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ABSTRACT 

Down syndrome (DS) is a congenital disorder caused by partial or complete 

triplication of human chromosome 21.  By age 40, nearly all individuals with DS develop 

amyloid beta (Aβ) plaques and tau neurofibrillary tangles, the pathological hallmarks of 

Alzheimer’s disease (AD). This increased susceptibility to Alzheimer’s Disease in Down 

syndrome (AD-DS) has primarily been attributed to an over-dosage of the amyloid 

precursor protein (APP), which generates neurotoxic Aβ fragments when cleaved by β-

secretase. However, the complete molecular mechanisms of AD-DS are not completely 

understood, as trisomy of chromosome 21 can induce AD-like neuropathology 

independently of APP triplication. In addition to classical AD neuropathology, enlarged, 

APP-positive early endosomes appear early in AD-DS pathogenesis and are the first site 

of Aβ accumulation. In AD, these endocytic abnormalities have been linked to 

dysfunction of the endosomal-sorting system known as the retromer complex. 

Mechanistically, retromer dysfunction can influence amyloid beta production by 

increasing interaction of the retromer cargo APP with beta-secretase. However, recent 

studies have also implicated the retromer complex in the development of tau pathology, 

both through regulation of tau phosphorylation and degradation via lysosomes. Given that 

retromer dysfunction is associated with the endosomal phenotype found in AD-DS, and 

that the retromer system can modulate key aspects of AD-DS neuropathology, the 

objective of the current study is to investigate the role of the retromer complex in the 

development of AD-DS.  

We first examined the retromer system in cortices and hippocampi from human 

patients with DS. Retromer recognition core proteins were significantly decreased in both 
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the hippocampi and cortices of young and aged DS subjects compared to controls. 

Correlative analyses showed a significant inverse relationship between recognition core 

proteins and levels of soluble forms of Ab 1-40 and 1-42 in both hippocampus and cortex 

tissue, and phosphorylated tau epitopes PHF1 and PHF13 in the cortex of the same 

patients. While this does not indicate causation, these correlative analyses support the 

hypothesis that dysregulation of the retromer system and AD-like pathology are closely 

related. 

 Next, we analyzed the retromer system in euploid and trisomic induced 

pluripotent stem cell (iPSC) -derived neurons and observed an age-related decrease in 

retromer proteins and elevation of Ab 1-40, Ab 1-42 and phosphorylated tau proteins in 

trisomic neurons compared to euploid controls. Additionally, we found that 

pharmacological stabilization of the retromer complex can reduce Ab and phospho-tau in 

trisomic iPSC-derived neurons. While total levels of retromer proteins are unaffected, we 

hypothesize that retromer function improves with TPT-172 treatment, as levels of early 

endosome proteins decrease while autophagy and lysosomal proteins increase with 

treatment. Treatment of trisomic neurons with TPT-172 also led to reductions in the 

neuronal tau kinase CDK5 and its activator p25, providing a potential mechanistic link 

between tau phosphorylation and pharmacological stabilization of the retromer system. 

Additionally, we examined the effects of genetic overexpression of VPS35, the backbone 

of the retromer core, in trisomic neurons. We observed similar decreases in AD pathology 

measures, however, the magnitude of the effect was smaller with genetic overexpression 

than with pharmacological stabilization using TPT-172. We hypothesized that trisomy 21 

may can some inherent instability of the retromer system, possibly due to overabundance 
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of retromer cargo protein APP, that is better overcome by enhancing stability of the 

complex rather than increasing VPS35 protein level via genetic overexpression.   

 To further explore the role of the retromer system in the AD-DS phenotype, we 

performed a full characterization of cognitive function and the retromer complex at 2, 5, 9 

and 12 months of age in the Ts65dn mouse model of DS. While we observed accelerated 

aging related cognitive and pathological changes in DS mice, we did not observe any 

protein levels changes in the retromer complex. However, because these mice do develop 

endosomal dysfunction that could be indicative of retromer dysfunction, we treated mice 

with TPT-172 from 4 to 9 months of age and examined cognitive function, the retromer 

system and AD pathology measures. We observed improvements in cognitive function 

tests and synaptic function in Ts65dn mice receiving TPT-172, as well as reductions in tau 

pathology, early endosome proteins, and early endosome size. 

 Taken together, these data demonstrate that retromer complex deficiency occurs 

in human DS and may contribute to the development of AD-like pathology and cognitive 

decline in AD-DS. Because pharmacological stabilization of the retromer system improves 

AD-like pathology and cognitive function in models of DS, we conclude the retromer 

represents a potential therapeutic target for AD-DS. 
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CHAPTER 1 

INTRODUCTION: DOWN SYNDROME, ALZHEIMER’S DISEASE, 

AND THE RETROMER COMPLEX 

 

Down Syndrome: An Overview 

Down syndrome (DS) is a congenital condition that occurs in about 1 in 800 

births worldwide and results from the presence of extra genetic material originating from 

human chromosome 21 (HSA21). Clinically, DS is characterized by intellectual 

disability, developmental delays, and an increased risk for several complications 

including congenital heart defects, immune disorders, and early onset Alzheimer’s 

Disease (AD).  Prevalence of the disorder varies depending on several factors such as 

access to medical care, infant mortality rates, and maternal age at conception, which is 

thought to be the most significant risk factor for DS (1). Advancements in medical care 

have improved both the quality of life and life expectancy for those with DS, and as a 

result, the global DS population has been rising over the past 30 years (2, 3). As the aging 

DS population has grown, new challenges have emerged with co-occurring age-related 

diseases, necessitating more advanced understanding of the disorder in the later decades 

of life. 

There are three genetic variations that can result in DS. Full trisomy of 

chromosome 21 is responsible for 95% of cases of DS. Trisomy is caused by a failure of 

chromosomes to separate during meiosis, termed meiotic nondisjunction, and results in 

an embryo with an extra copy of chromosome 21. Mosaic DS is responsible for only 1% 

of all cases of DS and occurs when nondisjunction takes place after fertilization, resulting 
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in a mixture of both euploid and trisomic cells. The remaining 4% of DS cases are caused 

by translocations, which are the only known inherited cause of DS. Because 

translocations result in only a partial triplication of HSA21, they have provided insight 

into which regions of the chromosome are essential to the DS phenotype. 

The clinical manifestations of DS are highly variable but typically include 

intellectual disability, physical and cognitive developmental delays, hypotonia, and 

characteristic craniofacial abnormalities. Learning and developmental delays are a 

common feature of DS however all areas of development are not equally affected. Social 

development is a relative strength of children with DS (4). Conversely, children with DS 

have characteristic difficulties with motor development. Delays in motor skills typically 

emerge around 4 months, with impairments becoming more evident with age (4). Speech 

and language development is also impaired with deficits in expressive language more 

pronounced than receptive and non-verbal language. Poor oral motor skills and 

anatomical differences contribute to difficulties with articulation, while hearing loss and 

verbal processing delays hinder comprehension, syntax, and vocabulary development (4). 

Verbal short-term memory and processing is more severely impaired than visual 

processing, so visual supports greatly improve processing and recall of verbal 

information and aid in language development (5). Despite these challenges, most children 

with DS have mild to moderate learning impairments that benefit from early intervention, 

and many individuals with DS proceed to complete a high school degree and work within 

the community.  In addition to the classical DS characteristics are several comorbidities 

with variable penetrance. Congenital heart and gastrointestinal defects, epilepsy, vision 
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disorders, hearing loss, sleep disorders, leukemia, and dementia are more prevalent in the 

DS population (1).  

Improvements in medical care have led to a dramatically increased life 

expectancy for individuals with DS, with many living beyond 60 years of age (6). 

Accompanying the growth of the aging DS population is an increased prevalence of 

aging related co-occurring disorders, including Alzheimer’s Disease (AD). AD affects up 

to 88% of individuals with DS over age 65 and is the leading cause of death within the 

DS population (6-10). While the onset of clinical symptoms varies, virtually all 

individuals with DS develop the classical pathological hallmarks of AD, amyloid beta 

(Aß) plaques and tau neurofibrillary tangles, by 40 years of age (11). This high 

prevalence of AD in the DS population is thought to be influenced by increased dosage of 

the amyloid precursor protein (APP), which resides on HSA21 and is cleaved to form the 

pathogenic species amyloid beta (Aß). 

 

Alzheimer’s Disease In Down Syndrome 

Alzheimer’s Disease is a progressive neurodegenerative disease and is the leading 

cause of dementia worldwide. An estimated 5.8 million Americans are currently living 

with AD, and the number of those affected is projected to increase to 7.1 million by 2025 

(12). Age is the greatest risk factor for sporadic late onset AD (LOAD), with incidence 

rates doubling every 5 years after 65 years of age, however, disease onset can occur much 

earlier in DS and cases of familial early onset AD (EOAD). (12). The average age of AD 

diagnosis for those with DS is 55 years and by age 65, up to 88% of individuals with DS 

have dementia (7, 13).   
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Symptoms begin to emerge in the mild cognitive impairment (MCI) phase of AD, 

where individuals develop subtle changes in memory and cognition that do not interfere 

with daily life. Because of the underlying cognitive impairments associated with DS, 

early diagnosis of AD-related cognitive decline is difficult in individuals with DS, and 

dementia is often unrecognized until symptoms become more severe. Non-cognitive 

behavioral and psychological symptoms of dementia, such as apathy, stubbornness, or 

impulsivity, are more prevalent in early AD-DS than EOAD and LOAD and may aid in 

diagnosis (2, 14). Additionally, neurological symptoms such as seizures or gait 

disturbances appear much earlier in AD-DS, and sudden onset of these symptoms in an 

adult with DS strongly indicates AD (2, 15, 16). As the disease progresses, confusion, 

memory loss, and worsening behavioral changes develop, and individuals with the 

disease begin to require assistance with routine tasks. In the final stages of AD, those 

affected experience difficulty with physical tasks, including sitting, standing, and 

swallowing. The disease is ultimately fatal, often due to secondary complications such as 

malnutrition, infections and sepsis, pneumonia, or stroke. 

 

AD-DS Neuropathology 

Classical AD neuropathology begins decades prior to symptomatic onset and is 

characterized by the accumulation of misfolded proteins. Amyloidogenic cleavage of 

APP generates toxic Aß peptides that form extracellular plaques, while abnormally 

phosphorylated tau accumulates within the neurons, leading to destabilization of axons. 

Neuroinflammatory responses attempt to clear these toxic aggregates and become 

chronically active, inducing further damage. The accumulation of these pathogenic 
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species accompanied by chronic neuroinflammatory responses results in neuronal death 

and synaptic loss, ultimately leading to atrophy of hippocampal and cortical regions 

responsible for learning, memory, and cognition. 

 

APP Processing And Amyloid Beta 

Amyloid beta is produced from sequential cleavage of APP, a transmembrane 

protein that is encoded on HSA21, by beta site amyloid precursor protein cleaving 

enzyme (BACE-1) and the γ-secretase complex. This processing generates neurotoxic Aß 

peptides, which are thought to be the initiating factor in AD pathogenesis. APP 

processing also occurs through a non-amyloidogenic pathway mediated by actions of an 

α-secretase, typically ADAM9, ADAM10, or ADAM17, followed by the γ-secretase 

complex (17). The α-secretase cleavage site resides within Aß sequence, and thus α-

secretase action prevents amyloidogenic processing (18). In AD, it is thought that APP 

processing is skewed toward the amyloidogenic pathway, resulting in overproduction of 

Aß. In support of this notion, there are nearly 200 mutations in genes encoding 

components of the γ-secretase complex (PSEN1 and PSEN2) that result in fully penetrant 

EOAD by increasing production of the highly neurotoxic Aß 1-42  peptide (19). 

Furthermore, the action of γ-secretase is dysregulated in DS due to increased levels of its 

activator, the γ-secretase activating complex (GSAP) (20). Together, these data suggest 

that abnormal APP processing and Aß toxicity are central to AD pathogenesis.  

The end products of the amyloidogenic pathway are monomers consisting of 38-

43 amino acids, with Aß 1-40 and Aß 1-42 being the most common. Once Aß begins to 

accumulate it naturally self-aggregates into several forms. Soluble oligomers are formed 
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from the coalescence of 2-6 peptides, which can assemble to form intermediate amyloids. 

Oligomers also seed longer Aß fibrils, which arrange into beta-pleated sheets that are the 

basis of insoluble plaques. The smaller, soluble oligomeric and intermediate forms of Aß 

are thought to be more cytotoxic due to their ability to interact with synaptic proteins and 

alter NMDA-mediated synaptic transmission (21-24). Furthermore, Aß 1-42 is thought to 

be the more toxic of the two predominant Aß species and has been shown to reduce 

synaptic density, inhibit long-term potentiation, and promote pathogenic tau 

phosphorylation (25). Several enzymes are able to clear Aß, such as LRP1, APOE, and 

neprilysin, however, in DS triplication of APP results in a dramatic increase in Aß that 

disrupts the balance between production and clearance  (21, 26-28). This leads to the 

accumulation of diffuse Aß plaques as early as 12-30 years of age in individuals with DS 

(29).  

In addition to the endpoint cleavage products, APP processing yields several 

bioactive intermediates that are proposed to influence AD neuropathology. The initial 

cleavage step by α-secretase or BACE1 releases the extracellular sAPPα and sAPPß 

fragments, respectively. The physiological functions of these fragments are somewhat 

unclear, however, the actions of sAPPα are generally thought to be neuroprotective while 

sAPPß may promote cell death (18). Following the initial cleavage step, the α- and ß- C-

terminal fragments (CTFs), produced by α-secretase and BACE1, respectively, remain 

tethered to the membrane for further processing by γ-secretase. Processing of the α-CTF 

C83 yields the p3 fragment, while cleavage of the ß-CTF C99 fragment generates Aß. 

Many studies have demonstrated the neurotoxicity of the ß-CTF C99 fragment, which has 

been implicated in the disruption of ion channels, reduction of NMDA receptors, 
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neuroinflammation, and lysosomal dysfunction (17, 30-33). The AICD, a common 

product of γ-secretase action regardless of the initial cleavage step, is released into the 

cytosol where it can induce apoptosis and activate transcription of several genes 

including GSK3ß (17, 34).  

 

Tau Pathophysiology 

 Tau is a soluble protein encoded by the MAPT gene that functions to promote 

microtubule assembly and stability under normal physiological conditions (35, 36). The 

tau protein is composed of 4 domains: N-terminal, C-terminal, proline-rich, and 

microtubule-binding domains. Alternative splicing of the N-terminal region and 

microtubule-binding domain generates a total of 6 CNS tau isoforms that are categorized 

based on the number of c-terminal repeats in the microtubule-binding domain; 3R- or 4R-

tau (36, 37). The ratio of 3R- to 4R-tau is balanced in the adult brain and it is thought that 

equal levels of both tau species are essential to normal neuronal physiology (38).  

However, shifts in the 3R- to 4R ratio have been implicated in AD and other tauopathies 

(39-42).  In DS, the level of 3R-tau is increased relative to 4R-tau due to dysregulated 

alternative splicing of the MAPT gene (43). 

Tau is regulated through a series of post-translational modifications that can 

promote its dissociation from microtubules and aggregation.  In AD, the actions of 

kinases and phosphatases are dysregulated, leading to increased tau phosphorylation.  

Pathological phosphorylation of tau is mediated by several tau kinases including CDK5, 

GSK3ß, SAPK/JNK, and ERK1/2, while PP2A is the predominant tau phosphatase (44, 

45). Hyperphosphorylation of tau causes it to lose its affinity for microtubules and 
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accumulate within neurons. Monomers of tau begin to assemble when 

hyperphosphorylated to form oligomers, which then aggregate into paired helical 

filaments and insoluble neurofibrillary tangles (21, 46, 47).  Loss of physiological 

function of tau is thought to contribute to destabilization of axons and reduced axonal 

transport, while toxic tau oligomers and insoluble aggregates fuel synaptic dysfunction 

and activation of inflammatory responses. In AD-DS, the accumulation of tau begins, on 

average, in the fourth decade of life, and the tau burden correlates significantly with 

cognitive decline (48-51) .  

 

Neuroinflammation 

In response to the accumulation of toxic amyloid and tau species, chronic 

neuroinflammation occurs in both AD and DS. Microglia become activated and densely 

localized around amyloid plaques and neurofibrillary tangles (52, 53). While it has been 

proposed that these microglia exert a beneficial effect via uptake of Aß, chronic 

microglial activation initiates a cascade of proinflammatory effects beyond the beneficial 

role of phagocytosis. Proinflammatory cytokines produced by microglia, including IL-1ß 

and IL-6, are elevated in AD in response to amyloid plaques and play an important role in 

the activation of other inflammatory cells such as astrocytes. Because of several 

inflammation related genes located on HSA21, the inflammatory response is even more 

pronounced in AD-DS. Triplication of interferon receptors INFAR1, INFAR2, and 

INFGR2 results in a hyperresponsiveness to interferon (54). Consequently, robust 

induction of proinflammatory genes such as IL-6, IL-1ß, and TNFα occurs early in AD-

DS pathogenesis. Additionally, S100ß, a proinflammatory mediator expressed and 
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secreted by astrocytes, has a genetic locus on HSA21 and is increased in DS (55, 56). 

This results in baseline astrogliosis that is further exacerbated in response to 

proinflammatory cytokines such as IL-1ß, which self-propagates, leading to further 

production of S100ß and other cytokines  (57, 58). While studies have shown that S100ß 

can stimulate neuron growth and survival at low concentrations, high levels induce 

apoptosis of nearby neurons (59-62). Thus, while early activation of microglia may be 

beneficial by phagocytosis of toxic proteins, sustained activation results in chronic 

inflammatory stress and neuronal death.  

 

Human Chromosome 21: Genetic Contributions To Alzheimer’s Disease  

Human chromosome 21 is estimated to encode up to 400 genes, as well as at least 

29 microRNAs and many other non-coding regulatory elements (63, 64). It is 

hypothesized that this increased dosage of gene products encoded on HSA21 results in 

the DS phenotype. However, studies of translocations, as well as genetic models of DS, 

have indicated that certain HSA21 genes may be more sensitive to gene imbalance and 

have a larger contribution to the clinical features of DS. Furthermore, additional genes 

beyond those of HSA21 are overexpressed in DS.  This results in a total of approximately 

600 genes that are overexpressed, suggesting that broad changes in transcriptional 

regulation, and epigenetics occur beyond the known gene products of HSA21 (65).  

In the context of AD pathogenesis, there have been several candidate genes that 

are thought to significantly play a role in the increased prevalence of AD in DS. 

Classically, considerable focus has been on triplication of APP, which is thought to be 

required, but not sufficient, to lead to AD pathogenesis in DS. This notion is supported by 
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the observation that DS subjects with partial triplications of HSA21 excluding the APP 

locus do not have the dramatically elevated risk of developing AD seen in the general DS 

population (6, 66, 67). Furthermore, increased dosage of APP in experimental models of 

the disease results in enhanced Aß deposition, memory impairments, and some endocytic 

abnormalities (68-70). However, a recent study demonstrated that trisomy of HSA21 

genes results in AD-like pathology independently of APP using a mouse model of DS 

(71). This demonstrates the complexity of AD-DS and signifies that HSA21 genes other 

than APP have significant involvement in AD pathogenesis in DS. 

There are several chromosome 21 genes that may contribute to the development 

of amyloidosis, neurofibrillary tangles, and neuronal dysfunction independently of APP. 

Of note is DYRK1A, a dual-specificity kinase known to phosphorylate tau and have 

diverse effects throughout the CNS. In the context AD-DS, DYRK1A is suspected to 

directly contribute to the development of tau pathology through several mechanisms. 

First, through direct phosphorylation of tau that primes for pathological phosphorylation 

via GSK3ß, and secondly, through phosphorylation of alternative splicing factors. 

Phosphorylation of alternative splicing factors by DYRK1A elevates the ratio of 3R- to 

4R-tau, resulting in cytoskeletal alterations and neurofibrillary degeneration (72). 

DYRK1A may also work synergistically to induce tau phosphorylation with another 

HSA21 encoded protein, RCAN1. RCAN1 has diverse functions including suppression of 

calcineurin/NFAT signaling and transcriptional activation, but also activates GSK3ß, 

which pathologically phosphorylates tau (73). Furthermore, overexpression of DYRK1A 

leads to deregulation of 239 genes, one of which is the REST/NRSF chromatin 

remodeling complex (74). Downregulation of REST/NRSF via DYRK1A leads to broad 
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transcriptional changes, specifically decreases in proteins involved in neurogenesis, cell 

adhesion, and synaptic function, and increases in the tau kinase CDK5 (75-77). 

Interestingly, DYRK1A was also recently shown to phosphorylate APP at a site proposed 

to facilitate cleavage by BACE1 and γ-secretase (78-80). Moreover, overexpression of 

DYRK1A in transgenic mice and in vitro increases production of Aß, suggesting that 

DYRK1A-dependent phosphorylation of APP may accelerate Aß generation (72, 78, 81). 

Collectively, this evidence supports the hypothesis that DYRK1A enhances AD-

neuropathology independently of APP triplication and may serve as a potential link 

between tau and amyloid pathologies. 

Several HSA21 genes related to inflammatory and oxidative stress are proposed 

to influence the development of AD-like neuropathology and dementia in DS. SOD1, 

TIAM1 and PRMT2, have a genetic locus on HSA21, and cause increased oxidative 

stress (54). Accordingly, reactive oxygen species and lipid peroxidation are increased in 

DS and have many detrimental effects throughout the cell, including mitochondrial and 

lysosomal dysfunction (82). Chromosome 21 is also home to several neuroinflammation-

related genes. S100ß, encoded on HSA21, is a proinflammatory mediator produced by 

astrocytes that induces astrogliosis and exacerbates neuroinflammatory responses to 

plaques and tangles (83). The genes for interferon receptors INFAR1, INFAR2, and 

INFGR2 also reside on HSA21, and, as a consequence, inflammatory responses to 

interferons are amplified in DS (54). These factors concomitantly intensify the response 

to primary AD neuropathologies, such as plaques and tangles, and can further drive 

neurodegenerative processes. 
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Regulation of gene expression is strikingly altered in DS beyond the known gene 

products of HSA21. Chromosome 21 contains the smallest percentage of genes of all 

human chromosomes, the second largest percentage of lncRNAs relative to protein-

coding genes, and at least 30 microRNAs (84). The functions of most non-coding regions 

of HSA21 remain unknown. However, several microRNAs have been well studied, and 

various lncRNAs have been found to correlate with dysfunction of pathways central to 

AD neuropathology, such as protein ubiquitination and cholesterol homeostasis (69, 85). 

Of the 30 microRNAs present on HSA21, only 5 have been confirmed to be 

overexpressed in DS at the expected trisomic ratio, and the effects of most HSA21 

microRNAs remain unclear (64). The consequences of mir155 overexpression are 

relatively well studied and have been implicated in several neuropathologies resulting 

from trisomy21, such as neuroinflammation, blood-brain-barrier dysfunction, alterations 

in synaptic strength, and impaired recycling of synaptic proteins (64, 86-88).  

Epigenetic regulation is also altered in DS through several mechanisms. The 

existence of an extra chromosome alone can shift the chromatin structure, altering 

transcription of the entire genome (69). Furthermore, regions of differentially methylated 

DNA that are associated with reduced gene expression have been shown to be enriched 

and altered in DS (89, 90). These differential patterns of DNA methylation are proposed 

to be a consequence of reduced REST levels secondary to DYRK1A overexpression, and 

triplication of DMNT3L (91). Reduced expression of the REST/NRSF chromatin 

remodeling complex exposes REST binding domains, which were found to be 

abnormally methylated in DS brains (89). Additionally, the methyltransferase DMNT3L 

is encoded on chromosome 21. Consequently, overexpression of DMNT3L is suspected 
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to contribute to alterations of de novo methylation in DS (89). Altogether, triplication of 

chromosome 21 induces broad changes in transcriptional regulation likely to have 

profound effects on the DS phenotype. 

 

The Endocytic Pathway In Alzheimer’s Disease And Down Syndrome 

When internalized cargoes from the plasma membrane first enter the cell they 

reside in early endosomes, which are subcellular organelles responsible for the sorting 

and trafficking of cargo proteins throughout the cell. From early endosomes, cargoes are 

directed into multiple pathways; retrograde to the trans golgi network, to the lysosome for 

degradation, or recycled back to the cell surface. In addition to these trafficking roles, 

early endosomes are platforms for signal transduction. Endocytosed membrane bound 

receptor complexes are transported via endosomes where they can transduce signals 

throughout the cell. This process is especially important for neurons, where signals must 

be conveyed along extensive neurites to the cell body. The functions of endosomes are 

regulated through a series of Rab GTPases. Rab5 is present on early endosomes and 

facilitates recruitment of effector proteins that are responsible for endosome uptake, 

trafficking, signaling, or maturation (92, 93). Whereas Rab11 and Rab4 aid in recycling 

of endosomes back to the cell surface (94). The switch from Rab5 to Rab7 signals the 

maturation of early endosomes to late endosomes, which initiates the process of transport 

of cargoes to the lysosome for degradation (93, 94). 

Enlargement of early endosomes is thought to be one of the first intracellular 

manifestations of AD. The accumulation of enlarged rab5-positive endosomes was first 

described in pyramidal neurons in human post-mortem brain tissue from a cohort of 
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LOAD patients (95). Further studies demonstrated that these enlarged endosomes appear 

prior to the accumulation of Aß plaques and are the first site of intracellular Aß (96, 97). 

In DS, this endosomal phenotype begins much earlier than in sporadic AD, with enlarged 

endosomes appearing during gestation and increasing in number with age (96). This 

observation appears to be specific to AD and DS. Although endo-lysosomal dysfunction 

is common in other neurodegenerative disorders, enlarged endosomes were absent in 

examination of human post-mortem tissue from subjects with Huntington’s disease, 

Pick’s disease, progressive supranuclear palsy, Amyotrophic lateral sclerosis, and other 

neurodegenerative diseases, signifying that the observation is not simply secondary to 

neuronal injury or stress (94, 95).  

The involvement of the endo-lysosomal system in early AD pathogenesis is 

significant given that it is the predominant site of APP processing (98, 99). Under steady 

state conditions, internalized APP enters the endo-lysosomal pathway where it is 

predominantly sorted and trafficked to the trans-golgi network or to lysosomes for 

degradation (100, 101). Endogenous BACE1 primarily resides in the early and recycling 

endosomes, with only small amount detected in the golgi and late endosomes (102). 

When flux through the endo-lysosomal system is disrupted, APP is retained in the early 

endosomal compartment with BACE1. The acidic environment of early endosomes is 

ideal for optimal activity of BACE1, which cleaves the stalled APP to produce Aß 

peptides (103). The amyloidogenic processing that occurs in early endosomes is thought 

to be the primary mechanism of Aß production, suggesting that subcellular localization of 

APP may be critical in early AD-DS pathogenesis. 
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 Defects in signaling endosomes are also suspected to contribute to AD 

pathogenesis in DS. Impaired maturation of rab5-positive endosomes results in defective 

biogenesis of signaling endosomes (104). Furthermore, retrograde transport of signaling 

endosomes is defective along axons (92). This is especially prevalent when examining 

trophic support to basal forebrain cholinergic neurons, which requires NGF to be 

transported via long-lived signaling endosomes in complex with its receptor, TrkA (105, 

106). Failure of trophic support to reach the neuronal soma in BFCN is thought to 

contribute to loss of these neurons observed in both AD and DS (92, 107, 108). In 

support of this hypothesis, NGF metabolism is altered in the brains of human subjects 

with AD and DS, as well as models of both diseases (109-113). Aberrant signaling via 

endosomes also directly contributes to neuron loss through activation of apoptotic 

pathways. The accumulation of Rab5 stimulates APPL-1 to deliver several transcription 

factors to the nucleus that ultimately induce activation of NF-κB neuroinflammatory 

pathway and apoptosis (114, 115). 

 In the end stages of the endo-lysosomal pathway, endosomal and autophagic 

cargoes are delivered to lysosomes for degradation. Acidification of late endosomes and 

lysosomes occurs during maturation, allowing for activity of lysosomal proteases and 

degradation of intracellular waste (94). In both AD and DS, several components of the 

lysosomal degradation process are disrupted. Accumulation of APP and its cleavage 

products, specifically the ß-CTF C99 fragment, within lysosomal compartments leads to 

permeabilization of lysosomal membranes, thereby reducing acidification and proteolytic 

activity of lysosomal enzymes (92, 116). Additionally, permeabilization of lysosomal 

membranes can release calcium and proteases into the cytosol, ultimately inducing cell 
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death. Elevations in reactive oxygen species can lead to oxidation of lysosomal 

cathepsins B and D, and the V-ATPase, which is responsible for maintaining lysosomal 

acidity (117). Oxidation of these proteins results in reduced proteolysis of lysosomal 

contents. Furthermore, in several models of Down syndrome, cathepsin D is mislocalized 

to early endosome compartments, suggesting failure of the protease to reach the lysosome 

(92, 118). Ultimately, the culmination of these lysosomal failures results in accumulation 

of intracellular waste, and neuronal death.   

 

The Retromer Complex And Neurodegeneration  

The Retromer Complex 

 The retromer complex is a highly conserved multi-protein endosomal sorting 

system that regulates the retrieval and recycling of cargo proteins from endosomes and, 

as such, is a key regulator of intracellular trafficking and protein homeostasis. Upon 

internalization and entry into the endosomal system, cargo proteins can be sorted via 

retromer into three different pathways: 1) the retrograde pathway, which transports 

cargoes from the endosome to the trans-golgi network, 2) the recycling pathway, which 

directs proteins to the plasma membrane, and 3) the degradation pathway, where 

internalized cargo remain in the endosomes as they mature and eventually fuse with 

lysosomes, where cargoes are degraded. Under physiological conditions, the sorting of 

cargo into these three pathways is balanced, and regulation of this system is critical for 

proper functioning of the endo-lysosomal network. Aberrant protein sorting secondary to 

retromer failure results in dysregulated degradation of proteins, buildup of toxic proteins 
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intracellularly and within endosomal compartments, and disruption of synaptic function 

due to deregulated trafficking of cell surface receptors (93, 119).  

The mammalian retromer complex is organized into several modules that 

transiently associate to define the functions of the complex. Among modules, the trimeric 

cargo recognition core (CRC), composed of VPS35, VPS26, and VPS29, is considered 

the central unit of the complex as a whole. Within this core, VPS35 serves as a structural 

backbone that binds VPS26 and VPS29 on its N- and C- terminal domains, respectively 

(120). Cargo selectivity is mediated primarily through VPS35 and VPS26, while the 

VPS29 subunit essential for proper retromer localization (121). Additionally, VPS26 

exists in two isoforms, Vps26a and Vps26b, that show differences in cargo selectivity 

(122, 123). Diversity of retromer function stems from the ability of the CRC to form 

distinct complexes with numerous accessory proteins. Transient association of the CRC 

with various sorting nexins, cargo adaptors, molecular motors, and cytoskeletal elements 

helps determine both the cargo and pathway specificity. 

Recruitment of retromer to endosomal membranes is mediated by sequential 

actions of Rab5 and Rab7 (124). First, the association of Rab5 with early endosomes 

initiates the recruitment of multiple effector proteins, including PI3K, which leads to 

enrichment of PI3P in endosomal membranes (125). The abundance of PI3P allows for 

the binding of SNX3, which aids in retromer recruitment via its weak interactions with 

VPS35 and VPS29 (126). Activation of Rab7 allows it to associate with endosomal 

membranes, where it sustains the activation of PI3K and SNX3 recruitment while also 

providing a second binding domain for the VPS subcomplex (127). The presence of both 
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SNX3 and Rab7 allows for the recruitment of the CRC to the endosomal membrane and 

initiates the Rab5 to Rab7 switch that signals the start of endosomal maturation (124).  

 Upon recruitment to endosomes, the retromer CRC transiently associates with 

both a tubulation module, and stabilizing module that aids in cargo recognition (119). In 

the retrograde pathway, VPS26 and SNX3 select cargo proteins via a conserved sorting 

motif, and SNX-BAR dimers in association with dynein mediate tubulation along 

microtubules toward the trans-golgi (128-130). Recycling to the plasma membrane 

requires an alternative sorting nexin, SNX27, which interacts with VPS26 to recognize 

PDZ domains on cargo proteins (131). Both SNX27 and VPS35 recruit and bind to 

FAM21, a member of the WASH complex (128). The WASH complex associates with 

Arp2/3 to promote actin polymerization from endosomes and associates with molecular 

motors, ultimately aiding in the transport of cargo proteins from early endosomes to the 

plasma membrane (132). The retromer controls entry of cargo into the degradation 

pathway through two separate mechanisms. First, failure to sort cargo from endosomes 

causes retention of cargoes within endosomes as they mature and can eventually fuse 

with lysosomes, where contents are degraded. The second, newly discovered mechanism 

involves direct delivery of specific cargo proteins to lysosomes via the retromer complex. 

Although this pathway is not well understood, evidence shows that VPS35 directly 

interacts with the lysosomal protein LAMP1 to mediate cargo delivery to lysosomes 

(133). 
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Figure 1. The structure and function of the mammalian retromer complex.  

Upon internalization and entry into the endocytic pathway, cargo proteins can be sorted 
from early endosomes via the retromer complex into three separate pathways: the 
recycling pathway, where cargoes are transported from early endosomes to the plasma 
membrane, the retrograde pathway, where cargo are trafficked to the TGN, or the 
degradation pathway, where endocytosed materials are directed to lysosomes for 
degradation. The trimeric cargo recognition core, composed of VPS35, VPS26, and 
VPS29, is the central unit of the retromer complex. Rab7 and SNX3 help recruit and 
tether the VPS subcomplex to the endosomal membrane, where it associates with SNX27 
and the WASH complex in the recycling pathway, or SNX3 and SNX-BAR dimers in the 
retrograde pathway, to direct cargo away from early endosomes. In the degradation 
pathway materials remain in endosomes as they mature and eventually fuse with 
lysosomes or are sorted directly to lysosomes via VPS35 interaction with LAMP1. E.E.: 
early endosome, L.E.: late endosome, TGN: trans-golgi network. This figure was created 
using biorender.com. 

 
 Within these three pathways retromer controls the subcellular localization of 

numerous proteins central to many intracellular processes. One of the first established 

retromer cargo proteins was the CIMPR, a cargo receptor important for targeting of 
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lysosomal enzymes. Retromer rescues the CIMPR from degradation and transports it 

retrograde to the trans-golgi. While there may be some redundancy in mechanisms of 

endosome-to-golgi transport of CIMPR, numerous studies have demonstrated that 

defective trafficking of CIMPR secondary to retromer dysfunction results in 

mislocalization of proteases, such as cathepsin D, and decreased proteolytic activity of 

lysosomes (134-138). The retromer also associates with members of the VPS10 family of 

cargo receptors that includes SORLA, Sortilin, and SORCS1-3. SorLA and SorCS1 are 

cargo adapters required for the removal of APP from early endosomes, thus regulating 

amyloidogenic processing. Sortilin has diverse functions including transport of lysosomal 

hydrolases, glutamate transporters, BACE1, neuroinflammatory cytokines, and 

neurotrophin signaling complexes (139). Within the recycling pathway, the CRC-SNX27 

complex is implicated in the transport of ion channels, GPCRs, synaptic proteins 

including AMPA and NMDA receptors, the autophagy protein ATG9, kinases, and other 

transmembrane proteins (140). Through these actions the retromer regulates many 

aspects of neuronal physiology including excitability, signaling, autophagy, and survival.  

 

Retromer Dysfunction In Neurodegeneration 

 In agreement with the critical role of the retromer complex in maintaining 

intracellular trafficking and protein homeostasis, dysfunction of the retromer complex has 

been implicated in neurodegenerative disease. The association between retromer and 

neurodegeneration was first described when a model-guided microarray revealed 

reductions in VPS35 and VPS26 in cortices and hippocampi of human patients with AD 

(141). Further genetic association studies identified variants of genes encoding the 
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retromer accessory proteins SNX1, SNX3, and rab7 (142) and cargo receptors SORL1 

(143), SORCS1 (144), SORCS2, and SORCS3 (145) that are associated with elevated 

AD risk (146). Retromer dysfunction has been similarly implicated in other 

neurodegenerative diseases beyond AD. Genetic variants of VPS35 have been identified 

as the cause of late-onset Parkinson’s disease (147, 148), and recent studies have shown 

decreased protein expression of retromer cargo recognition core proteins in cortices and 

hippocampi from human patients with PSP and Pick’s disease (136). In DS, the HSA21 

encoded miRNA155 causes decreased levels of SNX27 and consequently, decreased 

recycling of glutamate receptors at synapses (88). 

 Mechanistically, decreased, or aberrant function of the retromer complex can 

promote AD-like neurodegeneration by both promoting the production of pathogenic 

proteins and reducing their degradation. The link between retromer dysfunction and 

abnormal APP processing is well established. Several in vitro and in vivo studies have 

demonstrated that failure of retromer to sort APP from endosomes results in 

accumulation of APP and its cleavage products in early endosomes and increased 

production of Aß (149-151). More recently, dysfunction of the retromer system has also 

been linked to the development of tau pathology due to its role in maintaining the 

degradative capacity of lysosomes, via sorting of the protease cathepsin D (119, 136, 

152). Beyond the accumulation of pathogenic proteins, retromer failure can lead to 

synaptic dysfunction due to mis-sorting of synaptic receptors and abnormal inflammatory 

responses due to impaired sorting of phagocytic receptors, both key aspects of AD 

pathogenesis (119, 146). An additional consequence of retromer dysfunction is the 

enlargement of early endosomes. In experimental models, genetic deletion of VPS35, or 
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non-functional VPS35 mutants result in enlarged, rab5+ early endosomes (137, 153). To 

this end, dysfunction of the retromer complex provides a potential pathogenic link 

unifying the main neuropathological features of AD-DS. 

In conclusion, multiple prominent features of AD-DS pathogenesis, including 

abnormal APP processing, proteolytic lysosomal failure, dysregulated neuroinflammatory 

response, and endosomal abnormalities can be linked experimentally to dysfunction of 

the retromer complex system. Yet, whether the retromer system is altered in DS, or 

contributes to AD-DS pathology and cognitive decline remains unclear. Because 

endosomal dysfunction is an early event in AD-DS pathogenesis, understanding the 

mechanisms behind this phenomenon would provide a unique opportunity for 

preventative treatments. Thus, further studies are needed to understand precise role of the 

retromer system in AD-DS pathogenesis and its implications as a therapeutic target.  
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CHAPTER 2 

SCIENTIFIC RATIONALE AND SPECIFIC AIMS 

 

 By age 40, nearly all individuals with DS develop Aβ plaques and tau 

neurofibrillary tangles, the pathological hallmarks of AD (11). This increased 

susceptibility to AD in DS has primarily been attributed to an over-dosage of APP, 

which generates neurotoxic Aβ fragments when cleaved by BACE-1. However, the 

complete molecular mechanisms that drive classical DS neuropathology are not well 

understood given that trisomy of chromosome 21 can produce AD-like neuropathology 

independently of APP triplication (71). In recent years, evidence has emerged to support 

the role of dysfunction of the retromer complex, a multiprotein system responsible for 

sorting proteins from endosomes to the trans-golgi or cell surface, as a common 

pathology in various neurodegenerative diseases including AD (119). Two components 

of the retromer CRC, VPS35 and VPS26, are decreased in brain tissue from AD patients, 

and retromer variants are associated with increased AD risk (141, 142, 154). 

Furthermore, enlargement of early endosomes, a phenotype prominent in both AD and 

DS, can be experimentally reproduced by deficiency or loss of function of retromer core 

components (137, 153). We propose that these endocytic abnormalities may be 

indicative of dysfunction of retromer system. Thus, the aim of this study is to examine 

the role of the retromer complex in the development of AD-DS. We hypothesize that the 

retromer complex is dysregulated in DS, and that decreased function of the retromer 

complex contributes to the development of AD-DS pathology and cognitive decline. We 

plan to address this hypothesis with the following specific aims (Figure 1). 
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Specific Aim 1: To Assess Components Of The Retromer Complex And AD-Like 

Pathology In Post-Mortem Tissues From Human DS Patients And Models Of DS. 

Sub Aim 1a: We evaluated key components of the retromer system and AD 

neuropathology in cortices and hippocampi of young and aged human patients with DS 

and unaffected controls. We applied a regression analysis to retromer protein data and 

pathology measures to investigate whether retromer deficiency correlates with the 

development of AD-like neuropathology in Down syndrome patients. 

Sub Aim 1b: We examined retromer components and AD-like pathology in two models 

of DS: iPSC-derived neurons from a human patient with mosaic DS, and the Ts65dn 

mouse model of DS. To understand the time course of retromer dysfunction, we 

examined changes in the retromer system, neuropathology, and cognitive function at 

varying age timepoints. 

 

Specific Aim 2: To Examine The Effects Of Increasing The Retromer Complex On 

AD-Like Neuropathology And Cognitive Deficits In Models Of DS.  

Sub Aim 2a: Using a genetic approach, we overexpressed VPS35 in trisomic iPSC-

derived neurons and assessed AD-like pathology measures and endocytic dysfunction. 

Sub Aim 2b: We utilized the pharmacological chaperone, TPT-172, to stabilize the 

retromer CRC in trisomic iPSC-derived neurons and assessed AD-like pathology and 

endocytic dysfunction. We administered TPT-172 to Ts65dn mice from 4 to 9 months of 

age and evaluated cognition, AD-like neuropathology, and endocytic dysfunction. 



 25 

 
Figure 2. Experimental approach and scientific aims. Figure created using 
biorender.com. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

Human Brain Samples 

Human post-mortem hippocampus and cortex tissues were obtained from subjects with 

Down syndrome (n=29, 23 males and 6 females) and unaffected matched control subjects 

(n=37, 31 males and 6 females). Tissue samples were provided by the University of 

Maryland Brain and Tissue Bank, the University of Miami Brain Endowment Bank, the 

UCLA Brain Bank, and the Brain Tissue Donation Program at the University of 

Pittsburg, all repositories of the National Institutes of Health (NIH) Neurobiobank. 

Subjects ranged from 15 to 65 years of age, and both males and females were included in 

the study. Detailed subject information is available in Table 1.  
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Table 1. Patient information for donors of post-mortem brain samples 

Sample ID Disorde
r Age Sex PMI Cause of Death 

4330 CTR 19 F 19 Unknown 
1649 CTR 20 M 20 Unknown 
1841 CTR 20 M 14 Unknown 
4590 CTR 20 M 19 Unknown 
5577 CTR 21 M 19 Aortic Stenosis 
5926 CTR 21 M 27 Cardiac Arrythmia 
5342 CTR 22 M 14 Multiple Injuries 
5958 CTR 22 M 24 Dialated Cardiomegaly 
5030 CTR 24 M 14 Restrictive Airway Disease 
6061 CTR 24 M 33 Acute and Chronic Lung Disease 
4729 CTR 24 M 10 Unknown 

Hct15HAW0218 CTR 25 M 22.5 Unknown 
5288 CTR 27 M 13 Congestive Heart Failure 
5753 CTR 28 M 28 Dialated Cardiomegaly 
6096 CTR 28 M 7 Multiple Injuries 
5563 CTR 29 M 22 Pulmonary Thromboembolism 
13082 CTR 41 M 27.4 Cardiovascular Disease 
13312 CTR 50 F 14 Cardiovascular Disease 
1227 CTR 53 M 16 Unknown 
13069 CTR 53 M 25.8 Dialated Cardiomyopathy 
13112 CTR 53 M 30.8 Cardiovascular Disease 
13144 CTR 54 M 27.6 Cardiovascular Disease 

HBLE0218 CTR 54 F 19.3 Unknown 
1865 CTR 55 M 16 Unknown 
1907 CTR 55 M 17 Unknown 
5024 CTR 56 M 10 Unknown 
13228 CTR 56 M 28 Cardiovascular Disease 
13085 CTR 57 M 22.4 Cardiovascular Disease 
1113 CTR 57 M 17 Unknown 
13267 CTR 58 F 10.4 Cardiovascular Disease 
256 CTR 59 M 6 Unknown 
248 CTR 61 F 7 Unknown 
5214 CTR 61 M 19.4 Unknown 
5326 CTR 62 M 6 Torso injuries 
5274 CTR 64 F 20 Cardiovascular Disease 
13167 CTR 64 M 23.9 

23 
Cardiovascular Disease 

13232 CTR 65 M 23.9 Drowning 



 28 

2854 DS 15 M 14 Complications of the Disorder 
1960 DS 19 M 14 Complications of the Disorder 
5277 DS 19 M 26 Diabetic Ketoacidosis 
707 DS 22 M 15 Pneumonia 
753 DS 23 M 24 Cardiac Arrest 

HBNS0218 DS 24 M 24 Unknown 
5341 DS 25 M 24 Unknown 
5713 DS 25 M 22 Pneumonia 
4335 DS 28 M 26 Lobar Pneumonia 
5783 DS 41 M 15 Diabetic Ketoacidosis 
3233 DS 47 F 24 Unknown 
2395 DS 48 F 1.5 Unknown 

HBNY0218 DS 51 F 8 Unknown 
1549 DS 51 M 6 Unknown 
1563 DS 53 M 10 Unknown 
5772 DS 53 M 24 Complications of the Disorder 
6067 DS 53 M 23 Complications of the Disorder 
6135 DS 55 M 12 Complications of the Disorder 
5295 DS 56 M 16 Acute Thromboembolism 
5600 DS 57 F 6 Complications of the Disorder 
6151 DS 57 M 5 Complications of the Disorder 
1623 DS 57 M 7 Unknown 
1377 DS 57 M 8 Unknown 
1139 DS 58 F 5 Unknown 
1534 DS 60 F 22.5 Unknown 
3000 DS 61 M 10.5 Unknown 
5386 DS 64 M 20 Complications of the Disorder 
5510 DS 65 M 10 Natural 

 

Animal Model 

All animal care and procedures were approved by the Institutional Animal Care 

and Usage Committee, in accordance with the US National Institutes of Health 

guidelines. The Ts65dn mouse line (005252, wild type for the Pde6b retinal degeneration 

gene) was purchased from Jackson laboratories and used in this study. The Ts65dn mouse 

is a well characterized post-natal model of DS that is segmentally trisomic for a small 
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translocation chromosome consisting of murine chromosome 16 fused with 5% of murine 

chromosome 17, which contains approximately two-thirds of the orthologs for genes 

found on human chromosome 21 (155). Ts65dn mice carry an extra copy of APP and 

display many cognitive and neuropathological correlates of AD, including basal forebrain 

neurodegeneration coupled with age-related cognitive decline starting from 4 to 6 months 

of age (156). Although this model lacks classical plaques and tangles, Ts65dn mice 

develop age-related accumulation of hippocampal APP, Aß, and ß-CTF (157, 158), and 

elevations in 3R-tau (159), phosphorylated tau, and hippocampal tau-reelin deposits 

(160). Endosomal dysfunction is also recapitulated in the Ts65dn mouse, with enlarged 

early endosomes found in cortical and hippocampal neurons, but most prominently in 

basal forebrain cholinergic neurons (161). While there are several models of DS that 

recapitulate elements of the AD-DS phenotype, the rationale for using this model is that 

the Ts65dn mouse develops the endosomal phenotype linked to both AD-DS 

neuropathology and retromer dysfunction, in addition to aging related cognitive decline 

and the classical pathological correlates of AD-DS. 

 

The Pharmacological Chaperone TPT-172 

The small molecule pharmacological chaperone TPT-172 is a thiophene thiourea 

derivative that stabilizes the retromer CRC against thermal denaturation, and 

consequently increases retromer protein levels (151). TPT-172 specifically targets the 

VPS35-VPS29 binding interface, which has been shown to be the weakest link within the 

retromer CRC.  
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In Vivo Treatment With TPT-172 

Ts65dn mice were administered 50 mg/kg of TPT-172 (Benjamin Blass, School of 

Pharmacy, Temple University) or vehicle by oral gavage 3 times weekly from 4 to 9 

months of age. Throughout the study mice were monitored for changes in weight and 

general signs of toxicity.  

 

Behavioral Tests 

Ts65dn mice and WT littermates underwent behavioral assessment at 2, 5, 9, and 12 

months of age. Ts65dn mice treated with TPT-172 or vehicle underwent behavioral 

assessment at 9 months of age. All mice were handled for 3-4 consecutive days prior to 

behavioral testing. 

 

Y-Maze 

Each mouse was placed in the center of a Y shaped maze with three identical arms and 

allowed to freely explore the apparatus for five minutes. An entry was scored if all four 

paws entered an arm, and the sequence and number of arm entries was recorded. An 

alternation was defined as three consecutive entries into different arms of the maze, and 

the percentage of alternations was calculated using the following formula: ((number of 

alternations/the number of entries-2)*100). 

 

Morris Water Maze 

The Morris water maze (MWM) test was conducted using a plastic circular tank filled 

with water made opaque using non-toxic white paint. All training and probe tests were 
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recorded using Any-Maze™ Video Tracking System (Stoelting Co., Wood Dale, IL). The 

mice were trained to find a submerged platform from 4 different quadrants of the tank 

each day for 4 days. Mice that failed to reach the platform within 60 seconds were led 

there by the experimenter and allowed to remain on the platform for 15 seconds. On the 

fifth day, the probe test was administered by removing the platform and allowing mice to 

search for the platform for 60 seconds. Probe and trial parameters of interest, including 

swimming speed, latency to platform entry, entries in the platform zone, and time spent 

in each quadrant, were acquired using the Any-Maze system. 

 

Fear Conditioning 

Tests were conducted using a conditioning chamber with a grid floor, transparent door, 

and black interior walls, and freezing activity was recorded during each testing phase 

using the Startle and Fear Combined System (Harvard Apparatus, Holliston, 

Massachusetts). During the training phase, mice were placed in the conditioning chamber 

for a total of 6 minutes and received a series three sound cues paired with electric foot-

shocks. Following the training, mice were removed from the chamber and returned to 

their home cage for 24 hours prior to contextual and cued tests. In the contextual test, 

mice were returned to the conditioning chamber in the absence of the sound cue and foot 

shock for 5 minutes. For the cued test, the floor, walls, lighting, and scent of the 

conditioning chamber were altered, and the mouse was placed in the altered chamber for 

6 minutes and subjected to the original sound cue. Freezing activity of each mouse was 

used as a measure of recall in both the contextual and cued tests. 
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Euthanasia And Brain Dissection 

Following behavioral assessment, mice were euthanized in accordance with the Temple 

University’s Institutional Animal Care & Use Committee (IACUC) guidelines. Following 

CO2 inhalation, mice were perfused with cold PBS supplemented with 2mmol/L EDTA 

and a phosphatase inhibitor cocktail. The brain was harvested, and half of the brain was 

preserved in 4% paraformaldehyde overnight for immunohistochemistry studies. The 

cortex, hippocampus, and cerebellum were dissected from the remaining half of the brain 

for biochemistry. Tissues were stored at -80 ͦC. 

 

Preparation Of Protein Samples From Tissues 

Brain tissues were sonicated in radioimmunoprecipitation (RIPA) buffer supplemented 

protease and phosphatase inhibitors. Lysates were ultracentrifuge at 90,000 RCF for 45 

minutes to separate the soluble and insoluble fractions of proteins. Supernatants were 

used for analysis of soluble proteins, and formic acid was applied to the pellet for 

extraction of insoluble proteins.  

 

Immunohistochemistry 

Mouse hemispheres were fixed in 4% PFA and embedded in paraffin. Serial 8-um 

coronal sections were cut and mounted on n 3-aminopropyl triethoxysilane (APES)-

coated slides. Sections were deparaffinized, rehydrated, and treated with 3% H2O2 in 

methanol and 10mM citrate for antigen retrieval. Sections were blocked using 2% 

Donkey serum, incubated in primary antibodies in a humidified chamber at 4 ͦC 

overnight, and secondary antibody for 1 hour at room temperature. Sections were 
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developed using a fluorescent Alexa Fluor -conjugated secondary antibody. Antibodies 

used in the study are listed in Table 2. 

 

Electrophysiology 

Slice Preparation 

Mice were anesthetized using isoflurane, quickly decapitated, and brains were 

removed. Hippocampi were dissected, and 400-micron hippocampal sections were cut 

using a tissue slicer (Stoelting Co. Il, USA). Slices were incubated in artificial 

cerebrospinal fluid (aCSF) with the following composition: 124 mM NaCL, 3 mM KCl, 2 

mM MgCl2, 1.25 mM NaH2PO4, 2.5 mM CaCl2, 26 mM NaHCO3, and 10 mM dextrose, 

maintained at pH 7.4 with continuous bubbling of a 95% O2 and 5% CO2 gas mixture. 

Slices were kept in the incubation chamber for approximately 2 hours for recovery then 

transferred to the experimental chamber for field potential recordings. To assess the 

effect of TPT-172 on synaptic activity, several hippocampal slices from each animal were 

incubated in 25μM TPT-172 during the recovery period. Both control and TPT-172 

treated slices from each animal were used for field potential recordings. 

 

Field Potential Recordings 

Hippocampal slices were placed into a submerged experimental chamber that we 

continuously perfused with artificial cerebral spinal fluid (aCSF) bubbled with 95% O2 

and 5% CO2. Temperature was maintained at 30–31°C using the PTC03 Temperature 

Controller (Scientific Systems Design Inc, USA). Field excitatory postsynaptic potentials 

(fEPSPs) were evoked via stimulation of hippocampal Schaffer collaterals. Specifically, a 
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0.2 msec bi-phasic electrical pulse was delivered via a platinum/iridium bioploar 

electrode (FHC, USA) connected to an isolated pulse stimulator Model 2100 (A-M 

systems, USA). A borosilicate glass electrode of a 1.5-2 mOhm resistances was pulled 

with a PIP6 pipette puller (HEKA, USA), filled with aCSF, and used for detection of 

fEPSPs in the stratum radiatum of the CA1 region of the hippocampus. A head stage IE-

210 amplifier (Warner, USA) was connected to the recording electrode. A LPF 202A low 

pass Bessel filter (Warner, USA) was used to filter recorded fEPSPs, and recordings were 

digitized using Axon Digidata 1550b (Molecular Devices, USA). Data acquisition was 

performed with Clampex 10.7 software from the PClamp 10.7 software suite (Molecular 

Devices, USA). To study basal synaptic activity, the slices were stimulated with current 

pulses of differing intensities and constant increments of 20 second inter-pulse intervals. 

The input to output curve was generated from the value of the fEPSP slope over the 

amount of injected current. Short-term plasticity (STP) and long-term plasticity (LTP) 

were assessed by the intensity of stimulation necessary to evoke an fEPSP at 1/3 of the 

maximal response, as determined by analysis of the input-output curve. STP was 

evaluated with time dependency of the paired-pulse facilitation protocol. In the paired-

pulse facilitation protocol, paired current pulses at differing inter-pulse intervals were 

used to evoke paired fEPSPs. The ratio of the fEPSP slope at pulse 2 to the fEPSP slope 

at pulse 1 was determined using respective inter-pulse interval time points. The high-

frequency stimulation protocol was used to induce LTP. The baseline response to a 

continuous stimulation was recorded for 20 minutes prior to LTP induction. Three 

consecutive tetanic pulses of 1-s duration and 100 Hz were applied at 60-s inter-pulse 

intervals to induce LTP. The value of the fEPSP slope following LTP induction was 
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normalized to the baseline fEPSP slope. All analysis for fEPSP slope evaluation was 

performed using the Clampfit 10.7 software from the PClamp 10.7 software suite 

(Molecular Devices, USA). 

 

Cathepsin D Fluorometric Activity Assay 

The proteolytic activity of cathepsin-D was measured using a fluorometric assay 

following the manufacturer’s instructions (Abcam, ab65302). Brain tissues were 

homogenized using a dounce homogenizer in lysis buffer, centrifuged at 10,000g, and 

the supernatant was collected. Fluorescence released from cleavage of the peptide 

substrate (DnP-DR-MCA, GKPILFFRLK(DnP)-DR substrate peptide labeled with MCA) 

was measured using a fluorescence microplate reader at Ex/Em=328/460nm, and 

relative fluorescence units were normalized by the protein concentration of each 

sample. 

 

Fibroblast Cell Culture 

Human fibroblast cells from Down syndrome (AG04823) or unaffected control 

(AG08498) donors were obtained from Coriell Cell Repositories 

(https://catalog.coriell.org). Cells were grown at 37ºC and 5% CO2 in Eagle’s Minimum 

Essential Media with Earle’s salts and non-essential amino acids, supplemented with 15% 

fetal bovine serum and 100 U/mL penicillin-streptomycin (Thermo Fisher Scientific, 

Waltham, MA). Fibroblasts were harvested at approximately 90% confluences and 

protein was extracted using radioimmunoprecipitation assay (RIPA) buffer supplemented 
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with protease and phosphatase inhibitors, or RNA was extracted using the miRNAeasy 

micro kit (Qiagen, Germantown, MD) according to the manufacturer’s instructions.  

 

Neuro-2A Neuroblastoma Cell Culture 

Wild-type Neuro-2 A neuroblastoma (N2A) cells or N2A cells that stably express human 

tau (N2A-Htau) were grown in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin-streptomycin (Thermo 

Fisher Scientific, Waltham, MA) and 100 mg/mL Hygromycin B (Invitrogen, CA) at 

37ºC in the presence of 5% CO2. For in vitro experiments with TPT-172, N2A-Htau cells 

were grown to 70% confluence in 6-well plates and incubated in 0, 25, or 50µM TPT-172 

diluted in culture media for 48 hours prior to harvest. When examining the role of CDK5 

in the effects of TPT-172, the CDK5 inhibitor roscovitine (Millipore-Sigma, Burlington, 

MA) was added to cells 4 hours prior to harvest. Protein was extracted using 

radioimmunoprecipitation assay (RIPA) buffer supplemented with protease and 

phosphatase inhibitors. 

 

Cycloheximide Chase Assay 

To assess the effect of TPT-172 on degradation of retromer core proteins in vitro, N2A 

cells were grown to 70% confluence in 6-well plates and pre-treated with either 0, 25, or 

50µM TPT-172 diluted in pH-stabilized media for 24 hours. Cycloheximide (Millipore-

Sigma, Burlington, MA) was added to cells at a concentration of 100ug/mL and cells 

were harvested at 0, 4, and 8 hours post cycloheximide treatment for time-course analysis 

of retromer stability via immunoblot.  
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Co-Immunoprecipitation 

To examine the effect of TPT-172 on retromer core stability in vitro, N2A cells were 

grown to 70% confluence in 6-well plates and pre-treated with either 0, 25, or 50µM 

TPT-172 diluted in media for 48 hours. VPS35 was immunoprecipitated using the Pierce 

Co-Immunoprecipitation kit (Thermo Fischer Scientific, Waltham, MA) according to the 

manufacturer’s instructions. The amount of VPS26 and VPS29 bound to VPS35 in the 

presence of TPT-172 was assessed via western blot. Antibodies used in the study are 

listed in Table 2. 

 

CDK5 Activity Assay 

To examine the effect of TPT-172 on CDK5 activity in iPSC-derived neurons, the active 

CDK5-p25 complex was immunoprecipitated using the Pierce Co-Immunoprecipitation 

Kit (Thermo Fischer Scientific, Waltham, MA) according to the manufacturer’s 

instructions. Kinase activity was determined using the ADP-Glo CDK5/p25 Kinase 

Assay (Promega, Madison, WI). The immunoprecipitated CDK5-p25 complex was 

incubated with 10uM ATP and 0.1 µg/µl of the substrate histone H1 for 10 minutes at 

room temperature, and then incubated with ADP-Glo reagent for 40 minutes to deplete 

any remaining ATP. The kinase detection reagent was added for 30 minutes, and 

luminosity was recorded using a fluorescent microplate reader with an integration time of 

600ms. Luminosity, shown as Relative Light Units (RLU) directly correlates with the 

amount of ADP generated during the kinase reaction. Antibodies used in the study are 

listed in Table 2. 
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To assess the effect of TPT-172 on CDK5 activity on N2A cells, the active 

CDK5-p25 complex was immunoprecipitated using the Pierce Co-Immunoprecipitation 

Kit (Thermo Fischer Scientific, Waltham, MA) according to the manufacturer’s 

instructions. The immunoprecipitated CDK5-p25 complex was incubated with 10µM 

ATP and 0.1µg/µl of the substrate histone H1 for 30 minutes. Following the kinase 

reaction, lamelli buffer was added to the reaction, and histone phosphorylation was 

evaluated using western blot.  

 

Human iPSC Culture 

Fibroblasts collected from a human patient with mosaic Down syndrome were 

reprogrammed into 3 separate induced pluripotent stem cell lines; two trisomic lines and 

one euploid cell line. The iPSC lines were characterized thoroughly, and it was found that 

iPSC lines were pluripotent and that the trisomic cells overexpressed HSA21 genes at the 

expected ratio (162). Additional studies demonstrated that, upon neuronal differentiation, 

trisomic cell lines display vulnerability to oxidative stress, impaired ability to form 

functional synapses, and enhanced production of Aß and phosphorylated tau that 

increases with age of the culture  (162, 163). One euploid (DS2U) and one trisomic 

(DS1) iPSC line were purchased from WiCell Stem cell bank (Madison, WI) for all iPSC 

neuronal differentiation experiments.  

Human iPSC lines were maintained using a feeder-free culture system in mTesR 

plus medium (Stemcell Technologies, Vancouver, CA) on Matrigel Growth Factor 

Reduced Basement Membrane Matrix (#354230, Corning, Corning, NY). Neural 

progenitors were generated using the StemDiff SMADi Neural Induction kit (Stemcell 
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Technologies, Vancouver, CA) following the manufacturer’s monolayer protocol. When 

iPSC cultures approached confluence, cells were collected using versene (Thermo Fisher 

Scientific, Waltham, MA), washed in DMEM-F12 (Stemcell Technologies, Vancouver, 

CA), and centrifuged at 300g for 5 minutes. The pellet was gently resuspended in mTesR 

plus media supplemented with 10uM Y-27632 ROCK inhibitor (Stemcell Technologies, 

Vancouver, CA), and plated on Matrigel-coated 6-well tissue culture plates at a density of 

2.5x105 cells per cm2. The following day (Day 0 of the neural induction protocol) 

medium was replaced with StemDiff SMADi Neural Induction medium, and full media 

changes were performed daily on days 1-10 of the neural induction protocol. ROCK 

inhibitor was only added at the time of passaging and not included in the medium for 

daily media changes. On approximately day 10, cells were passaged using accutase at 

approximately a 1:4 ratio and replated in Neural Induction Medium with 10uM ROCK 

inhibitor. Daily media changes were performed until approximately day 16, where cells 

were passaged using accutase and ROCK inhibitor. The final passage was performed 

around day 18-21 using accutase and rock inhibitor, and cells were assessed for neural 

progenitor markers using immunocytochemistry. Following confirmation of neural 

progenitor lineage, cells were either differentiated into neurons or frozen for later use 

using StemDiff Neural Progenitor Freezing Medium (Stemcell Technologies, Vancouver, 

CA).  

Neural progenitors were differentiated into forebrain neurons using the StemDiff 

Forebrain Neuron Differentiation and Maturation kits (Stemcell Technologies, 

Vancouver, CA) according to the manufacturer’s instructions. Neural progenitors were 

passaged using accutase and replated on Matrigel coated 6-well cell culture plated at a 
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density of 125,000 cells per cm2 in Forebrain Neuron Differentiation Medium. Daily 50% 

media changes were performed for 6 days, and cells were assessed for neuronal markers 

using immunocytochemistry. Upon confirmation of cell type, neurons were passaged 

using accutase and replated on Matrigel coated 6-well plates at a density 600,000 cells 

per well in Forebrain Neuron Maturation Medium. Every other day 50% media changes 

were performed using maturation media until 10 days post-differentiation. At day 10, 

neurons were cultured in Brain Phys Neuronal Media supplemented with N2-A and SM1 

(#05793, Stemcell Technologies, Vancouver, CA), and 50% media changes were 

performed every other day until time of collection (either 5, 15, or 25 days post-

differentiation). 

For in vitro experiments using TPT-172, neurons were grown for 23 days post-

differentiation, then incubated in TPT-172 diluted in culture media at total concentration 

of 25μM for 48-hours, and harvested for either protein extraction, RNA extraction, or to 

measure CDK5 activity. For imaging experiments, neurons were plated on poly-ornithine 

and laminin coated 8-well chamber slides, incubated in 25μM TPT-172 in culture media 

for 48 hours, and fixed using 2% PFA and 15% sucrose in PBS for immunocytochemistry 

as described below. 

 For genetic overexpression experiments, purified AAV1 vectors expressing 

human VPS35 under the CAG promoter were purchased from Vector Biolabs. Neurons 

were plated at a density or 600,000 cells per well of a 6-well plate, or 25,000 cells per 

well of an 8-well chamber slide. At 10 days post-differentiation, neurons were transduced 

using a multiplicity of infection (MOI) of 1x106. Following transduction, 50% media 
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changes were performed every other day until day 25, when cells were harvested for 

protein or RNA extraction, immunocytochemistry, or analysis of CDK5 activity. 

 

Immunocytochemistry (ICC) 

For immunocytochemistry experiments, cells were plated on poly-ornithine and laminin 

coated 8-well chamber slides. Cells were fixed in a cold 2% paraformaldehyde and 15% 

sucrose solution for 20 minutes at room temperature. Fixative was washed off with PBS, 

and cells were permeabilized using 0.2% Triton-X 100 in PBS. Cells were blocked in 5% 

Donkey serum for one hour at room temperature, incubated in primary antibody at 4 ͦC 

overnight, and in an Alexa-fluor conjugated secondary antibody for 1 hour at room 

temperature. Following nuclear staining with DAPI, slides were mounted using ProLong 

Glass Antifade Mountant (Thermo Fisher Scientifc, Waltham, MA) and allowed to cure 

at room temperature in the dark for 48 hours prior to imaging. Antibodies are listed in 

Table 2. 

 

Microscopy 

For immunofluorescence imaging, the Nikon Eclipse Ti2 (Nikon Inc; Mellville, NY) was 

used at 100x magnification for image acquisition, and acquisition settings remained 

consistent between experimental conditions and controls. All fluorescence images were 

analyzed by using FIJI by Image J version 2.1.0/1.53c (164). For analysis of endosomal 

size, images were converted to binary using a standardized threshold for each condition 

and its respective control(s), and the ‘analyze particles’ function was used to count 

particles and measure the area of each particle.  



 42 

 

Immunoblot Analysis 

Brain homogenates or cell culture lysates were extracted using RIPA buffer as previously 

described (165, 166). Total protein concentration of each sample was determined using a 

BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Samples were separated on 10% 

Bis-Tris gels by SDS-PAGE and transferred onto nitrocellulose membranes. Membranes 

were incubated with primary antibodies at 4ͦC overnight, and subsequently 1 hour at room 

temperature with IRDye 800CS-labeled secondary antibodies and developed with 

Odyssey Infrared Imaging Systems (LI-COR Bioscience, Lincoln, NE, USA). For 

analysis of human post-mortem tissues, an internal control sample was always included 

in each immunoblot to allow for inter-blot analysis, and samples from each group were 

run on the same gel to allow for comparison between groups. Antibodies used in the 

study are included in Table 2. 

 

RNA Extraction, cDNA Synthesis, And qRT-PCR 

RNA was extracted from brain tissues or cell lysates using the miRNeasy kit using the 

manufacturer’s instructions (Qiagen, Germantown, MD, USA). RNA concentration and 

quality were assessed using a Nanodrop 2000 spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA). One microgram of total RNA was used to synthesize 

cDNA in a 20μl reaction using the RT2 First Strand Kit for RT-qPCR (Qiagen, 

Germantown, MD, USA). For analysis of human brain tissues, one microliter of cDNA 

was added to SYBR Green PCR Master Mix and amplified using RT2 qPCR primer 

assays and the StepOnePlus Real-time PCR system (Applied Biosystems, Foster City, 
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CA, USA). For analysis of cells and mouse brain tissues, the RT-qPCR reaction mix was 

prepared using TaqMan Universal PCR master mix II and TaqMan primers and amplified 

using the QuantStudio3 Real-Time PCR system (Thermo Fisher Scientific, Waltham, 

MA, USA). Commercially available primers were used, and ß-actin was used as an 

internal control. 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

For determination Aβ levels in human brain tissues, brain homogenates from human post-

mortem cortex and hippocampus were extracted as previously described with RIPA 

buffer for the soluble Aβ 1–40 and 1–42 fractions, and formic acid was used for 

extraction of the insoluble fractions. Soluble and insoluble fractions were assayed using 

Human Aβ 1–40 and 1–42 sandwich enzyme-linked immunosorbent assay kits 

(Invitrogen, Carlsbad, CA, USA). To assess Aβ production from trisomic and euploid 

iPSC cultures, cells were plated at a density or 600,000 cells per well of a 6-well plate 

and media was collected after 48 hours of incubation. Culture media was assayed using 

Human Aβ 1–40 and 1–42 sandwich enzyme-linked immunosorbent assay kits 

(Invitrogen, Carlsbad, CA, USA). To examine Aβ 1–40 levels in Ts65dn mice and wild 

type littermate controls, mouse cortical tissue was sonicated in 0.2% diethylamine (DEA) 

in 50mM NaCl buffer supplemented with a protease inhibitor cocktail containing 1mM 

AEBSF. Lysates were centrifuged for 1 hour at 100,000RCF at 4ͦC. The supernatant was 

assayed for endogenous murine Aβ using a mouse Aβ 1–40 sandwich enzyme-linked 

immunosorbent assay kit (Invitrogen Carlsbad, CA, USA). Aβ measurements were 

normalized to total protein concentration of each sample. 
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General Statistical Analysis 

Data are expressed as mean ± standard error of the mean (SEM). For comparison of two 

groups, the unpaired two-tailed student t test was used. Comparisons between more than 

two groups were made using a one-way ANOVA when only one independent variable 

was present, and a two-way ANOVA when two independent variables were present. The 

Tukey post-hoc test was used for ANOVA multiple comparisons. All in vitro 

experiments were performed 3-5 times in duplicate. Statistical significance was set at p 

<0.05. GraphPad Prism for Mac version 9.00 was used for the above data analyses.  

 

Statistical Methods For Analysis Of Human Post-Mortem Data 

Descriptive summary data were expressed as counts and percentages for categorical 

variables and mean SD/ SEM and/or median (range) for continuous variables. Continuous 

variables that are skewed (e.g., amyloid beta measurements) were transformed using the 

log function when the normality assumption is violated on the original scale. Spearman 

correlation coefficient was used for correlation analyses between the amyloid beta 

measurements and retromer protein levels. Pairwise group comparisons of retromer 

proteins and amyloid beta measurements between age (<40 vs. ≥40), brain region (cortex 

vs hippocampus), and type of subjects (DS vs controls) subgroups were performed under 

the frame- work of the multivariable mixed-effects regression model approach for each 

variable of interest in order to take into account of the potential correlation between the 

observations of the two brain regions from the same subjects included in the study. In 

particular, all interaction terms among the age, brain region, and type of subjects were 

included in the model to account for possible heterogeneous effects across different 
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subgroups. Multiple comparison adjusted p values and simultaneous 95% confidence 

intervals for the estimated group differences were derived via the Tukey–Kramer method 

from the multivariable mixed-effects regression model. Note that cause of death 

differences between DS and CTRs, the former being largely related to the underlying 

disease (DS), whereas the latter not being DS-related at all, could not be accounted for in 

the regression model due to the complete separation of this variable between the two 

groups. P values <0.05 were considered statistically significant. SAS version 9.4 (SAS 

Institute, Cary, NC, USA) and GraphPad Prism for Windows version 8.00 were used for 

all the data analyses.  
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Table 2. Antibodies used in this study 

  Dilutions 
Antigen Catalog number WB ICC IHC Co-IP 

VPS35 Abcam ab10099 1:200    
VPS26 Abcam ab23892 1:250    
VPS26B Proteintech 15915-1-AP 1:200    
VPS29 Abcam ab236796 1:250    
CIMPR Abcam ab124767 1:1000    
SORLA Cell signaling technologies 79322 1:100    
APP Abcam ab32136 1:100 1:100   
GAPDH Cell signaling technologies 2118 1:500    
HT7 Invitrogen MN1000 1:200    
MC1 Gift from Dr. Peter Davies 1:100    
AT8 Invitrogen MN1020 1:200    
PHF1 Gift from Dr. Peter Davies 1:100    
PHF13 Cell signaling technologies 9632 1:100    
CDK5 Cell signaling technologies 12134 1:200    
p35/p25 Cell signaling technologies 2680 1:200    
GSK3α/β Cell signaling technologies 5676 1:200    
pGSK3α/β Cell signaling technologies 9331 1:100    
p38 Cell signaling technologies 8690 1:200    
p-p38 Cell signaling technologies 4511 1:100    
PP2A Invitrogen PA5-17510 1:200    
CTSD Novus Biologicals AF1029 1:200    
CTSD Sant Cruz sc-377124 1:200    
Vimentin Abcam ab92547  1:200   
Pax6 Santa cruz sc-81649  1:100   
Oct4 Abcam ab134218  1:100   
Nestin Invitrogen MA1-110  1:200   
Sox2 Abcam ab97959  1:200   
DCX Abcam ab18723  1:200   
Tuj1 Abcam ab18207  1:200   
MAP2 Abcam ab5492  1:500   
Rab5 Abcam ab18211 1:200    
Rab7 Abcam ab137029 1:200    
LC3BI/II Cell signaling technologies 2775 1:200    
LAMP1 Cell signaling technologies 3243 1:200    
EEA1 Cell signaling technologies 3288  1:200 1:200  
β-Actin Santa Cruz sc-47778 1:500    
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Tau13 Biolegend 835201  1:350   
pS396 Abcam ab32057 1:1000    
Histone H1 Santa Cruz sc-393398 1:100    
p-Histone H1 Abcam ab4270 1:1000    
Tau49 Sigma Aldrich MABN827 1:200    
pS199 Abcam ab811268 1:1000    
CHAT Novus Biologicals NBP1-30052   1:200  
GFAP Abcam ab4674   1:500  
GFAP Santa Cruz sc-33673 1:200    
S100β Abcam ab52642 1:500  1:200  
Iba1 Novus Biologicals NB100-1028 1:100  1:25  
VPS35 Cell Signaling Technologies 81453 1:1000   1:50 
CDK5 Santa Cruz sc-173    1:100 
SYP Cell Signaling Technologies 5461 1:500    
PSD95 Cell Signaling Technologies 2507 1:500    
SNAP25 Abcam ab5666 1:2000    
Syntaxin1a R&D Systems AF7237 1:300    
Synaptobrevin R&D Systems AF4828 1:200    
Complexin1/2 R&D Systems AF7787 1:400    
GluA1 Abcam ab31232 1:1000    
GluA2 Abcam ab133477 1:1000    
pGluA1 s831 R&D Systems PPS007 1:1000    
pGluA1 s845 R&D Systems PPS008 1:1000    
pGluA2 s880 Abcam ab52180 1:500    
IRDye 800 LICOR 1:5000    
Alexa Fluor- Rb Abcam ab150061, ab175692, ab150063  1:300 1:300  
Alexa Fluor- G Abcam ab150129, ab175704  1:300 1:300  
Alexa Fluor- M Abcam ab150111, ab175700  1:300 1:300  
Alexa Fluor- Ch Abcam ab64507, ab150075  1:300 1:300  
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CHAPTER 4 

EXPERIMENTAL RESULTS 

N.B. The following section (p.48-59) is taken from my publication: 
Curtis ME, Yu D, Pratico D. Dysregulation of the Retromer Complex System in Down 
Syndrome. Ann Neurol. 2020;88(1):137-47. Epub 2020/04/23. doi: 10.1002/ana.25752. 
PubMed PMID: 32320094; PubMed Central PMCID: PMC7384049. 
 

Retromer Complex Proteins Are Decreased In Cortices And Hippocampi Of Human 

DS Subjects 

To begin to assess the retromer complex system in DS, we evaluated retromer 

proteins in human postmortem cortex and hippocampus tissues from subjects with DS 

and unaffected matched CTRs (Table 1). To establish a temporal profile of retromer 

dysregulation within the context of AD-DS, we examined the retromer core and 

associated proteins in young patients prior to significant plaque deposition (age 15–40 

years), and older subjects (age 40–65 years) at a time when virtually all subjects with DS 

display neurofibrillary tangles and amyloid beta plaques (11). Cortices from the younger 

subset of patients with DS already showed significant dysregulation of retromer 

recognition core proteins, with VPS26 and VPS29 significantly decreased compared with 

unaffected CTRs (Figure 3). Because we observed changes in retromer core proteins, we 

next assessed additional proteins of the retromer complex system assembly implicated in 

neurodegenerative disease (Figure 3A, C). We found that protein levels of Sorla, the 

endocytic receptor for APP, and cation-independent mannose 6-phosphate receptor (CI-
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MPR), which transports the lysosomal protease Cathepsin D (CTSD), were reduced in 

cortices from young subjects with DS compared to CTRs, however, changes did not 

reach significance (see Figure 3A, C). In the older subset of patients VPS35 and VPS29 

were also significantly decreased in the cortex, however, CI-MPR and Sorla were 

unchanged (Figure 3B, D). Similar decreases in retromer complex proteins were observed 

Figure 3. Retromer complex proteins are reduced in cortices of young and aged 
subjects with DS subjects. (A) Representative Western blot of retromer recognition core 
proteins (VPS35, VPS26, VPS26B, and VPS29) and cargo receptors (cation-independent 
mannose 6-phosphate receptors (CI-MPR) and Sorla) in cortices from young subjects 
with DS and matched control (CTR) subjects (15–40 years old). (B) Representative 
Western blot of retromer recognition core proteins (VPS35, VPS26, VPS26B, and 
VPS29) and cargo receptors (CI-MPR and Sorla) in cortices from aged subjects with DS 
and matched control subjects (40–65 years old). (C) Densitometry analysis of Western 
blots shown in panel A (CTR, n = 11; DS, n = 11). (D) Densitometry analysis of Western 
blots shown in panel B (CTR, n = 18; DS, n = 18). Values represent mean ± standard 
error of the mean (*p < 0.05, #p < 0.10).  
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in the hippocampi of DS subjects. In the young subset of patients, all retromer core 

proteins were reduced in the hippocampus of DS patients compared to controls, however, 

the differences failed to reach significance, possibly due to the smaller sample size of this 

group compared with cortex (Figure 4A, C). Significant reductions in all retromer 

Figure 4 Retromer complex proteins are reduced in hippocampi of young and aged 
subjects with DS. (A) Representative Western blot of retromer recognition core proteins 
(VPS35, VPS26, VPS26B, and VPS29) and cargo receptors (CIMPR and Sorla) in 
hippocampus from young subjects with DS and matched control (CTR) subjects (15–40 
years old). (B) Representative Western blot of retromer complex core proteins (VPS35, 
VPS26, VPS26B, and VPS29) and cargo receptors (CI-MPR and Sorla) in hippocampus 
from old subjects with DS and CTR subjects (40–65 years old). (C) Densitometry analysis 
of Western blots shown in panel A (CTR, n = 5; DS, n = 4). (D) Densitometry analysis of 
Western blots shown in panel B (CTR, n = 14; DS, n = 10). Values represent mean ± 
standard error of the mean (*p < 0.05, #p < 0.10).  
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recognition core proteins were also observed in the hippocampi of aged subjects with DS 

compared to matched CTRs (Figure 4B, D).		

In order to examine differences in both brain regions and age between CTRs and 

subjects with DS, an additional analysis of retromer core proteins was per- formed 

between subject type (CTR vs DS), age group, and brain region (Figure 5, and Table 3). 

Interestingly, it was found that subject type was the largest determining factor for 

retromer dysregulation, with brain tissue from patients with DS having significantly less 

retromer core proteins than unaffected CTRs in both	young and aged subjects. Brain 

 

Figure 5. Retromer cargo recognition 
core; comparison among disorder, 
region, and age. (A) Densitometry 
analysis of VPS35 protein levels 
measured by Western blot analysis in 
brain tissue from Down syndrome (DS) 
and control donors. (B) Densitometry 
analysis of VPS26 protein levels 
measured by Western blot analysis in 
brain tissue from DS and control donors. 
(C) Densitometry analysis of VPS29 
protein levels measured by Western blot 
analysis in brain tissue from DS and 
control donors (young CTR CX, n = 11; 
young DS CX, n=11; aged CTR 
CX,n=18; aged DS CX, n=18;young 
CTR HC, n = 5; young DS HC n = 4; 
aged CTR HC, n = 14; and aged DS HC, 
n = 10). Values represent mean ± 
standard error of the mean. Multiple 
comparison adjusted p-values displayed 
in Table 3.  
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region was also determined to be a significant factor for protein levels of all three 

retromer core components, whereas age was a more significant factor when assessing the 

cargo receptors CIMPR and Sorla. Although not all values reached significance, possibly 

due to the limitations of sample size in several groups, retromer deficiency was more 

pronounced in hippocampal tissue compared to cortical tissue for all three proteins 

examined.		
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Table 3. Group comparisons based on mixed-effects regression model for retromer 
proteins with multiple comparison adjustments† 

Group Comparison VPS35 VPS26 VPS29 VPS26B SORLA CIMPR 
CTR CX <40  

vs.  
CTR CX >=40 

0.690 0.054 0.035 0.516 1.000 0.017 
0.105 0.074 0.36 0.033 -0.002 0.424 

-0.099, 0.309 -0.01, 0.148 0.017, 0.704 -0.022, 0.088 -0.111, 0.106 0.053, 0.800 
CTR CX <40  

vs.  
CTR HC <40  

1.000 0.013 0.731 0.941 0.803 0.046 
0.142 0.226 0.58 0.035 0.04 0.346 

-1.152, 1.436 0.034, 0.419 -0.593, 1.753 -0.065, 0.134 -0.047, 0.125 0.004, 0.688 
CTR CX <40  

vs.  
CTR HC >=40 

0.079 <.0001 0.0002 0.906 0.999 0.003 
0.314 0.211 0.672 0.020 0.020 0.495 

-0.021, 0.648 0.122, 0.301 0.270, 1.074 -0.033, 0.074 -0.095, 0.135 0.134, 0.856 
CTR CX <40  

vs.  
DS CX <40  

0.082 0.012 0.002 0.329 0.994 0.214 
0.390 0.152 0.658 0.048 0.027 0.353 

-0.029, 0.810 0.024, 0.280 0.201, 1.115 -0.020, 0.116 -0.090, 0.144 -0.010, 0.805 
CTR CX <40  

vs.  
DS CX >=40 

0.006 0.002 <.0001 0.247 0.962 0.008 
0.436 0.160 0.804 0.047 0.036 0.468 

0.095, .0.776 0.049, 0.271 0.427, 1.180 -0.015, 0.108 -0.077, 0.149 0.092, 0.845 
CTR CX <40  

vs.  
DS HC <40  

<0.0001 <.0001 0.0003 0.005 0.016 0.887 
0.954 0.323 0.968 0.078 0.123 0.204 

0.747, 1.161 0.210, 0.435 0.372, 1.564 0.018, 0.137 0.016, 0.229 -0.308, 0.715 
CTR CX <40  

vs.  
DS HC >=40 

<0.0001 <.0001 <.0001 0.163 1.000 0.001 
0.985 0.394 1.235 0.055 -0.011 0.535 

0.521, 1.449 0.272, 0.516 0.734, 1.736 -0.012, 0.122 -0.142, 0.120 0.171, 0.900 
CTR CX >=40  

vs.  
CTR HC <40  

1.000 0.030 0.996 1.000 0.531 0.987 
0.037 0.153 0.219 0.002 0.041 -0.079 

-1.235, 1.309 0.0010, 0.296 -0.818, 1.257 -0.067, 0.070 -0.028, 0.111 -0.378, 0.221 
CTR CX >=40  

vs.  
CTR HC >=40  

0.316 0.0004 0.067 0.980 0.940 0.420 
0.209 0.138 0.311 -0.013 0.022 0.070 

-0.086, 0.503 0.051, 0.224 -0.013, 0.636 -0.058, 0.032 -0.041, 0.086 -0.038, 0.179 
CTR CX >=40  

vs.  
DS CX >=40  

0.048 0.154 0.002 0.984 0.574 0.985 
0.331 0.086 0.443 0.013 0.038 0.044 

0.002, 0.660 -0.017, 0.189 0.130, 0.757 -0.036, 0.063 -0.029, 0.105 -0.121, 0.209 
CTR CX >=40  

vs.  
DS HC <40  

<0.0001 <.0001 0.026 0.066 <.0001 0.566 
0.849 0.249 0.608 0.044 0.125 -0.221 

0.662, 1.036 0.144, 0.353 0.049, 1.166 -0.002, 0.091 0.070, 0.179 -0.604, 0.162 
CTR CX >=40  

vs.  
DS HC >=40  

<0.0001 <.0001 <.0001 0.891 1.000 0.172 
0.880 0.320 0.875 0.022 -0.009 0.111 

0.425, 1.336 0.205, 0.435 0.419, 1.331 -0.033, 0.077 -0.102, 0.085 -0.025, 0.247 
CTR HC <40  

vs.  
DS HC <40 

0.441 0.558 0.948 0.521 0.007 0.968 
0.812 0.096 0.388 0.043 0.084 -0.142 

-0.460, 2.084 -0.070, 0.262 -0.758, 1.535 -0.029, 0.115 0.017, 0.150 -0.603, 0.319 
CTR HC <40  

vs.  
DS HC >=40 

0.457 0.062 0.526 0.988 0.727 0.413 
0.843 0.168 0.656 0.020 -0.050 0.189 

-0.495, 2.182 -0.005, 0.340 -0.445, 1.756 -0.058, 0.098 -0.151, 0.051 -0.101, 0.480 
CTR HC >=40 

vs. 
 DS HC <40 

<0.0001 0.066 0.726 0.005 0.001 0.211 
0.641 0.111 0.296 0.057 0.103 -0.291 

0.316, 0.966 -0.004, 0.227 -0.300, 0.893 0.013, 0.101 0.036, 0.169 -0.664, 0.081 
CTR HC >=40 

vs.  
DS HC >=40 

0.006 0.001 0.020 0.430 0.969 0.890 
0.672 0.183 0.564 0.035 -0.031 0.040 

0.144, 1.199 0.057, 0.308 0.062, 1.065 -0.019, 0.088 -0.132, 0.070 -0.062, 0.143 
DS CX <40  

vs.  
DS HC <40 

0.002 0.020 0.497 0.874 0.041 0.014 
0.564 0.170 0.310 0.030 0.096 -0.149 

0.172, 0.956 0.019, 0.322 -0.198, 0.819 -0.043, 0.103 0.003, 0.189 -0.277, -0.021 
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DS CX <40  
vs.  

DS HC >=40 

0.044 0.001 0.033 1.000 0.926 0.463 
0.595 0.242 0.578 0.007 -0.038 0.183 

0.010, 1.180 0.087, 0.397 0.031, 1.124 -0.061, 0.076 -0.141, 0.066 -0.109, 0.474 
DS CX >=40  

vs. 
 DS HC <40 

0.001 0.009 0.980 0.570 0.003 0.357 
0.518 0.163 0.164 0.031 0.087 -0.265 

0.187, 0.849 0.030, 0.296 -0.415, 0.744 -0.023, 0.085 0.023, 0.150 -0.652, 0.123 
DS CX >=40  

vs.  
DS HC >=40 

0.001 <.0001 0.015 0.999 0.710 0.023 
0.549 0.234 0.432 0.008 -0.047 0.067 

0.189, 0.909 0.164, 0.304 0.060, 0.803 -0.037, 0.054 -0.140, 0.046 0.006, 0.127 
DS HC <40  

vs.  
DS HC >=40 

1.000 0.717 0.884 0.909 0.001 0.114 
0.031 0.071 0.267 -0.023 -0.134 0.332 

-0.426, 0.488 -0.071, 0.214 -0.400, 0.934 -0.082, 0.037 -0.225, 0.043 -0.045, 0.708 

Model Effects p-value 
Subject Type <0.0001 <.0001 <.0001 <.0001 0.048 0.27 

Brain Region 0.002 <.0001 0.001 0.17 0.043 0.009 

Age 0.45 0.087 0.042 0.88 0.015 0.0003 
Subject Type * Brain 

Region 0.091 0.63 0.72 0.70 0.82 0.0002 

Subject Type * Age 0.67 0.80 0.93 0.18 0.083 0.64 

Brain Region * Age 0.91 0.76 0.73 0.12 0.005 0.62 
Subject Type*Brain 

Region*Age 0.85 0.073 0.36 0.55 0.021 0.0003 

†Table entry: 1st line=multiple comparison adjusted p-value, 2nd line=estimated group 
difference (1st group-2nd group), and 3rd line=multiple comparison adjusted 95% 
Confidence Interval for the group difference, all from the mixed-effects regression 
model. CTR: control; DS: Down syndrome; CX: cortex; HC: hippocampus. Age: <40 
years; ≥40 years. 
 

Retromer Complex Proteins Are Reduced In Fibroblasts From Human Subjects 

With DS 

Next, we examined protein levels of the retromer cargo recognition core in 

fibroblasts derived from human subjects with DS and unaffected controls. Compared to 

control 2N fibroblasts, DS fibroblasts had significant reductions in all three retromer 

recognition core proteins: VPS35, VPS26, and VPS29 (Figure 6A, B). Additionally, we 

found that protein levels of retromer cargo receptors Sorla and CI-MPR were both 

significantly decreased in DS fibroblasts compared to 2N fibroblasts. As control, we 
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confirmed that compared to the 2N fibroblast, the ones from DS patients had a significant 

elevation of total APP (Figure 6A, B).   

 

Retromer Cargo Recognition Core mRNA Levels Do Not Differ Between DS And 

Control Subject Cortices And Fibroblasts 

Because the retromer cargo recognition core proteins, VPS35, VPS29, and 

VPS26, were decreased in both fibroblasts and brain tissues from subjects with DS 

compared to controls, we next assessed mRNA levels of these proteins to determine 

whether the decrease was due to differences at the transcriptional regulation level. No 

Figure 6. Retromer complex proteins are reduced in DS fibroblasts. (A) 
Representative Western blot of retromer cargo recognition core proteins, VPS35, 
VPS26, and VPS29, and cargo receptors cation-independent mannose 6-phosphate 
receptors (CI-MPR) and Sorla in DS and control (CTR) 2N fibroblasts. (B) 
Densitometry analysis of Western blots shown in the previous panel (*p < 0.05). 
Values represent mean ± standard error of the mean (n = 3, in duplicate).  
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differences for VPS35, VPS26, and VPS29 mRNA levels were observed when fibroblasts 

and cortices from aged subjects with DS were compared to controls (Figure 7).  

 

Amyloid Beta Measurements Are Elevated In Cortices And Hippocampi Of Aged 

Human Subjects With DS And Negatively Correlate With Retromer Core Proteins 

Although virtually all patients with DS develop AD-like Aβ neuropathology by 

age 40 years, not all subjects may conform to this paradigm. To address this, we 

examined both soluble and insoluble levels of Aβ peptides in cortex and hippocampus 

tissue from the subjects in the study. As expected, all forms of Aβ were elevated in 

cortices and hippocampi of aged subjects with DS compared to younger subjects with DS 

and all control subjects (Table 4). Additionally, the relationship between retromer 

components and Aβ measurements was analyzed. Retromer core components showed 

significant inverse correlations with soluble forms of Aβ 1– 40 and Aβ 1–42 in both 

hippocampus and cortex tissue (Table 5). Furthermore, several core components showed 

Figure 7. Retromer cargo recognition core mRNA levels do not differ between 
patients with DS and matched controls. (A) VPS35, VPS26, and VPS29 mRNA levels 
measured by real time-quantitative polymerase chain reaction (RT-qPCR) in fibroblasts 
from DS and 2N CTR donors (n = 4, in duplicate). (B) VPS35, VPS26, and VPS29 
mRNA levels measured by RT-qPCR in cortex of DS and unaffected control subjects 
aged 40 to 65 years (CTR, n = 10; DS, n = 9). Values represent mean ± standard error of 
the mean. 
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inverse correlations with the levels of insoluble forms of Aβ peptides, although not all 

correlations with insoluble forms reached significance (Table 5). Representative plots 

showing Aβ levels as a function of VPS35 optical density in cortex tissue are shown in in 

Figure 8.  

 

 

 

 

Figure 8. Relationship between Aβ measurements and VPS35 protein levels. (A) 
Soluble and insoluble Aβ 1–40 levels as a function of VPS35 optical density in cortices 
of Down syndrome (DS) and control subjects. (B) Soluble and insoluble Aβ 1–42 levels 
as a function of VPS35 optical density in cortices of subjects with DS and control 
subjects (insoluble and soluble Aβ 1–40 measurements, n = 57; soluble Aβ 1–42 
measurements, n = 52; insoluble Aβ 1–42 measurements, n = 55). The R values represent 
Spearman correlation coefficients. Amyloid beta measurements are shown in Tables 1 
and 2. Spearman correlation coefficients and p values are displayed in Table 3.  
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Table 4. Ab 1-40 and Ab1-42 measurements (on log scale) and group comparisons 
based on mixed-effects regression model with multiple comparison adjustments 

    Soluble Aβ40 Insoluble Aβ40 Soluble Aβ42 Insoluble Aβ42 

CTR CX <40  

Mean 2.106 1.359 -0.227 1.093 
S.D. 0.722 0.404 0.842 0.292 
Median 2.410 1.295 -0.357 1.103 
Range 0.873, 2.933 0.755, 2.098 -1.222, 1.612 0.623, 1.653 
n 11 11 10 11 

CTR CX >=40 

Mean 2.104 1.231 0.156 0.834 
S.D. 0.737 1.107 1.191 0.432 
Median 2.040 0.818 -0.066 0.917 
Range 1.068, 4.492 -0.099, 4.366 -1.837, 2.745 -0.018, 1.509 
n 18 18 17 18 

CTR HC <40 

Mean 2.134 1.374 -0.2612 0.8787 
S.D. 0.416 0.680 0.712 1.274 
Median 2.112 1.206 -0.393 1.197 
Range 1.655, 2.666 0.492, 2.241 -1.057, 0.902 -1.300, 2.069 
n 5 5 5 5 

CTR HC >=40 

Mean 1.917 1.248 -0.4851 0.7203 
S.D. 0.285 1.017 0.676 0.643 
Median 1.897 0.861 -0.596 0.956 
Range 1.440, 2.470 0.223, 3.441 -1.882, 0.577 -0.870, 1.254 
n 14 14 14 14 

DS CX <40 

Mean 2.289 1.886 0.4354 1 
S.D. 0.498 1.114 1.005 0.608 
Median 2.466 1.753 0.513 1.015 
Range 1.632, 3.114 0.602, 4.079 -0.960, 1.885 -0.193, 1.900 
n 10 10 9 10 

DS CX >=40 

Mean 7.232 11.5 3.437 10.96 
S.D. 1.755 2.432 1.612 1.929 
Median 6.804 11.479 3.512 11.516 
Range 4.586, 11.271 7.436, 15.908 0.035, 5.908 5.036, 12.901 
n 18 18 16 16 

DS HC <40 

Mean 2.226 1.216 0.6308 1.374 
S.D. 0.417 0.658 0.798 0.419 
Median 2.324 1.125 0.597 1.326 
Range 1.670, 2.587 0.539, 2.076 -0.160, 1.490 0.945, 1.900 
n 4 4 4 4 

DS HC >=40 

Mean  4.287 10.48 1.644 8.868 
S.D. 1.068 2.685 1.136 3.425 
Median 4.309 10.270 1.778 10.056 
Range 2.091, 5.696 7.337, 14.983 -0.313, 3.219 1.774, 12.028 
n 10 9 10 9 

Group Comparisons  p-value   
CTR CX <40 vs. DS CX >=40 <.0001 <.0001 <.0001 <.0001 
CTR CX <40 vs. DS HC >=40 0.0003 <.0001 0.0094 <.0001 
CTR CX >=40 vs. DS CX >=40 <.0001 <.0001 <.0001 <.0001 
CTR CX >=40 vs. DS HC >=40 0.0002 <.0001 0.0601 <.0001 
CTR HC <40 vs. DS CX >=40 <.0001 <.0001 <.0001 <.0001 
CTR HC <40 vs. DS HC >=40 <.0001 <.0001 0.0169 <.0001 
CTR HC >=40 vs. DS CX >=40 <.0001 <.0001 <.0001 <.0001 
CTR HC >=40 vs. DS HC >=40 <.0001 <.0001 0.0007 <.0001 

DS CX <40 vs. DS CX >=40 <.0001 <.0001 0.0002 <.0001 
DS CX <40 vs. DS HC >=40 0.0004 <.0001 0.2261 <.0001 
DS CX >=40 vs. DS HC <40 <.0001 <.0001 <.0001 <.0001 

DS CX >=40 vs. DS HC >=40 <.0001 0.0661 0.0219 0.0002 
DS HC <40 vs. DS HC >=40 0.003 <.0001 0.0543 <.0001 
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Table 5 Spearman correlations between amyloid beta measurements and retromer 
protein levels† 

  n  VPS35 VPS26 VPS29 VPS26B SORLA CI-MPR 

CX AB40 
Soluble 57 

-0.38 -0.27 -0.43 -0.11 -0.16 -0.35 

0.003 0.041 0.001 0.40 0.25 0.008 

CX AB40 
Insoluble 57 

-0.42 -0.34 -0.45 -0.07 -0.19 -0.27 

0.001 0.009 0.001 0.60 0.15 0.040 

CX AB42 
Soluble 52 

-0.38 -0.28 -0.46 -0.10 -0.22 -0.31 

0.006 0.044 0.001 0.46 0.12 0.026 

CX AB42 
Insoluble 55 

-0.33 -0.20 -0.35 -0.12 -0.15 -0.20 

0.013 0.15 0.008 0.37 0.29 0.14 

HC AB40 
Soluble 33 

-0.42 -0.39 -0.47 -0.38 0.01 -0.35 

0.016 0.026 0.005 0.030 0.98 0.043 

HC AB40 
Insoluble 32 

-0.21 -0.32 -0.21 -0.25 0.21 -0.24 

0.24 0.071 0.26 0.17 0.25 0.19 

HC AB42 
Soluble 33 

-0.46 -0.59 -0.50 -0.55 0.15 -0.17 

0.006 0.0003 0.003 0.001 0.39 0.33 

HC AB42 
Insoluble 32 

-0.34 -0.33 -0.34 -0.37 0.22 -0.21 

0.054 0.065 0.056 0.038 0.22 0.24 

†Table entry: 1st line=Spearman correlation coefficient, 2nd line=p-value. 
 

Phosphorylated And Insoluble Tau Proteins Are Increased In Cortices And 

Hippocampi Of Aged Subjects With DS  

To begin to assess the relationship between retromer complex system and tau 

pathology in DS, we first examined tau proteins in cortices and hippocampi from 

young (age 15-30), and aged (age 40-65) subjects with DS and controls (Figure 9). 

Total tau (HT7) did not differ among groups, and while there were reductions in the 

pathological conformation of tau detected by MC1 in the hippocampus compared to 

cortex, MC1 immunoreactivity did not differ significantly between control and DS 

groups. We also examined phospho-epitopes of tau recognized by the specific 
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antibodies AT8, PHF1, and PHF13. While all comparisons did not reach statistical 

significance due to high variability, each phospho-epitope was elevated in the cortex 

and hippocampus of aged DS individuals compared to all other groups, with PHF1 

significantly increased in aged DS hippocampus compared to all controls and young 

DS subjects. Lastly, as a measure of more advanced tau pathology we examined the 

insoluble fraction of tau protein. Although insoluble tau failed to fit our regression 

Figure 9. Phosphorylated and insoluble tau proteins are increased in cortices and 
hippocampi of aged subjects with DS. (A) Representative immunoblots of tau epitopes 
in cortices of young (age 15-40) and aged (age 40-65) subjects with DS and matched 
control (CTR) subjects. (B) Representative immunoblots of tau epitopes in hippocampi 
from young and aged subjects with DS and matched control subjects. (C-H) 
Densitometry analysis of immunoblots shown in panels A and B. (C. HT7, D. MC1, E. 
AT8, F. PHF1, G. PHF13, H. Insoluble (Ins) HT7). For the analysis of C-G, Young CTR 
CX n=7, Aged CTR CX n=16, Young DS CX n=10, Aged DS CX n=18, Young CTR 
HC n=5, Aged CTR HC n=14, Young DS HC n=4, Aged DS HC n=10. For the analysis 
of H, Young CTR CX n=7, Aged CTR CX n=7, Young DS CX n=6, Aged DS CX n=18, 
Young CTR HC n=5, Aged CTR HC n=14, Young DS HC n=4, Aged DS HC n=10. 
Values represent mean ± standard error of the mean, *p < 0.05.  
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model due to the skewed data distribution, it was dramatically increased in both 

hippocampi and cortices of aged subjects with DS (Figure 9). 

 

Cathepsin D Activity Is Decreased In Cortices Of Aged Subjects With DS, And 

Kinases And The Phosphatase PP2A Are Unchanged 

Having confirmed that phosphorylated and insoluble tau were elevated in this 

DS cohort we next examined the cortical levels of several tau kinases (CDK5, p25, 

GSK3α/ß, phospho-GSK3α/ß, p38, and phospho-p38) and the phosphatase PP2A as 

potential additional mechanisms of phospho-tau regulation in DS (Figure 10A-J). 

Protein levels of these kinases and the phosphatase did not significantly differ between 

groups. To explore potential clearance mechanisms of pathological tau, we next 

examined the protease cathepsin D, as it is known to be involved in lysosomal 

degradation of tau and is regulated via the retromer complex system (Figure 10K-M). 

Total protein levels of cathepsin D did not differ among groups; however, cathepsin D 

activity was significantly decreased in the cortices of aged DS subjects. 
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Phosphorylated And Insoluble Tau Proteins Inversely Correlate With Retromer 

Protein Levels And Activity Of Cathepsin D 

Next, we analyzed the relationship between tau and retromer recognition core 

proteins (VPS35, VPS26 and VPS29), the cation-independent mannose-6-phosphate 

receptor (CIMPR) retromer cargo receptor, and its cargo cathepsin D (Table 6). 

Interestingly, retromer recognition core proteins significantly and positively correlated 

Figure 10. Regulators of tau pathology: kinases, phosphatases, and cathepsin-D.  
(A) Representative immunoblots of tau kinases and phosphatases in cortices of young 
(age 15-40) and aged (age 40-65) subjects with DS and matched control (CTR) subjects. 
(B-J) Densitometry analysis of immunoblots shown in panel A. (B. CDK5, C. p25, D. 
GSK3α, E. GSK3ß, F. phospho-GSK3α, G. phospho-GSK3ß, H. p38, I. phospho-p38, J. 
PP2A). Young CTR CX n=11, Aged CTR CX n=14, Young DS CX n=9, Aged DS CX 
n=14. (K) Representative immunoblot of mature cathepsin D (CTSD) in cortices of young 
and aged subjects with DS and matched control subjects. (L) Densitometry analysis of 
immunoblots shown in panel K. Young CTR CX n=11, Aged CTR CX n=12, Young DS 
CX n=8, Aged DS CX n=11. (M) Cathepsin D activity in cortices of young and aged 
subjects with DS and matched control subjects. Young CTR CX n=6, Aged CTR CX 
n=13, Young DS CX n=6, Aged DS CX n=12. Values represent mean ± standard error of 
the mean, *p < 0.05.  
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with total soluble tau but had statistically significant inverse correlations with the 

levels of two tau phospho-epitopes: PHF1 and PHF13. Furthermore, activity of 

cathepsin-D, and protein levels of its receptor, CIMPR, showed significant, negative 

correlations with PHF1, PHF13, and insoluble tau.  

 

Table 6. Spearman correlations between tau measurements and retromer and 
CTSD protein levels, and CTSD activity in cortices of DS and matched control 
subjects† 

 n VPS35 VPS26 VPS29 CIMPR M. CTSD CTSD 
activity 

HT7 53 
0.41 0.34 0.35 0.26 0.33 0.08 

0.0021 0.01 0.001 0.056 0.03 0.64 

AT8 51 
-0.11 -0.08 -0.18 0.03 0.45 -0.21 

0.44 0.59 0.21 0.81 0.003 0.22 

PHF1 49 
-0.44 -0.21 -0.53 -0.33 0.41 -0.39 

0.001 0.13 0.001 0.045 0.008 0.02 

PHF13 55 
-0.39 -0.25 -0.46 -0.28 0.43 -0.28 

0.005 0.07 0.008 0.04 0.005 0.09 

MC1 53 
0.18 0.26 0.18 0.13 0.53 0.05 

0.19 0.06 0.19 0.36 0.0003 0.77 

Insoluble 
HT7 36 

-0.24 -0.16 -0.31 -0.48 0.30 -0.57 

0.14 0.35 0.06 0.002 0.11 0.002 

†Table entry: 1st line=Spearman correlation coefficient, 2nd line=p-value. 

 

Trisomic iPSC-Derived Neurons Develop Age-Dependent Amyloid And Tau 

Pathology, Endosomal Dysfunction, And Retromer Deficiency 

Given that retromer deficiency was present in brain tissue from human subjects 

with DS, we next aimed to examine the functional role of the retromer complex in a 

model of DS. Fibroblasts from a human patient with mosaic DS were reprogrammed 
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into both a euploid and trisomic iPSC line and were differentiated into neural 

progenitors using the dual SMAD inhibition monolayer protocol. During the course of 

neural induction, differentiation markers were assessed at 5, 10, and 18 days post-

neural induction (Figure 11). At 5 days post neural induction, cells expressed the 

pluripotency marker OCT4 and neural ectoderm lineage markers Pax6, and Vimentin. 

By 10 days post neural induction, cells lose OCT4 expression, and by 16-18 days are 

positive for the neural progenitor markers Sox2, nestin, and DCX. Following 

confirmation of successful neural induction, neural progenitors were differentiated into 

forebrain neurons, and assessed for the neuronal markers Tuj1 and Map2 (Fig 11).  

 

Figure 11. Characterization of iPSCs during neural induction. (A) Fluorescence 
microscopy images of Vimentin (green), Pax6 (red) Oct4 (magenta) and DAPI (blue) in 
euploid and trisomic iPSCs at 5 days post neural induction. (B) Fluorescence microscopy 
images of Vimentin (magenta), Pax6 (green) Oct4 (red) and DAPI (blue) in euploid and 
trisomic iPSCs at 10 days post neural induction. (C) Fluorescence microscopy images of 
Nestin (green), Sox2 (magenta) and DAPI (blue), and DCX (green) and DAPI (blue) in 
euploid and trisomic iPSCs at 18 days post neural induction. (D) Fluorescence 
microscopy images of Tuj1 (red), MAP2 (green) and DAPI (blue) in euploid and trisomic 
iPSCs at following neuronal differentiation. 
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Following neuronal differentiation, euploid and trisomic cells were grown in 

culture and assessed at 5, 15, and 25 days post neuronal differentiation for changes in 

retromer components and AD-like neuropathology markers. At 5 days post-

differentiation, Aß40 production and total tau levels did not differ between euploid and 

trisomic cells (Figure 12A, B, H). Phosphorylated tau epitopes AT270 and PHF1 were 

not detectable in all samples, and thus, not included in analysis at the 5-day post-

differentiation timepoint. However, by 15- and 25- days post-differentiation, trisomic 

neurons accumulate significantly more phosphorylated tau than euploid neurons as 

detected by the antibodies AT270 and PHF1 (Figure 12 C-G). In trisomic neurons, Aß40 

production is significantly elevated compared to euploid controls by 15 days post-

differentiation and increases with the age of the culture, whereas euploid neurons did 

not display aging related increases in Aß40 levels (Figure 12H).  
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Figure 12. Trisomic neurons display age-dependent elevations in Aß40 and 
phosphorylated tau. (A) Representative immunoblot of total soluble tau (HT7) in 
euploid and trisomic neurons at 5 days post differentiation. (B) Densitometry analysis of 
immunoblots shown in panel A. (C) Representative immunoblots of total soluble tau 
(HT7), and phosphorylated tau epitopes (AT270 and PHF1) in euploid and trisomic 
neurons at 15 days post differentiation. (D) Densitometry analysis of immunoblots shown 
in panel C. (E) Representative immunoblots of total soluble tau (HT7), and 
phosphorylated tau epitopes (AT270 and PHF1) in euploid and trisomic neurons at 25 
days post differentiation. (F) Densitometry analysis of immunoblots shown in panel E. 
(G) Representative fluorescence microscopy images of AT270 (magenta) and DAPI 
(blue) in euploid and trisomic neurons at 25 days post differentiation. (H) Aß 1-40 levels 
detected in the culture media from euploid and trisomic neurons at 5, 15, and 25 days 
post differentiation. (n=3 per group, in duplicate). Values represent mean ± standard error 
of the mean, *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. 
 

 Given that endosomal dysfunction is a key feature of both AD-DS 

neuropathology and retromer dysfunction, we next sought to examine components of the 

endo-lysosomal system in trisomic and euploid neurons. We began by evaluating protein 

levels of the endosomal markers (rab5 for early endosomes and rab7 for late endosomes), 

lysosomes (LAMP1), and the ratio of LC3B2/1 as an indication of autophagy induction 

(Figure 13). We found dysregulation of endo-lysosomal proteins starting at 5 days post 
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differentiation, with significant reductions in the lysosomal marker LAMP1 in trisomic 

neurons compared to euploid controls (Figure 13A, B). At 15 days, trisomic neurons had 

decreases in LC3B2 relative to LC3B1, consistent with reductions in autophagy induction 

(Figure 13C, D). By 25 days post differentiation, trisomic neurons had elevated levels of 

the early endosome marker rab5, decreased LAMP1 protein, and a decreased LC3B2/1 

ratio (Figure 13E, F). Because we saw that rab5 protein levels were increased in trisomic 

neurons, we also examined endosomal morphology in trisomic and euploid neurons 

(Figure 13G, H). Similar to what is observed in human AD and DS patients, trisomic 

neurons had enlarged early endosomes, with the average area of EEA1+ puncta 

significantly increased in trisomic neurons compared to euploid controls. 

 

Figure 13. Trisomic neurons display age-related endo-lysosomal dysfunction. (A) 
Representative immunoblots of rab5, rab7, LC3B, and LAMP1 in euploid and trisomic 
neurons at 5 days post differentiation (B) Densitometry analysis of immunoblots in panel 
A. (n=3, in duplicate) (C) Representative immunoblots of rab5, rab7, LC3B, and LAMP1 
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in euploid and trisomic neurons at 15 days post differentiation (D) Densitometry analysis 
of immunoblots in panel C. (n=3, in duplicate) (E) Representative immunoblots of rab5, 
rab7, LC3B, and LAMP1 in euploid and trisomic neurons at 25 days post differentiation 
(F) Densitometry analysis of immunoblots in panel E. (n=4, in duplicate) (G) 
Fluorescence microscopy images of EEA1 (red) and DAPI (blue) in euploid and trisomic 
neurons at 25 days post differentiation (n=4) (H) Quantification of mean area of EEA1+ 
shown in panel F. Values represent mean ± standard error of the mean, *p < 0.05, 
**p < 0.01, ***p<0.001, ****p<0.0001. 

 
Because we found that trisomic iPSC-derived neurons recapitulated age-related 

AD-like pathology and endosomal dysfunction, we next examined the retromer complex 

to determine if this model displayed retromer deficiency as found in human DS patients. 

We first evaluated protein levels of the retromer cargo recognition core and the retromer 

cargo protein, APP, at 5-, 15-, and 25-days post differentiation (Figure 14). We found 

that APP was elevated at the expected trisomic ratio at 5 and 15 days, but not 

significantly increased at 25 days post-differentiation (Figure 14 A-F). Retromer CRC 

proteins did not differ between euploid and trisomic neurons at the 5-day timepoint, but 

at 15 days VPS29 was significantly decreased in trisomic neurons, and by 25 days post 

differentiation, all three retromer CRC proteins were decreased in trisomic neurons 

compared to euploid controls (Figure 14 A-F). To determine whether the reductions in 

retromer proteins were due to transcriptional changes, we examined mRNA levels of 

VPS35, VPS26, VPS29, and APP (Figure 14G). Retromer CRC message levels did not 

differ between euploid and trisomic neurons, but APP message was significantly 

increased in trisomic neurons, consistent with its genetic locus on HSA21. 
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Figure 14. Retromer cargo recognition core proteins are decreased in trisomic 
neurons by 25 days post differentiation. (A) Representative immunoblots of VPS35, 
VPS26, VPS29, and APP in euploid and trisomic neurons at 5 days post differentiation 
(B) Densitometry analysis of immunoblots shown in panel A (n=3, in duplicate) (C) 
Representative immunoblots of VPS35, VPS26, VPS29, and APP in euploid and trisomic 
neurons at 15 days post differentiation (D) Densitometry analysis of immunoblots shown 
in panel C (n=3, in duplicate) (E) Representative immunoblots of VPS35, VPS26, 
VPS29, and APP in euploid and trisomic neurons at 25 days post differentiation (F) 
Densitometry analysis of immunoblots shown in panel D (n=4, in duplicate) (G) Relative 
expression of VPS35, VPS26, VPS29 and APP message in euploid and trisomic neurons 
at 25 days post differentiation (n=3, in duplicate). Values represent mean ± standard error 
of the mean, #p<0.10, *p < 0.05, **p < 0.01, ***p<0.001. 

 

Genetic Overexpression Of VPS35 Reduces Amyloid And Tau Pathology In 

Trisomic iPSC-Derived Neurons 

After establishing trisomic iPSC-derived neurons as a representative model of 

AD-like neuropathology, endosomal dysfunction, and retromer deficiency, we next 

aimed to examine the effects of restoring retromer levels on pathology output 

measures. At 10 days post differentiation trisomic neurons were transduced with 
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AAV1 vectors expressing human VPS35 (AAV-VPS35) and then maintained in 

culture until 25 days post differentiation. To determine transduction efficiency, we 

first assessed retromer protein and message in transduced trisomic neurons compared 

to euploid and trisomic controls (Figure 15 A-D). We found that AAV-VPS35 

transduction significantly increased VPS35 and VPS29 protein levels, and VPS35 

message compared to trisomic control neurons, indicating successful overexpression of 

VPS35 following AAV-VPS35 transduction. 

 

Figure 15. AAV-VPS35 transduction increases VPS35 and VPS29 protein, and 
VPS35 message in trisomic neurons. (A) Representative immunoblots of VPS35, 
VPS26, and VPS29 in trisomic neurons overexpressing VPS35 (Trisomic+AAV-VPS35), 
and euploid and trisomic control neurons at 25 days post differentiation (B) Densitometry 
analysis of immunoblots in panel A (n=4, in duplicate) (C) Relative expression of 
VPS35, VPS26, and VPS29 message in trisomic neurons overexpressing VPS35 
(Trisomic+AAV-VPS35), and euploid and trisomic control neurons at 25 days post 
differentiation (n=3, in duplicate) (D) Fluorescence microscopy images of VPS35 
(green), Tau13 (white) and DAPI (blue) in trisomic neurons overexpressing VPS35 
(Trisomic+AAV-VPS35), and euploid and trisomic control neurons at 25 days post 
differentiation (E) Quantification of mean fluorescence intensity of VPS35 as shown in 
panel D (n=3). Values represent mean ± standard error of the mean, *p < 0.05, **p < 0.01, 
***p<0.001, ****p<0.0001. 
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Next, we investigated the effect of restoration of VPS35 and VPS29 protein 

levels on amyloid and tau pathology. As expected, both Aß 1-40 and Aß 1-42 were 

significantly elevated in trisomic neurons compared to euploid controls. VPS35 

overexpression in trisomic neurons reduced Aß 1-40 compared to trisomic controls, 

however, it did not restore Aß 1-40 levels to euploid control levels and had no effect on 

levels of Aß 1-42 (Figure 16A). To assess tau pathology, we examined the levels of total 

soluble tau (HT7), as well as two phospho-tau epitopes that were elevated in trisomic 

neurons compared to euploid controls (AT270 and PHF1). VPS35 overexpression 

significantly reduced the phospho-tau epitope recognized by PHF1 to euploid levels 

(Figure 16 B-D). The phospho-tau epitope recognized by AT270 was also reduced by 

VPS35 overexpression in trisomic neurons, but results failed to reach significance. Since 

we observed changes in tau phosphorylation following AAV-VPS35 transduction, we 

next examined the tau kinase CDK5 and its activator p25, as degradation of p25 is known 

to be influenced by retromer function (133). VPS35 overexpression had no effect on 

CDK5, but reduced protein levels of p25 (Figure 17A, B). To investigate whether the 

reduction in p25 affected kinase activity, we assessed enzymatic activity of CDK5 in 

trisomic neurons overexpressing VPS35, and euploid and trisomic controls (Figure 17C). 

While AAV-VPS35 transduction appeared to reduce CDK5 activity in trisomic neurons, 

the results failed to reach significance. 
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Figure 16. VPS35 overexpression reduces Aß 1-40 and phospho-tau in trisomic 
neurons. (A) Levels of Aß 1-40 and Aß 1-42 detected in the culture media from trisomic 
neurons overexpressing VPS35 (Trisomic + AAV-VPS35), and euploid and trisomic 
control neurons. (n=4) (B) Representative immunoblots of HT7, AT270, and PHF1 in 
trisomic neurons overexpressing VPS35 (Trisomic + AAV-VPS35), and euploid and 
trisomic control neurons. (C) Densitometry analysis of immunoblots shown in panel B 
(n=4, in duplicate) (D) Representative fluorescence microscopy images of AT270 
(magenta) and DAPI (blue) in trisomic neurons overexpressing VPS35 (Trisomic + 
AAV-VPS35), and euploid and trisomic control neurons. Values represent 
mean ± standard error of the mean, #p<0.10, *p < 0.05, **p < 0.01, ***p<0.001, 
****p<0.0001. 

 

 
Figure 17. VPS35 overexpression reduces p25 protein levels. (A) Representative 
immunoblots of CDK5 and p25 in trisomic neurons overexpressing VPS35 (Trisomic + 
AAV-VPS35), and euploid and trisomic control neurons. (B) Densitometry analysis of 
immunoblots shown in panel A (n=4). (C) Enzymatic activity of CDK5 as assayed by the 
CDK5-p25 ADP-Glo enzyme system in trisomic neurons overexpressing VPS35 
(Trisomic + AAV-VPS35), and euploid and trisomic control neurons (n=3). Values 
represent mean ± standard error of the mean, #p<0.10, *p < 0.05, **p < 0.01. 
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VPS35 Overexpression Normalizes Endo-Lysosomal Protein Levels But Does Not 

Affect Early Endosomal Enlargement 

Due to the role of VPS35 in sorting and trafficking cargo out of early endosomes, 

we hypothesized that endosomal abnormalities could be ameliorated by improving 

retromer function via overexpression of VPS35 in trisomic neurons. To test this 

hypothesis, we examined endo-lysosomal proteins and endosome size in trisomic neurons 

following AAV-VPS35 transduction. Altered protein expression of rab5 and LAMP1, 

and the LC3B2/1 ratio was fully restored to euploid levels in trisomic neurons 

overexpressing VPS35 (Figure 18A, B). The reduction in the early endosomal marker 

rab5 along with the increase in lysosomal and autophagy markers could indicate 

increased flux through the endo-lysosomal system, and a consequent reduction in stalled, 

enlarged endosomes. However, immunofluorescence staining of EEA1+ puncta revealed 

that VPS35 overexpression had no effect on mean early endosome area (Figure 18C, D). 

Further analysis of the distribution of early endosomes showed that while the mean area 

is unaffected, it is possible that the largest subset of endosomes (greater than 1um2) may 

be slightly reduced and the fraction of more intermediate enlarged endosomes (0.4-1.0 

um2) increased by AAV-VPS35 transduction, though results failed to reach significance 

(Figure 18E).  
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Figure 18. VPS35 overexpression normalizes endo-lysosomal protein levels but does 
not affect early endosome enlargement in trisomic neurons. (A) Representative 
immunoblots of rab5, rab7, LC3B, and LAMP1 in trisomic neurons overexpressing 
VPS35 (Trisomic + AAV-VPS35), and euploid and trisomic control neurons. (B) 
Densitometry analysis of immunoblots shown in panel A (n=4). (C) Fluorescence 
microscopy images of EEA1(red) and DAPI (blue) in trisomic neurons overexpressing 
VPS35 (Trisomic + AAV-VPS35), and euploid and trisomic control neurons (D) 
Quantification of average area of EEA1+ puncta as shown in panel C (n=4) (E) 
Distribution of the percentage of early endosomes with an average area of 0 - 0.4 um2, 
0.4 - 0.8 um2, or >1 um2 as shown in panel C (n=4). Values represent mean ± standard 
error of the mean, *p < 0.05, **p < 0.01. 

 

Pharmacological Stabilization Of The Retromer Complex Reduces Amyloid And 
Tau Pathology In Trisomic Neurons  

 To expand upon our approach to restore retromer function in trisomic neurons, we 

utilized a pharmacological chaperone, TPT-172 to stabilize the retromer complex. 

Previous reports demonstrate that TPT-172 can increase VPS35 protein levels by 

protecting it from denaturation and increase stability of the complex as a whole by 

stabilizing the VPS35-VPS29 binding domain, which is the weakest link of the VPS35-

VPS26-VPS29 heterotrimer (151). Trisomic neurons were grown in culture for 23-days 
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post differentiation, then incubated in 25μM TPT-172 in culture media for 48 hours prior 

to assessment. Because TPT-172 has been demonstrated to increase protein levels of 

VPS35, VPS26 and VPS29, we first assessed the effect of treatment on the retromer CRC 

(Figure 19). In conflict with previous reports, we did not observe any changes in retromer 

proteins following incubation with TPT-172.  

 

Figure 19. Pharmacological stabilization of the retromer complex does not affect 
retromer protein levels. (A) Representative immunoblots of VPS35, VPS26, VPS29, 
and APP in trisomic neurons treated with 25μM TPT-172, and trisomic and euploid 
control neurons. (B) Densitometry analysis of immunoblots in panel A (n=3, in 
duplicate). Values represent mean ± standard error of the mean, #p<0.10, *p < 0.05. 

 

Despite lack of protein level changes in the retromer complex, we hypothesized 

that TPT-172 could be working primarily through its effects on complex stability, so we 

examined the effects of retromer stabilization on amyloid and tau pathology in trisomic 

neurons. Treatment with TPT-172 significantly reduced levels of both Aß 1-40 and Aß 1-

42 in trisomic neurons to levels indistinguishable from euploid control neurons (Figure 

20A). We next evaluated whether treatment with TPT-172 altered tau pathology in 

trisomic neurons. Total levels of soluble tau (HT7) were unchanged by TPT-172 

treatment, however, phospho-tau epitopes recognized by the antibodies AT8, AT270, and 

PHF1 were significantly reduced in trisomic neurons and restored to euploid control 

levels (Figure 20B, C). Because we saw reductions in phosphorylated tau, we again 
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examined CDK5 and its activator, p25, to see whether this kinase system could be 

mediating the effect on tau phosphorylation. Both CDK5 and p25 were reduced in 

trisomic neurons treated with TPT-172 compared to trisomic controls, suggesting that 

enhancement of retromer function via pharmacological stabilization of the complex could 

result in increased CDK5 and p25 degradation (Figure 21A, B). To support this 

hypothesis, we examined message levels of CDK5. In contrast to the protein levels 

changes, CDK5 message was unaffected by TPT-172 treatment (Figure 21C). Lastly, we 

measured enzymatic activity of the CDK5. While there was a trend toward reduced 

CDK5 activity in trisomic neurons treated with TPT-172 it failed to reach significance, 

possibly to the high variability in the assay (Figure 21D). 

 

Figure 20. Pharmacological stabilization of the retromer complex in trisomic 
neurons restores Aß 1-40, Aß 1-42, phosphorylated tau to euploid controls levels. 
(A) Levels of Aß 1-40 and Aß 1-42 detected in the culture media from trisomic neurons 
treated with 25μM TPT-172, and trisomic and euploid control neurons (n=5). (B) 
Representative immunoblots of HT7, AT8, AT270, PHF1, and pS396. (C) Densitometry 
analysis from panel B (n=3, in duplicate). Values represent mean ± standard error of the 
mean, *p < 0.05, **p < 0.01, ***p<0.001. 
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Figure 21. TPT-172 reduces CDK5 and p25 in trisomic neurons. (A) Representative 
immunoblots of CDK5 and p25 in trisomic neurons treated with 25 uM TPT-172, and 
trisomic and euploid controls. (B) Densitometry analysis of immunoblots in panel A 
(n=4, in duplicate). (C) Relative expression of CDK5 mRNA levels in trisomic neurons 
treated with 25 uM TPT-172, and trisomic and euploid controls. (D) Enzymatic activity 
of CDK5 as assayed by the CDK5-p25 ADP-Glo enzyme system in trisomic neurons 
treated with 25 uM TPT-172, and euploid and trisomic control neurons (n=5). Values 
represent mean ± standard error of the mean, #p<0.10, *p < 0.05, **p < 0.01. 

 

The TPT-172-Mediated Effect On Tau Phosphorylation Is Dependent On CDK5 

Given that TPT-172 treatment in trisomic neurons resulted in reduced 

phosphorylated tau and also reduced levels of the tau kinase CDK5 and its activator, p25, 

we next wanted to investigate the functional role of this kinase system on the TPT-172-

dependent effects on tau phosphorylation. N2a cells stably expressing human tau were 

treated with 25 or 50μM TPT-172 for 48 hours. We assessed retromer CRC proteins and 

found that VPS29 was elevated and confirmed that p25 was decreased at the 50μM TPT-

172 concentration (Figure 22 A-D). To elucidate the significance of p25 in TPT-172-

mediated effects on tau phosphorylation, N2a cells stably expressing human tau were 
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treated with TPT-172 for 48 hours with or without the CDK5 inhibitor, roscovitine. We 

observed that TPT-172 treatment significantly reduced the phospho-tau epitopes AT270 

and pS396, but that this effect was lost when CDK5 was inhibited by roscovitine (Figure 

22E, F). To further investigate whether TPT-172 treatment can modulate CDK5 activity, 

the CDK5-p25 complex was immunoprecipitated from N2a-Htau cells treated with 0, 25, 

or 50μM TPT-172. The active complex was incubated with the substrate histone H1 and 

ATP, and histone H1 phosphorylation was evaluated by western blot as a measure of 

CDK5 kinase activity (Figure 22G, H). We found that CDK5-p25 from cells treated with 

TPT-172 caused significantly less histone phosphorylation, indicating that TPT-172 can 

reduce CDK5 kinase activity secondary to a reduction of p25 levels.  

 

 

Figure 22. TPT-172-mediated reduction in phospho-tau is dependent upon CDK5. 
(A) Representative immunoblots of VPS35, VPS26, and VPS29 in N2a-Htau cells treated 
with 25μM or 50μM TPT-172 (B) Densitometry analysis of immunoblots shown in panel 
A (n=3, in duplicate) (C) Representative immunoblots of CDK5 and p25 in N2a-Htau 
cells treated with 25μM or 50μM TPT-172 (D) Densitometry analysis of immunoblots 
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shown in panel C (n=3, in duplicate) (E) Representative immunoblots of HT7, PHF1, 
AT270, and pS396 in N2a-Htau cells treated with 25μM or 50μM TPT-172, with or with 
20μM roscovitine (F) Densitometry analysis of immunoblots shown in panel C (n=3, in 
duplicate) (G) Representative immunoblot of phosphorylated histone H1 (p-H1) and 
histone H1 (H1) following a kinase reaction with histone H1, ATP and 
immunoprecipitated CDK5-p25 from N2a-Htau cells treated with 25μM or 50μM TPT-
172 (H) Densitometry analysis of immunoblots shown in panel G (n=3). Values represent 
mean ± standard error of the mean, *p < 0.05, **p < 0.01, ***p<0.001, ****p<0.0001. 

 

Pharmacological Stabilization Of The Retromer Complex Normalizes Endo-

Lysosomal Protein Levels 

Given that the effects of pharmacological stabilization of the retromer complex 

resulted in nearly full rescue of tau and amyloid pathology in trisomic neurons, we next 

wanted to determine whether a more robust effect would also be observed when 

examining endosomal dysfunction. Like VPS35 overexpression, TPT-172 treatment 

resulted in a reduction in rab5 protein and increases in LAMP1 protein levels and the 

LC3B2/1 ratio (Figure 23A, B). However, in contrast to VPS35 overexpression, 

pharmacological stabilization of the retromer complex also normalized protein levels of 

the late endosome marker, rab7, indicating a more complete rescue of the endosomal 

phenotype in trisomic neurons. Further analysis of the endosomal system revealed a trend 

(p=0.105) toward reduction of mean early endosome area in trisomic neurons treated with 

TPT-172 compared to trisomic controls (Figure 23 C-E). We again examined the 

distribution of endosomes and saw that trisomic neurons have an increased percentage of 

the most dramatically enlarged endosomes (area >1.0 um2) which appears to be reduced 

following pharmacological stabilization of the retromer complex, however, results failed 

to reach significance.  
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Figure 23. Treatment with TPT-172 normalizes endo-lysosomal protein levels. (A) 
Representative immunoblots of rab5, rab7, LC3B, and LAMP1 in trisomic neurons 
treated with 25μM TPT-172, and trisomic and euploid control neurons. (B) Densitometry 
analysis of immunoblots in panel A (n=3, in duplicate). (C) Fluorescence microscopy 
images of EEA1 (green) and DAPI (blue) in trisomic neurons treated with 25μM TPT-
172, and trisomic and euploid control neurons (D) Quantification of the average area of 
EEA1+ puncta as shown in panel C (n=4) (E) Distribution of the percentage of early 
endosomes with an average area of 0 - 0.4 um2, 0.4 - 0.8 um2, or >1 um2 as shown in 
panel C (n=4). Values represent mean ± standard error of the mean, *p < 0.05, **p < 0.01, 
***p<0.001. 

 

TPT-172 Increases Retromer Stability By Protecting Retromer Core Proteins From 

Degradation And Increasing VPS35-VPS29 Interaction 

Since TPT-172 seemed to enhance retromer function in trisomic neurons without 

affecting retromer core protein levels, we next sought to determine the mechanism by 

which TPT-172 exerts its beneficial effects. We first examined VPS35, VPS26, and 

VPS29 degradation rates using a cycloheximide chase assay (Figure 24). N2a-Htau cells 

pretreated with 0, 25, or 50μM TPT-172 for 24 hours, and then cycloheximide was added 

to inhibit protein synthesis. Cells were harvested at 0, 4, and 8 hours post-cycloheximide 
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treatment, and VPS35, VPS26, and VPS29 protein levels were measured using western 

blot. We observed that cells exhibited a decrease in VPS35, VPS26, and VPS29 protein 

levels after 8 hours of cycloheximide treatment in the absence of TPT-172. However, 

pretreatment with TPT-172 protected VPS35, VPS26 and VPS29 proteins from 

degradation (Figure 24). 

 

Figure 24. Pharmacological stabilization of the retromer complex via TPT-172 
protects VPS35, VPS26, and VPS29 from degradation. (A) Representative 
immunoblots of VPS35, VPS26, and VPS29 in N2a-Htau cells 0, 4, and 8 hours after 
cycloheximide treatment. (B) Densitometry analysis of immunoblots in panel A (n=4, in 
duplicate) (C) Representative immunoblots of VPS35, VPS26, and VPS29 in N2a-Htau 
cells pretreated with 25μM TPT-172 at 0, 4, and 8 hours after cycloheximide treatment. 
(D) Densitometry analysis of immunoblots in panel C (n=4, in duplicate) (E) 
Representative immunoblots of VPS35, VPS26, and VPS29 in N2a-Htau cells pretreated 
with 50μM TPT-172 at 0, 4, and 8 hours after cycloheximide treatment. (F) Densitometry 
analysis of immunoblots in panel C (n=4, in duplicate). Values represent mean ± standard 
error of the mean, *p < 0.05, **p < 0.01, ***p<0.001. 
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Given that TPT-172 was able to influence retromer function without affecting 

protein levels, we next wanted to examine how TPT-172 affects the integrity of the 

retromer CRC as a whole rather than the individual proteins.  To test this, N2a-Htau cells 

were incubated in 0, 25, or 50μM TPT-172 for 48 hours, and VPS35 was 

immunoprecipitated to assess its association with VPS26 and VPS29. We found that in 

the absence of TPT-172, VPS26 coimmunoprecipitated with VPS35, however, very little 

VPS29 was co-eluted with VPS35, consistent with the VPS35-VPS29 association being 

the weakest interaction of the heterotrimer (Figure 25). Upon treatment with TPT-172, 

the amount of VPS29 coimmunoprecipitated with VPS35 significantly increased, over 2-

fold, indicating the TPT-172 can stabilize the VPS35-VPS29 bond and increase the 

association of the retromer complex. 

 
 
 

 
Figure 25. Pharmacological stabilization of the retromer complex via TPT-172 
increases the interaction between VPS35 and VPS29. (A) Representative immunoblots 
of VPS35, VPS26, and VPS29 in lysates immunoprecipitated with VPS35, from N2a-
Htau cells treated with 0, 25, or 50μM TPT-172. (B) Densitometry analysis of 
immunoblots from panel A (n=3). Values represent mean ± standard error of the mean, 
**p < 0.01 
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Ts65dn Mice Show Age-Dependent Impairments In Learning And Cognition 

Having observed significant alterations in the retromer system in both postmortem 

brain tissue and iPSC-derived neurons from human patients with DS, we next wanted to 

characterize age dependent changes in the retromer complex and the AD-like phenotype 

in the Ts65dn mouse model of DS. To assess learning and cognition, Ts65dn and WT 

littermate control mice were tested in several behavioral paradigms (Y-maze, Morris 

water maze, and fear conditioning paradigms) at 2, 5, 9, and 12 months of age. Consistent 

with DS developmental delays, Ts65dn displayed baseline cognitive impairments at 2 

months of age, with Ts65dn mice displaying an increased latency to reach the platform in 

the MWM probe test, and decreased alternations in the y-maze memory task (Figure 26B, 

C). However, at 2 months of age, Ts65dn mice performed comparably to WT mice in the 

MWM training phase and number of platform entries, and in contextual recall in the fear 

conditioning test (Figure 26A, D). At 5, 9, and 12 months of age, Ts65dn performed 

significantly worse than WT mice in all parameters of all learning and memory tasks 

examined, suggesting that aging-related cognitive decline begins around 5 months of age 

(Figure 26 A-D). 
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Figure 26. Ts65dn show age-dependent impairments in learning and memory tasks. 
(A) Latency to reach the hidden platform over 4 consecutive days of training in the 
Morris water maze training phase (B) Latency to reach the platform zone, and number of 
entries into the platform zone in the Morris water maze probe test (C) Number of entries 
and percent alternations in the Y-maze paradigm (D) Percent freezing in the training, 
contextual, and cued phases of the fear conditioning paradigm. (2 month WT n= 9, 2 
month Ts65dn n=9, 5 month WT n=11, 5 month Ts65dn n=10, 9 month WT n=11, 9 
month Ts65dn n=12, 12 month WT n=11, 12 month Ts65dn n=11). Values represent 
mean ± standard error of the mean, #p<0.10, *p < 0.05. 

 

Ts65dn Mice Display Age-Dependent Accumulation Of APP, APP C-Terminal 

Fragments, And Phosphorylated Tau 

 Next, we examined classical AD-like neuropathology markers in cortices of Ts65dn mice 

and WT littermate controls. Although Ts65dn mice do not express transgenic APP or tau and do 

not develop classical plaques and tangles, they are reported to accumulate APP, APP cleavage 

products, and select epitopes of phosphorylated tau. Starting at 2 months of age, we found that 

Ts65dn had significant elevations in cortical APP, α-CTF, and ß-CTF at the expected trisomic 

ratio (Figure 27A, B). However, from 5 to 9 months of age, Ts65dn began to accumulate ß-CTF 
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substantially beyond the trisomic ratio, and continued to have significant elevations in APP, α-

CTF, and ß-CTF compared to WT controls through 12 months of age (Figure 27 C-G). To assess 

age dependent changes in tau pathology, we examined cortical levels of total soluble tau (Tau49) 

and a phospho-epitope reported to be elevated in the Ts65dn mouse model (pS199). We found 

that Ts65dn mice had slightly less total soluble tau than WT mice, but no change in pS199 at 2 

months of age (Figure 28A, B). At 5 and 9 months of age, WT and Ts65dn mice did not differ in 

total soluble tau levels, however, Ts65dn mice had increased levels of pS199 (Figure 28 C-F). 

These changes did not persist past 9 months of age, possibly due to the decreased solubility of 

the accumulated phospho-tau (Figure 28G, H).  

 

 

Figure 27. Ts65dn mice develop age-dependent elevations in APP and APP c-
terminal fragments. (A) Representative immunoblots of full-length APP (APP-FL), and 
APP α- and ß-CTFs in cortices of WT and Ts65dn mice at 2 months of age. (B) 
Densitometry analysis of immunoblots in panel A (WT n=6, Ts65dn n=6) (C) 
Representative immunoblots of full-length APP (APP-FL), and APP α- and ß-CTFs in 
cortices of WT and Ts65dn mice at 5 months of age. (D) Densitometry analysis of 
immunoblots in panel C (WT n=6, Ts65dn n=6) (E) Representative immunoblots of full-
length APP (APP-FL), and APP α- and ß-CTFs in cortices of WT and Ts65dn mice at 9 
months of age. (F) Densitometry analysis of immunoblots in panel E (WT n=6, Ts65dn 
n=6) (G) Representative immunoblots of full-length APP (APP-FL), and APP α- and ß-
CTFs in cortices of WT and Ts65dn mice at 12 months of age. (H) Densitometry analysis 
of immunoblots in panel G (WT n=6, Ts65dn n=6). Values represent mean ± standard 
error of the mean, *p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 28. Ts65dn show age-dependent elevations in phosphorylated tau epitope 
pS199. (A) Representative immunoblots of total tau (Tau49) and phospho-tau PS199 in 
cortices WT and Ts65dn mice at 2 months of age. (B) Densitometry analysis of 
immunoblots in panel A (WT n=8, Ts65dn n=8) (C) Representative immunoblots of total 
tau (Tau49) and phospho-tau PS199 in cortices of WT and Ts65dn mice at 5 months of 
age. (D) Densitometry analysis of immunoblots in panel C (WT n=8, Ts65dn n=7) (E) 
Representative immunoblots of total tau (Tau49) and phospho-tau PS199 in cortices of 
WT and Ts65dn mice at 9 months of age. (F) Densitometry analysis of immunoblots in 
panel E (WT n=8, Ts65dn n=9) (G) Representative immunoblots total tau (Tau49) and 
phospho-tau PS199 in cortices of WT and Ts65dn mice at 12 months of age. (H) 
Densitometry analysis of immunoblots in panel G (WT n=6, Ts65dn n=6). Values 
represent mean ± standard error of the mean, *p < 0.05. 

 

Ts65dn Mice Show Age-Dependent Elevations In Early Endosomal Proteins And 

Increased Early Endosome Area 

Lastly, we looked at aging related changes in the endo-lysosomal system. We 

observed an increase in endosomal proteins in cortices of Ts65dn mice starting at 2 

months of age (Figure 29A, B).  Elevations in the early endosome marker, rab5, began at 

5 months and persisted through 9 months of age, but we observed no protein level 

changes in endo-lysosomal proteins at 12 months of age (Figure 29 C-H). Basal forebrain 

cholinergic neurons have advanced endosomal pathology in the Ts65dn mouse, and 

because we saw the largest increase in the early endosomal marker rab5 at 9 months of 

age, we examined endosomal morphology in CHAT+ neurons in WT and Ts65dn mice at 

the 9-month timepoint. The average area of early endosomes in Ts65dn cholinergic 
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neurons was significantly increased and nearly 3-fold higher than the average area of 

endosomes in WT cholinergic neurons (Figure 29 I, J). 

 

Figure 29. Endosomal protein levels and mean early endosome area are increased in 
Ts65dn mice. (A) Representative immunoblots of rab5, rab7, LC3B, and LAMP1 in 
cortices of WT and Ts65dn mice at 2 months of age. (B) Densitometry analysis of 
immunoblots in panel A (n=8 WT, 8 Ts65dn) (C) Representative immunoblots of rab5, 
rab7, LC3B, and LAMP1 in cortices of WT and Ts65dn mice at 5 months of age. (D) 
Densitometry analysis of immunoblots in panel B (n=10 WT, 8 Ts65dn) (E) 
Representative immunoblots of rab5, rab7, LC3B, and LAMP1 in cortices of WT and 
Ts65dn mice at 9 months of age. (F) Densitometry analysis of immunoblots in panel E 
(n=8 WT, 10 Ts65dn) (G) Representative immunoblots of rab5, rab7, LC3B, and 
LAMP1 in cortices of WT and Ts65dn mice at 12 months of age. (H) Densitometry 
analysis of immunoblots in panel G (n=6 WT, 6 Ts65dn) (I) Fluorescence microscopy 
images of CHAT (green), EEA1 (red), and DAPI (blue) in cholinergic neurons of Ts65dn 
and WT mice at 9 months of age (J) Quantitation of mean area of EEA1+ puncta from 
panel I (n=6 WT, 7 Ts65dn). Values represent mean ± standard error of the mean, 
#p<0.10, *p < 0.05, **p<0.01, ***p<0.001. 

 

Retromer CRC Protein Levels Do Not Differ Between Aged Ts65dn And WT Mice 

 Having confirmed the time course of the development of cognitive decline, AD-

like neuropathology, and endosomal dysfunction, we next examined how levels of 
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retromer proteins change with the onset of the AD-like phenotype. We examined 

retromer CRC proteins in cortical tissues of Ts65dn and WT mice, and while we 

observed some minor dysregulation in retromer proteins in Ts65dn mice at 2 months of 

age (VPS35 increased and VPS29 decreased compared to WT), Ts65dn did not display 

retromer deficiency as was observed in postmortem tissue or iPSC-derived neurons from 

human patients with DS (Figure 30).  

 

Figure 30. VPS35 is increased, and VPS29 is decreased in 2-month Ts65dn mice, but 
retromer proteins do not differ between WT and Ts65dn mice at 2, 5, 9, and 12 
months of age. (A) Representative immunoblots of VPS35, VPS26, and VPS29 in 2-
month-old WT and Ts65dn cortex (B) Densitometry analysis of immunoblots in panel A 
(n=10 WT, 10 Ts65dn) (C) Representative immunoblots of VPS35, VPS26, and VPS29 
in 5-month-old WT and Ts65dn cortex (D) Densitometry analysis of immunoblots in 
panel C (n=8 WT, 8 Ts65dn) (E) Representative immunoblots of VPS35, VPS26, and 
VPS29 in 9-month-old WT and Ts65dn cortex (F) Densitometry analysis of immunoblots 
in panel E (n=12 WT, 12 Ts65dn) (G) Representative immunoblots of VPS35, VPS26, 
and VPS29 in 12-month-old WT and Ts65dn cortex (H) Densitometry analysis of 
immunoblots in panel A (n=11 WT, 11 Ts65dn). Values represent mean ± standard error 
of the mean, *p < 0.05. 

 

Pharmacological Stabilization Of The Retromer Complex Improves Cognition In 

Ts65dn Mice 

Although Ts65dn mice did not recapitulate the retromer deficiency phenotype we 

observed in brain tissue and iPSC-derived neurons from human subjects with DS, these 
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mice do develop endosomal dysfunction which could be indicative of altered functioning 

of the retromer system. Thus, we next tested whether pharmacological stabilization of the 

retromer complex via chronic in vivo administration of TPT-172 would ameliorate the 

AD-like phenotype in Ts65dn mice. Based on our characterization of cognitive decline, 

AD-like neuropathology, and endosomal dysfunction, we chose to begin treatment at 4 

months of age; a timepoint just prior to when aging related cognitive decline, 

accumulation of ß-CTF and phospho-tau PS199, and elevations in the early endosome 

protein rab5, are first evident. Ts65dn mice were oral-gavaged with TPT-172 or vehicle 3 

times weekly from approximately 4 to 9 months of age. During the study, mice were 

monitored for any changes in general health, weight loss or gain, and survival. No 

changes in general health, weight, or survival were detected between mice receiving 

vehicle or TPT-172 (Figure 31A, B). During the last month of treatment (from about 8-9 

months of age) mice were subjected to behavioral learning and memory paradigms. In the 

Y-maze test, mice did not differ in the overall number of arm entries, however, mice 

receiving TPT-172 had a significant increase in percent alternations (Figure 31C). No 

significant differences were observed in the MWM test between the 2 groups, though 

there were trends toward significant improvement in both the training and probe phases 

in mice receiving TPT-172 (Figure 31D). During the fear conditioning paradigm, there 

were no baseline differences in freezing response in the training phase, but there was a 

significant increase in freezing response in the contextual recall test, and a trend toward 

improvement in the cued recall in mice administered TPT-172 (Figure 31E). Thus, 

overall, chronic administration of TPT-172 improved cognitive deficits in Ts65dn mice. 
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Figure 31. Chronic TPT-172 administration in Ts65dn mice improves performance 
in learning and memory behavioral paradigms. (A) Average weight of Ts65dn mice 
receiving vehicle (CTR) or TPT-172 (TPT) throughout the study (B) Percent survival of 
Ts65dn mice receiving vehicle (CTR) or TPT-172 (TPT) throughout the study until the 
time of sacrifice (9 months of age) (C) Number of entries and percent alternations in the 
Y-maze paradigm (D) Latency to reach the hidden platform over 4 consecutive days of 
training in the Morris water maze training phase, and latency to reach the platform zone 
and number of entries into the platform zone in the Morris water maze probe test (E) 
Percent freezing in the training, contextual, and cued phases of the fear conditioning 
paradigm. (n=11 CTR, 13 TPT). Values represent mean ± standard error of the mean, 
*p < 0.05. 

 

Pharmacological Stabilization Of The Retromer Increases Protein Levels Of The 

Retromer CRC, And The Mature Form Of Retromer Cargo Protein Cathepsin D  

Given that chronic administration of TPT-172 showed beneficial effects on 

cognition in Ts65dn mice, we next examined how chronic TPT-172 treatment affected 

the retromer system. We examined protein levels of the retromer CRC, the cargo 

receptors CIMPR and SORLA, and the retromer cargo protein cathepsin D. We found 

significantly increased protein levels of VPS35 and VPS29 in the cortex, and all 3 

retromer CRC proteins in the hippocampus of mice given TPT-172 (Figure 32). 

Additionally, we found elevations in the mature form of the lysosomal protease, 
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cathepsin D in the cortex of mice given TPT-172, however, the activity of CTSD did not 

significantly differ between the two treatment groups (Figure 32C). 

 

 

Figure 32. Chronic administration of TPT-172 increases retromer protein levels. (A) 
Representative immunoblots of retromer CRC, mature cathepsin D (M. CTSD), and 
cargo receptors CIMPR and SORLA in cortices of Ts65dn mice given vehicle (CTR) or 
TPT-172 (TPT) (B) Densitometry analysis of immunoblots shown in panel A (n=12 
CTR, 12 TPT) (C) Proteolytic activity of cathepsin D (CTSD) in Ts65dn mice given 
vehicle (CTR) or TPT-172 (TPT) (n= 14 CTR, 16 TPT) (D) Representative immunoblots 
of retromer CRC, mature cathepsin D (M. CTSD), and cargo receptors CIMPR and 
SORLA in hippocampi of Ts65dn mice given vehicle (CTR) or TPT-172 (TPT) (E) 
Densitometry analysis of immunoblots shown in panel D (n=12 CTR, 11 TPT). Values 
represent mean ± standard error of the mean, #p<0.10 *p < 0.05. 

 

Pharmacological Stabilization Of The Retromer Complex Reduces Hippocampal 

APP And ß-CTF In Ts65dn Mice 

 To begin to assess the effects of retromer stabilization on AD-like 

neuropathology, we examined Aß, APP, and APP cleavage products in vehicle and TPT-
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172 treated Ts65dn mice. While we saw trends toward decreases in APP, APP CTFs, and 

Aß 1-40, we observed no significant differences between vehicle and TPT-172 treatments 

in the cortex of Ts65dn mice (Figure 33 A-C). Conversely, we found that both APP and 

ß-CTF were decreased in the hippocampus following TPT-172 administration (Figure 

33D, E). The hippocampal region develops more severe amyloid and tau pathology in the 

Ts65dn model (167) and thus, may be more responsive to APP-lowering treatments. 

 

Figure 33. Chronic TPT-172 reduces full-length APP and ß-CTF in the 
hippocampus of Ts65dn mice. (A) Representative immunoblots of full-length APP 
(APP-FL) and APP α- and ß-CTFs in cortices from Ts65dn mice treated with vehicle 
(CTR) or TPT-172 (TPT). (B) Densitometry analysis of immunoblots in panel A (n=12 
CTR, 12 TPT). (C) Levels of Aß 1-40 in cortex supernatants from Ts65dn mice treated 
with vehicle (CTR) or TPT-172 (TPT) (n=12 CTR, 12 TPT). (D) Representative 
immunoblots of full-length APP (APP-FL) and APP α- and ß-CTFs in hippocampi from 
Ts65dn mice treated with vehicle (CTR) or TPT-172 (TPT). (E) Densitometry analysis of 
immunoblots in panel D (n=12 CTR, 11 TPT). Values represent mean ± standard error of 
the mean, *p < 0.05. 

 
Pharmacological Stabilization Of The Retromer Complex Reduces Tau Pathology  

To assess the effect of retromer stabilization on tau pathology, we examined total 

soluble tau (Tau49), several phospho-epitopes of tau (pS199, AT8, AT180, AT270, 

PHF1, and pS396), the pathogenic conformation of tau recognized by MC1, and 
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insoluble tau (insoluble Tau49) in both the cortex and hippocampus of Ts65dn 

administered TPT-172 or vehicle. We observed significant reductions in the phospho-

epitopes pS199 and pS396 in the cortex and MC1 in the hippocampus of TPT-172 treated 

Ts65dn mice, with several other phospho-epitopes showing decreasing trends (Figure 34 

A-D). Furthermore, total levels of insoluble tau were decreased in the cortex of Ts65dn 

mice given TPT-172, however, no changes were observed in the hippocampus (Figure 34 

E-H).  

 

 

Figure 34. Tau pathology is decreased by chronic administration of TPT-172. (A) 
Representative immunoblots of total soluble tau (Tau49), phosphorylated tau (pS199, 
AT8, AT180, AT270, PHF1, pS396), and MC1 in cortices of vehicle (CTR) or TPT-172 
(TPT) treated Ts65dn mice. (B) Representative immunoblots of total soluble tau (Tau49), 
phosphorylated tau (pS199, AT8, AT180, AT270, PHF1, pS396), and MC1 in 
hippocampi of vehicle (CTR) or TPT-172 (TPT) treated Ts65dn mice. (C) Densitometry 
analysis of immunoblots in panel A (n=12 CTR, 12 TPT). (D) Densitometry analysis of 
immunoblots in panel B (n=12 CTR, 11 TPT). (E) Representative immunoblot of total 
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insoluble tau (Tau49) in cortices of vehicle (CTR) or TPT-172 (TPT) treated Ts65dn 
mice. (F) Representative immunoblot of total insoluble tau (Tau49) in hippocampi of 
vehicle (CTR) or TPT-172 (TPT) treated Ts65dn mice. (G) Densitometry analysis of 
immunoblots in panel E (n=12 CTR, 12 TPT) and panel F (n=12 CTR, 11 TPT). Values 
represent mean ± standard error of the mean, #p<0.10, *p < 0.05. 

 

Pharmacological Stabilization Of The Retromer Complex Decreases CDK5 And 

The p25/p35 ratio  

Because we observed decreases in tau phosphorylation, we measured levels of 

several kinases known to phosphorylate tau, and the phosphatase PP2A. In both the 

cortex and hippocampus we observed significant decreases in protein levels of CDK5, a 

decrease in the p25/p35 ratio that was trending toward significance in the cortex 

(p=0.0591), and a significant reduction of the p25/p35 ratio in the hippocampus (Figure 

35 A-D). Interestingly, we observed that TPT-172 administration increased cortical levels 

of GSK3α (Figure 35A, B). Although GSK3α can contribute to the pathological 

phosphorylation of tau, it is also recognized for its role in regulating neuronal architecture 

and synaptic activity (168), while the activity of GSK3ß is thought to contribute to 

pathological tau phosphorylation in neurodegeneration (169).  
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Figure 35. Chronic administration of TPT-172 reduced CDK5 and the p25/p35 
ratio. (A) Representative immunoblots of tau kinases (CDK5, p25 and p35, GSK3-α and 
-ß, phosphorylated GSK3-α and -ß, p38) and the phosphatase PP2A in cortices of vehicle 
(CTR) or TPT-172 (TPT) treated Ts65dn mice. (B) Representative immunoblots of tau 
kinases (CDK5, p25 and p35, GSK3-α and -ß, phosphorylated GSK3-α and -ß, p38) and 
the phosphatase PP2A in hippocampi of vehicle (CTR) or TPT-172 (TPT) treated Ts65dn 
mice. (C) Densitometry analysis of immunoblots in panel A (n=12 CTR, 12 TPT). (D) 
Densitometry analysis of immunoblots in panel B (n=12 CTR, 11 TPT). Values represent 
mean ± standard error of the mean, #p<0.10, *p < 0.05. 

 
Pharmacological Stabilization Of The Retromer Complex Decreases Endosomal 

Proteins And Average Early Endosome Area 

In order to determine if any of the changes in pathology markers were secondary to 

improvement of endosomal dysfunction, we next examined endosomal proteins and morphology 

in Ts65dn mice administered TPT-172 or vehicle. The early endosomal marker rab5, which we 

found to be elevated in Ts65dn mice at 9 months of age, and the late endosome marker, rab7, 

were both significantly reduced in the cortex and hippocampus of Ts65dn mice following 

chronic TPT-172 administration (Figure 36 C-F). Because we saw a reduction in these 

endosomal proteins, we next examined the size of early endosomes in basal forebrain cholinergic 

neurons, which we found to be significantly enlarged in Ts65dn mice compared WT controls. 
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The mean area of early endosomes in CHAT+ neurons was significantly decreased following 

chronic administration with TPT-172 (Figure 36A, B). These findings suggest that endosomal 

dysfunction is ameliorated by chronic pharmacological stabilization of the retromer complex. 

 

 

Figure 36. Endosomal proteins rab 5 and rab7 and average early endosome size are 
decreased by chronic administration of TPT-172. (A) Fluorescence microscopy 
images of CHAT (green), EEA1 (red), and DAPI (blue) in Ts65dn mice given vehicle 
(CTR) or TPT-172 (TPT). (B) Quantification of average area of EEA+ puncta from panel 
A (n=6 CTR, 7 TPT). (C) Representative immunoblots of rab5, rab7, LAMP1, and LC3B 
in cortices of Ts65dn mice given vehicle (CTR) or TPT-172 (TPT). (D) Densitometry 
analysis of immunoblots from panel C (n=12 CTR, 12 TPT). (E) Representative 
immunoblots of rab5, rab7, LAMP1, and LC3B in hippocampi of Ts65dn mice given 
vehicle (CTR) or TPT-172 (TPT). (F) Densitometry analysis of immunoblots from panel 
E (n=12 CTR, 11 TPT). Values represent mean ± standard error of the mean, *p < 0.05. 

 
Pharmacological Stabilization Of The Retromer Complex Affects 

Neuroinflammation And Synaptic Integrity 

Gliosis and neuroinflammation are key features of both AD and AD-DS, thus, we 

examined markers of astrocyte (GFAP and S100ß) and microglial (iba1) activation in 
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Ts65dn mice following chronic treatment with TPT-172. Protein levels of iba1 were 

reduced in the cortex and hippocampus, and S100ß in the hippocampus, following TPT-

172 treatment, indicating decreases in both reactive microglia and astrocytes (Figure 

37A, B, E, F). Since we observed changes in cognition, we also examined markers of 

synaptic integrity. Protein levels of the presynaptic marker, synaptophysin, were 

significantly increased in the cortex of Ts65dn mice given TPT-172, however, we did not 

observe any significant changes in the two synaptic proteins examined in the 

hippocampus (Figure 37 C, D, G, H).

 

Figure 37. Chronic TPT-172 treatment reduces reactive gliosis, and increases 
cortical levels of synaptophysin. (A) Representative immunoblots of activated astrocyte 
(GFAP and S100ß) and microglia (iba1) markers in cortices from Ts65dn mice given 
TPT-172 (TPT) or vehicle (CTR) (B) Densitometry analysis of immunoblots from panel 
A (n=12 CTR, 12 TPT) (C) Representative immunoblots of pre- (SYP) and post- 
(PSD95) synaptic markers in cortices from Ts65dn mice given TPT-172 (TPT) or vehicle 
(CTR) (D) Densitometry analysis of immunoblots from panel C (n=12 CTR, 12 TPT) (E) 
Representative immunoblots of activated astrocyte (GFAP and S100ß) and microglia 
(iba1) markers in hippocampi from Ts65dn mice given TPT-172 (TPT) or vehicle (CTR) 
(F) Densitometry analysis of immunoblots from panel E (n=12 CTR, 11 TPT) (G) 
Representative immunoblots of pre- (SYP) and post- (PSD95) synaptic markers in 
hippocampi from Ts65dn mice given TPT-172 (TPT) or vehicle (CTR) (H) Densitometry 
analysis of immunoblots from panel G (n=12 CTR, 12 TPT). Values represent 
mean ± standard error of the mean, *p < 0.05. 
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Acute TPT-172 Treatment Improves Synaptic Plasticity 

Given that we observed improved cognitive performance in learning and memory 

behavioral paradigms following pharmacological stabilization of the retromer complex, 

we next wanted to investigate directly how TPT-172 influenced synaptic activity. To this 

end, we examined basal synaptic activity, short-term potentiation (STP), and long-term 

potentiation (LTP) in the CA1 region of hippocampal slices from 9-month-old Ts65dn 

mice incubated with vehicle or TPT-172. To assess synaptic activity, we stimulated 

Schaffer collaterals and field excitatory postsynaptic potentials (fEPSPs) were recorded 

from the stratum radiatum in the CA1 region. Basal synaptic activity and LTP response 

did not differ between groups, however, we saw a significant improvement in STP 

(paired-pulse facilitation, Figure 38B) in hippocampal slices that were incubated in TPT-

172 (Figure 38).  

 

 
Figure 38. Acute TPT-172 administration improves short-term plasticity. (A) The 
input-output curve of the fEPSP slope versus the injected current. (B) Time dependence 
of paired‐pulse facilitation of the fEPSP slope, presented as a ratio of the fEPSP slope at 
pulse 1 to the fEPSP slope at pulse 2, for different time-points. (C) LTP induced with 3 
consecutive high‐frequency stimulation pulses of 100 Hz at a 1 second inter‐pulse 
interval. The values of the fEPSP slope are presented as the percentage of response after 
induction of LTP to the averaged baseline response. Ts65dn hippocampal slices 
incubated for 2 hours in vehicle (n=7 CTR), or TPT-172 (n=7 TPT). Values represent 
mean ± standard error of the mean, *p < 0.05. 

 
 
 
 



 99 

 
Chronic TPT-172 Treatment Increases Synaptic Proteins 

To elucidate the mechanisms responsible for improvements in cognition and 

synaptic plasticity, we examined hippocampal levels of presynaptic proteins involved in 

vesicular release, and post-synaptic AMPA receptor subunits. Chronic administration of 

TPT-172 affected levels of both pre- and postsynaptic proteins, providing a potential 

mechanism behind the beneficial effects retromer stabilization on cognition. At the pre-

synapse we observed significant increases in the SNARE proteins SNAP25 and syntaxin 

1a, as well as complexin 1 in the hippocampus of TPT-172 treated Ts65dn mice (Figure 

39A, B). Together these proteins work to facilitate neurotransmitter release at the 

synapse. Furthermore, chronic TPT-172 resulted in increased protein levels of the GluA1 

receptor subunit, increased GluA1/GluA2 ratio, and decreased GluA2 phosphorylation at 

S880 (Figure 39C, D) The result of these post-synaptic alterations following TPT-172 

administration is increased levels of synaptic GluA1 relative to GluA2, thus facilitating 

LTP.  
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Figure 39. Chronic TPT-172 increases pre-synaptic proteins and post-synaptic levels 
of the AMPA receptor subunit GluA1. (A) Representative immunoblots of presynaptic 
proteins (SNAP25, syntaxin1A, synaptobrevin, and complexin1/2) in hippocampi from 
Ts65dn mice given TPT-172 (TPT) or vehicle (CTR). (B) Densitometry analysis of 
immunoblots from panel A (n=12 CTR, 11 TPT). (C) Representative immunoblots of 
postsynaptic proteins (GluA1, GluA2, pGluA1 S831, pGluA1 S845, and pGluA2 S880) 
in hippocampi from Ts65dn mice given TPT-172 (TPT) or vehicle (CTR). (D) 
Densitometry analysis of immunoblots from panel C (n=12 CTR, 11 TPT). Values 
represent mean ± standard error of the mean, *p < 0.05. 

 

Chronic TPT-172 Treatment Does Not Affect Cognition In WT Mice 

Because chronic pharmacological stabilization of the retromer complex improved 

cognitive function and synaptic plasticity in Ts65dn mice, we next wanted to determine 

whether TPT-172 treatment would be beneficial in WT mice. To this end, WT mice were 

oral-gavaged with TPT-172 or vehicle 3 times weekly from 4 to 9 months of age and 

subjected to behavioral assessment during the last month of treatment. In contrast to the 
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beneficial effects on cognition observed following TPT-172 treatment in Ts65dn mice, 

performance in the Y-maze, MWM, and fear conditioning tests did not differ between 

WT mice receiving TPT-172 and vehicle (Figure 40). 

 

Figure 40. Chronic TPT-172 treatment does not affect performance on learning and 
memory behavioral paradigms in WT mice. (A) Latency to reach the hidden platform 
over 4 consecutive days of training in the Morris water maze training phase (B) Latency 
to reach the platform zone and number of entries into the platform zone in the Morris 
water maze probe test (C) Number of entries and percent alternations in the Y-maze 
paradigm. (D)  Percent freezing in the training, contextual, and cued phases of the fear 
conditioning paradigm. (n=6 WT CTR, 9 WT TPT). Values represent mean ± standard 
error of the mean, *p < 0.05. 
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CHAPTER 5 

GENERAL DISCUSSION 

 

The retromer complex is an endosomal sorting system responsible for the 

sorting of cargoes from the endosomes to the cell surface, trans-Golgi, or lysosome for 

degradation. As such, retromer has emerged as a key player in intracellular protein 

trafficking and homeostasis, and proper functioning of the retromer system is crucial 

for maintaining neuronal health and stability. In recent years abundant literature has 

implicated retromer dysfunction as an instrumental factor in the pathogenesis of 

several neurodegenerative diseases (119). In the context of AD, much work has 

focused on providing a causal link between defective sorting of APP from endosomes 

and the production of Aß peptides (170). Mechanistically, retromer system dysfunction 

can influence Aß production by increasing the interaction of the retromer cargo APP with 

beta-secretase in early endosomes. However, recent studies have also implicated the 

retromer complex in the development of tau pathology, both through regulation of tau 

phosphorylation and degradation via lysosomes (133, 136, 171).  

Deficiencies in retromer proteins have also been connected to endocytic pathway 

abnormalities that are evident early during AD pathogenesis. In fact, enlarged APP+ 

early endosomes are thought to be one of the earliest detectable intracellular 

manifestations of AD (96). This endosomal phenotype can be reproduced 

experimentally by knockdown or loss of function of VPS35 (119, 137, 153), the 

backbone of the retromer cargo recognition core, suggesting that endo-lysosomal 

abnormalities could be partially attributed to alterations in the retromer system. In DS, 
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endosomal abnormalities far precede the development of AD-like neuropathology, 

with enlarged early endosomes first appearing during gestation and increasing in 

number with age (96, 97). Moreover, the endosomal compartment is the initial site of 

Ab accumulation in DS, signifying the importance APP subcellular localization in the 

beginning phases of AD-DS pathogenesis (71, 97)  Given that endosomal enlargement 

can be reproduced by defective endosomal sorting and trafficking via the retromer 

complex, it is possible that both endosomal defects and AD neuropathology in DS are 

influenced by the retromer complex dysfunction.  

While in recent years the link between retromer deficiency and AD 

neuropathology has been established, no data are available on direct role of the 

retromer complex on endocytic dysfunction and AD pathogenesis in DS. In the present 

study we provide new experimental evidence that the retromer complex is 

dysregulated in DS and influences the development of the AD-DS phenotype. We 

characterized the retromer system throughout the evolution of syndrome using post-

mortem brain tissue from human patients, and in vitro and in vivo models of DS. 

Furthermore, by implementing both genetic and pharmacological approaches, we 

demonstrated the suitability of the retromer complex as a therapeutic target for AD-

DS. 

We first analyzed the retromer system in human post-mortem brain tissues in 

DS and unaffected controls patients. To establish a temporal profile of retromer 

complex dysregulation, we examined retromer CRC and associated proteins in a 

younger subset of patients prior to significant development of amyloid and tau 

pathology (age 15-30), and in an aged subset (age 40-65), where virtually all patients 
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with DS have substantial accumulation of Ab plaques and tau neurofibrillary tangles 

(11). We found significant reductions of VPS35 and VPS26 in the cortex, and all three 

retromer CRC proteins in the hippocampus of aged subjects with DS compared to 

unaffected controls. However, retromer deficiency in DS subjects was not primarily 

determined by age within this cohort. Decreases in retromer CRC proteins were also 

evident in the younger subset of DS patients, though not all comparisons reached 

significance due to the smaller sample size, indicating that dysfunction of the retromer 

system begins prior to the full development of AD-like neuropathology and cognitive 

decline within the DS population. Upon comparison of brain regions, we determined that 

retromer depletion was most pronounced in the hippocampus. This finding is consistent 

with the possible role of retromer dysregulation in AD pathogenesis, given that the 

hippocampus is severely affected by AD-like neuropathology in DS (172, 173). In 

contrast to the decreases in protein levels, no differences in message were detected for the 

three core retromer proteins, suggesting that retromer deficiency is not dependent upon 

changes in transcriptional activity. 

While nearly all subjects with DS acquire significant amyloid and tau pathology 

by age 40, many individuals with DS start to accumulate plaques and tangles at a much 

younger age, and thus, not all subjects strictly conform to this paradigm. In order to 

address this, we analyzed measures of AD-like neuropathology in this patient cohort. We 

established that soluble and insoluble Ab 1-40 and Ab 1-42 peptides were significantly 

elevated in cortices and hippocampi of aged DS subjects compared to young DS and all 

control patients. Furthermore, we confirmed that aged subjects with DS accumulate 

more phosphorylated and insoluble tau than healthy matched controls. While the link 
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between Ab production and retromer dysfunction is well established, there are several 

mechanisms by which alterations in the retromer system can influence tau pathology. 

Therefore, in search for the mechanisms responsible for the accumulation of pathological 

tau, we evaluated known modulators of tau. Examination of some of the kinases and 

phosphatases known to play an active role in this post-translational modification of tau 

protein revealed no significant changes in these proteins among the different groups. 

However, cortices of aged DS subjects showed decreased activity of the lysosomal 

protease and retromer cargo protein, cathepsin D. Numerous studies have 

demonstrated the involvement of cathepsin D in mediating pathological tau clearance, 

thus, this observation provides a potential mechanistic link between retromer 

recognition core deficiency in DS and tau pathology we found in the current study 

(136, 174, 175). 

To further dissect the relationship between amyloid and tau pathology and the 

retromer complex in DS, we applied a regression analysis to our retromer recognition 

core protein data and AD neuropathology measures. Although the reduction of 

retromer proteins occurs prior to significant Ab deposition, we determined that the 

degree of retromer depletion significantly and negatively correlates with Ab 

accumulation within our patient cohort. Additionally, we examined the association of 

retromer proteins with tau protein, both soluble and pathological (i.e., phosphorylated 

and insoluble), cathepsin D protein, and cathepsin D activity. Total levels of soluble 

tau positively associated with retromer core proteins, whereas retromer proteins 

showed significant negative correlations with specific phospho-epitopes of tau. 

Activity of cathepsin D, and protein level of its receptor, CIMPR, negatively and 
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significantly associated with levels of the phospho-tau epitope PHF1 yet showed the 

strongest inverse correlations with insoluble tau. This observation is consistent with 

the concept that this protease is directly involved in the clearing pathological tau 

aggregates. These data suggest that individuals with high expression of retromer 

recognition core proteins retain the physiological, soluble species of tau, whereas 

retromer depletion promotes the accumulation of the more pathogenic phosphorylated 

and insoluble forms of tau via the significant reduction of cathepsin D activity. While 

we acknowledge that these findings do not signify causation, we believe that the 

significant, inverse correlations of retromer protein levels and AD pathological 

proteins provide further evidence for the link between retromer complex dysfunction 

and neurodegeneration. 

Having observed basal decreases in retromer proteins in human DS, we next 

wanted to investigate whether the retromer complex could modulate the development 

of the AD-DS phenotype using a model of DS. We first examined the retromer system 

in fibroblasts from DS and unaffected control patients. While we observed decreases in 

retromer proteins in the DS fibroblasts compared to controls, fibroblasts produce very 

little Ab and do not express tau, and thus, are not an ideal model to study the effects of 

retromer modulation on AD-like pathology. To address this, we decided to use a neuronal 

model of DS that would develop both amyloid and tau pathology. Euploid and trisomic 

fibroblast cell lines derived from an individual with mosaic DS were reprogrammed into 

iPSCs and differentiated into forebrain neurons. Because both cell lines were derived 

from one individual with mosaic DS, they are genetically identical except for the extra 

copy of HSA21 and are an ideal model to explore the effects of trisomy 21. We 
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characterized the retromer system in this model and found that, as the culture ages, 

trisomic neurons develop retromer deficiency that coincides with the accumulation of Ab 

peptides, phosphorylated tau, and endosomal dysfunction. Thus, trisomic iPSC-derived 

neurons model the retromer deficiency and AD-DS phenotype that we observed in human 

subjects with DS. 

Given that retromer core proteins were decreased in trisomic neurons, we decided 

to examine the effects of genetic overexpression of VPS35 on the AD-DS phenotype of 

these cells. Since VPS35 is considered the backbone of the retromer core, over-

expressing or stabilizing VPS35 has been shown to increase protein levels of VPS26 and 

VPS29, thus affecting the entire retromer CRC. Under our experimental conditions, we 

found that VPS35 overexpression rescued reductions in VPS29 levels but failed to 

increase VPS26 protein levels, suggesting that retromer deficiency in DS is unable to be 

completely resolved by increased expression of VPS35 alone. The effects of VPS35 

overexpression on the AD-like phenotype were also incomplete. We observed reductions 

in specific epitopes of phosphorylated tau and a minor decease in Ab 1-40, but no effect 

on Ab 1-42. The decrease in tau phosphorylation was accompanied by a reduction in p25, 

the activator of the tau kinase CDK5. We chose to examine this kinase system because 

p25 degradation can be regulated by activity of VPS35. Though CDK5 activity was not 

significantly affected, there was a trend toward decreased CDK5 activity in trisomic 

neurons following VPS35 overexpression, providing a potential mechanistic link between 

the retromer complex and tau phosphorylation. Upon examination of the endo-lysosomal 

system, we observed that VPS35 overexpression rescued alterations in endosomal protein 

levels, however, enlargement of early endosomes was unaffected. Nevertheless, genetic 
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overexpression of VPS35 in trisomic neurons did show partial amelioration of amyloid 

and tau pathology despite the incomplete resolution of retromer deficiency. 

Considering that VPS35 overexpression yielded only partial improvement of AD-

like pathology in trisomic neurons, we next decided to supplement our overexpression 

studies with a pharmacological approach designed to target the whole retromer complex. 

The pharmacological chaperone TPT-172 stabilizes the VPS35-VPS29 interface, the 

weakest interaction of the trimeric retromer core, and consequently protects retromer core 

proteins from denaturation (151). Stabilization of the retromer complex using TPT-172 

has been shown to increase retromer core protein levels and reduce production of Ab in 

both in vivo and in vitro models of AD (151, 176). Trisomic neurons were treated with 

TPT-172 for 48 hours prior to harvest at 25 days post neuronal differentiation. Contrary 

to previous studies using TPT-172, we did not observe any significant changes in 

retromer core protein levels. However, upon examination of AD pathology outputs, we 

observed a complete restoration of Ab 1-40, Ab 1-42, and several phosphorylated 

epitopes of tau to euploid control levels.  Although retromer protein levels are not 

increased in response to TPT-172, this finding suggests that the compound is improving 

retromer function via its actions on complex stability. 

The reduction of tau pathology in trisomic neurons treated with TPT-172 was 

again accompanied by reductions of CDK5 and p25, however, examination of CDK5 

activity in these cells did not show any significant differences. Thus, to further explore 

the relationship between the retromer complex, CDK5 activity, and tau phosphorylation, 

we administered TPT-172 to N2a cells that stably express human tau. Levels of p25 and 

phosphorylated tau were decreased following retromer stabilization; however, the TPT-
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mediated effect on tau phosphorylation was neutralized by administration of the CDK5 

inhibitor, roscovitine. Furthermore, we isolated the CDK5-p25 complex and measured 

CDK5-dependent phosphorylation of the substrate histone H1 as a measure of kinase 

activity. Pharmacological stabilization of the retromer complex significantly reduced 

histone phosphorylation, indicating a reduction in CDK5 activity. While previous reports 

associating retromer function and tau phosphorylation have focused on the role of 

cathepsin D mediated tau degradation, herein we demonstrate a new mechanism of 

retromer-dependent reduction of phospho-tau accumulation. Taken together, these data 

indicate that the retromer complex can influence the phosphorylation of tau by 

modulating the activity of the CDK5-p25 complex. Thus, pharmacological stabilization 

of the retromer complex using TPT-172 reduces pathological tau by affecting both tau 

phosphorylation and degradation. 

Next, we examined the effects of retromer stabilization on the endo-lysosomal 

system. Notably, all endo-lysosomal proteins examined were restored to euploid levels in 

trisomic neurons treated with TPT-172, signifying an improvement of the endocytic 

dysfunction phenotype of these cells. Examination of endosomal morphology showed a 

trending decrease in the average early endosome area in trisomic neurons following TPT-

172 treatment.  Upon further analysis, it appeared that this reduction in mean area 

following retromer stabilization was likely due to a decreased percentage of the most 

severely enlarged endosomes, though results did not reach significance. These 

dramatically enlarged endosomes comprise a small percentage of the total endosomes 

within each cell; therefore, this effect is likely masked by the smaller and intermediate 

sized early endosomes that appear to be unaffected by TPT-172 treatment. Moreover, the 
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modest effect on endosomal size despite full rescue of endosomal protein levels could be 

due to the short nature of the treatment. It is possible that full rescue of early endosome 

enlargement requires a more chronic treatment paradigm. 

Because TPT-172 appeared to influence retromer function without affecting 

retromer protein levels, we next sought to explore the mechanisms behind the beneficial 

effects of TPT-172. Using the cycloheximide chase assay, we demonstrated that TPT-172 

protected retromer CRC proteins from degradation. Additionally, we showed that TPT-

172 increased the association of the complex. Following VPS35 coimmunoprecipitation, 

we found that little VPS29 was associated with VPS35 under control conditions. 

Conversely, incubation with TPT-172 substantially increased the amount of VPS29 that 

co-eluted with VPS35, consistent with the proposed role of TPT-172 in stabilizing this 

interaction. Taken together, these data show that TPT-172 can influence the retromer 

complex in two complementary ways. First, by reducing protein turnover of the retromer 

CRC, TPT-172 can address decreases in retromer protein levels that are observed in DS 

and in other neurodegenerative disorders. Secondly, by stabilizing the VPS29-VPS35 

bond, TPT-172 can strengthen association of the complex as a whole, thus improving 

retromer function.  

Given our strong in vitro evidence supporting the role of TPT-172 in reducing 

AD-like pathology and endocytic dysfunction, we next wanted to examine the retromer 

system in an animal model of DS to understand the physiological consequences of in vivo 

retromer stabilization. Using the Ts65dn mouse model of DS, we first performed a 

preliminary characterization of cognitive function, AD-like neuropathology, endo-

lysosomal proteins, and retromer CRC proteins at 2, 5, 9, and 12 months of age. Based on 
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this initial characterization we determined that aging related cognitive and 

neuropathological changes begin around 5 months and increase until 9 months of age, 

where they persist until our latest timepoint of 12 months of age. However, we did not 

observe any differences in retromer core proteins between aged WT and Ts65dn mice. 

Despite lack of evidence of protein level changes in the retromer CRC, Ts65dn 

mice displayed significant endosomal dysfunction which could be indicative of altered 

retromer function or stability. Accordingly, we treated Ts65dn mice with TPT-172 for 5 

months starting at 4 months of age; a time just prior to significant development of aging 

related cognitive and neuropathological changes. This chronic stabilization of the 

retromer complex resulted in improved performance in learning and memory tasks 

accompanied by decreases in several AD-like neuropathology measures. TPT-172 

treatment resulted in decreases in APP b-CTF and several forms of pathogenic tau. 

Reductions in phosphorylated tau following TPT-172 were accompanied by decreases in 

CDK5 and p25 protein levels, once more supporting the role of this kinase system in the 

TPT-mediated effects on tau phosphorylation. Furthermore, examination of the 

endosomal pathway revealed a rescue of endocytic defects following pharmacological 

stabilization of the retromer complex. Notably, the average size of early endosomes was 

significantly decreased in basal forebrain cholinergic neurons following chronic TPT-172 

treatment, in addition to a reduction in cortical and hippocampal endosomal protein 

levels. Accompanying these reductions in neuropathology and endocytic dysfunction, we 

observed a decrease in microglial and astrocytic reactivity in the hippocampus of Ts65dn 

mice following retromer stabilization. The retromer complex is known to influence  

activity of microglia via recycling of phagocytic receptors and lysosomal degradation of 
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phagocytosed contents (119). Moreover, knock-out or knock-down of VPS35 has been 

shown to induce gliosis; however, whether this effect is secondary to other 

neuropathology is yet to be determined (136, 177, 178). 

Given that pharmacological stabilization of the retromer complex improved 

cognition, we next wanted to explore the effects of TPT-172 synaptic activity. To this 

end, we incubated hippocampal slices in TPT-172 prior to electrophysiological 

assessment. Acute TPT-172 treatment did not affect basal synaptic activity but improved 

short-term plasticity and showed a trend toward increased long-term potentiation. These 

effects on synaptic activity are consistent with improvements in simple learning tasks and 

information processing secondary to improved pre-synaptic vesicle release (179). To 

discern the biochemical changes behind this improvement, we examined synaptic 

proteins in mice that received chronic TPT-172. Interestingly, we observed increases in 

both pre- and post-synaptic proteins following chronic TPT-172 administration. The 

improvements in short-term plasticity we observed with acute TPT-172 can be attributed 

to increased levels of snare proteins and complexin, however, the post-synaptic increases 

in GluA1 relative to GluA2 are typically consistent with improved long-term plasticity. It 

is possible that this discrepancy is due the differences in treatment duration, and 

significant improvements in long-term potentiation require a more chronic treatment 

paradigm. Nevertheless, enhancing retromer function via chronic TPT-172 improved 

plasticity and increased synaptic protein levels. This finding is supported by recent 

studies have demonstrating the role of the retromer system in regulation of pre-synaptic 

vesicle release (180) and post-synaptic trafficking of AMPA receptors (181).  
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Considering that TPT-172 treatment was able to improve cognitive function and 

synaptic plasticity in Ts65dn mice, we next wanted to investigate whether chronic TPT-

172 administration would yield similar results in WT mice. However, in contrast to the 

improvements observed in Ts65dn mice, TPT-172 treatment did not affect performance 

on learning and memory behavioral paradigms in WT mice. We hypothesize that 

pharmacological stabilization of the retromer complex was unable to lead to 

improvements in retromer function because WT mice do not display any evidence of 

retromer dysfunction or instability at the time-point examined.  

Overall, our analysis of the retromer system in human post-mortem brain tissue 

and iPSC-derived neurons demonstrates that the retromer system is dysregulated in DS 

and correlates with the development of the AD-like phenotype. We were not able to 

replicate this finding in the Ts65dn mouse model of DS. While this model is a commonly 

used post-natal model of DS that models endocytic dysfunction, is lacks key features of 

the human disease that could explain this discrepancy. First, Ts65dn mice do not express 

human tau and APP, and consequently, do not develop plaques and tangles that are 

similar to those found in the human disease. While we believe that retromer deficiency 

occurs prior to significant plaque deposition based on our characterization in human post-

mortem brain tissue, it is possible that the accumulation of these protein aggregates 

influences expression or function of retromer complex proteins. Additionally, 

approximately 1/3rd of the orthologs of HSA21 genes as well as uncharacterized regions 

of the chromosome are not triplicated in the Ts65dn mouse. Chromosome 21 is the site of 

several transcription factors, transcription factor binding sites, and at least 29 microRNAs 

that can regulate gene expression and protein translation (64). Failure to replicate all 
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these portions of HSA21 are likely to have far reaching effects on gene expression. The 

overall result of these differences is 

that the Ts65dn mouse model did 

not recapitulate the retromer 

deficiency we observed in human 

patient brain tissue and iPSC-

derived neurons.  

 Nonetheless, in both our 

genetic and pharmacological 

studies, we show the retromer 

system is able to modulate the 

development of amyloid and tau 

neuropathology, and endocytic 

dysfunction. However, comparison 

of our two approaches provides 

insight into the nature of retromer 

Figure 41. Working model of the retromer complex in DS. (A) The trisomic load and 
APP burden in DS cause instability of the retromer complex, leading to CRC protein 
turnover and impaired functioning of the complex. This retromer dysfunction results in 
decreased protease delivery to lysosomes and decreased degradation of p25, and 
consequently, more accumulation of pathogenic proteins. APP retained in enlarged 
endosomes is cleaved by BACE1, increasing Ab production, and reduced recycling of cell 
surface proteins alters neuroinflammatory responses and impairs synaptic function. (B) 
TPT-172 stabilizes the CRC and improves retromer function. Restored recycling of 
receptors improves synaptic function and cognition and reduces neuroinflammation. 
Increased sorting of APP from endosomes reduces its interaction with BACE1, decreasing 
Ab production. Increased trafficking of CTSD restores proteolytic activity of lysosomes and 
p25 degradation is increased. This results in decreased phosphorylation of tau and increased 
lysosomal degradation of pathogenic proteins. Figure created at biorender.com  
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dysfunction in DS. Previous studies have focused on increasing VPS35 when addressing 

retromer dysfunction, yet this approach is incomplete in resolving retromer deficiency 

and AD-like pathological measures in DS. Instead, stabilization of the complex using the 

pharmacological chaperone, TPT-172, yields a much more robust reduction of AD-like 

pathology measures in trisomic neurons and in Ts65dn mice. This finding suggests that 

perhaps the trisomic burden causes an inherent instability of the retromer complex that is 

not overcome by VPS35 overexpression alone, and that targeting complex stability is 

more effective at improving retromer function and reducing neuropathology (Figure 40).  

Even in aged individuals, incidence of dementia fails to reach 100% within the 

DS population despite increased APP gene dosage (7), implying that factors outside of 

HSA21 modulate dementia risk. Traditionally, AD-DS neuropathology has been 

principally attributed to APP overdosage. However, recent evidence implicating multiple 

HSA21 genes in AD pathology independently of APP allows us to consider that parallel 

mechanisms contribute to AD pathogenesis in DS (71). The convergence of the retromer 

complex in multiple neurodegenerative diseases suggests that retromer dysfunction may 

be a vulnerability that drives toward one of various neurodegenerative pathways. Based 

on our findings, we propose that retromer complex insufficiency may allow for the 

genetic risk conferred by increased HSA21 gene dosage to translate into AD 

pathogenesis through several distinct mechanisms. First, retromer depletion directly 

influences the amyloidogenic phenotype found in DS via increased production of Ab 

secondary to APP retention in endosomes. Second, efficacy of lysosomal degradation 

is also significantly impaired due to decreased trafficking and activity of cathepsin-D, 

resulting in decreased tau clearance and accumulation of phosphorylated tau and 
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insoluble tau aggregates. Tau phosphorylation is also impacted, due to alterations in 

CDK5-p25 kinase activity. Lastly, impaired recycling of synaptic proteins reduces 

plasticity, directly impacting cognitive function. Because of the established role of the 

retromer system in these pathways central to AD pathogenesis, it is likely that the 

altered retromer system expression levels that we observed contribute to the enhanced 

AD-like neuropathology that develops in DS patients. Given that we found low 

expression of retromer recognition core proteins in the youngest subset of human 

patients, we propose that reduced retromer expression bestows high risk for the 

development of more robust tau and amyloid pathology in DS, and that the retromer 

represents a novel therapeutic target in the treatment of AD neuropathology and 

cognitive decline in DS. 

 

Limitations Of The Study And Future Directions 

Despite our novel characterization of the retromer complex system in DS, and 

promising results from the investigation of the retromer complex as a potential 

therapeutic target, there were several limitations to the current study. In our evaluation of 

the retromer system in human post-mortem brain tissue from DS and unaffected control 

subjects, our study was limited to examination of the retromer system within cortical and 

hippocampal brain regions. An important biological question that was left unanswered 

was whether this retromer complex dysregulation is specific to the brain regions affected 

by AD-like neuropathology. Further resolution of the regions that are affected by 

retromer deficiency in DS would aid in supporting our hypothesis that decreased function 
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of the retromer complex in DS contributes to the development of AD-like 

neuropathology.  

Our investigation of the retromer system in trisomic iPSC-derived neurons offered 

some cellular resolution to the study, however, the role of the retromer system in DS 

neuroinflammatory cells remains unknown. The relationship between the retromer system 

and microglia neurobiology is somewhat unclear, and little is known regarding retromer 

function in astrocytes. It is crucial to determine whether manipulation of the retromer 

system in these cells exacerbates neuroinflammatory responses or alters phagocytic 

capabilities, especially when considering the retromer system as a potential therapeutic 

target. Whether microglia and astrocytes are affected by retromer deficiency, and how 

manipulation of the retromer influences their inflammatory responses in DS are key 

questions that need to be addressed in future studies.  

Although we were able to demonstrate alterations in the retromer system in DS 

patients and human DS models, a major limitation was that our study lacked an animal 

model that recapitulated the retromer deficiency phenotype observed in the human 

disorder. A thorough characterization of the retromer system in the Ts65dn mouse 

showed no major differences in retromer proteins at the time points examined, therefore 

further studies are needed to examine the retromer system in other mouse models of DS. 

There are several promising candidate models for future studies. The ‘triple trisomic’ 

mouse model of DS was derived from crossing three segmentally trisomic mouse lines 

(DP16Yeh, DP10Yey, and DP17Yey), resulting in a mouse that is fully trisomic for all 

mouse orthologs of HSA21 (182). Triple trisomic mice display many of the cognitive 

correlates of human DS, however, the little is known about the development of the AD-
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like phenotype in these mice (183). More recently, the first non-mosaic, 

transchromosomic model of DS was developed that expresses the long arm of HSA21; 

the TcMAC21. The TcMAC21 mouse contains 93% of HSA21 protein coding genes, 

develops impairments in cognition and synaptic plasticity, and has elevations in Ab 1-40 

and Ab 1-42 (184). Further studies are needed to examine additional aspects of the AD-

like phenotype and endosomal dysfunction in these mouse models of DS. However, it is 

possible that the more complete trisomy represented in the triple trisomic mouse, and the 

addition of HSA21 genes in the TcMAC21 mouse could yield more representative 

models of retromer dysfunction in DS.  

Although short-term TPT-172 treatment in trisomic neurons showed benefits, we 

were particularly interested in the effects of a chronic treatment paradigm in an animal 

model of DS. While it is important to demonstrate neuronal specific effects of TPT-172 

treatment, in vitro studies do not provide insight on many aspects of AD neuropathology 

such as neuroinflammation, synaptic activity, and cognition. Although chronic TPT-172 

was able to improve certain pathology parameters, we hypothesize that the magnitude of 

the effect was diminished or altered given that Ts65dn mice do not have decreased 

retromer protein levels as was observed in human patients and models. Furthermore, 

because the Ts65dn mouse did not have decreased levels of retromer proteins, we did not 

examine the effects of genetic overexpression of the retromer CRC backbone, VPS35. 

Overexpression studies would aid in understanding the nature of retromer dysfunction in 

DS and help determine if the effects of TPT-172 are specific to its actions on the retromer 

complex. Future studies are needed to examine the effects of retromer modulation in a 

mouse model of DS that reproduces the human retromer deficiency phenotype. Lastly, 
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more extensive evaluation of the safety of chronic TPT-172 administration is needed to 

understand the translational applications of this study.   
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