule, cell 
number was normalized to the diameter of the seminiferous tubule.  Results are mean ± SEM of 
5 mice from each phenotype.  (D) The number of Leydig cells was normalized to mm2 of testis 
tissue.  Results are mean ± SEM of 5 mice from each phenotype.  (E) The number of 
spermatozoa collected from epididymides was normalized to weight of the testes.  Results are 
mean ± SEM of 7 Irs2+/+, 3 Irs2-/- ND, and 5 Irs2-/- D mice. Asterisks denote a significant 
difference compared to Irs2+/+; *** P<0.001. 
 

The basement membrane is intact in Irs2-/- mice 

The integrity of the basement membrane and the surrounding peritubular myoid cells 

were examined to determine if the decline in the number of cells in the testis of Irs2-/- 

mice was due to a disruption of the basement membrane.  Staining patterns of 

peritubular myoid cells with an antibody against smooth muscle actin were similar in 

Irs2+/+ and Irs2-/- mice (Figure 4.9).  In addition, there were no differences in staining 

patterns of collagen IV or smooth muscle actin (Figure 4.10). 
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Figure 4.9. Analysis of protein markers of peritubular myoid cells.  Representative 
immunofluorescent localization of peritubular myoid cells using an anti-smooth muscle actin 
antibody.  Representative images from testicular cross sections from each phenotype are shown.  
All images were captured using a 40x objective and the scale bar represents 50µm.  Nuclei were 
counterstained with DAPI. 
 

 
 
Figure 4.10. Analysis of protein markers of the basement membrane.  Immunofluorescent 
localization of collagen using an anti-collagen IV antibody (green) and peritubular myoid cells 
using an anti-smooth muscle actin antibody (red).  Representative images from testicular cross 
sections from Irs2+/+ and Irs2-/- mice are shown.  Nuclei in the merged image were labelled 
with DAPI.  All images were captured using a 100x objective under oil immersion and the scale 
bar represents 20µm. 
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Gene expression of cell markers in the testis does not change in Irs2-deficient mice 

Quantitative PCR was performed to analyze gene expression of various markers in the 

testis.  Relative gene expression of transcription factor and Sertoli cell marker Gata1 

(51) (Figure 4.11A), spermatogonial stem cell marker Kit (Figure 4.11B), and 

spermatocyte cell marker Ddx4 (Figure 4.11C) was unchanged between phenotypes.  

Testosterone exhibits its biological effects by binding to the androgen receptor which is 

localized to Sertoli and peritubular myoid cells (119).  The enzyme 3β-hydroxysteroid 

dehydrogenase (HSD3B1) converts 5-Androstene-3β, 17β-diol to testosterone and is 

localized to Leydig cells.  Gene expression of Androgen receptor (Figure 4.11D) and 

Hsd3b1 (Figure 4.11E) revealed that there were no differences between Irs2+/+, Irs2-/- 

ND, or Irs2-/- D mice.   

 

 
 
Figure 4.11.  Gene expression of testicular markers.  Testes were lysed and total RNA was 
isolated, cDNA was generated, and QPCR was performed using TaqMan probes.  Each reaction 
was performed in duplicate and the value of the gene of interest was normalized to the 
expression of a control gene, Gapdh.  A negative control, without a prior reverse transcription 
reaction, was included for each gene and data were analyzed by the comparative Ct method (2-

ΔΔCt) (118).  For each gene, results are mean ± SEM of 7 Irs2+/+, 7 Irs2-/- ND, and 6 Irs2-/- D 
mice.  Relative gene expression of Sertoli cell marker Gata1 (A),  spermatogonial cell marker 
Kit (B), spermatocyte cell marker Ddx4 (C), Androgen receptor (D) which is localized to Sertoli 
and peritubular myoid cells, and Leydig cell marker Hsd3b1 (E). 
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Irs2-deficiency causes differences in protein expression of testicular markers 

Sertoli cell nuclei were localized by immunofluorescence using an anti-ECad antibody 

(Figure 4.12A).  Semi-quantification of band intensity of Sertoli cells by 

immunoblotting using an anti-SOX9 antibody demonstrated that there was significantly 

reduced expression of Sertoli cells in Irs2-deficient mice (Figure 4.12B-C).  

Spermatogonia were localized by immunofluorescence using an anti-PCNA antibody 

(Figure 4.13A) and semi-quantification of band intensity from immunoblots 

demonstrated that there was a significant increase in protein expression of 

spermatogonia in the testes of adult Irs2-deficient mice (Figure 4.13B-C).  

Spermatocytes were localized by immunofluorescence using an anti-DDX4 antibody 

(Figure 4.14A) and semi-quantification of band intensity from immunoblots 

demonstrated that there were no changes in protein expression of DDX4 in the testes of 

Irs2-deficient mice (Figure 4.14B-C).  Leydig cells were localized to the interstitial 

space and visualized by immunofluorescence using an anti-Nestin antibody (Figure 

4.15). 
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Figure 4.12. Protein analysis of Sertoli cell markers.  A)  Immunofluorescent localization of 
Sertoli cell nuclei using an anti-ECad antibody.  Representative images from testicular cross 
sections from each phenotype are shown.  All images were captured using a 40x objective and 
the scale bar represents 50µm.  B)  Immunoblot of testes lysates.  A total of 20µg of testis lysate 
was loaded per lane and probed with an anti-SOX9 antibody.  βActin was used as a loading 
control.  Results are from 4 mice per phenotype.  C)  Band intensities were quantified using 
Adobe Photoshop (v.CS2) and the intensity ratio of SOX9/βActin is shown.  Values for Irs2+/+ 
were set as 1 arbitrary densitometric unit. Asterisks denote a significant difference compared to 
Irs2+/+; * P<0.05, ** P<0.01. 
 
 

 
Figure 4.13. Analysis of PCNA expression as a marker of spermatogonia.  A)  
Immunofluorescent localization of spermatogonial cell nuclei using an anti-PCNA antibody.  
Representative images from testicular cross sections from each phenotype are shown.  All 
images were captured using a 40x objective and the scale bar represents 50µm.  B)  Immunoblot 
of testes lysates.  A total of 20µg of testis lysate was loaded per lane and probed with an anti-
PCNA antibody.  βActin was used as a loading control.  Results are from 4 mice per phenotype.  
C)  Band intensities were quantified using Adobe Photoshop (v.CS2) and the intensity ratio of 
PCNA/βActin is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  
Asterisks denote a significant difference compared to Irs2+/+; * P<0.05, *** P<0.001.   
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Figure 4.14.  Analysis of DDX4 as a marker of spermatocytes.  A)  Immunofluorescent 
localization of spermatocytes using an anti-DDX4 antibody.  Representative images from 
testicular cross sections from each phenotype are shown.  All images were captured using a 40x 
objective and the scale bar represents 50µm.  B)  Immunoblot of testes lysates.  A total of 20µg 
of testis lysate was loaded per lane and probed with an anti-DDX4 antibody.  βActin was used 
as a loading control.  Results are from 4 mice per phenotype.  C)  Band intensities were 
quantified using Adobe Photoshop (v.CS2) and the intensity ratio of DDX4/βActin is shown.  
Values for Irs2+/+ were set as 1 arbitrary densitometric unit.
 
 
 
 

 
 
Figure 4.15.  Analysis of protein markers of Leydig cells.  Immunofluorescent localization of 
Leydig cells using an anti-Nestin antibody.  Representative images from testicular cross sections 
from each phenotype are shown.  All images were captured using a 40x objective and the scale 
bar represents 50µm. 
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Expression of IRS proteins does not change in the testes of Irs2-deficient mice  

There were no changes in gene expression of Irs1, Irs3, or Irs4 between Irs2+/+ and 

Irs2-/- mice (Figure 4.16).  To determine if there were changes in protein expression of 

IRS proteins, immunoblotting was performed.  Consistent with the lack of difference in 

gene expression of the IRS proteins, there were no significant changes in protein 

expression of IRS1 (Figure 4.17) or IRS3 (Figure 4.19) in Irs2-/- mice compared to 

Irs2+/+ mice. As expected there was no protein expression of IRS2 (Figure 4.18) in 

Irs2-/- mice. 

 
 
Figure 4.16.  Gene expression of IRS proteins in the testis.  Testes were lysed and total RNA 
was isolated, cDNA was generated, and QPCR was performed using TaqMan probes.  Each 
reaction was performed in duplicate and the value of the gene of interest was normalized to the 
expression of a control gene, Gapdh.  A negative control, without a prior reverse transcription 
reaction, was included for each gene and data were analyzed by the comparative Ct method  
(2-ΔΔCt) (118).  For each gene, results are mean ± SEM of 5 Irs2+/+, 5 Irs2-/- ND, and 6 Irs2-/- D 
mice.   
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Figure 4.17. Representative immunoblots of IRS1 in the testis.  A)  Testes were lysed, 80µg of 
total protein was loaded per lane, and blots were probed with an anti-IRS1 antibody.  βActin 
was used as a loading control.  WT = Irs2+/+, ND = Irs2-/- ND, and D = Irs2-/- D.  B)  Band 
intensities were quantified using Adobe Photoshop (v.CS2) and the intensity ratio of 
IRS1/βActin is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  
Densitometric values are mean ± SEM of 4 mice per phenotype. 
 
 
 

 
Figure 4.18. Representative immunoblots of IRS2 in the testis.  A)  Testes were lysed, 80µg of 
total protein was loaded per lane, and blots were probed with an anti-IRS2 antibody.  βActin 
was used as a loading control.  WT = Irs2+/+, ND = Irs2-/- ND, and D = Irs2-/- D.  B)  Band 
intensities were quantified using Adobe Photoshop (v.CS2) and the intensity ratio of 
IRS2/βActin is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  
Densitometric values are mean ± SEM of 4 mice per phenotype. 
 
 
 

 
Figure 4.19. Representative immunoblots of IRS3 in the testis.  A)  Testes were lysed, 80µg of 
total protein was loaded per lane, and blots were probed with an anti-IRS3 antibody.  βActin 
was used as a loading control.  WT = Irs2+/+, ND = Irs2-/- ND, and D = Irs2-/- D.  B)  Band 
intensities were quantified using Adobe Photoshop (v.CS2) and the intensity ratio of 
IRS3/βActin is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  
Densitometric values are mean ± SEM of 4 mice per phenotype. 
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Endocrine-related markers are differentially expressed in testes of normoglycemic 

Irs2-/- mice

The testis of Irs2-/- ND mice showed a significant increase in the expression of genes for 

insulin-like growth factor 1 receptor (Igf1r), glucose transporter 4 (Slc2a4), luteinizing 

hormone receptor (Lhr), and follicle stimulating hormone receptor (Fshr), but when 

diabetes ensued, the expression of these genes declined to levels comparable to Irs2+/+ 

mice (Figure 4.20). There was a significant reduction in gene expression of growth 

hormone receptor (Ghr) in the testes of Irs2-/- ND and Irs2-/- D mice (Figure 4.20). 

 

 
 
Figure 4.20.  Gene expression of endocrine-related markers in the testis.  Testes were lysed and 
total RNA was isolated, cDNA was generated, and QPCR was performed using TaqMan probes.  
Each reaction was performed in duplicate and the value of the gene of interest was normalized 
to the expression of a control gene, Gapdh.  A negative control, without a prior reverse 
transcription reaction, was included for each gene and data were analyzed by the comparative Ct 
method (2-ΔΔCt) (118).  For each gene, results are mean ± SEM of 6 mice per phenotype.  
Relative gene expression of Igf1r (A), Slc2a4 (B), Lhr (C), Fshr (D), and Ghr (E).  Asterisks 
denote a significant difference compared to Irs2+/+; * P<0.05, ** P<0.01, *** P<0.001. 
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Increased protein expression of IGF1Rβ  but not IRβ  in Irs2-deficient mice 

Results from QPCR suggested that Igf1r was increased in testes of Irs2-/- mice and this 

was confirmed by immunoblot analysis (Figure 4.21A, C).  However protein expression 

of IRβ was not significantly altered in Irs2-deficient mice (Figure 4.21B, D). 

 
Figure 4.21.  Representative immunoblots of IGF1Rβ and IRβ in the testis.  Testes were lysed, 
20µg of total protein was loaded per lane, and blots were probed with an antibody against 
IGF1Rβ (A) or IRβ (B).  βActin was used as a loading control.  Band intensities were quantified 
using Adobe Photoshop (v.CS2) and the intensity ratio of IGF1Rβ/βActin (C) and IRβ/βActin 
(D) is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  Results are mean ± 
SEM of 4 mice per phenotype. Asterisks denote a significant difference compared to Irs2+/+;  
** P<0.01, *** P<0.001. 
 

Increased phosphorylation of proteins in the MAPK and PI3K pathways in testes 

of Irs2-deficient adult mice 

To determine whether the absence of Irs2 alters insulin-mediated signal transduction in 

the testis, various pathways were assessed.  Testes from adult mice were homogenized 

and protein levels of key components in the PI3K and MAPK pathways were analyzed 

by immunoblotting.  There were no differences in the expression of AKT, ERK, or 

GSK3β between Irs2+/+ and Irs2-/- mice (Figures 4.22A, 4.23A, and 4.24A, 

respectively), however, there was a significant increase in basal phosphorylation of 

AKT, ERK, and GSK3β in the testes of Irs2-deficient mice compared to Irs2+/+ mice 

(Figures 4.22B, 4.23B, and 4.24B, respectively).  Additionally, expression of cell cycle 
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regulators was studied.  Interestingly, there were no changes in protein expression of 

cyclin D or p27 (Figure 4.25).

 
Figure 4.22.  Representative immunoblots of AKT and p-AKT in the testis.  Testes were lysed, 
20µg of total protein was loaded per lane, and blots were probed with an antibody against AKT 
(A) or p-AKT (B).  βActin was used as a loading control.  Band intensities were quantified 
using Adobe Photoshop (v.CS2) and the intensity ratio of AKT/βActin (A) and p-AKT/βActin 
(B) is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  Results are mean ± 
SEM of 4 mice per phenotype. Asterisks denote a significant difference compared to Irs2+/+;  
* P<0.05, ** P<0.01. 
 
 

 
Figure 4.23.  Representative immunoblots of ERK and p-ERK in the testis.  Testes were lysed, 
20µg of total protein was loaded per lane, and blots were probed with an antibody against ERK 
(A) or p-ERK (B).  βActin was used as a loading control. Band intensities were quantified 
using Adobe Photoshop (v.CS2) and the intensity ratio of ERK/βActin (C) and p-ERK/βActin 
(D) is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  Results are mean ± 
SEM of 4 mice per phenotype. Asterisks denote a significant difference compared to Irs2+/+; 
*** P<0.001. 
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Figure 4.24.  Representative immunoblots of GSK3β and p-GSK3β in the testis.  Testes were 
lysed, 20µg of total protein was loaded per lane, and blots were probed with an antibody against 
GSK3β (A) or p-GSK3β (B).  βActin was used as a loading control.  Band intensities were 
quantified using Adobe Photoshop (v.CS2) and the intensity ratio of GSK3β/βActin (C) and p-
GSK3β/βActin (D) is shown.  Values for Irs2-/- were set as 1 arbitrary densitometric unit.  
Results are mean ± SEM of 4 mice per phenotype.  Asterisks denote a significant difference 
compared to Irs2+/+; ** P<0.01. 
 
 
 

 
 

Figure 4.25.  Representative immunoblots of cyclin D and p27 in the testis.  Testes were lysed, 
20µg of total protein was loaded per lane, and blots were probed with an antibody against 
Cyclin D or p27 (A).  βActin was used as a loading control.  Band intensities were quantified 
using Adobe Photoshop (v.CS2) and the intensity ratio of cyclin D/βActin (B) and p27/βActin 
(C) is shown.  Values for Irs2+/+ were set as 1 arbitrary densitometric unit.  Results are mean ± 
SEM of 4 mice per phenotype. 
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Irs2-deficiency does not influence testosterone production 

The concentration of testosterone in serum was quantified by ELISA.  There were no 

significant differences between Irs2+/+, Irs2-/- ND, or Irs2-/- D mice (Figure 4.26). 

 
Figure 4.26.  Concentrations of testosterone in serum.  Testosterone in serum from adult mice 
was quantified by ELISA.  Results are mean ± SEM of 16 Irs2+/+, 17 Irs2-/- ND, and 11 Irs2-/- 
D mice. 
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Chapter 5 Discussion 

In mammals, reproduction is controlled by the hypothalamic-pituitary-gonadal axis but 

is also influenced by changes in energy homeostasis and metabolism (94).  Fertility is 

closely linked to insulin signaling and glucose metabolism.  Previous studies have 

demonstrated that Irs2-deficient mice develop diabetes.  Additionally, females are 

infertile due to reduced pituitary size and gonadotroph numbers, a decrease in 

concentrations of LH in plasma, and a reduction in ovarian follicles, and consequent 

anovulation (94).  Signaling events downstream of IRS2 in the ovary play critical roles 

in follicular development and ovulation by regulating key components of the cell cycle 

apparatus involved in the coordination of proliferation and differentiation (108).  The 

effects of Irs2 deletion on male reproduction are not well understood.  The results of the 

present project reveal that deletion of Irs2 causes a significant reduction in the size of 

the testis; this reduction of size is global since it does not target particular structures or 

cell populations in the testis but rather diminishes the components proportionally. 

 

The role of IRS2 in testis function was examined initially by comparing testis 

morphology between Irs2+/+ and Irs2-/- mice (Figure 4.1).  Visual inspection of male 

gonads suggested that mice deficient in Irs2 had smaller testes and this was confirmed 

by weighing these organs (Table 4.1).  Testis weight was reduced by 45% in adult Irs2-

deficient mice.  Consistent with published studies, body weight of Irs2-/- mice was 

similar to Irs2+/+ mice indicating that IRS2 does not affect corporal growth and whole 

animal development (Table 4.1).  However, when testes weight was normalized to body 

weight, there were significant differences between Irs2+/+ and Irs2-/- mice, thereby 

confirming that Irs2-deficiency causes reduced testis size.  These observations suggest a 

previously unknown role for IRS2 in testis development and reproductive function. 
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Various lines of evidence suggest that both type 1 and type 2 diabetes can lead to 

impaired male fertility in humans.  Hyperglycemia has been shown to reduce the quality 

of sperm in male diabetic patients (111).  There are also other complications of diabetes 

that can severely impede the ability to reproduce including obesity, fatigue, loss of 

libido and the inability to maintain an erection (91).  The loss of Irs2 causes diabetes in 

mice due to pancreatic β cell insufficiency; most male Irs2-deficient mice die from 

diabetic complications by 16 weeks of age (112).  However, previous studies have 

demonstrated that Irs2-deficient males are adequate breeders before the onset of severe 

diabetes (94).  Therefore, to establish whether hyperglycemia compounds the effects of 

Irs2-deficiency on male reproduction, transgenic mice were categorized into two groups 

based on blood glucose levels at the time of sacrifice: Irs2-/- ND (non-diabetic) and  

Irs2-/- D (diabetic, Table 4.1).  Age-matched Irs2+/+ mice were used as controls and had 

normal glucose levels.  No differences were observed in testes weight between Irs2-/- 

ND and Irs2-/- D mice, suggesting that hyperglycemia does not compound the effects of 

Irs2 deletion on testis size (Table 4.1).  Furthermore, subsequent analysis of testicular 

cell populations and expression of testicular markers revealed no differences between 

euglycemic and diabetic Irs2 null mice.  The reduced testis size phenotype is not 

observed in Irs2+/- males (94), and therefore testes from Irs2+/- mice were not evaluated 

in these studies. 

 

To characterize the histology of Irs2-deficient mice, morphological measurements were 

taken of the testis, specifically, the diameter and the circumference of seminiferous 

tubules, and the length of the seminiferous epithelium.  Each of these parameters was 

significantly reduced in Irs2-deficient mice compared to Irs2+/+ mice (Figure 4.2).  

Microscopic inspection of testicular cross sections stained with hematoxylin and eosin 
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revealed that, although each parameter was reduced in size, the organization and 

structural architecture of the seminiferous epithelium was intact with normal cellular 

associations, no obvious abnormalities, and elongated spermatids extending into the 

lumen (Figure 4.1).  Testes weights at postnatal day 0 and 4 were significantly reduced 

in Irs2-/- mice, suggesting that the reduced testis size phenotype is a developmental 

defect (Figures 4.3 and 4.5).  Interestingly, this global reduction of organ size without 

obvious effects on structural organization has also been reported in the brain and 

kidney: Irs2-deficient mice are born with a 35% reduction of brain size (120) and 

kidney size is reduced by 20% at postnatal day 5 (121).  However, although the brain 

and kidney are noticeably smaller in Irs2-deficient mice, all areas are present but 

reduced proportionally.  Collectively, similar observations regarding the developmental 

effects in testis, brain, and kidney suggest that IRS2 signals are indispensable for 

specific pathways during critical points of development in these organs. 

 

Sertoli cells play a central role in testicular development as their number determines the 

size of the testes and the number of germ cells that can be supported during 

spermatogenesis (51, 52).  The expression of the Sry gene in the pre-Sertoli cell lineage 

between E10.5-12.0 initiates Sertoli cell differentiation, committing the gonad to 

develop as a testis rather than an ovary (122).  This activates all downstream pathways 

which promote the development of a fertile male.  One of the first such events is the up-

regulation and nuclear localization of transcription factor SOX9 in the male gonad 

(123).  In Irs2-/- mice, there were significantly fewer Sertoli cells and accordingly fewer 

spermatogonia and spermatocytes within cross sections of seminiferous tubules (Figure 

4.7A-C). However, when cell numbers were normalized to the diameter of the 

seminiferous tubules there were no differences between genotypes (Figure 4.8A-C).  
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The diameter of seminiferous tubules was not different at postnatal day 0, 2, or 4 

(Figures 4.3-4.5).  During neonatal testicular development, testes weights increase as 

Sertoli cells proliferate (124).  In mice, Sertoli cells cease proliferation by postnatal day 

15 (125).  Subsequent increases in the diameter and length of seminiferous tubules are 

due to germ cell proliferation (124).  Interestingly, although there were no differences in 

the expression of the Sertoli cell marker Gata1, SOX9 expression was reduced 

significantly in testes of adult Irs2-deficient mice (Figure 4.12B-C).  SOX9 is inhibited 

by Wnt/beta-catenin signaling and various studies indicate that SOX9 expression during 

testicular development serves to down-regulate Wnt4 (76, 126).  In cancer cells, over-

expression of IRS1 enhances the expression of SOX9 (127), suggesting that 

insulin/IGF1 signaling via IRS proteins may oppose Wnt/beta-catenin signals by up-

regulating SOX9.  The results of the present project are the first to demonstrate a 

potential connection between IRS2 signals and expression of SOX9 in adult gonads.  

Thus, one potential explanation for the reduced testis size in this model is that loss of 

IRS2 signaling modulates SOX9 levels during testis development and/or maturation.  

The confirmation of this hypothesis will require further studies in cell culture models of 

Sertoli cells. 

 

In contrast to Sertoli cells, there were significantly more Leydig cells in Irs2-deficient 

mice after data normalization because there were more interstitial spaces per equivalent 

area (Figure 4.8D).  However, this did not correlate with an increased expression of 

Leydig cell marker Hsd3b1 (Figure 4.11E).  Disruption of the basement membrane 

leads to defective growth factor and endocrine signaling due to damage to the blood-

testis-barrier (128).  Staining patterns of smooth muscle actin for peritubular myoid 

cells and collagen IV, a basement membrane structural component, were not different 
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between Irs2+/+ and Irs2-/- mice, suggesting that the basement membrane was intact and 

the blood-testis-barrier was not compromised.  In accordance with the normal cellular 

associations in the seminiferous tubules, these data indicate that spermatogenesis was 

not compromised in the absence of Irs2.  Further support for unaltered spermatogenesis 

and steroidogenesis was found in gene expression studies, since the expression of 

spermatogonial stem cell marker Kit, spermatocyte cell marker Ddx4, and Androgen 

receptor were equivalent between mutant and control mice (Figure 4.11). 

 

In humans, conventional semen parameters such as total sperm output, motility, and 

morphology are not different between diabetic and non-diabetic men.  However, there 

are significantly more nuclear DNA fragmentation and mitochondrial DNA deletions in 

sperm of diabetic patients (111), suggesting that hyperglycemia and/or altered insulin 

sensitivity may contribute to deleterious genetic events in sperm of diabetic patients, 

thereby impairing their reproductive capability.  Although the reduced sperm count of 

Irs2-deficient mice reflects a potential reproductive disadvantage, in vitro capacitation 

of spermatozoa collected from the epididymis revealed that the motility and movement 

patterns were similar to control mice.  These observations suggest that in the absence of 

IRS2 spermatogenesis proceeds normally and produces morphologically normal 

spermatozoa, although the absolute numbers are reduced proportionate to reduced testis 

size.  Gene expression studies in the testis indicated that Irs1, 3, and 4 were not changed 

in the absence of Irs2 (Figure 4.16), suggesting that the other IRS proteins do not 

compensate for the loss of Irs2 during testicular development. 

 

Changes in the regulation of cell signaling pathways elicit changes in protein synthesis 

and cell-cycle control.  Surprisingly, expression of PCNA was enhanced in testes of 
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Irs2-/- mice, despite the reduced size of these organs.  This observation may reflect an 

effort to compensate for retardation of developmental pathways and/or the dysregulation 

of insulin/IGF1 signaling in the absence of IRS2.  In testes of Irs2-/- mice, there was an 

increase in basal p-ERK (Figure 4.23) and p-AKT (Figure 4.22).  Another molecule 

associated with control of growth and proliferation is GSK3β, which is constitutively 

active and phosphorylates/inactivates multiple target proteins such as cyclin D.  

Cyclin/CDK complexes function as master integrators that couple mitogenic signaling 

cascades to the cell cycle and regulate transcription of genes important for G1/S 

transition and cell cycle progression through the restriction point (87).  Insulin signaling 

leads to the phosphorylation/inactivation of GSK3β by AKT (129).  As expected due to 

the increased phosphorylation of AKT, phosphorylation of GSK3β was enhanced in 

testes of Irs2-/- mice (Figure 4.24).  However, there were no differences in cyclin D 

expression (Figure 4.25).  Furthermore, there were no differences in expression of p27, 

a CDK inhibitor that regulates the G1/S phase transition of the cell cycle (Figure 4.25).  

The increased basal phosphorylation of AKT and ERK have been reported previously in 

other tissues of the Irs2 model and may represent an important component of insulin 

resistance (130). 

 

A major regulator of tissue growth is GH.  Mice lacking GHR secrete normal amounts 

of GH but are unable to secrete IGF1, which leads to decreased testes weight (131, 132), 

demonstrating that physiological levels of GH, GHR, and IGF1 are required for normal 

testis growth (133).  Interestingly, gene expression of Ghr, which is an indicator of GH 

action, was significantly decreased in testes of Irs2 null mice (Figure 4.20E).  GH is the 

key regulator of IGF1 biosynthesis and release and an important modulator of IGF1 

actions.  In Irs2-deficient mice there were significant increases in expression of IGF1R 
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but not IR (Figure 4.21).  Since IGF1 modulates the actions of GH, it is plausible that 

local production of IGF1R in testes is up-regulated in an attempt to compensate for the 

reduction in testis size.  Sertoli cells express both GHR and IGF1R and produce IGF1 

(73) and hence are likely involved in a local mechanism for regulation of testis size. 

 

The insulin signaling pathway is essential for normal growth and development in mice 

and is composed of three receptors; IR, IGF1R, and IRR.  Both IR and IGF1R are 

necessary for pre- and postnatal growth and development.  Ir mutant pups die from 

ketoacidosis within 4 days of birth (134).  Igf1r mutant mice die at birth due to 

respiratory failure and exhibit several abnormalities such as reduced size (70).  Mice 

lacking Ir and Igf1r are even more severely affected (135).  In contrast, Irr mutant mice 

are viable and show no observable abnormalities (136).  In the absence of the insulin 

family of receptors, male sex determination during embryonic development is inhibited; 

the reproductive tracts of Ir, Igf1r, Irr triple mutant XY embryos resemble those of XX 

embryos and exhibit molecular profiles characteristic of females, indicating that testis 

determination requires insulin signaling (79).  One explanation for these effects of 

impaired IGF1/insulin receptor signaling is the reduction of SRY and SOX9 

transcription factors which regulate male sex determination.  The fact that loss of Irs2 

also causes a reduction of SOX9 expression suggests that this family of receptors may 

use IRS2 exclusively for regulation of SOX9. 

 

In summary, the results from these studies demonstrate that IRS2 plays an essential role 

in the regulation of testis size.  Although IRS1 has a critical role in general somatic 

growth (130), the present data implicate a specific role for IRS2 in the development of 

certain organs including the testis.  The findings of this study suggest that IRS2 may 
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modulate testis size by reducing or delaying Sertoli cell proliferation during embryonic 

and early postnatal development.  These results provide an important platform for 

further understanding the effects of IRS2 signaling and diabetes on male reproductive 

function. 
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Chapter 6 Conclusions 

1. Irs2-deficiency causes a reduction of testis size.  The weight of the adult testis is 

reduced by 45% in Irs2 mutants as compared to control mice.  The effects of 

Irs2 loss are global, since the structures and cell populations that comprise the 

testes are reduced proportionally. 

2. Reduced testis size associated with Irs2-deficiency is apparently an embryonic 

defect since it was observed during early postnatal development.  Consistent 

with this, the expression of the transcription factor SOX9 was significantly 

reduced in testes of Irs2-/- mice.  SOX9 is essential for normal development of 

the male reproductive system. 

3. Spermatogenesis appears to function normally in Irs2-/- mice but due to the 

reduction in testis size, there are fewer cells associated with spermatogenesis and 

therefore, fewer spermatozoa are produced by Irs2-/- males. 

4. Capacitated spermatozoa collected from the epididymis of Irs2-/- mice exhibit 

normal motility in vitro. 

5. No significant differences were observed in testes collected from non-diabetic 

versus diabetic Irs2-/- mice, demonstrating that diabetes and hyperglycemia do 

not compound the effects of Irs2 deletion on testis weight or function. 

6. The expression of the other members of the IRS protein family (IRS1, 3, and 4) 

are expressed at normal levels in testes of Irs2-/- mice and do not appear to 

functionally compensate for loss of Irs2, providing further support for the 

specific and essential role of IRS2 in testis development. 

7. The expression of IGF1R, but not IR, was up-regulated in Irs2-/- mice.  

Consistent with this, basal phosphorylation of the downstream elements AKT 

and MAPK were enhanced in adult Irs2-deficient testes.  The expression of the 
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proliferation marker PCNA was also increased.  Collectively, these results 

suggest that IGF1R-mediated signaling may attempt to compensate for the 

absence of Irs2. 

8. Steroidogenesis is apparently normal in Irs2-deficient testes since circulating 

levels of testosterone and gene expression levels of androgen receptor and 3β-

hydroxysteroid dehydrogenase were comparable to control mice.  The 

significance of increased expression of the LH and FSH receptor in Irs2-/- mice 

will require further study. 
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