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Mutations in the adenosine monophosphate deaminase 2 gene (AMPD2) cause 

neurodegenerative disorders known as Pontocerebellar Hypoplasia (PCH) and Heredity Spastic 

Paraplegias (HSP). These diseases are characterized by neurodevelopmental disability and 

neurodegeneration of corticospinal neurons. The developmental impairment of the corticospinal 

neurons in these diseases is not yet understood. Using a mouse model and patient derived 

pluripotent stem cells, the present study looks to characterize the abnormal development and 

degeneration of these neurons. The results of the study show that there is no difference in the 

development or degeneration of corticospinal and other cortical neurons of mice analyzed at 

several developmental and young adult ages. In the future, the stem cell protocol used in the 

study is expected to generate a more physiologically reproducible model of the cortical atrophy 

seen in patients with PCH and HSP.  
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Charactering the Spinal Cord Degenerative Phenotype of the AMPD2 Deficiency 

Advances in patient and disease specific induced pluripotent stem cell technology as well 

as genome sequencing have advanced our understanding of the pathophysiology of various 

neurodevelopmental disorders. These complex diseases are often caused by a variety of genetic 

mutations, and the completion of the human genome uncovered disease risk loci as well as 

genetic variants (Hofker, Fu & Wijmenga, 2014). One of these variants is a mutation in the 

adenosine monophosphate deaminase 2 gene (AMPD2), which leads to two neurodegenerative 

disorders known as Pontocerebellar Hypoplasia and Heredity Spastic Paraplegias (Akizu et al., 

2013). Identifying this mutation has been the basis for the research that has led to a better 

understanding of these complex diseases (Hofker, Fu & Wijmenga, 2014). 

Patients with Pontocerebellar Hypoplasia (PCH) exhibit clinical features including a loss 

of brainstem and cerebellar parenchyma in addition to features of neurodevelopmental errors 

(Akizu et al., 2013). Though patients with Heredity Spastic Paraplegias (HSPs) have the same 

underlying mutation in AMPD2, they have a different clinical presentation, which is 

characterized by corticospinal degeneration (Novarino et al., 2014). The underdevelopment of 

specific brain structures and the degeneration of others suggest that AMPD2 has a role in 

controlling spatiotemporal aspects of neuronal development as well as neuronal degeneration 

(Akizu, n.d.). By better understanding the different types of PCH and HSP, we can improve the 

therapeutic outcomes and advance the understanding of the neurodevelopmental process.  

This paper will begin by describing the clinical features of both PCH and HSP before 

delving into the neuroimaging features that define these disorders as well as the function of the 

gene of interest, AMPD2. The development of the corticospinal system is then discussed in order 

to define how the system typically develops and how in the current study we will attempt to use a 



Characterizing the Spinal Cord Degenerative Phenotype of AMPD2 Deficiency 4 

mouse model and stem cells to elucidate the role of AMPD2 in the development of this 

population of neurons. This will ultimately give us a better understanding of the development of 

neurological changes that underlie these disorders enabling us to identify therapeutic points of 

interest.  

Clinical Features of Pontocerebellar Hypoplasia  

A fetal MRI from a Middle Eastern family showed that the brain abnormalities associated 

with PCH are present as early as 30 weeks’ gestation (Marsh et al., 2015). In addition to the 

structural abnormalities, patients with PCH also present with early onset neurodevelopmental 

disability (Marsh et al., 2015). A study by Marsh et al. (2015) found that individuals with the 

mutation also showed absent lower limb reflexes, lower extremity wasting, and low amplitude 

motor responses with a reduction in motor nerve conduction velocity (Marsh et al., 2015). 

Furthermore, patients often show common dysmorphic features including large and posterior 

rotated ears, sloping forehead, mottled and fragile teeth with multiple cavities, mandibular 

hypoplasia, and upper lateral incisor agenesis (Accogli et al., 2017).  

Subtypes of PCH. Thus far, more than eleven different subtypes of PCH have been 

reported (Namavar et al., 2011; “Pontocerebellar Hypoplasia,” 2017). All of the subtypes have 

different cytogenetic locations and each of the subtypes share symptoms such as cognitive and 

motor deficits as well as seizure activity (Namavar et al., 2011; “Pontocerebellar Hypoplasia,” 

2017). In addition, the PCH patients display pre-natal or early postnatal onset of characteristic 

structural changes including progressive microcephaly and atrophy of the cerebellum and pons 

(Namavar et al., 2011). Unfortunately, treatment for PCH can only attempt to reduce the severity 

of these symptoms and the majority of these patients die during childhood (Namavar et al., 
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2011). The various clinical features and subtypes of PCH help elucidate the role of AMPD2 in 

proper neural development. 

Clinical Features of Heredity Spastic Paraplegias 

For every 100,000 individuals, Heredity Spastic Paraplegias affects roughly 3 to 10 

individuals and it is characterized by a progressive age-dependent loss of corticospinal motor 

tract function (Novarino et al., 2014). The loss of corticospinal tract (CST) functions leads to 

symptoms including axonal degeneration as well as progressive lower limb spasticity (Novarino 

et al., 2014). The progressive limb spasticity is a result of degeneration of the corticospinal motor 

neurons that project to the lumbar region of the spinal cord (Greig et al., 2013). These symptoms 

of AMPD2 HSP appear early on in the child’s life (Novarino et al., 2014).  

The diagnostic criteria for HSP include the presence of HSP related symptoms including 

neurological signs of bilateral lower limb spasticity and family history of the disease (Fink, 

2006). The current treatment for HSP involves symptomatic reduction of muscle spasticity as 

well as physical therapy to improve strength and gait (Fink, 2006). Unlike PCH patients, HSP 

patients may survive childhood, but the symptoms will continue to worsen over the course of 

their life span (Fink, 2006). By comparing cases of HSP and PCH, we can better understand how 

differences in gene expression may lead to differences in neural development.  

Neuroimaging Features of PCH and HSP 

Neuroimaging is often used to identify the structural abnormalities of PCH and HSP 

(Severino et al., 2017). These neurodegenerative morphological differences can be used to 

diagnose the patient (Severino et al., 2017). These differences typically arise as a result of 

impaired neuronal development (Severino et al., 2017). Patients who have pontocerebellar 

hypoplasia as a result of a mutation in AMPD2 often present with a figure 8 shaped structure in 
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the midbrain (Severino et al., 2017). Other structural changes seen in neuroimaging of PCH 

patients include hypoplasia, enlarged lateral ventricles, thinning of the corticospinal tracts, small 

hypertensive basal ganglia, cerebellar hemispheric atrophy, callosal hypoplasia, periventricular 

leukoencephalopathy, hypointense thalami, total or partial absence of corpus callosum, and 

periventricular white matter involvement (Severino et al., 2017).  

A small, flattened pons is also evident in PCH patients (Marsh et al., 2017). In severe 

cases, the flattened pons is a result of progressive degeneration of the brainstem and cerebellum  

(Marsh et al., 2017). AMPD2 is the prominent AMPD ortholog in the cerebellum, which 

explains why damage is worse in the cerebellum than in other regions such as the cerebral cortex 

where multiple isoforms such as AMPD2 and AMPD3 are expressed (Marsh et al., 2017). These 

regional differences can show which regions are more dependent on guanine and adenosine 

triphosphates during development, which can help show why certain regions undergo greater 

degrees of neurodegeneration than others in PCH and HSP (Marsh et al., 2017).  

Another imaging feature of PCH is the shrinkage of corticospinal cerebral peduncles 

(Marsh et al., 2017). The cerebral peduncles consist of the axons of corticospinal motor neurons 

and the shrinkage is a result of the degeneration of this population of neurons (Marsh et al., 

2017). The degeneration and shrinkage is not as severe in HSP, but the axons are still 

dysfunctional (Marsh et al., 2017). HSP typically lacks the structural brain defects seen in PCH 

(Marsh et al., 2017). For example, in HSP, the cerebellum is normal; however, in PCH, there is 

visible degeneration of the cerebellum (Accogli et al., 2017; Akizu et al., 2013). Though the 

structural abnormalities are typically different in PCH and HSP, some cases of HSP have shown 

abnormal structures in patients’ brains that mimic the morphological changes seen in PCH 

patients (Marsh et al., 2017). These changes can be seen in Figure 1. After collecting 
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neuroimaging of the patient’s’ brain, genetic testing is used to confirm that the child has an 

AMPD2 mutation (Severino et al., 2017). The neuroimaging can highlight the 

neurodevelopmental differences in the two diseases, which can enable us to determine why there 

are differences in clinical presentation of PCH and HSP. 

Normal Function of AMPD2 and its Paralogs 

The implicated gene, AMPD2, plays a role in maintaining the cellular guanine nucleotide 

pools, which is accomplished by regulating the feedback inhibition of adenosine derivatives on 

de novo purine synthesis (Akizu et al., 2013). AMPD2 encodes an adenosine monophosphate 

(AMP) deaminase homolog, which is responsible for converting AMP to inosine monophosphate 

(IMP) and an amine (Akizu et al., 2013). The conversion between the AMP and a nucleoside 

triphosphate to IMP and a nucleoside monophosphate is part of the purine nucleotide cycle 

(Marsh et al., 2017).  

Because of AMPD’s role in converting between AMP and IMP, it makes sense that its 

activity is affected by the availability of AMP in the cell (Hancock, Brault & Terjung, 2006). 

The availability of AMP in the cell is dependent upon the rate of ATP hydrolysis in the cell at a 

given point in time such that greater amounts ATP hydrolysis leads to more AMP availability in 

the cell (Hancock, Brault & Terjung, 2006). The relationship between these nucleotides not only 

protects the energy state of the cell, but it also helps regulate protein synthesis in the cell 

(Hancock, Brault & Terjung, 2006; Marsh et al., 2017).  

AMPD2 is expressed throughout the body; however, no other organ pathology has been 

associated with these neural pathological changes (Akizu et al., 2013). Even though there are no 

case reports of other organ systems involved in PCH or HSP, AMPD2 mutant mice have shown 

proteinuria as well as nephrotic syndrome (Accogli et al., 2017). Evidence that AMPD2 is 
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expressed throughout the body can be seen in patient cells where the AMPD2 gene product is 

nearly absent and AMP deaminase activity is significantly reduced (Akizu et al., 2013).  

There are additional changes that can be seen in the neural progenitor cells of patients 

with AMPD2 mutations. In the neural progenitor cells of patients with this mutation, there is a 

marked increase in adenosine nucleotides and a marked decrease in guanine nucleotides (Akizu 

et al., 2013). The guanine depletion is associated with a marked decrease in GTP, which can 

impact protein synthesis in these patients (Akizu et al., 2013). The abnormal levels of adenosine 

and guanine nucleotides are also thought to be a result of alterations to the guanosine-

5’triphosphate-dependent initiation of protein translation (Accogli et al., 2017). 

It has been shown that the administration of purine precursors in vitro can be used as a 

potential rescue therapy (Accogli et al., 2017). The administration of these purine precursors can 

help recover the GTP dependent initiation of protein translation (Akizu et al., 2013). However, 

this treatment can also block the normal functioning of de novo purine nucleotides, which can 

ultimately lead to cellular toxicity and guanine nucleotide deficiency (Akizu et al., 2013). 

The other AMPD2 mammalian AMP deaminase paralogs include AMPD1 and AMPD3 

(Akizu, n.d.). AMPD1 is primarily expressed in the muscle and homozygous mutations can lead 

to exercise induced muscle weakness (Akizu, n.d.). AMPD3, like AMPD2, is found throughout 

the body and homozygous mutations in the gene can lead to asymptomatic erythrocytic 

accumulation of adenine nucleotides (Akizu, n.d.). AMPD3 is knocked out in addition to 

AMPD2 in the double knockout (dKO) mouse model used to study AMPD2 mutations (Akizu, 

n.d.).  

 AMPD is found of variety of eukaryotes other than humans and mice (Mahnke-Zizelman 

et al., 1996). In humans, the gene is located in the short arm of chromosome 1 at position 13.3 
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and spans roughly 14 kb of genomic DNA (“AMPD2 gene,” 2017; Mahnke-Zizelman et al., 

1996). Within this stretch of DNA, there are nineteen exons and eighteen introns (Mahnke-

Zizelman et al., 1996). Two 5’ exons known as 1A and 1 B are located upstream in the gene 

while the remaining seventeen exons are located in the 3’ terminal of the gene (Mahnke-

Zizelman et al., 1996). Alternative splicing of the gene generates isoforms that contain either 

exon 1A or exon 1B (Mahnke-Zizelman et al., 1996). Both of these exons contain an initiation 

codon as well as promoter activity (Mahnke-Zizelman et al., 1996).  

Research has shown an additional region of the gene that is important to normal neural 

function. This region involves the N-terminal domain, which has been demonstrated to play a 

crucial role in preventing motor neuron degeneration (Thauerer, Nedden & Baier-Bitterlick, 

2012). This is important in the case of PCH, since AMPD2 human isoforms have divergent N-

terminals due to alternative splicing in addition to variation in the promoters (Marsh et al., 2017). 

The disease phenotype is associated with several other gene mutations including 

premature stop codons as wells as mutations that impact the integrity of 𝛼 helices (Akizu et al., 

2013). These mutations change the polarity, charge, or helical propensity of the amino acids 

involved in the structure of the 𝛼 helices (Akizu et al., 2013). These missense mutations 

destabilize AMPD2 and result in the degradation of the abnormal protein (Marsh et al., 2017). 

Several other genes play an important role in the functioning of adenosine and can also 

be mutated in the case of HSP (Thauerer, Nedden & Baier-Bitterlick, 2012; Jinnah, Sabina & 

Van Den Berghe, 2013). One of these genes is known as ENTPD1 (Thauerer, Nedden & Baier-

Bitterlick, 2012). ENTPD1 encodes an ectonuclease that helps hydrolyze adenosine nucleotides 

in the synaptic cleft (Thauerer, Nedden & Baier-Bitterlick, 2012). Another one of these 

implicated genes is known as NT5C2 (Thauerer, Nedden & Baier-Bitterlick, 2012). This gene 
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codes for a downstream cytosolic purine nucleotide 5’ phosphatase (Thauerer, Nedden & Baier-

Bitterlick, 2012).  

Purine nucleotides including adenosine play an important part in neuroprotection and 

development (Thauerer, Nedden & Baier-Bitterlick, 2012). Thus, mutations that alter the 

functioning of AMPD2, ENTPD2, or NT5C2 can sensitize neurons to stress and injury 

(Novarino et al., 2014). The function of the AMPD2 gene as well as the different mutations that 

can occur within the gene gives us a better understanding of the differences between HSP and 

PCH. 

Correlation Between Mutations and Phenotypic Severity of AMPD2 Deficiency  

The affected children are typically of Middle Eastern origin and are born to parents who 

carriers of the AMPD2 mutation (Severino, Rossi & Striano, 2017). Though the parents possess 

the mutant gene, one normal copy of the gene provides enough of the protein product to produce 

a normal phenotype without signs of PCH or HSP (Severino et al., 2017). Their children are 

usually born following a normal pregnancy; however, they begin to show developmental delay 

after the first few months of life (Severino et al., 2017). As the child grows older, additional 

symptoms such as peripheral axonal neuropathy may begin to appear around the time of the 

child’s child’s first birthday (Marsh et al., 2017). The patients at this point may present with 

additional clinical features including progressive spasticity, lack of motor skill acquisition, 

epilepsy, microcephaly, and facial dysmorphism (Severino et al., 2017). These children often die 

shortly following diagnosis (Severino et al., 2017).  

The different subtypes associated with PCH display different underlying genetic 

mutations (Namavar et al., 2011). Most of these mutations are seen in the genes of the tRNA 

splicing endonuclease subunits, but other mutations can found in the gene for the nuclear 
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encoded mitochondrial arginyl- tRNA synthetase (Namavar et al., 2011). These mutations like 

the mutation in AMPD2 impact protein synthesis and tRNA processing (Namavar et al., 2011).  

There are also a variety of mutations that can attribute to the development of HSP (Fink, 

2006). These mutations can be autosomal dominant, autosomal recessive, or X-linked and can 

result in biochemical abnormalities including disturbances in golgi function, mitochondrial 

function, primary axonal transport, myelination, and corticospinal tract development (Fink, 

2006).  This variation in the mutations associated with the disease results in variations in the age 

of onset for the associated symptoms such that symptoms can appear early on in childhood for 

some patients and appear near the end of an individual’s life in other patients (Fink, 2006).   

In both disorders, the number of isoforms affected influence the disease severity. For 

example, the missense mutation p. (Cys107Alafs*80) disrupts only 3 of the 5 known AMPD2 

(Marsh et al., 2015). This functional redundancy may be responsible for variation in disease 

severity (Marsh et al., 2015). Knockout mice have been used to test this notion and have shown 

that targeted knockout of AMPD2 alone is not sufficient to generate the brain phenotype, but 

knockout of 2 AMP deaminase homologs is sufficient to generate the desired phenotype (Marsh 

et al., 2015). Thus, the number of isoforms affected correlates with the severity of the disease.  

There are other various mutations in AMPD2 that lead to variation within PCH as well as 

variation between PCH and HSP. For example, there is a heterozygous mutation (c.1664>T; 

c1112+1 G>A) that is found in PCH9 (Severino et al., 2017). An additional mutation implicated 

in PCH9 involves the recessive homozygous frameshift mutation c.495delG (p. R165fs*21) that 

is located outside the catalytic domain and associated with a severe phenotype similar to the ones 

seen in c.751C>T (p. R251W) (Accogli et al., 2017). Another mutation involved in PCH9 is a 
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homozygous variant (NM_001257360.1:c751C>T, p. [Arg251Trp]) found in an exon located in 

all five mRNA isoforms for AMPD2 (Marsh et al., 2017).   

In addition, a stop gain mutation seen in PCH (NM_001257360.1:c2256C>G, p.Tyr752*) 

has been found in Middle Eastern families that carry the disease causing allele (Marsh et al., 

2015). A homozygous frameshift mutation c.495delG (p.R165fs*21) has also been identified in 

patients and has been shown to segregate following a recessive model of inheritance (Accogli et 

al., 2017). In HSP, a truncating variant (c.319delT, p.[Cys107Alafs*80]) disrupts three isoforms 

of AMPD2 and results in HSP type 63 (Severino et al., 2017). The differences in affected 

isoforms underlie the different clinical features of HSP and PCH in addition they may also 

impact the development of the corticospinal neurons responsible for these features.  

Genetic Testing for PCH and HSP  

It is notable that children who go on to develop PCH or HSP develop normally in utero 

until several weeks in to gestation when signs of abnormality begin to appear (Akizu et al., 

2013). PCH can often be diagnosed prenatally by ultrasound as early as week 20 of gestation 

(Akizu et al., 2013). In addition to ultrasound detection, prenatal genetic testing can also be used 

to detect both PCH and HSP (Fink, 2006). Currently, there are few commercially available 

genetic tests for HSP genes, but this number is continuing to grow as more of HSP gene 

mutations are identified (Fink, 2006). However, one of the limitations for prenatal genetic testing 

is the fact that the entire exome or genome must be sequenced in order to locate the mutation 

(Fink, 2006). 

As new HSP mutations are identified in patients, the mutation can be added to a database 

that can be used for prenatal genetic testing (Fink, 2006). Prenatal testing is also available for 

PCH when family history indicates that the fetus has a high risk of developing PCH (Namavar et 
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al., 2016). For example, the TSEN54 mutation is commonly tested in families with a history of 

PCH (Namavar et al., 2016). In both of these situations, the family must know the PCH variant 

that runs in their family in order for testing to be successful (Namavar et al., 2016). For both 

HSP and PCH, genetic testing is usually used to confirm diagnosis in affected patients and is 

usually not used to determine the risk for asymptomatic relatives (Fink, 2006). Using a patient’s 

genotype, we can collect patient cells for the use of induced pluripotent stem cell cultures in 

order to better understand the development of corticospinal cells containing these various 

mutations.  

Development of the Corticospinal System 

To understand the role of AMPD2 in the spinal cord, one must understand how the 

corticospinal system develops. The corticospinal system, which connects the frontal and anterior 

parietal lobes with the grey matter of the spinal cord, is the last motor system to develop (Olivier 

et al., 1997). At the start of development, the corticospinal neurons are distributed throughout the 

frontal and parietal lobes as well as parts of the occipital and temporal lobes (Olivier et al., 

1997). Later on, the neurons are limited to the posterior, frontal, and anterior parietal lobes as a 

result of widespread cell death and the elimination of axon branches that project to the spinal 

cord (Olivier et al., 1997). These developmental processes may impacted as a result of AMPD2 

mutations ultimately giving rise to the clinical features of HSP and PCH. 

Neuronal Development. On the molecular level of neural development, several models 

have been proposed that describe the creation of various neural progenitor lineages (Greig et al., 

2013). One of these models suggests that initially there is only one lineage of progenitors and 

that this initial lineage generates all of the different subtypes of projection neurons (Greig et al., 

2013). Over the course of development, the competence of a progenitor to generate different 
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subtypes of neurons becomes increasingly limited (Greig et al., 2013; Frantz & McConnell, 

1996; McConnell, 1988; McConnell & Kaznowski, 1991). An alternative model suggests that 

neuronal subtypes are generated from independent lineages of progenitors (Greig et al., 2013; 

Molyneauz et al., 2009; Nieto et al., 2004; Zimmer et al., 2004). It is possible that the former 

model is correct such that a set of progenitors give rise to neurons of one lineage and can later on 

commit to different lineages (Greig et al., 2013). However, it is also possible that the latter 

method is correct such that progenitors commit to independent lineages prior to neurogenesis 

(Greig et al., 2013).  

Prior to the differentiation of progenitors, the telencephalic wall is composed of 

undifferentiated neuroepithelial cells (Greig et al., 2013). These cells begin to differentiate into 

the radial glia that give rise to additional classes of neural progenitors (Greig et al., 2013; Noctor 

et al., 2007; Noctor et al., 2004). These radial glia cells divide asymmetrically in order to 

generate additional radial glia cells as well as intermediate progenitors or neurons (Greig et al., 

2013; Miyata et al., 2001; Rakic, 1971). The primary progenitor population for cortical neurons 

is neuroepithelial ventricular zone cells (Shi et al., 2011). However, other progenitors such as 

basal progenitors and outer subventricular zone cells have also been found to be involved in 

cortical neuron development (Shi et al., 2011). 

Human cortical neurogenesis lasts over 70 days while the process takes only six days in 

mice (Shi et al., 2011). During neurogenesis the neurons located in deeper layers of the brain 

develop before the neurons located in upper layers (Shi et al., 2011). As neurons are formed, they 

migrate away from the ventricular surface in order to segregate from progenitors and to form the 

preplate (Greig et al., 2013; Marin-Padilla, 1978; E. Raedler & A. Raedler, 1978). Neurons born 

early on in the process populate deep neocortical layers including layer VI and layer V (Greig et 
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al., 2013). Corticospinal projection neurons are generated from layer V (Greig et al., 2013). 

These neurons extend axons to various targets in the brainstem and spinal cord (Greig et al., 

2013).  

Neurons that are formed later on in the process migrate into the preplate in order to 

establish the cortical plate (Greig et al., 2013; Luskin & Shatz, 1985). These neurons populate 

more superficial layers including layer IV, layer II, and layer III (Greig et al., 2013). These 

different cortical projection neurons then begin to form microcircuits between adjacent cortical 

layers before going on to develop longer-range cortical connections such as those in the 

corticospinal tract (Shi et al., 2011). This process of progenitor generation and migration can be 

seen in Figure 3. 

Factors that Impact Neuronal Specialization. The processes of specifying the neuronal 

subtype, area, and the timing of the specification are all interdependent events (Greig et al., 

2013). Morphogens and signaling molecules from patterning centers help initiate the process of 

neocortical arealization (Greig et al., 2013; Grove & Fukuchi-Shimogori, 2003). One morphogen 

known as fibroblast growth factor 8 (FGF8) has been shown to impact the area identity of 

neuronal populations (Bachler & Neubuser, 2001; Crossley & Martin, 1995; Greig et al., 2013; 

Maruoka et al., 1998; Shimamura & Rubenstein, 1997). Manipulating morphogen signaling as 

well as ventricular zone (VZ) transcription factor expression can influence both the location and 

the size of various cortical areas (Greig et al., 2013).  

VZ transcription factors such as paired box gene 6 (Pax6) are expressed in gradients 

(Greig et al., 2013; Gulisano et al., 1996; Walther & Gruss, 1991). The location of progenitors in 

these gradients determines the differentiation of the neuronal cell lineage (Greig et al., 2013; 

Gulisano et al., 1996; Walther & Gruss, 1991). For example, rostral expression of trans-acting 
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transcription factor 9 (Sp8) and Pax6 drive progenitors to specify into motor neurons (Greig et 

al., 2013; Liu, Dwyer & O’Leary, 2000; Sahara et al., 2007; Waclaw et al., 2006; Zhou, S. Y. 

Tsai & M. Tsai, 2001). Transcription factors have been shown to repress one another, which 

indicates that rather than directly specifying the identity of a neural progenitor, these 

transcription factors may specify the identity of a neural progenitor by inhibiting the progenitor 

from differentiating into a different subtype (Greig et al., 2013).  

In addition to positional information, postmitotic controls help determine the identity of 

progenitors (Greig et al., 2013). For example, LIM domain only 4 (Lmo4) and basic helix-loop-

helix domain-containing class B5 (Bhlhb5) influence the precise boundaries between different 

progenitors (Greig et al., 2013). Lmo4 also impacts the ratio of brainstem-to-spinal cord-

projecting corticospinal neurons in the rostral motor cortex (Cederquist et al., 2013; Greig et al., 

2013). Additional post-mitotic controls of corticospinal neurons such as orthodenticle 

homologue 1 (Otx1) influence pruning (Greig et al., 2013; Weimann et al., 1999). Otx1 is also 

important for connectivity between corticospinal neurons (Greig et al., 2013; Weimann et al., 

1999). Area specialization is dependent on both the connectivity and ratios of projection neuron 

subtypes (Greig et al., 2013).  

Factors that Influence Axon Growth During Neural Development. There are multiple 

signaling events such as neurotrophin signaling cascades that regulate corticospinal motor 

neuron axon growth. During development, neurotrophins play a role in the proliferation, 

differentiation, survival, and growth of neuronal populations (Huang et al., 2015). These 

neurotrophins including brain-derived neurotrophic factor can bind to different tropomyosin-

related kinase (Trk) receptors (Huang et al., 2015). The binding of neurotrophins to their target 

receptors can help regulate cell survival and axonal growth (Huang et al., 2015).  
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Transcription factors such as Fezf2 and COUP-TF interacting protein 2 (Ctip2) also play 

a major role in the specification and development of corticospinal neurons (Greig et al., 2013). 

Fezf2 is necessary for the specification of corticospinal neurons as well as for the development 

of corticospinal neurons (Greig et al., 2013). The latter role is a result of Fezf2’s downstream 

effects on Ctip2 function (Greig et al., 2013). If Ctip2 is not activated by Fezf2, corticospinal 

neurons show deficits in axonal outgrowth, which can lead to the inability of corticospinal 

neurons to reach the spinal cord (Greig et al., 2013). Thus, both neurotrophins and transcription 

factors contribute to axon out growth ultimately impacting neuronal connectivity.  

Refinement of Neuronal Connectivity. Following neuronal differentiation, neurons 

begin to develop further by establishing connectivity and by undergoing structural changes such 

as myelination (Eyre, 2007). Twenty-four weeks after conception, human corticospinal axons 

reach the lower cervical spinal cord (Eyre, 2007). A few weeks later the axons have innervated 

the grey matter of the spinal cord (Eyre, 2007; Eyre, 2005; Eyre et al., 2000). Then, a period of 

refinement begins during which a series of plastic changes occur (Eyre, 2007; Eyre et al., 2001a). 

For example, during this period of refinement, any redundant branches that innervate the grey 

matter are eliminated from areas such as the ventral and dorsal horn (Huang et al., 2015). These 

first few weeks of refinement and maturation define a critical period for spinal cord development 

(Huang et al., 2015). Forty weeks after fertilization, the corticospinal axons begin to undergo 

myelination and begin to express neurofilaments (Eyre, 2007). Myelination, however, will not be 

complete until after the second decade of life (Olivier et al., 1997).  

During the final trimester of pregnancy, monosynaptic corticospinal projections are 

established between corticospinal neurons and motor neurons as well as between corticospinal 

neurons and spinal interneurons (Eyre, 2007; Eyer, 2005; Eyre et al., 2000). The early 
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corticospinal innervations that occur prior to birth set the groundwork for the activation of the 

corticospinal system (Eyre, 2007; Eyre, 2005; Eyre et al., 2001a; Eyre et al. 2000). During the 

postnatal period, the refinement of corticospinal terminations occurs (Olivier et al., 1997). This 

process involves both the elimination of transient terminations as well as the growth of new 

projections (Olivier et al., 1997). These changes are dependent on the level of neural activity in 

other motor cortical areas and on the level of motor control experience (Olivier et al., 1997). 

These corticospinal inputs are critical to normal spinal cord maturation, which is evident in the 

fact that the spinal motor network will not fully mature in a mouse with an isolated cortex 

(Huang et al., 2015).  

When sensory information is introduced, the activity in the system as well as the input of 

sensory stimuli helps to shape the development of the corticospinal connectivity (Eyre, 2007; 

Eyre, 2005; Eyre et al., 2001a; Eyre et al. 2000). The terminals that are activated by these 

changes are more competitive than their less active counterparts, which enable them to secure 

more synaptic space (Olivier et al., 1997). This is evident in the fact that when activity blockade 

or limb disuse occurs during development, there is a resulting loss of corticospinal terminal 

postsynaptic space and connections (Olivier et al., 1997). The loss of terminal space and 

connectivity cannot be regained once activity returns to normal levels (Olivier et al., 1997). To 

understand how AMPD2 is involved in these developmental processes, we will utilize a mouse 

model as well as a stem cell model.  

Mouse Models for the Study of AMPD2 Deficiency  

A mouse model is used to study the molecular pathogenesis of this mutation (N. Akizu, 

personal communication, 2017). However, unlike patients with an AMPD2 mutation, AMPD2 

knockout mice are healthy and posses structurally normal brains (N. Akizu, personal 
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communication, 2017). This may be due in part to the fact that there is additional buffering of 

neuronal vulnerability to purine metabolism in mice, since AMPD2 and AMPD3 equally 

contribute to AMP deaminase activity in a mouse brain (N. Akizu, personal communication, 

2017). Another possible explanation is that mice posses a functional redundancy of paralog 

proteins (N. Akizu, personal communication, 2017).  

When both AMPD2 and AMPD3 are knocked out, mice show reduced brain size as well 

as neuronal death in the cerebellum, cortex, and CA3 region of the hippocampus after postnatal 

day 15 (N. Akizu, personal communication, 2017). The mice also show deficient brain AMP 

deaminase activity (N. Akizu, personal communication, 2017). These changes may be a result of 

developmental impairment in the form of cell death, reduction of progenitor proliferation, or 

impaired development of specific types of neurons (N. Akizu, personal communication, 2017). 

Together these changes have the ability to impair postnatal neuronal survival (N. Akizu, personal 

communication, 2017). Thus, these double knockout mice can be used to learn more about the 

role of AMP deaminases in neural development and degeneration (N. Akizu, personal 

communication, 2017).  

Another technique used in generating a mouse model involves transplanting human 

pluripotent stem cells into a mouse model of a given neurodegenerative disorder (Espuny-

Camacho et al., 2017). This method has been used to derive cortical neuron precursors from 

pluripotent stem cells (PSCs) in a murine model of Alzheimer’s Disease (AD) (Espuny-Camacho 

et al., 2017). The PSCs were able to successfully integrate and differentiate within the mouse 

brain (Espuny-Camacho et al., 2017). This methodology may be more successful than traditional 

animal models of neurodegenerative diseases because the transplanted neurons have the 

capability to show types of neurodegeneration that cannot be replicated in the context of a typical 
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mouse model (Espuny-Camacho et al., 2017). For example, there is a difference between human 

and murine responses to Amyloid-𝛽 in vivo, which demonstrates a short-coming in traditional 

animal models as well as the potential for PSCs to provide a new avenue of modeling that can be 

more representative of human pathological changes (Espuny-Camacho et al., 2017).  

For AD, the neuronal loss seen in humans with the disease is not evident in animal 

models of the disease (Espuny-Camacho et al., 2017). When the PSCs were transplanted into the 

mouse model of AD, the results showed a significant decrease in the number of neurons in the 

human cells (Espuny-Camacho et al., 2017). The transplanted human neurons also showed 

changes at the level of transcription that mimicked the transcription level changes found in 

patients with AD (Espuny-Camacho et al., 2017). Another added benefit of this methodology is 

that growing the neurons within the brain is a more naturalistic setting than growing and 

studying these cells in a culture (Espuny-Camacho et al., 2017). Being able to produce models 

that more closely reflect the pathological changes present in the brains of individuals with 

neurodegenerative disease can ultimately aid in the discovery of novel therapeutic approaches as 

well as aid in the development of a better understanding of the etiology of these diseases.  

Stem Cells 

In the case of PCH and HSP, a stem cell model is more useful than a mouse model, since 

mice do not have the same AMPD2 isoforms as humans (N. Akizu, personal communication, 

2017). Thus, the stem cell model in the current study will give us a better understanding of the 

role of AMPD2 in neural development in humans.  

Stem cells are undifferentiated cells with the capacity to differentiate into any of the cell 

types found in the body (Lindvall, Kokaia & Martinez-Serrano, 2004). It has been proposed that 

there may be a therapeutic benefit to transplanting these cells or their derivatives into an adult 
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brain (Lindvall et al., 2004). Beyond their therapeutic usage, they are commonly used to 

understand the development of human cells. For example, stem cells are being used in the 

current study in order to help classify the development of human corticospinal neurons and the 

role of AMPD2 in this process (Lindvall et al., 2004).  

The development of the neurons of interest from pluripotent stem cells in vitro is 

dependent upon several factors (Shi et al., 2011). One of which is retinoid signaling (Shi et al., 

2011). Research has shown that the induction of cortical neuroepithelial stem cells from human 

embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) is dependent 

on retinoid signaling (Shi et al., 2011). Retinoid signaling is thought to accomplish the 

differentiation of cortical tissue in a concentration dependent manner (Shi et al., 2011). In 

addition, combining retinoid signaling while simultaneously inhibiting SMAD signaling 

promotes neural induction (Shi et al., 2011). This information can help us develop processes that 

can be used to differentiate pluripotent stem cells in to neurons of interest, and can ultimately be 

used in the creation of cell therapies for a range of disorders including PCH and HSP.  

Cell Therapy 

Early on in the development of the corticospinal system, corticospinal terminals can 

activate spinal neurons (Olivier et al., 1997). It is this generation of connectional specificity that 

allows the system to express the motor functions that it controls (Olivier et al., 1997). Damage to 

this system during development will impair motor control for the rest of the organism’s life 

(Olivier et al., 1997). Since the AMPD2 mutation alters the development of the corticospinal 

system in utero, techniques such as stem cell therapy can be potentially used to replace the 

damaged neurons in patients (Olivier et al., 1997).  
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Cell therapy provides benefits over other stem cell based therapeutic measures such as 

gene therapy. Gene therapy involves altering the course of genetic diseases by using viral vectors 

to deliver wild type DNA or RNA (“What is gene therapy”). Cell therapy, on the other hand, 

involves restoring dead cells (“Stem Cell Information,”2016). In the case of PCH and HSP, 

damage has already accumulated in utero by the time the first postnatal symptoms occur in the 

first few months after birth (Akizu et al., 2013). Thus, stem cell therapy is a much more 

beneficial approach in this setting as the method looks to reverse the neuronal atrophy seen in 

these patients.  

Experimental Goals and Hypothesis  

Understanding the mechanisms that lead to the generation of specific neuronal population 

and the molecular pathogenesis that leads to the degeneration of them may uncover novel 

mechanisms that can be targeted for use in the treatment of neurodegeneration. There is overlap 

between PCH, HSP, and Amyotrophic Lateral Sclerosis (ALS). Patients affected by these 

diseases all present with lack of coordination in addition to spastic movements as a result of 

neurodegeneration in the neurons of the spinal cord (“Amyotrophic Lateral Sclerosis (ALS) Fact 

Sheet”). Learning more about PCH and HSP will help uncover the biological mechanisms 

underlying all three neurological diseases as well as potential treatment options. Thus, this study 

is looking to address why the AMPD2 mutation leads to the degeneration of corticospinal 

neurons and why there is a difference between HSP and PCH. 

We predict that there will be different levels of neural progenitors for PCH and HSP. We 

would expect that there will be no properly generated cortical neurons for PCH. However, for 

HSP, we predict that the corticospinal neurons will be develop properly, but their axons may be 

dysfunctional and eventually degenerate. To test the hypothesis, we will study the differentiation 
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of projection neurons from human induced pluripotent stem cells (iPSCs), since mice do not 

have the same AMPD2 isoforms as humans. An AMPD2/AMPD3 double knock out mouse 

model will be used to supplement these findings by providing information about the progenitors, 

differentiated neurons, and corticospinal projections in the developing brain.  

Method 

The identity of degenerating neurons will be determined by using distinct morphological 

features, regional localization, and pairwise staining with neuronal markers (N. Akizu, personal 

communication, 2017).  

Characterization of the Corticospinal Neurons of a Mouse  

Animal Model. In order to generate a large number of AMPD2/D3 knockouts, 

AMPD2KO/d3het and AMPD2het/d3KO will be bred together. To create conditional dKOs, 

AMPD2KO/d3IOXP/wt/Nestin-Cre will be crossed with AMPD2KO/d3IOXP/IOXP mice.  

Immunostaining. Mice will be transcardially perfused with 4% paraformaldehyde in pH 

7.4 phosphate buffer (PBS). The brain and spinal cord will then be dissected and fixed overnight 

in pH 7.4 phosphate buffer at 4oC. For immunostaining, 40 um sections will be sectioned using a 

vibratome.  

Several buffers will be used in the process of immunostaining the tissue samples. 25% 

Triton X-100 in 1xPBS solution is required and is made by pouring 12.5 mL of Triton X-100 

into a 50 mL conical. Then, 35.5 mL of 1x PBS will be added to the solution and the solution 

will be allowed to rotate overnight at 4oC. A 0.5% Triton X-100 in 1x PBS solution will also be 

prepared by adding 1 ml of 25% Triton X-100 and 49 mL 1x PBS to a 50 mL conical. The 

solution will then be rotated for 15 minutes at room temperature. A 0.1% Triton X-100 in 1x 

PBS solution will also be used and will need to be prepared prior to staining. The solution will be 
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made by adding 200 uL of 25% Triton X-100 and 49 mL 1x PBS to a 50 mL conical. It will then 

be rotated for 15 minutes at room temperature.  

Goat serum is will be use in creating several other solutions required for staining the 

tissue. The goat serum will be removed from the -20oC freezer box and will be allowed to thaw 

for 15 minutes before starting the procedure. A blocking solution will be prepared that is 4% 

goat serum. The solution will be prepared by mixing 4 uL of goat serum with 96 uL of 0.5% 

Triton X-100 in 1x PBS. An antibody solution that is 2% goat serum will also be prepared prior 

to the procedure. The solution will be prepared by mixing 2 uL of goat serum with 96 uL of 

0.1% Triton X-100 in 1 x PBS. A DAPI 80 ug/mL will also be prepared by adding 4 uL of 20 

mg/mL DAPI to 996 uL of miliQ water.  

Once the solutions are prepared, the immunostaining procedure will begin. The 1x PBS-

Azide 0.01% will be removed from wells containing vibratome sections using a transfer pipette. 

This solution will be discarded. It is important that the tissue is not damaged during this step and 

that the tissues do not dry. Then, 500 uL blocking solution will be immediately be pipetted into 

each well. The cells will then be incubated at room temperature for 1 hour on an orbital shaker. 

A primary antibody will be prepared and the desired amount of primary antibody will be added 

to antibody solution. Each well of a 24 well plated will receive 250 uL/well. The plate will then 

be inverted in order to mix the solutions. Using a transfer pipet, the blocking solution will be 

aspirated and then it will be discarded into a beaker. Each well will then received 250 uL of 

primary antibody solution. Overnight, the cells will be placed at 4oC and if possible they will be 

left shaking on an orbital shaker. 

The next day plates will be removed from 4oC and the antibody will be collected into 1.5 

mL eppendorf tubes labeled with the appropriate primary antibody names, dilution, and date. 
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Then, 500 uL of the 0.1% Triton X-100 solution will be immediately pipetted into each well. For 

5 minutes, the cells will be incubated at room temperature for 5 minutes on an orbital shaker. 

Next, the 0.1% Triton X-100 solution will be removed using transfer pipettes. The solution will 

then be discarded. Three more washes with primary antibody and antibody solution will be 

performed. The second antibody will then be prepared by adding secondary antibodies at a 1/500 

dilution and DAPI at 1/100 dilution to the 500 uL antibody solution in each well. The 0.1% 

Triton X-100 solution from the most recent wash will be discarded and 500 uL secondary 

antibody solution will be added immediately to each well.  

The cells will then be incubated for a period ranging from 1 hour and 30 minutes to 2 

hours. The cells will be incubated during this period at room temperature. The plate will be 

wrapped in foil or covered with a cardboard lid in order to protect the cells from the light. After 

the incubation, secondary antibody solution will be discarded into a waste beaker. Immediately 

following the disposal of the secondary antibody solution, 500 uL of the 0.1% Triton X-100 PBS 

solution was pipetted into each well. The cells will then be incubated at room temperature for 5 

minutes while sitting on an RVC bay orbital shaker. After the incubation period, the 0.1% Triton 

X-100 PBS solution will be removed and discarded using a transfer pipette. The cells will then 

be incubated again for 5 minutes at room temperature on an orbital shaker then the 0.1% Triton 

X-100 solution will be removed before repeating the steps where primary antibody solution is 

added to each well.  

Once this is complete, a brush will be used to transfer the tissue to a 10 cm plate full of 

PBS. The slices will then be mounted on staining slides. The slides will then be allowed to dry 

for 5 minutes or until no liquid is visible. Then, 100 uL of Prolongold will be added to the slide 

and coverslips will be carefully mounted.  
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BrdU labeling. For BrdU labeling, pregnant dams will be injected intraperitoneally with 

BrdU (50ug/g body weight). After 2 hours, the mice will be sacrificed and the embryonic brains 

will be fixed before being cryoprotected, sectioned, and stained for BrdU. The ratio of cells will 

be determined by dividing BrdU+ cells by the total number of DAPI+ nuclei. The same process 

will be used for the Ki67 stained cell ratio.  

Immunocytochemistry. Brains will be sectioned using either a cryostat or Leica vibrating 

microtome. Standard protocols will be followed for performing immunostaining with indicated 

antibodies.  

Cells will be fixed in paraformaldehyde for 10 minutes. Then, they will be permeabilized 

with 0.1% Tween in PBS. The cells will then be incubated for 1 hour in blocking solution 

composed of PBS containing 0.1% TWEEN and 2% donkey serum. Overnight, the slides will be 

incubated with primary antibody as well as blocking solution at 4oC.  

The next day the cells will be washed three times with PBS. The cells will then be 

incubated with fluorescently labeled secondary antibodies from Jackson ImmunoResearch for 2 

hours at room temperature. An Olympus IX51 inverted microscope or a Leica SP5 confocal 

microscope will be used to detect a fluorescent signal. The image will be processed with Adobe 

Systems’ Photoshop CS5.  

FJC staining. FJC staining will be performed in a fixed mouse brain sections using 

standard protocols. A Biosensis Fluoro-Jade C (FJC) Ready-to-Dilute Staining Kit for 

identifying Degenerating Neurons will be used to stain the degenerating neurons in the tissue 

with fluorojade-C and counterstain them with DAPI. The sections will then undergo a basic 

ethanol treatment involving rehydration and permeabilization before being stained with FJC and 

DAPI.  



Characterizing the Spinal Cord Degenerative Phenotype of AMPD2 Deficiency 27 

Cortical Neuron Differentiation from Human Pluripotent Stem Cells  

Over 80 days, three stages take place during which human pluripotent stem cells 

differentiate in to cortical stem and progenitor cells (Lindvall, Kokaia & Martinez-Serrano, 

2004). These cells will then be used to generate cortical projection neurons (Lindvall, Kokaia & 

Martinez-Serrano, 2004). The temporal aspects of the process mirror the time frame seen in the 

development of the human cortex in utero (Lindvall, Kokaia & Martinez-Serrano, 2004). 

Preparing culture of hPSCs for neural differentiation. First, a vial of frozen mouse 

embryonic fibroblasts (MEF) will be thawed using a 37oC water bath. The cells will then be 

resuspended in 10 ml of the MEF medium at 18-22oC. The cells will then be spun for 3 minutes 

at 160g at room temperature. Next, the cells will be resuspended in 1.2 ml of MEF medium. 

Using two gelatin coated six well plates, 2 ml of MEF will be added to each well. Each well will 

then receive 100ul of the resuspended MEFs. For 1 minute, the dishes will be rocked forward 

and backward as well as from side to side to ensure that the MEFs are plated evenly. The cells 

will then be cultured overnight at 37oC in 5% CO2.  

The next day, the MEF medium will be removed and the MEFs will be rinsed with 37oC 

PBS. Then, a 2 ml of hPSC medium that contains 10 uM Y-27632 and 10 ng ml-1 FGF2 will be 

added to one well of a six well plate. The remaining wells will then receive hPSC medium and 

will be used for collecting MEF-conditioned hPSC medium. In a 37oC water bath, a vial of 

frozen PSCs will then be partially thawed then transferred to 10 volumes of PSC medium at 

room temperature. The cells will then be centrifuged at 160g for 2 minutes. The PSCs will then 

be washed again by repeating the transfer to hPSC medium and repeating the process of 

centrifuging the cells at 160g for 2 minutes. The cells will then be resuspended in 100ul of hPSC 

medium and will then be plated with the solution into the MEF coated wells containing hPSC 
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medium with 10uM Y-27632 and 10 ng ml-1 FGF2 as prepared earlier. The cells will then be 

cultured overnight at 37oC and 7% CO2.  

The next day, the medium will be replaced with fresh hPSC medium containing 10 ng ml-

1 FGF2, but lacking Y-27632. Then, the cells will continue to be incubated and the medium will 

be changed everyday until PSC colonies are roughly 1 mm in diameter and are visible to the 

naked eye. This growth period can last from 4 to 6 days depending on the cell line. After the 

colonies become visible, passage the PSC colonies with dispase. This is will be accomplished by 

first adding 200 ul of 37oC stock dispase solution directly to the PSC cultures without removing 

the PSC culture medium.  

For 45 minutes, the cells will be incubated at 37oC. Every 10 minutes the cells will be 

checked using an inverted microscope to see if there is any detachment of colonies from the 

underlying MEFs. Once the colonies detach from the MEF layer, they will be transferred to a 15 

ml Falcon tube. Then, pellets will be formed from the colonies by spinning them for 2 minutes at 

160g at room temperature. After the 2 minutes, the supernatant will be removed and discarded.  

The colonies will then be resuspended and rinsed twice with 10 ml of PBS in order to 

remove the remaining dispase. The hPSC medium does not inactivate the dispase so it requires 

multiple washes to dilute the remaining enzyme. The PSC colonies will be unable to reattach 

when plated if all of the dispase is not removed. The colonies will then be resuspended in 2 ml of 

hPSC medium and pipetted up and down roughly 5 to 6 times using a P1000 pipette to break up 

the colonies into fragments that contain 50 to 100 cells. The yield of the PSCs is influenced by 

the size of the colony fragments so this step is critical to achieving the highest yield. If colony 

fragments are too small, then only a small number of colonies will grow, but if the colony 

fragments are too large, then the colonies will spontaneously differentiate.  
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The PSC colonies will then be plated at a ratio of 1:6 into fresh MEF coated dishes in 

hPSC medium with 10 ng ml-1 FGF2. The plates will be checked to ensure that the colony 

fragments are distributed evenly on the plates. The cells will be incubated for 4-6 days and the 

medium will be changed every day until the PSC colonies become 1 mm in diameter and can be 

seen with the naked eye.  

Preparing PSCs for neural induction. The cultures will be inspected for spontaneously 

differentiated colonies. These colonies can be identified since they show a loss of defined edges. 

Any spontaneously differentiated colonies will be removed using a P200 pipette. One well of a 

12 well cell culture plate will be coated with CELLStart for 2 hours at 37oC. The PSC colonies 

will be isolated using dispase and will then be washed with hPSC medium. The colonies will 

then be resuspended in 1 ml of MEF conditioned hPSC medium that contains 10 ng ml-1 FGF2. 

Colonies will then be broken up into fragments containing 50 to 100 cells each using a P1000 

pipette.  

The contents of five out of six of the total PSCs from one six well plate will be plated 

into one well of the CELLStart-coated 12 well plate in 800 ul of MEF conditioned hPSC medium 

containing 10 ng ml-1 of FGF2. The contents of the remaining well will be plated into all six 

wells of a fresh MEF coated six well plate with hPSC medium in order to maintain the 

undifferentiated PSCs for future use. The wells and dishes will be checked to ensure that the 

cells are evenly distributed. The cells will then be placed in the incubator overnight giving them 

the chance to attach.  

Neural induction. The day after plating the cells will checked to see if they have reached 

100% confluence. The cells will then be washed once with PBS and 1 ml of neural induction 

medium will be added to each well. If the cells have not yet achieved 100% confluence, then 
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they will be incubated in MEF conditioned hPSC medium that contains 10 ng ml-1 FGF2 until 

they reach 100% confluence. After they reach 100% confluence, they will be switched to the 

neural induction medium.  

Every day the neural induction medium will be changed while the cells are in the 

incubator. During this period, the cells will be monitored for morphological changes seen in 

PSCs during differentiation. For example, the PSCs with large nuclei will be replaced 

neuroepithelial cells that are tightly packed and possess smaller nuclei. A uniform 

neuroepithelial sheet should appear after 8 to 10 days following the initiation of plating. Using 

dispase, the cells will be collected by adding 100 ul of 37oC dispase stock directly into the 

medium of each well of the 12 well plate. The cells will then be incubated at 37oC for 3 minutes. 

The neuroepithelial sheet will then be broken into fragments of 300 to 500 cells by slowly 

pipetting up and down three times with a P1000 pipette.  

Pellets will be generated by centrifuging the cells at 160g for 2 minutes at room 

temperature. After this is completed, the supernatant will be removed and discarded. The cells 

will then be resuspended with 10 ml of 37oC neural maintenance medium. The cells will then be 

centrifuged again at 160g for 2 minutes at room temperature to generate pellets. This wash will 

then be repeated. Next, the cells will be carefully resuspended in 200 ul of neural induction 

medium. Cells will be collected from each well of the 12 well plate and plated into individual 

laminin coated 35 mm dishes containing 2 ml of neural induction medium. The cells will be 

allowed to attach overnight in the incubator. The next day the medium will be changed to neural 

maintenance medium.  

Successful neural induction will be confirmed using reverse transcription PCR (RT-PCR) 

for the expression of pluripotency genes including Pou5f1 and Nanog. The genes should be 
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downregulated in comparison to hPSCs. Reverse transcription PCR will be used to validate the 

cortical identity of the neural tissue formed. This will be accomplished by using RT-PCR to 

detect the presence of genes that are expressed in cortical progenitor cells as well as the absence 

of genes that are regionally expressed. Another method that can be used in validating the identity 

of neural tissue is immunofluorescence staining for Pax6, Foxg1, Otx1, and Otx2 expression. 

Additional wells of neural induction will be prepared so that RT-PCR and immunofluorescence 

can be performed on cells collected from single wells.  

NSC expansion and differentiation. The medium will then be changed to neural 

maintenance medium and the cells will be checked daily. Twelve to seventeen days after neural 

induction in neural maintenance medium, neural rosette structures will become visible when 

viewed with an inverted microscope. After this point, the medium will be changed every other 

day. Once the rosettes appear, 20 ng ml-1 of FGF2 will be added for 2 to 4 days in order to 

promote the expansion of the NSCs without blocking neuronal differentiation. Precaution at this 

step will be taken to avoid higher concentrations or prolonged exposure to FGF2, since these 

scenarios have the potential to result in a loss of cortical identity.  

After FGF2 is removed, roughly 16 to 20 days after neural induction, cells will be split 

and expanded further by passaging with dispase. To accomplish this, 200 ul of dispase will be 

added per 35 mm dish. The cells will then incubated for 3 minutes at 37oC. By slowly pipetting 

up and down three times with a P1000 pipette, the detached cells clumps will be broken into 

aggregates of 300 to 500 cells each. The cells will then be centrifuged at 160g for 2 min at room 

temperature to form pellets that are separated from the supernatant. The cells will then be 

resuspended in 10 ml of 37oC neural maintenance medium before being pelleted again by 

centrifugation at 160g for 2 min at room temperature. This wash will then be repeated before the 
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cells are resuspended in neural maintenance medium. The cells will then be plated at a ratio of a 

single 35 mm dish into two or three laminin coated 35 mm dishes. The cells will then be allowed 

to attach in the incubator overnight.  

The next day the medium will be replaced. The cells will be maintained for 4 to 6 more 

days. At this point, the cells can be expanded further by repeating the steps that took place after 

the FGF2 treatment. From day 20 to day 30, substantial neurogenesis will occur. Once neurons 

begin to accumulate at the outside of the rosettes, the cells will be passaged by adding 0.5 ml of 

Accutase per 35 mm dish. The cells will then be incubated for 5 minutes at 37oC. The cells will 

then be pipetted up and down three to four times in the accutase solution in order to dissociate 

the cell clumps into a single cell suspension. The accutase will then be diluted using 4 volumes 

of neural maintenance medium. The solution will then be centrifuged at 160g for 5 min at room 

temperature in order to collect the cells. The supernatant will be discarded and the cell pellet will 

be resuspended in the neural maintenance medium. The cells will then be plated into laminin 

coated 35 mm dishes at 50,000 cells per cm2 and then will be allowed to incubate overnight. At 

this point, the cells can be cryopreserved.  

The next day the medium will be replaced and the cells will continue to be incubated. 

The culture medium will then be changed every other day. Twenty-seven to thirty days after the 

initial plating, the culture will be passaged using accutase at a ratio of 1:4 onto laminin coated 35 

mm dishes. The cells will then be cultured for 50 to 60 more days after the last passage and the 

medium will change every second day.  

Growth Curve and Cell Survival. Using a 96 well plate, fibroblasts and neural 

progenitor cells will be plated in quadruplicates at 2 x 103 cells/well and 15 x 103 cells/well. The 

cells will be allowed to adhere overnight. In order to perform growth curve analysis, the number 



Characterizing the Spinal Cord Degenerative Phenotype of AMPD2 Deficiency 33 

of viable cells will be measured using a modified MTT method (Carmichael et al., 1987) at 

several different time points the day after plating including 0 hours, 5 hours, 12 hours, 24 hours, 

and 72 hours. During a period lasting 2-4 hours, 0.325 mg/ml MTT (3-(4,5-Dimethylthiazol-2-

yl)-2,5-Diphenyltetrazolium Bromie; Sigma) will be added to the culture medium and incubated 

at 37oC. In metabolically active cells, yellow MTT will be reduced to purple formazan. Culture 

media will be aspirated and DMSO will be added to the media in order to dissolve the formazan 

crystals. The absorbance will be measured in SpectraMax 190 Microplate reader at 570 nm. The 

background signal at 670 nm will be subtracted from the measured absorbance value.  

Cell therapy 

 Neural cell therapy involves replacing damaged or dead neurons with neural progenitor 

cells (“Stem Cell Information,”2016). Cells can be removed from patients and then 

reprogrammed into induced pluripotent stem cells (“Stem Cell Information,”2016). These cells 

can then be programmed to differentiate into the desired cell type, which can then be inserted 

back into the patient or into a cell culture to see whether these progenitor cells are able to 

substitute for the dead neurons (“Stem Cell Information,”2016).  

cDNA generation and PCR. mRNA from human brain tissue (Clontech) will be 

retrotranscribed using SuperScript III (Invitrogen) and PCR will be performed using AMPD2 

isoform specific and GAPDH primers.  

Lentivirus production. Lentiviral vectors (pINDUCER2070) containing each AMPD2 

isoform will be co-transfected with packaging and envelop plasmids into HEK293T cells with 

Lipofectamine. The lentivirus will then be harvested 36h later. It will then be concentrated by 

ultracentrifugation and resuspended in NPC medium with 5μg/ml polybrene. After transduction 

for 48h, NPCs will be selected with G418 200μg/ml as for 3 days.  
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BrdU labeling in cell culture. BrdU 10μM will be added for 30 minutes prior to fixation 

and staining with standard methods. 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) Assay. MTT 

will be added to the culturing medium for 2 hours. Cells will then be lysed and absorbance will 

be measured at 570 nm and background signal at 670nm. 

NPC and neuron differentiation. NPCs will be derived from iPSC by dual Smad 

inhibition. To obtain differentiated neurons, NPCs will be cultured with 1XB27, 20ng/ml BDNF 

and 20ng/ml GDNF for 4-8 weeks. 

Antibody Measurement 

 The relative expression of different antibodies was measured using Fiji ImageJ in order to 

measure how much antibody was present in each sample. The total amount of antibody present 

was measured by qualitatively comparing tissue samples taken from the same region of the brain 

in control and double knockout animals that were the same age.  

Results 

AMPD2 Mouse Model 

The results showed that there was no major cortical degeneration in the AMPD2 mouse 

model. The AMPD2 mouse model is a double knockout model, since both AMPD2 and AMPD3 

need to be knocked out to create a physiologically relevant representation of patients with the 

disease. Previous work has shown that the AMPD2 mouse model shows atrophy in the 

cerebellum, cortex, and CA3 region of the hippocampus. Thus, we expected that the results 

would help us better understand the neurodegeneration that occurs during the development of the 

corticospinal neurons in PCH and HSP patients.  



Characterizing the Spinal Cord Degenerative Phenotype of AMPD2 Deficiency 35 

We had predicted that there would be different amounts of corticospinal motoneurons and 

cortical neurons in dKO versus control mice. We expected that there would be no properly 

generated cortical neurons in the dKO and/or increased cortical neuronal death compared to the 

control animals. We used Ctip2 staining to analyze the corticospinal motoneurons in both dKO 

and control animals at different time points. Ctip2 staining, which labels corticospinal neurons, 

did not indicate a significant difference in corticospinal neuron content in control versus double 

knockout animals. Satb2 staining, which is indicative of other types of cortical neurons, also did 

not vary between the two groups. A comparison of a P14 control and dkO animal can be seen in 

Figure 4, and a comparison of a P19 control and dKO animal can be seen in Figure 5. 

Cortex Specific AMPD2 Mouse Model 

In addition, there were no observed differences between the AMPD2 mouse model and 

the cortex specific AMPD2 mouse model. The cortex specific AMPD model involves creating a 

cortex specific deletion by crossing mice that have an AMPD2 KO allele and AMPD3 flox allele 

(Figure 6) with EMX1-Cre mice. This creates mice that have Cre expression only in cortical 

neurons. Cre is a recombinase protein that recombines loxp sites in the AMPD3 allele to delete 

its expression.  

The cortex specific AMPD2 mouse model was generated to reflect the neurodegeneration 

typically seen in HSP patients. The cortex specific AMPD2 mice often live longer since their 

phenotype is less severe, which enables us to analyze the cortex without AMPD activity for a 

longer period of time. We expected that the cortex specific AMPD model would reflect the 

neurodegeneration seen in HSP patients, so the corticospinal neurons would develop normally, 

but the axons would be dysfunctional and eventually degenerate. On the other hand, we predicted 

that the AMPD model would reflect the neurodegeneration seen in PCH patients, so there would 
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be no properly generated cortical neurons. However, our data suggests that the two models, the 

cortex specific AMPD deficient mice and the full body AMPD deficient mice, do not show gross 

differences in the amount of corticospinal or cortical neurons indicating that neither group may 

experienced gross cortical developmental or degenerative defects. A comparison of a P19 control 

and cortex specific dkO animal can be seen in Figure 7, and a comparison of an 8 month old 

control and cdKO animal can be seen in Figure 8. 

Human Neuronal Cell Engraftment Model  

Since the mouse models do not show any overt cortical defects, in order to better study 

the human specific consequences of AMPD2 mutations, we are developing an iPSC neural 

progenitor derived model. We expect that the human neuronal cell engraftment model may be a 

more reproducible model to study the cortical phenotypes observed in patients. The stem cell 

protocol in the study will be used to create a novel model of PCH and HSP. The corticospinal 

neurons from human iPS cells will be obtained from an adapted dual smad inhibitor protocol 

(Chambers et al., 2009). As shown in Figure 9, we have already generated neural rossettes that 

we will use to derive neural progenitors. The neural progenitors from control and patient iPSCs 

will then be engrafted into the developing mouse brains. The development and survival rate of 

the cells will be analyzed in the engrafted brains.  

Discussion 

Discussion of Results  

Patients with AMPD2 mutations have cortical degeneration, thus we hypothesized that 

there would be corticospinal degeneration in the AMPD2 mouse model that would allow us to 

study the molecular mechanisms of neurodegeneration in vivo. We expected that the level of 

degeneration would progress over time, similar to the progressive nature of the human disease.  
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The lack of similarity in the physiology of the mouse model to patients with PCH and 

HSP may be due to the variation in the molecular manifestation of AMPD2 mutations in each 

organism. Unlike patients with the mutation, AMPD2 knockout mice are healthy due to the fact 

that they have a functional redundancy of paralog proteins (Akizu et al., 2013). Thus, to create a 

model more representative of patients with AMPD2 mutations, both AMPD2 and AMPD3 are 

knocked out.  

Though dKO animals exhibit neuronal cell death in the cerebellum and CA3 region of the 

hippocampus, our results indicate that the corticospinal neurons do not experience gross 

degeneration (Akizu et al., 2013). In the other implicated regions such as the cerebellum and 

hippocampus, the impaired postnatal neuronal survival most likely result from purine nucleotide 

imbalance and consequent cell death. The lab is now studying if reduced progenitor proliferation 

and impaired neuronal development can also contribute to the cell loss in these regions. Though 

other aspects of pathology created in double knockout models are similar to the changes 

observed in patients, the dKO animals do not exhibit the same cortical atrophy seen in patients. 

These differences are probably due to different isoforms of AMPD in both species as well as the 

additional buffering of neuronal vulnerability to purine metabolism in mice. For instance, other 

murine models of purine nucleotide metabolic defects, such as Lesch Nyhan disease do not 

reproduce the human disorder (Akizu et al., 2013).  

There are several other reasons why the AMPD deficiency in mice may not have lead to 

the anticipated corticospinal developmental defects and/ or degeneration. For example, the 

ampd2 and ampd3 deletion may not have impacted the transcription factors involved in 

corticospinal neuron development, such as Fezf2 and Ctip2 (Greig et al., 2013). In addition to its 

role in the development of the corticospinal neurons, Fezf2 has downstream effects on Ctip2 
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function, which is responsible for axonal outgrowth (Greig et al., 2013). It is possible that these 

transcription factors are involved in the improper development of corticospinal neurons in 

patients with PCH and HSP, and that they remain unaffected by AMPD deficiency in mice 

(Greig et al., 2013). 

In addition, the AMPD2 mutation may have differing effects on humans and mice due to 

species level variations in morphogens, postmitotic controls, and neurotrophins (Greig et al., 

2013; Huang et al., 2015). All of these factors play different roles in the determination and 

development of neural progenitor cells into corticospinal neurons. Any differences in the primary 

progenitor populations for cortical neurons, including neuroepithelial ventricular zone cells, 

could also account for the lack of degeneration of cortical neurons (Shi et al., 2011). Another 

difference between human and mouse cortical neurons is the length of neurogenesis. In mice, 

cortical neurogenesis lasts only six days (Shi et al., 2011).  

In addition, we predicted that there would be variations in the degree of degeneration of 

corticospinal neurons in the whole body double knock out mice (Ampd2-/-;Ampd3-/-) versus 

cortical neuron specific double knock out mice (Ampd2-/-;Ampd3flox/flox; Emx1>Cre). The whole 

body double knocks out (dKO) have ampd2 and ampd3 deleted in tissues throughout the body. 

These mice were designed to mirror the phenotype of PCH patients. These animals show signs of 

neurodegeneration after postnatal day 10 (P10) and die by P21 due to an unknown cause. While 

the premature death of dKO mice does not allow us to study the neurodegeneration for longer 

time periods, the cdKO mice lifespan is not affected, which allows us to study corticospinal 

neuron survival for a longer duration of time. In addition to the longer lifespan of cdKO mice, 

these animals also live with a less severe phenotype that is supposed to mirror the phenotype of 
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HSP patients. cdKO mice differ from dKO mice because they only express the AMPD2/AMPD3 

deletion in the cortex.  

Our goal was to analyze how the prolonged deletion of AMP deaminase activity would 

affect the survival of cortical neurons and how cortical neuron degeneration would worsen over 

the course of development. However, our preliminary studies indicate that cortical neuron 

survival is not affected in cdKO mice. This may indicate a non-cell autonomous effect of AMPD 

activity. For instance, brain astrocytes and blood cells in the cdKO have impact AMP deaminase 

activity, which may be sufficient to maintain active purine nucleotide metabolism in these cells 

enabling them to feed surrounding neurons with essential metabolites.  Thus, further experiments 

are needed to determine the nature of corticospinal motor neuron degeneration. 

Technical Limitations. Due to the small sample size used in the study, our results are 

not definitive, since only one mouse was analyzed per stage. In addition, the impact of the 

mutation on the mice is not uniform rather the severity of the phenotype experienced differs 

between mice. This is evident in the range of the expected lifespans of dKO animals, which can 

die by P10 or live until P21. As a result, since animals are differentially affected by the mutation, 

if more severe animals that tend to die at an earlier stage were used in the study, they may have 

shown differences in cortical neuron degeneration from controls.  

Another limitation we experienced was the variations in the quality of immunostaining 

results. These may have resulted from several factors. One such factor is the age of the mouse 

that was being studied. For example, a mouse perfused at P14 may have a different staining 

outcome than a mouse perfused at P19 due to differences in the brain at different stages in the 

lifespan. In addition, some brains were stored for longer periods of time before sectioning and 

staining, which may have resulted in variable degradation of epitopes recognized by used 
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antibodies. Although we tried to use the same antibody concentrations, sometimes the 

concentration of the primary antibodies was manipulated in response to the outcomes from 

previous stainings. Often, this improved the quality of the stain.  

Another issue encountered during the study was the matching of sections from the brains 

of control and double knockout mice. dKO mice have smaller brains than control mice. This 

difference made finding corresponding sections difficult, since sections were taken using the 

vibratome at varying starting points. In the future, increasing the number of sections stained with 

each antibody may help resolve this issue by increasing the amount of sections that could 

possibly be paired together.  

 Though an initial goal of the study was to look at the level of neurodegeneration in the 

corticospinal neurons in both the cortex as well as the spinal cord, no spinal cords were 

successfully sectioned and stained during the duration of the study. The one spinal cord that 

underwent sectioning and staining did not produce high quality results due to inexperience in 

dissecting out the spinal cord following perfusion. No additional spinal cords were used in the 

study. Future studies should look to address the gap in understanding the development of the 

corticospinal neurons in the spinal cords of patients with PCH and HSP by looking at the 

development and integrity of corticospinal neurons in the spinal cord.   

Future Directions. An ongoing future goal is the characterization of the development of 

corticospinal neurons created from patient derived induced pluripotent stem cells. To execute 

this study, we thaw vials of frozen IPS cells on mouse embryonic fibroblasts (MEFs). MEFs 

provide growth factors as well as other nutrients needed for cell survival. Unfortunately, MEFs 

are difficult to work with since they require extensive planning in order to ensure that the 

inactive MEFs are properly cultured the day before the iPSCs are ready to be passaged. In order 
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decrease reliance on MEFs and facilitate the workflow with iPSCs, we plated iPSCs in matrigel 

and gradually changed the growth media from MEF conditioned media, media that was in 

contact with MEFs for one day, to mTSR, a commercial media for stem cell growth. To address 

issues with the neural progenitor differentiation protocol, we tried adjusting two different 

protocols that had been tested in commercially available H9 human embryonic stem cell lines. 

By making changes such as modifying the source of smad inhibitors, reducing the pipetting of 

hESC when passaged to suspension, and decreasing the speed of the shaker, we were able to 

increase not only the number of embryonic bodies produced, but also the length of their survival.   

Based off our results, we suggest that a patient iPSC derived neural progenitor 

engraftment model will be a more physiologically accurate animal model for PCH and HSP. This 

model could then be used for testing the mechanisms of cortical atrophy seen in these patient 

populations. Similar shortcomings with animal models have been seen with other diseases such 

as Alzheimer’s disease (Espuny-Camacho et al., 2017). However, these issues can be resolved by 

implanting human pluripotent stem cell derived neural progenitors into animal models of a 

disease such as Alzheimer’s (Espuny-Camacho et al., 2017). Thus, we propose that engrafting 

patient iPSC derived neural progenitor cells (NPCs) in to the cerebral cortex of the mice will 

help create a better animal model of PCH and HSP that more closely reflects patient cortical 

atrophy.  

 Previous work by Espuny-Camacho et al. (2017) and Alysson et al. (2005) has shown 

that human stem cells can be successfully implanted into the brain of murine models. Alysson et 

al. (2005) showed that human embryonic stem cells that are implanted into the ventricles of 

embryonic mice are able to differentiate into functional neurons that integrate into the forebrain 

(Alysson et al., 2005). The successful integration of these cells into the brain is a result of 
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various environmental cues that are involved in regulating cell fate and migration (Alysson et al., 

2005). Examples of these environmental cues include a lack of immunological response, access 

to neuroepithelium, and the neurogenically enriched environment of the embryonic brain 

(Alysson et al., 2005).  

The location of the neurons also plays a role in determining the fate of the neurons. This 

is demonstrated by the fact that implanted stem cells acquire morphological and functional 

characteristics that reflect the features of neighboring neurons (Alysson et al., 2005). It is also 

possible to implant stem cells into animal models to create more physiologically accurate models 

of human diseases. For example, Espuny-Camacho et al. (2017) was able to generate a model 

that closely resembles the pathological features in humans with Alzheimer’s Disease by 

transplanting human pluripotent stem cells into the brains of mice with Alzheimer’s Disease 

(Espuny-Camacho et al., 2017). The resulting animal model is more physiologically 

representative of the pathology seen in human counterparts due to the fact that the transplanted 

neurons begin to show characteristics similar to those seen in patients living with the specific 

disease (Espuny-Camacho et al., 2017).   

In the future, the NPCs that we have generated during the course of this study will be 

engrafted into the cerebral cortex of mice. In this novel AMPD2 mutant model, the human 

induced pluripotent stem cells (IPS) cells derived from NPCs will be transplanted into the mouse 

brain in order to study the impact of IPS cells on the cortical degeneration of mice. The IPS cells 

will be injected into the cortical ventricle of 13 or 14 day old embryos. The belief is that some of 

the neural progenitors will die while some of them will be able to migrate into the cortex to 

differentiate.  
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Currently, we have IPS cells that have differentiated into neural progenitor cells, which 

can be used for engraftment. The IPS cells can then be transformed into embryonic bodies, 

which can then be plated to produce neural rosettes. If these plated cells proliferate into neural 

progenitors, the neural progenitors will be engrafted into the mouse brain. Once these cells are 

engrafted into the mouse brain, the corticospinal neurons derived from the control and AMPD2 

mutant iPSCs will be analyzed to see if there is any degeneration or underdevelopment. This can 

help identify whether AMPD2 mutations lead to problems during the embryonic development of 

the corticospinal neurons or if the mutation leads to the degeneration of these cells after they 

properly develop during the embryonic period. These grafts can then be used to create an 

appropriate model of PCH and HSP as well as used in a therapeutic setting to replace cell 

populations via cell therapy.  

In addition to being used to generate a better experimental model for corticospinal 

degeneration, the engraftments will allow us to develop a model for cell based therapy for 

neurodegenerative disorders such as PCH and HSP. Due to the impact of AMPD2 mutations on 

the development of the cortical system in utero, cell therapy is a viable technique that can be 

used to replace the damaged neurons (Olivier et al., 1997). The ability of cell therapy to restore 

populations of dead cells can help to reverse the cortical atrophy seen in patients who suffer from 

PCH and HSP.  

Future work should try to employ cell therapy by injecting corticospinal neural progenitor 

cells into the cortex and/or spinal cord of PCH and HSP mouse models. This could help develop 

more efficient ways to properly engraft neurons into the brains of neurodegenerative patients. 

Studies have already shown that neurons can be successfully engrafted into the damaged nervous 

system. One such study showed that multipotent stem cells can be engrafted into the spinal cord 
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of rats in order to regenerate corticospinal neurons following injury (Kadoya et al., 2016). The 

rats that had been suffering from spinal cord injury showed corticospinal axon regeneration, 

functional synapse formation, and improved forelimb functioning following cell therapy 

treatment (Kadoya et al., 2016). In the future, studies should target whether or not multipotent 

stem cells can help regenerate the lost corticospinal neurons in the cortex.  

Similar work with human pluripotent stem cells has shown that stem cells can be used to 

produce functional neurons to be used in cell therapy for neurodegenerative diseases such as 

Parkinson’s disease (Barker et al., 2017). For example, one study showed that human IPS cells 

can be differentiated into functional midbrain dopaminergic neurons that can be used in the 

treatment of patients with Parkinson’s Disease (Barker et al., 2017). This finding suggest that 

human pluripotent stem cells can be potentially used to create a treatment for PCH and HSP in 

addition to helping generate a better animal model for these diseases. Thus, the results obtained 

from creating a human neuronal cell engraftment model can aid in the creation of cell therapies 

that can be used in the treatment of PCH and HSP.  

Currently, there is no animal model that accurately portrays the cortical atrophy seen in 

patients with PCH or HSP. Deleting both isoforms of AMPD does not impact the development of 

the corticospinal neurons as indicated by the lack of a difference in the degeneration of the 

corticospinal neurons in control animals and mutant animals regardless of the differences in 

genotype. This information can be used in the generation of a more physiologically accurate 

animal model. The stem cell protocol used in the study will be used to generate neural 

progenitors that will be injected into the cortical ventricles in order to generate the novel PCH 

and HSP mouse model. By generating the new animal model, research will be able to better 
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assess the development of the corticospinal neurons in patients with PCH or HSP as well as 

assess potential therapeutic targets to reverse the degeneration of this population of neurons.  
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Figure 1. Morphological Brain Differences in HSP and PCH. Severe cases of PCH show a 

progressive degeneration of the brainstem and cerebellum as illustrated with the more flattened 

pons and thinner cerebellar hemispheres, which are highlighted by the yellow and red lines 

respectively. Patients also present with a “figure 8” shaped brainstem as a result of the 

degeneration of the corticospinal neurons. This change is highlighted by the red circle. Patients 

also have complete or partial absence of the corpus callosum, which is indicated by the red 

arrowhead. Adapted from Akizu, n.d..  
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Figure 2. Genetic mutations in PCH and HSP. The mutation for HSP impacts only two of the 

isoforms while PCH impacts all of the isoforms. Since HSP still has some functioning isoforms, 

it is less severe than PCH. Adapted from Akizu, n.d..  
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Figure 3. Generation and Migration of Corticospinal Progenitor Cells. On embryonic day 11.5 

(E11.5), radial glia (RG) located in the ventricular zone (VZ) begin to produce projection 

neurons. During this period, radial glia also begin to produce intermediate progenitors and other 

radial glia (oRG) both of which contribute to the subventricular zone (SVZ). Once neurogenesis 

is complete, neural progenitors begin to generate astrocytes. At the same time, Cajal- Retzius 

(CR) cells migrate to neocortical layer 1. Adapted from Greig et al. (2013).  

 

 

 



Characterizing the Spinal Cord Degenerative Phenotype of AMPD2 Deficiency 49 

 

Figure 4.Comparison of the Degeneration of Corticospinal and Cortical Neurons in a control and 

a double knockout mouse. Both mice were perfused on P14. The control and mutant mice show 

similar amounts of corticospinal and cortical neurons.  
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Figure 5.Comparison of the Degeneration of Corticospinal and Cortical Neurons in a control and 

a double knockout mouse. Both mice were perfused on P19. The control and mutant mice show 

similar amounts of corticospinal and cortical neurons.  
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Figure 6. Cortex Specific AMPD Deletion. First, Ampd3 KO was crossed with an Act-FLPe 

mouse. Emx1-Cre was then used to conditionally delete Ampd3 in the brain. This produces brain 

specific AMP deaminase deficiency in an Ampd2 KO background. Adapted from Akizu, n.d..  
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Figure 7. Comparison of the Degeneration of Corticospinal and Cortical Neurons in control mice 

and mice with the cortical specific deletion. Both mice were perfused on P19. The control and 

mutant mice show similar amounts of corticospinal and cortical neurons.  
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Figure 8.Comparison of the Degeneration of Corticospinal and Cortical Neurons in a control and 

a cortex specific double knockout mouse. Both mice were perfused when they were 8 months 

old. The control and mutant mice show similar amounts of corticospinal and cortical neurons.  
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Figure 9. Development of Neural Progenitor Cells. The embryonic stem cells (h9) were 

differentiated into embryoid bodies before going on to develop into neural rosettes.  
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