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ABSTRACT 

Despite a majority of proteins depending on the early secretory pathway for export, the precise role of this 

machinery in development and maintenance of tissue architecture is largely unknown. The p.R106C 

mutation in Trk-fused Gene (TFG), a highly conserved component of the early secretory pathway 

underlies a  recessive form of hereditary spastic paraplegia (HSP). Using a rodent model carrying the 

disease-associated mutation, we observed that R106C homozygous males exhibit infertility and a striking 

disorganization of testicular morphology by 8 weeks of age. In this thesis, we examine testes 

pathomorphology to show that the observed phenotype is best described by degeneration following a 

period of typical development. Qualitative analysis of histology suggests that disrupted junctions between 

seminiferous tubules may be to blame for this observation. This work lays a groundwork to explore which 

cargoes’ transport is disrupted by the p.R106C mutation, and how different cell types of the testes are 

affected. 
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BACKGROUND 

The early secretory pathway  

 The trafficking of most protein and lipid cargos begins with export from the endoplasmic 

reticulum (ER). In metazoans, the first step of endomembrane export involves transport over a few 

hundred nanometers in COPII-coated transport carriers from the ER to the ER-Golgi intermediate 

complex (ERGIC), where cargoes are sorted before being introduced to the cis-Golgi.1,2,3,4 This process 

depends on the efficient recruitment of the COPII coat from soluble proteins into a two layered 

multimeric protein complex. The inner coat is composed of Sec23/Sec24 components which serve as an 

adaptor to the outer coat which is comprised of Sec13/ Sec31.5,6 Different isoforms of Sec23, Sec24, and 

Sec 31 or intrinsic flexibility in the COPII matrixes may play roles in variability of COPII carrying 

capacity.5 

Of the other known COPII interacting proteins the Sar1 GTPase, Sec16 scaffolding, and Trk-

fused Gene (TFG) are among the best characterized. Sar1 in a GTP-bound state inserts into the ER 

membrane to induce membrane curvature and recruits the Sec23/Sec24 inner coat.3,7 These sites are 

determined by interaction between an ER membrane protein, Tango1, with the Sar1 protein.4 After Sar1 

induces budding at these specified sites, the Sec12 GTP exchange factor, along with Sec23 and Sec24 

activate the GTPase activity of Sar1, allowing the COPII carrier to bud from the ER and begin 

Sec13/Sec31 coat assembly.8  

Meanwhile, in contrast to Sar1, which has only been shown to directly interact with Sec23, Sec16 

directly interacts with multiple components of the COPII carrier complex including Sec12, Sec 23, and 

Sec13. This interaction facilitates the recruitment of factors and accelerates the coating of vessicles to 

permit their release.5 

After COPII carriers are released from the ER membrane to make their way to the ERGIC 

compartment, vesicles are surrounded by TFG. In addition to tethering COPII-coated carriers to the 

region between the ER and ERGIC, TFG helps to facilitate subsequent uncoating of carriers. Uncoating 

of both the Sec13/Sec31 and Sec23/Sec24 complexes by TFG is necessary to permit the fusion of carriers 
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at the ERGIC.9, TFG depletion and loss-of-function mutations lead to reduction of protein export from 

ER, accumulation of COPII carriers throughout the cytoplasm, and loss of ER-ERGIC association.10 This 

loss of function suggests that TFG functions at the ER to ERGIC interface to concentrate and decoat 

COPII-coated carriers. Thus, mutations to the TFG protein can disrupt this highly conserved early 

secretory pathway and may potentially underlie disease. 

 

Trk-fused gene (TFG) 

 Originally identified as a fusion-partner with protooncogenes NTRK1 in thyroid carcinoma and 

NOR1 (also CHN or TEC) yielding TFG/NTRK1 and TFG/NR4A3 proteins with ectopic tyrosine kinase 

activity in extraskeletal myxoid chondrosarcoma, TFG is a necessary component of the metazoan early 

secretory pathway.11,12, 13,14 Since these initial reports, the genomic location of Trk-fused gene has been 

mapped to 3q13.211,12,15, and the gene has been completely sequenced in multiple animal models with 

indications of being highly or completely conserved among mammalian species.16 

In addition to the cancer-associated fusion 

proteins, several point mutations in TFG have been 

discovered, and are believed to disrupt the typical 

oligomerization of the protein (Figure 1.1).14 Due to the 

important role TFG plays in protein secretory transport, 

mutations that disrupt the structure and function of TFG may affect the endomembrane system and 

underlie related progressive disorders of the peripheral nervous system. Originally discovered in 

Okinawa, Japan, the p.P285L (c.854C>T) mutation has been described at the causative gene for an 

autosomal dominant form of Hereditary Motor and Sensory Neuropathy (HMSN; also Charcot-Marie- 

Tooth disease, CMT), an inherited disorder with similar clinical symptoms and pathology as that 

observed in individuals suffering of familial ALS.17 Haplotype analysis suggests that this causative 

mutation has also mutated independently in families in Korea and Kansai, Japan.5,7 This mutation in the 

PQ-rich domain is thought to affect the oligomerization of TFG, resulting in TFG-immunopositive 
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inclusion bodies and protein aggregates in the motor neurons of the facial, hypoglossal, and abducens 

nuclei and in the spinal cord, as well as in the sensory neurons of the dorsal root ganglia, which hints at 

the potential for disrupted secretory and endomembrane trafficking.7 Recent research on patients with 

HMSN caused by the p.P285L mutation indicates the additional presence of distinct myopathic changes 

and protein aggregates, likely caused by a primary deficit in protein trafficking as initially observed in 

neurons.18 Similarly, the p.G269V (c.806G>T) mutation, also in the PQ-rich domain increases the 

likelihood of TFG proteins forming aggregates in a dominant negative manner, which results in the 

sequestration of both mutant and wild-type TFG. Hence, this mutation is thought to deplete functional 

TFG molecules, resulting in disrupted protein secretory function. Accordingly, p.G269V also underlies 

dominant development of HMSN symptoms.19  

In addition, multiple disease-causing recessive mutations have been found in TFG. First, the point 

mutation p.R106C (c.316C>T), which was found in a consanguineous family in Northern India, has been 

described as the causative mutation underlying hereditary spastic paraplegia (HSP; see below).20 This 

novel mutation in the coiled coil domain of TFG negatively impacts the self-association of protein 

monomers into octomers in vivo. This lack of oligomerization is thought to cause disorganization of the 

highly branched tubular ER, thereby impairing vesicle transport in the early secretory pathway and 

underlying changes to the cellular pathology of the peripheral nervous system.10,21  

Most recently, the p.R22W (c.64C>T) mutation was discovered in the Phox and Bem1p (PB1) 

domain of the TFG protein of members of a highly consanguineous family in Sudan.22 This recessive 

mutation disrupts the octomerization of TFG, allowing only for dimer formation. As a result, this 

mutation is associated with disruptions in cargo trafficking leading to demyelination of long axons and 

atrophy of motor neurons.12 In all, a number of mutations to the highly conserved TFG protein can 

significantly disrupt the early secretory pathway and cause neurological disease, making the link between 

the early secretory path and hereditary spastic paraplegia (HSP), a significant area of study.  
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Hereditary Spastic Paraplegia 

 Hereditary spastic paraplegias (HSPs) are a class of genetically inherited neurodegenerative 

disorders affecting an estimated 1-6 cases per 100,000 individuals in which a genetic mutation is the 

major causative factor of spastic limb ataxia.23,24,25. The low prevalence of this class of disorders and the 

similarity of clinical presentation of symptoms explain the high number of patients who are initially 

mistakenly diagnosed with other neuropathic disorders including cerebral palsy, ALS, hereditary motor 

and sensory neuropathies, and hereditary spastic neuropathies (HSNs)23, 25. Nevertheless, over 79 spastic 

paraplegia genes (SPGs) have been associated with HSPs to date indicating the potential for disease-

causing mutation at over 79 unique genomic loci.25 However, a recent genome wide association study 

showed that over half of clinical HSP cases were caused by unknown mutation, which suggests that there 

remain several yet to be identified HSP-associated genes.26 

The progressive limb motoropathy typical of HSPs is uniformly characterized by lower extremity 

weakness-particularly in the hamstrings, tibialis anterior, and iliopsoas muscles- and spasticity- 

particularly in the hamstring, quadriceps, adductor, and gastrocnemius-soleus muscles -arising from 

thoracic and lumbar dorsal column impairment. While “uncomplicated” HSPs are diagnosed solely by the 

presence of limb motoropathy, some mutations give rise to “complicated” HSP syndromes, which display 

additional neurological symptoms including dementia, ataxia, mental retardation, neuropathy, distal 

wasting, loss of vision, epilepsy, or ichthyosis23.  

Though there is no cure, many symptoms of both uncomplicated and complicated HSPs can be 

treated by behavioral neuro-physiotherapy25, antispasmodics27, botulinum toxin (Botox) injections28, 

functional electrical stimulation29, or a multidisciplinary combination of approaches.30 Yet, while many 

other neuropathic disorders, such as Huntington’s disease and spinal muscular atrophy, have had great 

strides made to provide genome targeted therapy, comparable progress on genome targeted treatments for 

HSP is lacking. Due to the extensive genetic heterogeneity of HSPs, the rarity of certain HSP subtypes, 

and the diversity of mechanistic disruptions, which cause wide variation in the age of symptom onset, rate 

of degeneration, and an individual’s responsiveness to therapeutics.25 Hence, there is significant clinical 
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interest in improving established therapies and developing new treatments that target the underlying 

molecular disruptions to help those affected by HSPs. 

While the clinical presentation of symptoms is well described, the pathological and genetic 

underpinnings of these disorders remain understudied. It has been shown that the mutations responsible 

for complicated and uncomplicated forms of HSP can be autosomal dominant, autosomal recessive, X-

linked or mitochondrially-inherited and can work through a number of cellular routes. Namely, disease 

mutations can cause disruption of protein folding, mitochondrial function, corticospinal tract 

development, ER morphology, endomembrane trafficking, microtubule-mediated transport, neuroglial 

interactions, or normal lipid metabolism.23,24 Despite having a range of primary cellular etiologies, 

postmortem pathology and clinical MRI studies of patients with HSPs observe similar patterns prominent 

axon demyelination and degeneration in lateral corticospinal tracts and fasciculus gracilis fibers. Severity 

increases in distal portions of the spinal cord as, though additional pathological disruption is typical of 

complicated HSP syndromes.31 Additionally, the corpus callosum and sensory-motor cortices may 

demonstrate reduced axonal projections and thinning of neuronal fibers.23,32 

Specifically, various disruptions to the endomembrane system have been shown to underlie the 

development of HSPs.20,33,34 In particular, HSP57 is caused by a number of point missense mutations in 

the TFG coding regions including the p.R106C20, p.R22W22, p.P285L18 and p.G269V mutations.19 

Of these, the p.R106C mutation has been shown to disrupt the oligomerization of the TFG 

protein, which leads to in vitro deficits in protein trafficking. Clinically, affected individuals achieved 

early developmental milestones, but pronounced leg spasticity and wasting of hands and legs reduced the 

ability to walk and vision problems became apparent by the age of 2.5 years. Electrophysiology 

confirmed demyelination of motor neurons and indicated evidence for additional sensory involvement.20 

This phenotype has been meaningfully recapitulated by our lab in a rodent model (unpublished data). 

Additional evidence from neurons differentiated from iPSCs expressing the R106C mutation in TFG 

indicates that axons of neurons fail to fasciculate into nerve bundles, though the rate of axon outgrowth is 

relatively unaffected. Disruption is thought to be biologically significant in long nerves, such as the spinal 
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sensory and motor nerves. This is specifically related to a deficit in cellular adhesion molecule L1CAM 

trafficking and accumulation of neuron surfaces.35 Thus, the p.R106C mutation decreases export of key 

secretory products in the  

 

Testes morphology and Spermatogenesis 

Spermatogenesis, the process of sperm formation, is a 42-76 day process in humans and occurs in 

13 distinct stages of germ cells.36,37 The quality and quantity of sperm varies significantly between 

individuals and depends on a number of factors including country of subject38, subject weight39,40, age, 

and exposure to environmental factors.41, 42 Studying spermatogenesis in humans will benefit clinicians 

and toxicologists by evaluating direct and indirect effectors of the quality and quantity of sperm 

ejaculated. This in turn may provide treatment options for infertile patients. 

There are multiple cell types that support the development of sperm. Endocrine effects from the 

pituitary or renal cortex may play an indirect role, while the Sertoli and Leydig cells in the testes play a 

direct role in germ cell maturation.43 

Leydig cells are the steroidogenic cells of the testes responsible for the production of testosterone 

in response to luteinizing hormone (LH).43 To respond to LH in the bloodstream, LH receptors are 

trafficked to the cell membrane where they are able to gonadotropins LH and FSH to induce an 

intracellular signaling cascade that leads to a transient increase in testosterone production. These errors in 

receptor trafficking subsequently reduces testosterone levels and underlies hypogonadism in the testes 

resulting from Leydig specific hypoplasia.44 In the presence of functional LH receptor steroidogenesis 

occurs in a series of steps: first cholesterol is mobilized from lipid droplets and transported to the 

mitochondria. Next, in the mitochondria, translocator protein (TPSO) converts cholesterol into 

pregnenolone which is then converted to final steroid products including testosterone in the smooth 

endoplasmic reticulum.45 Recent data suggest that testosterone steroidogenesis may rely on Sec23 

function, indicating that early secretory transport may play a role in the trafficking of steroid cargoes in 

Leydig cells.46 Notably testosterone production is reduced as a result of age and environmental factors 
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owing either to reduced responsiveness to FSH and LH, disruptions in testosterone metabolism, or 

disruption in steroid trafficking.41 

Meanwhile, Sertoli cells are the support cells that most directly influence the quality of sperm. It 

has long been known that Sertoli cells play an essential role in sperm formation via direct contact with 

germ cells and by controlling the environment of the seminiferous tubules.47 The In addition to 

phagocytosing developing spermatids to regulate the local environment in stages from the walls to the 

lumen of the seminiferous tubules48, several key products are secreted from Sertoli cells into the lumen of 

the tubule, including androgen binding protein, transferrin, ceruloplasmin, sulfated glycoproteins 1 and 2, 

inhibit, activin, anti-Mullerian hormone, glial cell line derived neurotrophic factor, and retinoic acid 

among others.49 Also, it is has been shown that Sertoli cells in vitro and in vivo are responsible for the 

production of 3 proteins that are part of the extracellular matrix: fibronectin, collagen IV, and laminin.50,51 

This matrix surrounds myeloid and lymphatic cells to comprise the tunicia propria, the basement 

membrane, which interacts with the seminiferous epithelium to maintain the structure of seminiferous 

tubules and to maintain the integrity of the blood-testis barrier.52 The regulation of spermatogenesis 

occurs by the action of follicle stimulating hormone (FSH)-from the pituitary-and testosterone-from the 

Leydig cells- at the Sertoli cells. Testosterone action is necessary for spermatogenesis while FSH 

increases spermatogenesis by increasing the number of Sertoli cells present.42,53  

Infertility may be caused by a loss of testosterone from Leydig cells48, disruptions in the blood 

testis barrier, or loss of Sertoli cells.54 Specifically, infertility resulting from specific loss of Sertoli cells is 

referred to as Sertoli cell-only syndrome (SCO). These syndromes are of two types.42 Type 1 (also: 

congenital) SCO is characterized by a complete lack of sperm as a result of an error during embryonic cell 

migration; although sperm are absent, seminiferous tubules otherwise appear healthy, with normal shape 

and attachment to membranes. Type 2 (also: secondary/ mixed) SCO is characterized by some residual, 

but greatly reduced, sperm formation as a result of post-embryonic insult. Seminiferous tubules display 

torn or thickened basement membranes and lack uniform elliptical shape.55 Despite its clinical 

prevalence56, the cellular and molecular biology affecting Sertoli function in normal and diseased states 
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remains understudied. Here, we use our rodent model of pR106C to evaluate the role of the early 

secretory pathway in the development and maintenance of testes histology. 

 

RESEARCH FOCUS 

 This project fills a knowledge gap by tracking the morphology of testes and the transport of 

various cargoes using samples collected at multiple postnatal time points from a rodent model expressing 

homozygous and heterozygous variants of p.R106C TFG.  Although the role of the early secretory system 

in the development and maintenance of neurons is becoming increasingly understood, the role of TFG in 

the development and maintenance of testes structure and the transport of key cargoes from the testes 

remains relatively unknown. Thus, our rat model expressing this HSP-causing variant of TFG offers a 

unique opportunity to address the relationship between the early secretory pathway and testes structure. 

Using this model system, we will study the progression of degeneration in the testes in addition to gaining 

an understanding of key cargo transport in the Sertoli and Leydig cells. 

To study these questions, this investigation will focus on the following aims. First, we will 

compare the pathomorphology of testes from animals homozygous for the disease-associated mutation in 

TFG, p.R106C, to wild-type controls at multiple postnatal timepoints using H&E and various 

immunohistochemical stains. Second, we will measure in vivo differences in the distribution of TFG in 

the Sertoli and Leydig cells of testes from animals carrying the disease-associated mutation in TFG, 

p.R106C, and wild-type control animals. Last, we will use immunohistochemistry to assess key secretory 

and membrane-associated proteins- collagen IV, luteinizing hormone (LH) receptor, androgen receptor, 

and translocator protein.  
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Chapter 2 

TFG p.R106C mutation affects testes mass and morphology in vivo 
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ABSTRACT 

The early secretory pathway, in which protein and lipid cargoes are moved from the endoplasmic 

reticulum to the ER to Golgi intermediate compartment (ERGIC), is the first step in the secretion of 

several protein and lipid products from the cell. Despite one third of cellular products relying on this 

pathway, the precise role of the ER to ERGIC transport machinery in development and maintenance of 

tissues architecture is largely unknown. The c.316C>T mutation in Trk-fused Gene (TFG), a highly 

conserved component of the early secretory pathway, causes the p.R106C missense point mutation which 

underlies recessive hereditary spastic paraplegia (HSP. In a rodent model with the disease-associated 

mutation, we observed that homozygous males exhibit infertility and a striking disorganization of 

testicular morphology characteristic of Sertoli cell-only infertility by 8 weeks of age. In this paper, we 

examine testis pathomorphology and show that the Sertoli-only phenotype is caused by a degeneration 

following an early period of normal development. 

 

 

 

 

*Due to the constraints of the COVID-19 pandemic, data collected is limited to testes masses and 

qualitative histology. Additional methods and results will be obtained in the near future. 
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INTRODUCTION 

The trafficking of most protein and lipid cargos begins with export from the endoplasmic reticulum (ER). 

In metazoans, the first step of endomembrane export involves transport over a few hundred nanometers in 

COPII-coated transport carriers from the ER to the ER-Golgi intermediate complex (ERGIC), where 

cargoes are sorted before being introduced to the cis-Golgi.1,2,3,4 This process depends on the efficient 

recruitment and release of the COPII coat from soluble proteins into a two layered multimeric protein 

complex. The inner coat is composed of Sec23/Sec24 components which serve as an adaptor to the outer 

coat which is comprised of Sec13/ Sec31.5,6 After COPII carriers are released from the ER membrane to 

make their way to the ERGIC compartment, vesicles are surrounded by TFG. In addition to tethering 

COPII-coated carriers to the region between the ER and ERGIC, TFG helps to facilitate subsequent 

uncoating of carriers.7, TFG depletion and loss-of-function mutations lead to reduction of protein export 

from ER, accumulation of COPII carriers throughout the cytoplasm, and loss of ER-ERGIC association.8 

This loss of function suggests that TFG functions at the ER to ERGIC interface to concentrate and decoat 

COPII-coated carriers. Thus, mutations to the TFG protein can disrupt this highly conserved early 

secretory pathway and may potentially underlie disease. 

Several point mutations in TFG have been discovered and are believed to disrupt the typical 

oligomerization of the protein and underlie the presentation of symptoms typical of herditary spastic 

paraplegias (HSPs). This class of disease is uniformly characterized by lower extremity weakness-

particularly in the hamstrings, tibialis anterior, and iliopsoas muscles- and spasticity-arising from thoracic 

and lumbar dorsal column impairment. Some mutations give rise to “complicated” HSP syndromes, 

which display additional neurological symptoms including dementia, ataxia, mental retardation, 

neuropathy, distal wasting, loss of vision, epilepsy, or ichthyosis. The p.P285L (c.854C>T) mutation in 

the PQ-rich domain causes an autosomal dominant form of Hereditary Motor and Sensory Neuropathy 

(HMSN; also Charcot-Marie- Tooth disease, CMT).9 The p.G269V (c.806G>T) mutation, also in the PQ-

rich domain, acts in a dominant negative manner to sequester both mutant and wild-type TFG and causes 

dominant HMSN symptoms.10 The p.R106C point mutation (c.316C>T) in the coiled coil domain affects 
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the oligomerization of TFG and causes recessive hereditary spastic paraplegia.11 Last, the p.R22W 

(c.64C>T) mutation was discovered in the Phox and Bem1p (PB1) domain of the TFG also disrupts 

octomerization of TFG in vivo.12 In all, a number of mutations to the highly conserved TFG protein can 

significantly disrupt the early secretory pathway and cause neurological disease, making the link between 

the early secretory path and hereditary spastic paraplegia (HSP), a significant area of study.  

 Spermatogenesis, the process of sperm formation, is a 42-76 day process in humans and occurs in 

13 distinct stages of germ cells.13,14 Endocrine effects from the pituitary or renal cortex may play an 

indirect role, while the Sertoli and Leydig cells in the testes play a direct role in germ cell maturation.15 

LH receptors are trafficked to the Leydig cell membrane where they are able to sense gonadotropins LH 

and FSH in the bloodstream to induce an intracellular signaling cascade that leads to a transient increase 

in testosterone production.16 In the presence of functional LH receptor, steroidogenesis occurs in a series 

of steps: first cholesterol is mobilized from lipid droplets and transported to the mitochondria. In the 

mitochondria, translocator protein (TPSO) then converts cholesterol into pregnenolone which is converted 

into testosterone in the smooth endoplasmic reticulum.17 Recent data suggest that testosterone 

steroidogenesis may rely on Sec23 function, indicating that early secretory transport may play a role in 

the trafficking of steroid cargoes in Leydig cells.18  

Meanwhile, it has long been known that Sertoli cells play an essential role in sperm formation via 

direct contact with germ cells and by controlling the environment of the seminiferous tubules.19 In 

addition to phagocytosing developing spermatids to regulate the local environment in stages from the 

walls to the lumen of the seminiferous tubules20, several key products are secreted from Sertoli cells into 

the lumen of the tubule, including androgen binding protein, transferrin, ceruloplasmin, sulfated 

glycoproteins 1 and 2, inhibit, activin, anti-Mullerian hormone, glial cell line derived neurotrophic factor, 

and retinoic acid among others.21 Also, it is has been shown that Sertoli cells in vitro and in vivo are 

responsible for the production of 3 proteins that are part of the extracellular matrix: fibronectin, collagen 

IV, and laminin.22,23 This matrix surrounds myeloid and lymphatic cells to comprise the tunicia propria, 

the basement membrane, which interacts with the seminiferous epithelium to maintain the structure of 
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seminiferous tubules and to maintain the integrity of the blood-testis barrier.24 Despite its clinical 

relevance25, the cellular and molecular biology affecting Sertoli function in normal and diseased states 

remains understudied. Yet, both basic and clinical research on the R106C mutation have focused on 

disruption in the central nervous system, specifically the spinal cord and motor cortex. Additional focus 

on the development and maintenance of other tissues in rats expressing the R106C variant of TFG may 

allow a more comprehensive understanding of TFG’s importance outside the nervous system and may 

provide additional insights to improve treatment of individuals affected with this form of hereditary 

spastic paraplegia. 

Here, we use our rodent model of p.R106C to evaluate the role of the early secretory pathway in 

the development and maintenance of testes histology. We weigh and visualize the testes of males from 

each genotype at 3, 7, and 13 weeks of age to assess the progression of histology over time. Our results 

indicate that the p.R106C mutation causes homozygous males to develop typically until approximately 7 

weeks of age before displaying a degenerative phenotype between 7 and 13 weeks. 

 

METHODS 

Animals 

Three to six month-old R106C heterozygous (TFGR106C/wt) Sprague Dawley rats (Rattus 

norvegicus) were mated, and adult males were removed upon birth of the litter. Male pups were kept with 

the mother until 18-22 days postnatal before being weaned and housed with 2 to 4 male littermates. Rats 

were given ab libium access to irradiated natural ingredient NIH #31M rat chow and water. Homozygous 

(TFGR106C/R106C), heterozygous (TFGR106C/wt), and wildtype (TFGwt/wt) males with no history of breeding 

(n=3) were then selected from same-sex housing at 3, 6, and 13 weeks for tissue collection. 

All animal use was approved by UW Madison Institutional Animal Care and Use Committee 

(IACUC). Our rodent facility is accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care International (AAALAC). All efforts were made to minimize the suffering of 

animal subjects. 
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Tissue Preparation 

Transcardial perfusion was performed under aseptic conditions while animals were under general 

anesthesia by 5% isoflurane [Patterson Veterinary]. 50-100 mL of 1X phosphate buffer solution (PBS; 

diluted from 10X PBS [Gibco]) followed by 1 mL/ gm body weight (with a maximum of 250 mL)of 4% 

paraformaldehyde [Sigma-Aldrich] in PBS was pumped into the left ventricle at a constant flow rate of 

approximately 1-2 mL/ min as described previously.26 Testes were dissected out, weighed, and fixed 

overnight in 4% paraformaldehyde in PBS at 4o C. Testes were then dehydrated in 70% ethanol overnight 

at 4o C before being embedded in paraffin. 5 μm thick longitudinal sections were prepared as advised by 

the RITA and NACAD guidelines for rodent organ sampling and trimming.27 After rehydrating in 37o C 

distilled water, we mounted paraffin sections onto specimen slides and allowed them to dry overnight. 

 

Histology and Immunofluorescence 

 To visualize the nucleus and cytoplasmic inclusions of cells, hematoxylin and eosin (H&E) 

staining was performed as previously described28 after removing paraffin with xylenes and rehydrating 

tissues through a graded series of ethanol. Slides were then dehydrated through graded ethanol and xylene 

and mounted with Permount [Fisher Scientific]. After drying, slides were cleaned and scanned at 20X 

resolution by uSCOPE HXII digital pathology scanner [Microscopes International] running on uSCOPE 

Navigator HXII software. 

 Immunofluorescence analysis of testes was performed on dried sections. After removing paraffin 

and rehydrating slides as described above, slides were washed with PBS. Then blocking was done using 

5% goat serum in incubation buffer (TBS, 3% globulin-free BSA, 0.5% Triton) for one hour at 25oC. 

Coverslips were incubated with rabbit anti-SOX9 primary antibody overnight at 4oC. Slides were 

subsequently washed in 1X PBS and subsequently incubated with donkey anti-rabbit secondary antibody 

for 45 minutes at room temperature in the dark. Slide covers were then mounted using Vecta Antifade 
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Mounting Medium [Vector].10X images of stained slides were taken on a ImageXpress Micro 4 widefield 

scanning microscope [Molecular Devices]. 

 

Analysis 

 Combined (2) testes masses and body masses were collected for each specimen. Mean and 

standard error was determined for animals with same age and genotype (n=3). 2-way Brown-Forsythe 

ANOVAs followed by Dunnett’s post-hoc tests were conducted to compare between genotypes at each 

time point to determine effect of genotype. To determine the effect of age on body and testes mass, 

Dunnett’s post hoc tests were used to compare average masses of all animals between time points. 

Statistical difference assessed for all comparisons at a significance level of 95% (∝=0.05). Statistical 

analyses were completed using GraphPad Prism Software (v 9.0.1). 

The density of spermatozoa was determined using FIJI cell counter software on section of 

scanned H&E slides determined by ImageJ. For each specimen, five 325μm x 325μm regions away from 

the edges of the tissue were sampled. Mean and standard error were calculated using all regions measured 

from animals with same age and genotype (n=15). 2-way Brown-Forsythe ANOVAs followed by 

Dunnett’s post-hoc comparison was then conducted tot test for statistical difference at a significance level 

of 95% (∝=0.05). (∝=0.05). As with testes masses, all tests were performed in GraphPad Prism (v 9.0.1) 

 Immunofluorescence images were uploaded to IMARIS software (v 9.6.0). Density of Sertoli 

cells was measured by automatically counting spots in a 325μm x 325μm region. For each specimen 5 

regions-away from edges-were measured and mean and standard error were determined using all regions 

counted for animals with similar age and genotype (n=15). Size of Sertoli cells was measured using the 

surface area tool in IMARUS with 10 Sertoli cells for each specimen. 2-way Brown-Forsythe ANOVAs 

followed by Dunnett’s post-hoc tests were again used to test for statistical difference between genotypes 

at each time point using GraphPad Prism software (v 9.0.1) at a significance level of 95% (∝=0.05). 

*Due to the constraints of the COVID-19 pandemic, some procedures have not yet been performed, 

but will be when safety protocol allows. 
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RESULTS 

Testes mass at 13 weeks is decreased by pR106C mutation 

Two-way mixed ANOVA with 

Dunnett’s post hoc comparison was 

conducted to examine the effect of 

age and genotype on body mass 

(Figure 2.1A) and testes mass (Figure 

2.1B).  

There was a statistically 

significant effects of age and 

genotype on the overall body mass of 

3 to 13 week male rats [F(8,5.864)=48.87, p<0.0001]. A Dunnett’s post hoc test revealed that the pooled 

average of total body masses at 3 weeks was statistically lower than either the 7 week (p=0.0450) or the 

13 week (p=0.0029) group, and the 7 week pooled average of body masses was significantly less than at 

13 weeks (p= 0.0352). Using Dunnett’s post hoc comparisons, no statistically significant difference in 

body masses were observed between genotypes at any time point. 

There was a statistically significant interaction between the effects of age and genotype on the 

mass of testes [F(8,10.75)=91.67, p<0.0001]. Using Dunnett’s post hoc comparisons, no statistically 

significant difference in testes masses were observed between genotypes at 3 weeks (pwt/wt;R106C/wt=0.883; 

pwt/wt;R106C/R106C=0.930; pR106C/wt;R106C/R106C=0.674) or 7 weeks (pwt/wt; R106C/wt=0.999; pwt/wt;R106C/R106C=0.990; 

pR106C/wt;R106C/R106C=0.846). However, post-hoc comparison revealed significant difference between the 

testes masses of R106C homozygous individuals compared to either heterozygous (p=0.0068) or wildtype 

individuals (p=0.0301). No significant difference between the testes masses of R106C heterozygous and 

wildtype males was observed (p>0.9999). A Dunnett’s post hoc test revealed that the pooled average of 

testes masses at 3 weeks was statistically lower than either the 7 week (p=0.0104) or the 13 week 
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(p=0.0038) group, but there was no statistically significant difference between the 7 week and 13 week 

testes masses (p= 0.123). Last, while there was reduction between the R106C homozygous individuals at 

13 weeks compared to 7 weeks, this difference was not statistically significant (p=0.3729). 

 

Seminiferous tubules are disorganized in testes of pR106C homozygous males 

 To qualitatively compare the tissue architecture of testes, H&E staining was preformed on 

representative sections for each animal (n=3) of each genotype at 3, 7, and 13 weeks. Sample images are 

provided for each genotype at each time point, with zoomed images provided for detail. 

At 3 weeks (Figure 2.2A), testes of each genotype are elliptical with comparable cross-sectional 

area and diameters. Testes for each genotype contain numerous developing seminiferous tubules with 

some interstitial space between them. Tubules of the wildtype and R106C heterozygous males are packed 

in rows, though tubules of R106C homozygotes are arranged in a less organized manner. However, 

differences at this time point are not yet substantial. 

By 7 weeks (Figure 2.2B) the cross-section of testes increases in all genotypes and the elliptical 

shape of testes is notably elongated. Seminiferous tubules become more tightly packed in the testes of all 

genotypes at 7 weeks compared to the packing of tubules in individuals of the same genotype at 3 weeks. 

However, only tubules in the wildtype and heterozygote are uniform in size and uniformly arranged into 

rows with tight junctions between neighboring tubules. Seminiferous tubules in the testes of R106C 

homozygotes display some elongated tubules, and junctions between neighboring tubules are less tight. 

Interstitial space is moderately increased in homozygotes at 7 weeks compared to the wildtype and 

heterozygote animals. The seminiferous epithelium (arrows) of the homozygotes also appears to be 

thinner compared to either the wildtype or heterozygous individual. 

At 13 weeks (Figure 2.2C), the cross-sectional area of testes increases moderately or stays similar 

in the R106C heterozygous and wildtype individuals, whereas the cross-sectional area of testes decreases 

significantly in R106C homozygous males. Th diameter of seminiferous tubules increases in the 

heterozygote and wildtype animals, while packing remains constant in neatly organized rows. Junctions 
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between neighboring tubules remains tight in heterozygous and wildtype testes. The packing irregularity 

observed in homozygotes at 7 weeks becomes more pronounced at 13 weeks, with no organization of 

seminiferous tubules. Tubules of homozygotes at 13 weeks are elongated and mis-shape; the typical 

elliptical shape of tubules is lost, and the lumen of the seminiferous tubules is no longer apparent. 

Junctions between neighboring cells become very disparate as the interstitial matrix appears to be lost in 

homozygous testes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Representative H&E-stained longitudinal sections 10X images of 3-week (A), 7-week (B), and 13-week (C) testes were taken on a 

ImageXpress Micro 4 widefield scanning microscope [Molecular Devices]. Zoomed images of representative regions are provided, respectively. 

Scale bars are provided for reference. 
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*In the future, better resolution images will allow quantification of sperm nuclei via H&E staining. Since 

sexual maturity is reached around 6 weeks of age, we expect sperm to be absent in 3 week males, but 

present in 7 and 13 week males. Reduction in sperm count would be predicted for R106C homozygous 

males based on the qualitative data and the infertility phenotype. 

 

Figure 2.3 Comparison of spermatozoa density 

 

 

Number and size of sertoli cells decreases in testes of rats with p.R106C TFG  

*In the future, we would also like to use immunohistochemistry to determine whether the observed 

phenotype can be described as a degeneration specific to Sertoli cells, or if Leydig cells may also be 

affected. To determine this, slides will be co-stained for Sox9 and Calretinin to mark Sertoli and Leydig 

cells respectively. Density and dimeters of these cells will then be measured and compared between time 

points and genotypes. 

Figure 2.4: Sox9/ Calretinin stain of representative sections 

Figure 2.5: Quantified Sertoli and Leydig cell density 

Figure 2.6: Sertoli and Leydig cell diameters 

 

DISCUSSION 

The data presented here indicate that the previously observed infertility phenotype is likely due to 

a degenerative phenotype occurring between 7 and 13 weeks following a period of normal development 

up to approximately 7 weeks. This corresponds to typical development before the normal period of 

puberty in Sprague Dawley rats and failure in tissue maintenance after reaching sexual maturity.29 The 

lack of body weight reduction in R106C homozygous males during this same time period indicates that 

this degeneration is specific to the testes as opposed to a general wasting of R106C homozygotes. 

Additionally, the lack of degeneration in heterozygous individuals indicates that this degenerative 

phenotype is recessive, rather than dose dependent, which aligns with the clinical observation that the 
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R106C mutation in TFG causes recessive hereditary spastic paraplegia.30 It nevertheless remains unclear 

whether this observed phenotype is a result of Sertoli-specific degeneration, or if it might be more 

appropriately described as a collective loss of Sertoli, Leydig, and germline cells.  

Previous reports have shown that Sertoli cells play an active role communicating with Leydig 

cells and developing sperm31 and that the basement membrane and underlying collagen network are key 

to maintaining normal junctions between different cell types in the testes.32 Additionally, defects in early 

secretory trafficking due to depletion of TFG has been shown to cause decreased secretion of TFG.33 In 

combination with the qualitative histology presented here, it seems possible that the p.R106C mutation 

may disrupts the secretion of TFG in the testes, leading to defects in the organization of seminiferous 

tubules and causing their degeneration and male-specific infertility. 
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Chapter 3 

TFG p.R106C mutation affects TFG localization and expression of cargoes 

involved in spermatogenesis 

 

 

 

 

 

 

 

 



Testicular degeneration in a rat model expressing p.R106C TFG      Martell 2021  

 

3.2 

 

ABSTRACT 

The early secretory pathway plays a role in the transport of over one third of protein and lipid 

cargoes. In this first step of the endomembrane pathway, cargoes are moved from the endoplasmic 

reticulum (ER) to the ER-Golgi intermediate complex (ERGIC). However, the precise role of the ER to 

ERGIC machinery in the development and maintainance is largely unknown. The c.316C>T mutation in 

Trk-fused Gene (TFG) causes the p.R106C missense point mutation which manifests as recessive 

hereditary spastic paraplegia (HSP). In a rodent model with the disease-associated mutation, we 

previously observed that homozygous males exhibit Sertoli cell-only infertility by 13 weeks of age as a 

result of a degenerative phenotype following normal development. In this paper, we examine the effect of 

the p.R106C mutation on the localization of TFG in Sertoli and Leydig cells. We also measure transferrin, 

ceruplasmin, LH receptor, androgen receptor and TPSO in testes at 3,7, and 13 weeks to evaluate the in 

vivo effect of TFG loss of function on the transport of key cargos in spermatogenesis. 

 

 

 

 

*Due to the constraints of the COVID-19 pandemic, this data has not yet been collected. These 

results will be obtained in the near future. 
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INTRODUCTION 

**This will be written after results from chapter 2 are completed, as those findings may determine the 

appropriate next steps. As of right now, this will include a justification for the cargos being accessed: LH 

receptor and TPSO in Leydig cells, and androgen receptor and collagen IV in Sertoli cells. 

 

METHODS 

Rats 

Three to six month-old R106C heterozygous (TFGR106C/wt) Sprague Dawley rats (Rattus norvegicus) were 

mated, and adult males were removed upon birth of the litter. Male pups were kept with the mother until 

18-22 days postnatal before being weaned and housed with 2 to 4 male littermates. Rats were given ab 

libium access to irradiated natural ingredient NIH #31M rat chow and water. Homozygous 

(TFGR106C/R106C), heterozygous (TFGR106C/wt), and wildtype (TFGwt/wt) males with no history of breeding 

(n=3) were then selected from same-sex housing at 3, 6, and 13 weeks for tissue collection. All animal 

work was approved by UW Madison Institutional Animal Care and Use Committee (IACUC). Our rodent 

facility is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 

International (AAALAC). All efforts were made to minimize the suffering of animal subjects. 

 

Tissue Preparation 

Transcardial perfusion was performed under aseptic conditions while animals were under general 

anesthesia by 5% isoflurane [Patterson Veterinary]. 50-100 mL of 1X phosphate buffer solution (PBS; 

diluted from 10X PBS [Gibco]) followed by 1 mL/ gm body weight of 4% paraformaldehyde [Sigma-

Aldrich] in PBS was pumped into the left ventricle at approximately 30 mL/ min as described previously.1 

Testes were dissected out, weighed, and fixed overnight in 4% paraformaldehyde in PBS at 4o C. Testes 

were then dehydrated in 70% ethanol overnight at 4o C before being embedded in paraffin. 5 μm thick 

longitudinal sections were prepared as advised by the RITA and NACAD guidelines for rodent organ 

sampling and trimming.2 After rehydrating in 37o C distilled water, we mounted paraffin sections onto 

specimen slides and allowed them to dry overnight. 
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Immunofluorescence 

 Immunofluorescence analysis of testes was performed on dried sections. After removing paraffin 

and rehydrating slides as described above, slides were washed with PBS. Blocking was done using 5% 

goat serum in incubation buffer (TBS, 3% globulin-free BSA, 0.5% Triton) for one hour at 25oC. Slides 

were incubated with rabbit primary antibody at a final concentration of 1 mg/mL against corresponding 

marker overnight at 4oC as described previously.3 Slides were washed in 1X PBS and subsequently 

incubated with donkey anti-rabbit secondary antibody for 45 minutes at room temperature in the dark. 

Slide covers were then mounted using Vecta Antifade Mounting Medium [Vector].  

10X images were taken using a swept field confocal microscope [Nikon Ti-E] equipped with a 

Roper CoolSnap HQ2 CCD camera with a Nikon 60X, 1.4NA Planapo oil objective lens. Acquisition 

parameters were controlled by Nikon Elements, and image analysis was conducted using Imaris 

[Bitplane] software.  

 

Analysis 

 Immunofluorescence images were uploaded to IMARIS software (v 9.6.0). Particle tracking, 

volume measurements, and linescan analysis for intensity measurements were conducted in an 

unbiased manner using Imaris software using data from 5 representitive cells of each cell type 

for each specimen. 3-way ANOVAs followed by Tukey’s post-hoc tests were used to test for statistical 

difference between groups at each time point using GraphPad Prism software (v 9.0.1) at a significance 

level of 95% (∝=0.05). 

 

*Due to the constraints of the COVID-19 pandemic, some procedures have not yet been performed, 

but will be when safety protocol allows.   
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RESULTS 

Testes of rats with p.R106C TFG 

To evaluate whether different cell-types are affected differently in wildtype and R106C expressing 

individuals, slides will be stained for calretinin, Sox9, and TFG. Absolute number and density of cells, 

and ratios of cell types will be compared to access if cell populations are affected by mutation. TFG levels 

will be measured by fluorescence in different cell types to determine if expression of TFG depends on 

testis cell-type. 

Figure 3.1: Representative images of testes stained for calretinin (Leydig), Sox9 (Sertoli), and TFG 

Figure 3.2: Number of Leydig cells, number of Sertoli cells, ratios of Sertoli to Leydig (for each time point/ each genotype) 

Table 3.1: TFG levels in Leydig cells and Sertoli cells (for each time point/ each genotype) 

 

Sertoli cells of rats with pR106C TFG  

Trafficking of two key cargoes of Sertoli cells-androgen receptor and collagen- will be measured for each 

genotype at each time point to determine whether the R106C mutation affects the export of these 

products. 

Figure 3.3: Sox9 and androgen receptor 

Figure 3.4: Sox9 and collagen 

 

Leydig cells of rats with pR106C TFG  

To determine if the R106C mutation affects the export of cargoes from Leydig cells, the LH receptor and 

translocator protein will be measured in sections of each genotype at each timepoint. 

Figure 3.5: calretinin and LH receptor 

Figure 3.6: calretinin and translocator protein (TSPO) 

 

DISCUSSION 

Results have not yet been obtained… The findings of this section will contribute to the molecular 

biochemical understanding of testes tissue maintenance and the role of cargo transport from supporting 

cells in the maturation of sperm. 
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Chapter 4 

Discussion and Conclusions 
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RATS TO STUDY DEGENERATION OF TESTES OF INDIVIDUALS WITH p.R106C TFG  

 Given their sexual maturation by 6 weeks of age, male rats demonstrate notable testes 

development during adolescence, which makes it possible to evaluate the impact of mutation of testes 

development and maintenance over the course of the first three to four months. Additionally, cell and 

molecular biology in rat testes has been previously described in detail, making it possible to focus on 

specific pathways known to play a role in developing testes and supporting spermatogenesis. In this work, 

we have shown that Sprague Dawley rats expressing the p.R106C variant of Trk fused gene make a good 

model of male reproductive physiology, in addition to a good model of central nervous system 

degeneration. Specifically, development up to approximately 7 weeks is typical for all genotypes, with 

significant differences in overall testes physiology arising between 7 and 13 weeks. Accordingly, this 

allows our adolescent p.R106C mutated rats to be a robust model of testes degeneration at an easily 

accessible and controllable time-point. 

 

CONCLUSIONS 

 Our measurement of testes masses and quality from wildtype, R106C heterozygous, and R106C 

homozygous rats demonstrates that the infertility phenotype described in preliminary data can be 

described as normal development followed by degeneration. Specifically, testes develop typically until 

approximately 7 weeks, but between 7 and 13 weeks, notable degeneration occurs in the testes of R106C 

homozygous males. Additionally, the phenotype is not present in R106C heterozygous males, suggesting 

that testes degeneration does not occur in a dose dependent manner; one properly functioning allele is 

sufficient to maintain typical testes architecture. 

 The pathological progression of this degeneration may have been due to basement membranes 

being affected by the R106C mutation. This could explain the failure of seminiferous tubules to organize 

typically throughout development as well as the dissociation of tubules from Leydig cells and basement 

membrane at later time points. 
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UNANSWERED QUESTIONS AND FUTURE DIRECTIONS 

 While these initial results are informative regarding the impact of the p.R106C mutation in TFG 

on the progression of the previously observed Sertoli-only infertility, future studies will help to inform 

our understanding of the role of the early secretory pathway in tissue structure. In the future, we 

specifically hope to complete planned investigations, investigate  

First, due to practical challenges posed by the COVID-19 pandemic quantification of different 

cell-types’ ratios and densities and the proposed immunofluorescence studies could not be conducted. We 

hope to complete these studies in the near future to examine the cellular composition or testes as well as 

effects of the R106C mutation on the transport of key cargos involved in spermatogenesis.  

 Additionally, our lab introduced other clinically relevant TFG variants to our rat model, 

including the pR22W1,, p.G269V2,, and p.P285L3 point mutations. Given the variability of these 

mutations’ impacts in the central nervous system and the lack of observed fertility disruptions in males 

expressing other TFG mutations, we hope to preform similar histological studies with males of other 

genotypes . This will allow us to determine whether testes maintenance is also affected in males 

expressing or carrying point mutations in TFG. 

 Finally, it has been previously established that many forms of hereditary spastic paraplegias are 

accompanied by both degeneration and reduced conductivity the central nervous system as well as 

peripheral effects such as muscle wasting, increased incidence of cancer, or vision defects.4 In particular, 

mutation in TFG has been found to correlate with muscle wasting independently of reduced innervation5 

as well as optical deficiency.6 However, comparative studies in rodent models have not been preformed 

despite the clinical significance. By addressing the effect of mutation in these peripheral tissues, we may 

gain a better understanding of how to most comprehensively treat those affected with HSP57. 

In sum, this work has shown that the p.R106C mutation does cause a degenerative phenotype 

between 7 and 13 weeks of age in male Sprague Dawley rats. However, this work also leaves us with 

several unanswered questions and directions for future research. 
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