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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by several pathological 

changes including amyloid plaques, neurofibrillary tangles, synaptic loss, and neuroinflammation. There 

are currently no disease modifying therapeutics that have translated from preclinical animal models to 

human clinical trials. One solution to bridge this translational gap is to use non-human primate (NHP) 

models, which are phylogenetically similar to humans. However, a key issue with developing new 

preclinical models is the need to validate their disease progression and therapeutic outcomes. 

Using similar methods to diagnosing human neurodegenerative disease patients, current NHP 

models of neurodegeneration have used identification of biomarkers in cerebrospinal fluid (CSF) and 

blood (e.g., amyloid-beta (Aβ), tau proteins, neurofilament light (NFL)). Despite these emerging NHP 

models, little is known about the properties of CSF neurodegenerative disease biomarkers in healthy, 

experimentally naïve NHPs, or what factors might influence their concentrations. Thus, it is difficult to 

interpret pathological CSF changes in animal models if baseline measures have not yet been adequately 

established. 

Here, we collected lumbar CSF from a colony of healthy, experimentally naïve male and female 

cynomolgus and rhesus macaques (n=82). In a subset of these animals (n=16), cisterna CSF was also 

obtained. We analyzed Aβ40, Aβ42, tTau, pTau and NFL to assess if there were species, sex, age, and 

location effects. Aβ40 and Aβ42 were significantly higher in rhesus macaques, and female rhesus were 

higher than male rhesus. NFL and tTau were higher in males, and NFL was higher in rhesus macaques. 

pTau was not affected by species or sex. Sample acquisition site only affected NFL, which was higher in 

CSF from lumbar puncture compared with cisterna magna puncture. These values can be used as a 

reference guide for researchers developing NHP models of neurological diseases. Additionally, we 

analyzed the effect of performing repeated lumbar punctures on these biomarkers. Performing lumbar 

punctures in NHPs elevated NFL for up to 100 days but not other neurodegeneration biomarkers. Should 

these results translate to human clinical work, this has important implications for researchers when 
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designing CSF sampling time points so that disease progression and treatment outcomes are not 

confounded. 
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Chapter 1 

General Introduction 

1.1 Rationale 

With an aging population and longer life expectancies, neurodegenerative diseases are 

increasing dramatically in prevalence. For example, Alzheimer’s disease (AD), the most 

prevalent form of dementia, is estimated to affect 88 million individuals worldwide by 20501. 

Despite extensive research using basic science, preclinical animal models, and human clinical 

trials, there are currently no effective disease modifying therapeutics for AD. 

In order to create and test treatments, validated preclinical animal models are required. 

Rodent models of neurological disorders have allowed researchers to investigate neuropathology 

and evaluate the efficacy of novel therapeutics. However, current rodent models are unable to 

recapitulate the full spectrum of human pathology and often use transgenic models rather than 

sporadic models of disease. Therapies created and tested in rodents have failed to translate 

successfully to human clinical trials.  

Non-human primate (NHP) models of neurodegenerative diseases can be used to bridge 

this translational gap between rodent research and human clinical interventions. In order to 

develop NHP models of disease, several measurement platforms should be utilized to assess their 

validity including changes in cerebrospinal fluid (CSF) biomarkers, behavioural deficits, 

structural and functional magnetic resonance imaging deficits, positron emission tomography, and 

tissue/brain pathology. There is also a need to use these platforms to assess molecular, 

behavioural, imaging, and histological tissue from healthy, experimentally naïve NHPs to 

determine baseline measures before interpreting them in a diseased state. 

The aim of this thesis is to characterize CSF biomarkers related to neurodegeneration in 

healthy, experimentally naïve NHPs. Specifically, we establish what factors impact the 
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neurodegenerative disease biomarkers amyloid-beta 1-40 (Aβ40), amyloid-beta 1-42 (Aβ42), 

total tau (tTau), phosphorylated tau (pTau), and neurofilament light (NFL), such as species, sex, 

age, and location of sample. These biomarker values are necessary to establish baseline measures 

when developing NHP models of neurodegeneration. 

1.2 Cerebrospinal Fluid 

CSF is produced and secreted in the ventricles of the brain by ependymal cells in the 

choroid plexus. CSF circulates throughout the central nervous system from the lateral ventricles, 

to the third and fourth ventricles, to the subarachnoid space of the brain and spinal canal. Most of 

the CSF is then reabsorbed through arachnoid granulations in the superior sagittal sinus. The 

choroid plexuses are highly vascularized and the main constituents that comprise the blood-CSF 

barrier. Tight junctions between adjacent epithelial cells provide a protective barrier, as well as a 

biochemical barrier that prevents toxic molecules and drugs from entering the CSF2.  

The CSF’s main functions include structural and protective support to the brain, removal 

of metabolic waste, and transportation of neurotransmitters, ions, proteins etc. In order to monitor 

the CSF, lumbar punctures can be performed to acquire small samples. In this procedure, patients 

are placed in lateral recumbency or fetal position, and a spinal needle is inserted between L3/4 or 

L4/5 into the subarachnoid space. Initial CSF pressure can be monitored for pathological 

conditions. For example, high CSF pressure can indicate hydrocephalus or intracranial 

hypertension, and low CSF pressure can indicate a CSF leak. 

Because the CSF surrounds the central nervous system, its composition offers a direct 

means to study biochemical changes within the brain. It can be used as a resource for research 

involving specific fluid biomarkers. CSF biomarkers can be used to diagnose diseases, track 

disease progression, and monitor treatment efficacy. In combination with other diagnostic tests 

such as magnetic resonance imaging, positron emission tomography, and behavioural tasks, CSF 

biomarkers offer clinical utility. 
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In AD, subtle changes in cognition may be present before meeting the criteria for mild 

cognitive impairment3. By this time, neuroinflammation, cell damage, and synaptic loss are 

occurring. Thus, it is critical to better define preclinical stages of neurodegenerative disorders in 

order to intervene and implement early interventions3. CSF biomarkers may be an important 

resource for monitoring preclinical stages in several neurodegenerative disorders, as aberrant 

levels of the biomarker of interest may reflect early pathological processes before behavioural 

symptoms are present. Some of the common CSF biomarkers used in neurodegenerative disorders 

include Aβ40, Aβ42, tTau, pTau, and NFL 

1.3 Amyloid-beta biomarkers 

AD is a neurodegenerative disorder characterized by progressive cognitive decline 

including loss of executive function and memory impairment. Some of the core AD 

neuropathological hallmarks consist of accumulation of Aβ fibrils deposited into insoluble 

amyloid plaques and aggregations of paired helical filaments of hyperphosphorylated tau into 

neurofibrillary tangles (NFTs)4–6. Dysfunctions in synaptic transmissions can occur as a result of 

synaptic loss as well as neuroinflammation from activation of astrocytes and microglial cells. 

While the etiology of AD still remains unknown, the amyloid cascade hypothesis is one 

of the most common theories regarding the pathogenesis of AD7. It suggests that when Aβ is 

generated from the cleavage of the transmembrane amyloid precursor protein (APP) by the β-

secretase and γ-secretase enzyme complex, abnormal processing occurs and toxic forms of Aβ 

accumulate8,9. The γ-cleavage can yield several peptides including Aβ40, the majority, and Aβ42 

peptides, the latter of which is more prone to forming neurotoxic oligomers. Aβ42 peptides then 

aggregate into dimers/trimers until this leads to the formation of the larger insoluble fibrils in 

amyloid plaques and soluble Aβ oligomers (AβOs)10. This accumulation of amyloid plaques is 

thought to lead to the downstream pathological processes.  
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Sporadic AD accounts for the vast majority of AD cases (~95%), where the primary risk 

factor is age in combination with environmental factors11. The inheritance of the ε4 allele 

of APOE is the most established genetic risk factor for late-onset AD8,11. In the remaining genetic 

cases of AD, mutations in the APP gene and presenilin 1 (PSEN1) and presenilin 2 (PSEN2), 

proteins that regulate part of the γ-secretase complex, often lead to early-onset AD11. 

The National Institute on Aging and Alzheimer’s Association created a research 

framework to use a biomarker-based approach to define AD12. This scheme recognizes general 

groups of biomarkers including: biomarkers for Aβ plaques, fibrillar tau, and 

neurodegeneration/neuronal death. Based on this, current CSF biomarkers used in conjunction 

with neuroimaging and behavioural tests include Aβ40, Aβ42, tTau, and pTau. 

In mild cognitive impairment patients, CSF Aβ42 concentrations are decreased 5-10 

years before progressing to AD dementia, indicating that Aβ42 concentrations decrease early on 

in the pathogenesis of AD13. Decreased concentrations of Aβ42 are associated with increased 

amyloid plaque load, suggesting that the reduced CSF concentrations of Aβ42 are due to the 

aggregations of it into plaques and less is available within the CSF circulation14–16. Additionally, 

lower concentrations of Aβ42 are associated with an increased risk of mortality in AD patients17. 

The ratio of Aβ42/Aβ40 concentration has also been used for identifying AD patients; under non-

pathological conditions Aβ42 and Aβ40 are highly correlated with each other18. Decreased 

plasma concentrations of Aβ42 and Aβ40 have also been found in AD patients when compared to 

cognitively healthy controls and mild cognitive impairment patients19. Therefore, both Aβ40 and 

Aβ42 are important biomarkers in AD. 

Aβ biomarkers have also been used in several other disorders such as frontotemporal 

dementia, primary progressive aphasias, and dementia with Lewy bodies. For example, CSF 

Aβ40 and Aβ38 (another C-terminal peptide) concentrations are reduced in frontotemporal 

dementia when compared to AD patients, primary progressive aphasia, and controls20,21. Using 
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Aβ biomarkers can distinguish between AD and frontotemporal dementia22. In addition, Aβ38, 

Aβ40, and Aβ42 concentrations in the CSF have been found to be significantly decreased in 

dementia with Lewy bodies when compared to controls23,24. Therefore, Aβ biomarkers may be 

useful for discriminating between different forms of dementia. 

1.4 Tau biomarkers 

Tau is a microtubule-associated protein abundant in axons contributing to the 

stabilization of the axon. It is composed of 6 different isoforms containing either 3 conserved 

amino acid repeats (3R) or 4 repeats (4R) within the microtubule binding domain25–27. Regulation 

of tau is through posttranslational modifications such as phosphorylation, acetylation, and 

ubiquitination at several sites28. Phosphorylated tau reduces affinity to microtubules, which can 

affect the assembly and stability of the cytoskeleton. Hyperphosphorylation of tau leads to 

aggregation into NFTs. 

Tauopathies are a group of neurodegenerative disorders characterized by increased tau 

levels, posttranslational modifications, and abnormal inclusions in the brain. AD is the most 

prevalent tauopathy and involves both 3R and 4R tau29–31. It is characterized by NFTs composed 

of hyperphosphorylated tau. NFT pathology in most AD cases progresses through the Braak 

stages: forming in the transentorhinal cortices, followed by hippocampus and limbic areas, 

multimodal association cortices, and finally the primary cortices32. 

As tau is directly involved in the pathology of AD, it also represents a potential 

biomarker of interest in addition to Aβ biomarkers and is considered one of the core biomarkers 

of AD. In the CSF, tTau is thought to be a marker of general neuronal death and injury while 

pTau represents NFT pathology12,33,34. The most abundantly researched pTau epitope in AD 

includes pTau threonine18112,35, but others such as pTau threonine231, pTau threonine217 and 

pTau serine199 have also been used36,37.  
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CSF tTau and pTau can differentiate AD from controls, with AD patients consistently 

reporting elevated levels of tau biomarkers35. tTau and pTau can also discriminate between mild 

cognitive impairment and controls, while elevated concentrations are associated with reduced 

grey matter densities13,35,38,39. Recently, plasma tau has also been investigated in AD patients. 

Elevated plasma tau is associated with decreased cognition and brain atrophy40,41. Plasma pTau 

concentrations are also correlated with tau deposition42. Therefore, both tTau and pTau are useful 

CSF and blood biomarkers for AD.  

 Another disorder involving tau is chronic traumatic encephalopathy (CTE) which occurs 

after chronic repetitive head injuries. It is often found in people participating in high contact 

sports such as football and boxing. The initial distribution of NFTs involve 3R and 4R isoforms 

and occur in superficial cortical layers and perivascular, with medial temporal lobe distribution 

found in advanced stages43,44. As the clinical presentation of CTE varies, diagnosis can be made 

via post-mortem neuropathology. Thus, validated biomarkers are needed. 

 Both CSF and blood biomarkers of tau are studied in patients with a history of repetitive 

head impacts and suspected CTE. For example, significantly higher concentrations of CSF tTau 

were found in Olympic boxers when compared to controls45. Additionally, in patients with severe 

traumatic brain injuries, CSF tau is also elevated compared to control groups46. Higher tTau 

concentrations in CSF samples of professional football players have also been associated with 

cumulative head impact index scores47. Similarly, plasma tTau samples in football players were 

also elevated when compared to controls, and increased exposure of head impacts correlated with 

tTau concentrations48. In professional hockey players suffering from concussion, plasma 

concentrations of tTau is increased, with higher concentrations associated with severity of post 

concussion symptoms and duration of symptoms49. Thus, tau measures in the CSF and blood can 

be monitored for potential axonal damage and long-term outcomes in patients with repetitive 

head impacts. 
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 Other primary tauopathies include corticobasal degeneration (CBD) and progressive 

supranuclear palsy (PSP), an atypical parkinsonian disorder. Both diseases involve the 4R tau 

isoform. Diagnosis of CBD and PSP are difficult due to overlapping clinical features with each 

other and Parkinson’s disease (i.e. dystonia, gait issues, eye movement abnormalities, cognitive 

impairment, etc.) and lack of specific biomarkers50–52. However, post-mortem analysis of specific 

neuropathological criteria can distinguish between CBD and PSP. For example, the 

neuropathological hallmark of CBD includes astrocytic plaques containing 4R tau while PSP 

includes tufted astrocytes found in the motor cortex and striatum53,54. Both CBD and PSP 

pathology include neuronal loss, gliosis, and formation of NFTs54–57. 

Due to the role of tau in the pathology of CBD and PSP, it has been proposed as a 

biomarker in these disorders. Several studies report elevated concentrations of tTau in the CSF of 

CBD patients when compared to controls or PSP patients58–61. On the other hand, no difference in 

tTau and pTau between CBD patients and controls has also been found62,63. In PSP patients, no 

difference compared to controls, CBD or Parkinson’s disease have been found59,63–65. Lower 

concentrations of CSF tTau and pTau in PSP compared to controls have also been found66,67. 

These disparities could be due to heterogeneity in the cohorts, and lack of pathology confirmed 

cases68. Despite this, the role of tau as a CSF biomarker in CBD and PSP warrants further 

investigation. 

1.5 Neurofilament light as a biomarker 

Neurofilaments are one of the main components of the cytoskeleton and are abundant in 

myelinated axons. Within the central nervous system they are composed of 4 subunits including 

neurofilament heavy, neurofilament medium, NFL, and α-internexin69. Neurofilaments help with 

the structure of the axon, contribute to axon diameter, and conduction velocity along the axon70–

73. In particular, NFL is the most abundant subunit and present within large caliber white matter 

axons and the spinal cord. The turnover of neurofilaments is not well known, but they have been 
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shown to remain stable in axons, with an estimated half life of approximately 20 days and a 

second slower phase of 55 days72,74,75. Thus, prolonged elevated levels of NFL are thought to 

represent damaged or degenerating neurons. Currently, NFL has been proposed as a biomarker 

and is being investigated in multiple neurological disorders. 

 In addition to the standard Aβ and tau biomarkers, NFL in the CSF and blood has also 

been proposed as a biomarker of interest in AD patients. Significantly higher concentrations of 

NFL in the CSF are found in AD, stable mild cognitive impairment, and progressive mild 

cognitive impairment patients compared to control participants76. NFL also correlates with 

cognitive decline in the Mini-Mental State Examination, as well as with brain atrophy64,76,77. 

Similarly, plasma NFL concentrations are increased in AD and mild cognitive impairment 

patients and correlate with poor cognitive performance78,79. Following post-mortem analysis of 

the brain, plasma NFL concentrations have also been associated with higher NFT pathology in 

AD patients80. Serum NFL concentrations have also been found to predict cortical thinning and 

discriminate between mutation and non-mutation carriers of APP, PSEN1, or PSEN281. Thus, 

both CSF and blood NFL concentrations reflect white matter changes in AD patients. 

 NFL is also currently one of the most studied biomarkers in multiple sclerosis (MS). MS 

is a chronic autoimmune, inflammatory disorder of the central nervous system where myelinated 

axons are damaged. Both CSF and blood samples are currently used to assess tissue damage, 

disease activity, and treatment responses. NFL concentrations in the CSF are associated with 

clinical relapse and MRI lesions82,83. In the blood, NFL has predicted disease progression84,85. 

Patients with both relapsing-remitting MS and progressive MS have significantly higher 

concentrations of NFL in the serum86, and patients receiving clinical trials of fingolimod have 

significantly reduced NFL concentrations85. Therefore, NFL may also be used to predict disease 

progression in MS patients. 
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 Amyotrophic lateral sclerosis (ALS) involves the loss of upper and lower motor neurons 

in the motor cortex, brain stem, and spinal cord. As NFL can be used to measure axonal 

breakdown and neuronal death, NFL may also be a potential biomarker for ALS. Significantly 

higher values of NFL in CSF are found in ALS patients when compared to healthy controls with 

high sensitivity and specificity87,88. Serum NFL concentrations are also increased in the early and 

late symptomatic phases of ALS89,90. However, baseline concentrations of serum NFL in patients 

with probable ALS are not significantly different, suggesting the clinical use of NFL can be used 

once symptom onset is present89. 

 Parkinson’s disease, another progressive neurodegenerative disease, is characterized by 

loss of dopaminergic neurons in the substantia nigra. Aggregations of α-synuclein proteins into 

Lewy body inclusions are considered the main pathological hallmark in Parkinson’s disease. 

Normal CSF values of NFL have been found in Parkinson’s disease, but higher values are found 

in atypical parkinsonian disorders such as PSP and multiple system atrophy91. Furthermore, these 

results were replicated in blood samples (plasma and serum), where NFL was able to distinguish 

Parkinson’s disease from atypical parkinsonian disorders92. Elevated NFL in the CSF and serum 

of Parkinson’s disease patients have also been found and associated with lower Mini-Mental State 

Examination (MMSE) scores93. This suggests that NFL could be used to discriminate between 

parkinsonian disorders. 

Huntington’s disease, caused by a genetic mutation of CAG repeat expansions in the HTT 

gene, lacks validated CSF biomarkers for clinical trials94. Few biomarkers have been identified 

that could directly assess pathology including disease progression, neuronal damage, and 

therapeutic outcomes95. In a few studies, NFL in the CSF has been investigated as a promising 

biomarker of disease severity, and correlated with clinical assessment scores9697,98. Within plasma 

samples, baseline NFL samples have correlated with cognition decline and clinical onset in HTT 

mutation carriers as well as a marker of brain atrophy95,99.  
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NFL is also used as a potential biomarker in stroke patients. Stroke can occur via blood 

supply blockage from a thrombi or emboli (ischemic), or via blood vessel breakage 

(hemorrhagic). Through this loss of blood supply to the brain, neuronal damage occurs. In 

patients with acute ischemic stroke, CSF NFL concentrations are significantly higher than 

controls, and NFL correlates with the degree of severity of white matter lesions100. Further, both 

CSF and serum NFL concentrations are observed to peak 3 weeks post stroke followed by a 

decrease to baseline 3-5 months later, suggesting a temporal pattern of injury and a long half-life 

of NFL101. In subarachnoid hemorrhage patients, higher plasma NFL concentrations are 

associated with an increased mortality rate and poor functional outcomes102. Thus, the use of NFL 

in stroke may be an important predictive marker for long term outcomes. 

In addition to its use as a biomarker in neurodegenerative disorders, NFL has also been 

studied in traumatic brain injuries/concussions/CTE. Brain injury from head trauma can include 

diffuse axonal injury, whereby axons are sheared from the acceleration or deceleration forces103. 

Microtubule breakage is seen, resulting in axonal swelling103. Due to the large involvement of 

NFL within the axon, this makes NFL a prime candidate as a biomarker for traumatic brain 

injuries. For example, increased serum and CSF NFL concentrations are seen in contact sport 

players such as boxing and hockey following repetitive blows to the head104,105106. In addition, this 

elevation has also been present with no cognitive impairment107. Shahim et al. suggest that serum 

NFL may separate patients with prolonged postconcussion symptoms from those that rapidly 

resolve104.  

While NFL has been used in a variety of neurological disorders, the diagnostic and 

prognostic value of its use is still being investigated. Elevated concentrations compared to healthy 

controls are observed, but specific differences between neurodegenerative disorders are still being 

investigated. 
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1.6 Non-human Primate Models 

While rodent models of neurodegenerative disorders have allowed researchers to 

investigate the detailed mechanisms of pathogenesis and evaluate novel therapeutics, none fully 

capture the spectrum of human neuropathology that is present within neurodegenerative diseases 

108. Therapies developed and tested on rodent models have not translated to human patients, 

suggesting a lack of translation between species. NHP models are important for bridging the 

translational gap from rodents to humans as they are phylogenetically similar to humans. 

Old-world NHPs such as cynomolgus and rhesus macaques (Macaca fascicularis and 

Macaca mulatta) are commonly used in research. Their similarities in molecular pathways, 

physiology, behaviour, brain organization and architecture, and anatomy afford the opportunity to 

create more robust models of neurodegeneration109,110. NHPs have gyrencephalic brains as 

opposed to the lissencephalic rodent brain, along with a large prefrontal cortex which is important 

for working memory, executive function, and decision making. These are important 

characteristics when considering a preclinical animal model that translates to human neurological 

disorders. Macaques and humans also share 100% homology for the Aβ sequence while rhesus 

have 98% homology with the longest form of human tau111,112. Activity of β-secretase has also 

been shown to increase with age in both rhesus macaques and humans113. Thus, NHPs are 

important translational models. 

Age-related pathological changes can be studied in NHPs. For example, current NHP 

models of AD and aging include natural aging and induced models. While the former is 

considered a robust model and more similar to human AD, the life span of NHPs poses a 

challenge and makes it economically not feasible. Not only is it time consuming to create and 

expensive to maintain NHPs for decades, not all NHPs will develop the hallmarks of 

pathogenesis of AD or other neurodegenerative disorders. Small sample sizes are often a result of 

this, and individual variations between NHPs also lead to complications.  
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Using aged African green monkeys, amyloid plaque deposition and phosphorylated tau 

accumulation in the brain parenchyma has been found in combination with changes in CSF 

biomarkers Aβ, Tau, and pTau114,115. In addition, age related cortical thickness patterns in rhesus 

macaques have been observed to be negatively correlated with age116, with increased amyloid 

plaque deposition117–119. Behavioural deficits have been found in aged cynomolgus macaques, 

where older monkeys performed worse on delayed response tasks including short term and long 

term memory tests, and memory load tests120,121. When available to study, aged NHPs allow for a 

better understanding of age-related changes in the brain, but their time-consuming nature is 

prohibitive to recreating these models for large-scale preclinical trials.  

Induced models of AD have been generated through intracerebroventricular injections 

(ICV) of Aβ. For example, we have shown in our lab that amyloid plaques, phosphorylated tau, 

neurofibrillary tangles, decreased insulin receptors, and astrocyte and microglial activation have 

been induced in the brains of cynomolgus macaques using ICV injections of soluble AβOs122,123. 

Similarly, ICV injections of AβOs in female rhesus macaques lead to dendritic spine loss, 

neuroinflammation, and changes in CSF biomarkers124. Other approaches have used intracranial 

injections of Aβ42 with thiorphan, an inhibitor of neprilysin responsible for Aβ clearance125. 

However, despite the different NHP models of AD, aging, and other neurodegenerative diseases, 

few characterize the changes in core CSF biomarkers related to neurodegeneration115,126–129. 

Further, an important missing piece in the literature is established values for Aβ40, Aβ42, tTau, 

pTau, and NFL biomarkers in naïve control NHPs across the life span independent of disease. 

1.7 Objective of thesis 

This thesis is comprised of two studies with the overall goal to describe baseline levels of 

important CSF biomarkers that are related to neurodegenerative diseases including Aβ40, Aβ42, 

tTau, pTau, and NFL in healthy, experimentally naïve cynomolgus and rhesus macaque monkeys. 

Cynomolgus and rhesus macaques are commonly used in neuroscience research, which makes 
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them an ideal species in which to investigate common neurodegenerative disease biomarkers. 

These Aβ, Tau, and NFL values can then be used as important baseline references for developing 

and tracking CSF in NHP models of neurological diseases. Current NHP models reporting these 

CSF biomarkers have limited sample sizes, therefore, it is critical to establish normal values in 

healthy NHPs before interpreting them in disease. This thesis assesses some of the factors that 

can influence the levels of these biomarkers. 

 In Chapter 2, we determine if there are species, sex, or age associated differences in Aβ, 

tau, and NFL biomarkers in cynomolgus and rhesus macaques. Additionally, we want to establish 

if there are differences in these biomarkers when CSF is taken from either the lumbar area or the 

cisterna magna area. While there have been several NHP models reporting CSF values for Aβ and 

tau, baseline measures are lacking, and NFL has yet to be investigated in NHPs. Thus, this gap in 

knowledge led us to investigate these factors. We hypothesize that there will be no species 

differences, as both macaque species are old-world monkeys. We also hypothesize that there will 

be significant sex differences. Similar to humans, we hypothesize that there will be age-related 

changes, as Aβ biomarkers have been shown to decrease with age, and Tau and NFL biomarkers 

increase with age. Finally, CSF is circulated throughout the brain and spinal column, so we 

expect that biomarker concentrations will remain stable in both lumbar and cisterna locations.  

In Chapter 3, we describe an observation we made about how NFL, a key biomarker of 

neurodegenerative diseases, can be altered by routine LP. This study seeks to identify how 

performing LPs can elevate NFL independent of disease. We investigate how long NFL is 

elevated for, and a potential mechanism for this elevation. We hypothesize that LPs may cause 

damage to the cauda equina, releasing NFL into the surrounding CSF. Therefore, performing 

cisterna punctures instead of LPs should not elevate NFL. 
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Chapter 4 discusses the findings in general, including the limitations of the work and 

potential future directions. I explore additional CSF biomarkers that may be of interest in other 

NHP models, as well as the need to characterize blood-based biomarkers in NHPs. 
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Chapter 2 

Comparison of cerebrospinal fluid biomarkers relevant to 

neurodegenerative diseases in healthy cynomolgus and rhesus macaque 

monkeys 

A version of Chapter 2 has been published as a preprint and can be cited as: 

 

Emma L. Robertson, Susan E. Boehnke, Natalia M. Lyra e Silva, Brittney Armitage-Brown, 

Andrew Winterborn, D.J. Cook, Fernanda G. De Felice, Douglas P. Munoz. (2021). Comparison 

of cerebrospinal fluid biomarkers relevant to neurodegenerative disease in healthy cynomolgus 

and rhesus macaque monkeys. bioRxiv. doi: https://doi.org/10.1101/2021.03.01.433384 

2.1 Abstract 

Introduction:  Non-human primates are important translational models of neurodegenerative 

disease. We characterized levels of key biomarkers of neurodegeneration in healthy male and 

female cynomolgus and rhesus macaques.  

 

Methods: Amyloid-beta (Aβ40, Aβ42), tau (tTau, pTau), and neurofilament light (NFL) in CSF 

were measured in 82 laboratory-housed experimentally naïve cynomolgus (n=33) and rhesus 

(n=49) macaques of both sexes. 

 

Results:  Aβ40, Aβ42, and NFL were significantly higher in rhesus compared with cynomolgus 

macaques. tTau and NFL were higher in males. pTau (pThr181) was not affected by species or 

sex. Site of acquisition only affected NFL, with NFL being higher in CSF acquired from lumbar 

compared with cisterna magna puncture. 

 

Discussion: Normative values for key neurodegeneration biomarkers were established for 

laboratory housed cynomolgus and rhesus macaque monkeys. Differences were observed as a 

function of species, sex and site of CSF acquisition that should be considered when employing 

primate models.     
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2.2 Introduction 

Cerebrospinal fluid (CSF) biomarkers are increasingly used to diagnose and track 

progression and evaluate treatment of various human neurological disorders. For example, core 

CSF biomarkers involved with Alzheimer’s disease (AD) include amyloid-beta 1-40 (Aβ40), 

amyloid-beta 1-42 (Aβ42), total tau (tTau), and phosphorylated tau (pTau)1,2. Additionally, 

neurofilament light (NFL), a protein providing structural support to the neural cytoskeleton, has 

been identified as a marker of general axonal degradation and is also being investigated in a 

variety of neurodegenerative disorders such as AD3–7, Parkinson’s disease5,8,9, multiple 

sclerosis10–13, and Huntington’s disease3,14. 

Old-world monkeys, such as cynomolgus (Macaca fascicularis) and rhesus macaques 

(Macaca mulatta), are important models for human neurological disorders due to their similarities 

in brain architecture, anatomy, physiology, and behaviour15,16. As many neurodegenerative 

disorders involve impairment of higher cognitive functions, monkeys have the potential to 

advance our knowledge of these disorders and validate treatments. To fully validate monkey 

models of neurodegenerative disorders, it is important to better understand the factors that affect 

these CSF biomarkers. There are several non-human primate (NHP) models of AD and aging 

being developed17–25, of which only a few characterize the changes and progression of CSF 

biomarkers17–20,22,24,25. Natural aging models in NHPs have shown development of amyloid plaque 

deposition and phosphorylated tau accumulation in the brain parenchyma22,26–28, with some 

showing age-associated changes in CSF biomarkers22,26. 

Lumbar punctures (LPs) can be performed at the intervertebral spaces in NHPs to collect 

CSF samples, aiding in the translational aspect to human clinical work, which typically employs 

LPs. However, it is also common for CSF to be obtained from cisterna magna puncture in NHPs. 

Therefore, it is important to contrast and assess differences in CSF samples acquired from these 
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two sites29. For example, we have previously demonstrated that LPs, but not cisterna manga 

punctures, significantly elevate NFL for several weeks30. 

Despite significant progress in development of NHP models of disease, little is known 

about the range of normative CSF values of Aβ, tau, and NFL in healthy NHPs in laboratory 

housing conditions. Given the limited samples sizes of many primate studies, it is difficult to 

interpret pathological CSF changes in these models without having references ranges with which 

to compare. It is also unknown how factors such as species, sex, age, and location of the sample 

taken affect biomarker levels in NHPs, independent of any neurological disease. To address these 

gaps in knowledge, we characterized normative values for Aβ40, Aβ42, tTau, pTau (pThr181), 

and NFL in a colony of naïve cynomolgus and rhesus macaques of both sexes, with CSF acquired 

via LP or cisterna magna puncture. 

2.3 Methods 

2.3.1 Subjects 

All NHPs were housed at the Centre for Neuroscience Studies at Queen’s University 

(Kingston, Ontario, Canada) under the care of a lab animal technician and the Institute 

Veterinarian. All procedures were approved by the Queen’s University Animal Care Committee 

and were in full compliance with the Canadian Council on Animal Care (Animal Care Protocol 

Munoz, 2011-039-Or).   

LPs were performed on a total of 82 animals (Fig. 2.1): 19 male and 30 female rhesus 

macaques (Macaca mulatta, ages: 3-12 years, body weight: 5.4-18 kg) and 28 male and 5 female 

cynomolgus macaques (Macaca fascicularis, ages: 2-9 years, body weight: 3.4-10.7 kg). Animals 

were housed indoors either in small groups (n=49) or individually (n=33), and kept on a 12:12-hr 

light:dark cycle starting at 7am. They were fed a standard diet of high-protein or high-fiber 

monkey chow and supplemented with fresh fruit and vegetables. On CSF collection day, animals 

were fasted but had access to water ad libitum. Daily enrichment was provided through foraging, 
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puzzle toys, swings, ropes, perches, mirrors, etc. All animals were experimentally naïve when the 

CSF samples were obtained except for 3 animals for whom we were unable to acquire CSF on the 

first attempt. On a separate day, a second attempt was required to obtain a sample. 

Cisterna magna punctures were performed in a subset of 16 of the 82 for which CSF was 

acquired by LP (7 male and 3 female cynomolgus macaques (ages: 2-6 years, body weight: 3.4-

10.7 kg) and 6 male rhesus macaques (ages: 4-9 years, body weight: 5.4-18 kg). All 16 samples 

were analyzed for NFL and 11 samples were analyzed for Aβ40, Aβ42, tTau, and pTau. The 

cisterna puncture was performed on a separate occasion at least 5 months after the LP was 

performed.   

2.3.2 CSF Collection and Storage 

CSF was collected as previously described30. A trained veterinarian or veterinary 

technician performed LPs and cisterna magna punctures between 9am-1pm. Animals were 

sedated with ketamine (5-15 mg/kg, intramuscular) and masked briefly, only when required, with 

isoflurane (1-3%) and oxygen (2%) to minimize movement. If additional procedures were 

planned (e.g. MRI, surgery), anaesthesia was induced with ketamine (10 mg/kg, intramuscular) 

and diazepam (5 mg/kg, intramuscular). Glycopyrrolate (0.013 mg/kg, intramuscular) was given 

and the animal was intubated. Anaesthesia was maintained using isoflurane (1-3%) and oxygen 

(2%). In these relatively rare cases (n=3), CSF sampling was the first procedure conducted to 

minimize any anesthetic effects. 

For LP sampling, animals were placed in lateral recumbency and the superior iliac crest 

was palpated31. The lumbar area was shaved and cleaned using chlorhexidine, alcohol, and 

betadine. Depending on animal size, a 20g or 22g Quincke spinal needle (BD™) was inserted 

into the intrathecal space between L4/5, or in some cases, L3/4 or L5/6. CSF was allowed to drip 

by gravity into a sterile 1.5ml polypropylene Eppendorf tube (Axygen) and then immediately 

placed on ice.  



 

32 

 

For cisterna magna sampling, animals were placed in lateral or sternal recumbency and 

the area between the occipital protuberance to the third cervical vertebrae was shaved and 

cleaned. A 23g needle connected to a 1ml (BD Luer-Lok) polypropylene syringe was inserted 

into the midline of the neck, with the tip of the needle pointing towards the nose32. No adverse 

neurological effects were observed following LP or cisterna magna punctures. 

If the CSF sample was visibly contaminated with blood, it was centrifuged at 1800g for 

10 minutes at 4°C to remove blood cells. Samples were stored as 120ul aliquots within 30 

minutes of collection in 0.6 ml sterile polypropylene tubes (Axygen) at -80°C. Prior to 

biochemical analysis, samples did not undergo any freeze-thaw cycles. 

2.3.3 CSF Biomarker Analysis 

CSF samples were thawed in a biological safety cabinet just before analysis. To measure 

Aβ40, Aβ42, pTau (pThr181) and tTau, a MILLIPLEX Human Amyloid Beta Tau Magnetic 

Bead Panel (HNABTMAG-68K, EMD Millipore, Billerica, MA, USA) was completed on a 

Biorad Luminex platform according to the manufacturer's instructions. NFL was measured using 

a commercial sandwich ELISA (NF-light ELISA kit, UmanDiagnostics, Umeå, Sweden) 

performed according to the manufacturer’s instructions. Within plate and interplate coefficients of 

variation were <15% for the multiplex; and <10% for NFL respectively. 

2.3.4 Exclusions 

Exclusion criteria included: 1. Any values below the detection limits; 2. For NFL 

analysis, animals that received a recent LP, as this procedure was shown to elevate NFL (but not 

other Aβ/tau biomarkers) for several weeks30; 3. Any values that were more than four standard 

deviations above the mean and flagged by Grubb’s test as outliers (p <.01). For CSF collected via 

LP, 1 female rhesus was removed from Aβ40/Aβ42. 1 male cynomolgus, 1 male rhesus, and 5 

female rhesus macaques were removed from tTau. One male cynomolgus and 3 male rhesus 

macaques were removed from NFL. For CSF collected via cisterna magna, 1 male and female 
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cynomolgus macaque was removed from tTau, 1 male cynomolgus macaque was removed from 

pTau and another was removed from NFL. 

2.3.5 Data/Statistical Analysis 

Statistical analyses were performed with SPSS version 26. Pearson correlations were 

used to test for relationships between age and biomarker levels. To examine the effects of species 

and sex on Aβ40, Aβ42, tTau, pTau, and NFL while controlling for age, a two-way ANCOVA 

was conducted. A Spearman’s rho correlation was used to assess the association between each 

biomarker. To compare location differences of LP vs cisterna magna puncture, the Mann-

Whitney U test for independent samples was used because the data was not normally distributed. 

P values <0.05 were considered significant. 

2.4 Results 

A two-way ANCOVA was conducted on each of the biomarkers to assess the role of 

species and sex. The age range was small, and significant main effects of age were only observed 

for tTau, thus we removed age effects by adding age as a covariate in the analysis. The means, 

age-adjusted means, standard deviations, and standard errors of each biomarker are presented in 

Table 2.1. The raw values for each animal are plotted separated by species and sex for each 

biomarker in Figure 2.2A-E. 

2.4.1 Aβ40 and Aβ42 

For both Aβ40 and AB42, there was a main effect of species [Aβ40: F(1,76)=20.53, 

p<0.001, η2 = 0.21; Aβ42: F(1,76)=13.748, p<0.001, η2=0.15] with rhesus macaques [Aβ40: 

2700.46 pg/ml; Aβ42: 503.89 pg/m] having higher concentrations than cynomolgus macaques 

[Aβ40: 1602.72 pg/ml; Aβ42: 290.43 pg/ml]. There was no main effect of sex in either biomarker 

(p=0.82; p=0.26) but there was a statistically significant interaction between species and sex 

[Aβ40: F(1,76) = 4.14, p =0.045, partial η2 = 0.052; Aβ42: F(1,76)=5.252, p=0.025, η2=0.065]. 
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Analysis of simple effects indicated that the effect of species was greater for females [Aβ40: 

rhesus 2974.2 pg/ml vs cynomolgus 1391.52 pg/ml; p<0.001, Aβ42: rhesus 605.78 pg/ml vs 

cynomolgus 262.50 pg/ml; p<0.001] than males (Aβ40 rhesus 2426.73 pg/ml vs cynomolgus 

1813.91 pg/ml; p=0.02, Aβ42: rhesus 401.99 pg/ml vs cynomolgus 318.37 pg/ml; p=0.179). 

2.4.2 tTau and pTau 

For tTau, there was a main effect of sex [F(1,70)=14.88, p<0.001, η2 = 0.175], with 

males (324.77 pg/ml) having higher concentrations than females (180.89 pg/ml). There was not a 

significant main effect of species [F(1,70)=2.911, p=0.092, η2 = 0.040] or an interaction 

[F(1,70)=0.038, p=0.845, η2=0.001]. For pTau there was no main effect of species or sex and 

there was no interaction (all p values >0.05). 

2.4.3 NFL 

For NFL, there was a main effect of species [F(1,73)=10.64, p=0.002, η2=0.127] with 

rhesus (476.02 pg/ml) having higher concentrations than cynomolgus (275.52 pg/ml). There was 

also a main effect of sex [F(1,73)=3.85, p=0.05, η2=0.050] with males(445.12 pg/ml) having 

higher values than females (306.42 pg/ml). There was not an interaction between both variables 

[F(1,73)=1.006, p=0.319, η2 = 0.014]. 

2.4.4 Effects of age 

We wanted to determine if any of the biomarkers changed across the relatively narrow 

range of ages (2-12 yrs) represented within the colony (Fig.2.1). Collapsed across species and 

sex, there was a negative correlation in Aβ40 and Aβ42 with age (R2 = 0.065, p = .021; R2 = 

0.092, p =0.006), but no significant correlation of tTau, pTau or NFL with age. When separated 

by species and sex, Aβ40 and Aβ42 in female rhesus macaques decreased significantly with age 

(R2 = 0.173, p = 0.025; R2 = 0.151, p =0.037), and tTau and pTau concentration decreased 
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significantly with age in male rhesus macaques (R2 = 0.427, p =0.003; R2 = 0.208, p = 0.05). No 

other biomarkers were correlated with age (p values >0.05) (Fig 2.3). 

2.4.5 Effects of CSF location 

In a subset of the NHPs (n=16) for whom CSF had been obtained by LP, CSF was 

collected through the cisterna magna on a separate occasion (see Methods). Only NFL differed 

between sample sites - it was significantly lower in cisterna samples (Mann Whitney U = 45.5, z 

= -2.779, p =0.004) (Fig. 2.4).  The median percent change ((lumbar puncture – cisterna 

puncture)/cisterna puncture*100) in NFL was -42% (IQR=51%) (Fig. 2.4F). Our findings 

showing that NFL is significantly lower in cisterna samples is consistent with a previous report29. 

2.4.6 Aβ and tau biomarkers are positively correlated with each other 

Aβ40 and Aβ42 were positively correlated with each other [rs(79) = 0.956, p <0.001] 

(Fig. 2.5A). tTau and pTau were also positively correlated [rs(73) = 0.404, p <0.001] (Fig. 2.5B). 

No other combination of biomarker correlations reached significance (Data not shown, all p 

values >0.09). 
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Table 2-1. Means, Adjusted Means, Standard Deviations, and Standard Errors for Aβ40, 

Aβ42, tTau, pTau, and NFL concentration in cynomolgus and rhesus macaques 

 
  Cynomolgus Rhesus 

  Male Female Male Female 

Aβ40 pg/ml M 1779.27 1539.33 2271.48 3083.87 

(SD) (721.64) (585.17) (774.97) (1006.50) 

Madj 1813.91 1391.52 2426.73 2974.20 

(SE) (159.18) (384.73) (215.35) (169.80) 

Aβ42 pg/ml M 317.29 266.68 397.60 608.89 

(SD) (125.17) (141.25) (143.89) (274.60) 

Madj 318.27 262.50 401.99 605.78 

(SE) (37.82) (91.41) (51.17) (40.37) 

tTau pg/ml M 286.71 199.37 310.71 237.03 

(SD) (114.28) (70.09) (162.23) (81.99) 

Madj 293.85 156.23 355.69 205.56 

(SE) (21.24) (50.90) (29.42) (24.04) 

pTau pg/ml M 40.93 33.43 39.87 33.67 

(SD) (17.36) (14.21) (17.82) (9.47) 

Madj 41.29 31.94 41.439 32.60 

(SE) (2.84) (6.87) (3.85) (2.98) 

NFL pg/ml M 372.22 184.67 505.42 443.19 

(SD) (142.15) (58.39) (231.01) (251.74) 

Madj 375.17 175.87 515.08 436.96 

(SE) (40.83) (96.21) (58.30) (41.62) 

Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid; NFL, neurofilament light; pTau, 

phosphorylated tau; SD, standard deviation; SE, standard error; tTau, total tau. 

2.5 Discussion 

Using a laboratory housed colony of cynomolgus and rhesus macaques, we investigated 

the effects of species, sex, age, and location of sample acquisition on common CSF biomarkers 

used to characterize neurodegenerative diseases such as AD and tauopathies. These data help 

establish normative values for these biomarkers in two commonly used species of macaques and 

will be important reference points for efficient use and development of primate models of 

neurodegenerative diseases.  

In summary, concentrations of Aβ40, Aβ42, and NFL were all significantly higher in 

rhesus macaques compared to cynomolgus macaques. tTau and NFL concentrations were 

significantly higher in males compared to females. There were interactions between species and 
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sex for both Aβ40 and Aβ42, with the species difference being greater for females than for males. 

For pTau there was no effect of species or sex. As would be expected, strong correlations were 

observed between Aβ40 and Aβ42 and between tTau and pTau, but we observed no other 

correlations between biomarkers. As age increased, Aβ biomarkers decreased in female rhesus; 

and tau biomarkers decreased in male rhesus. Finally, CSF samples from the cisterna magna 

puncture were lower in NFL when compared to CSF obtained from LP. No other biomarker was 

affected by sampling location.  

2.5.1 Relation to previous NHP studies 

Rhesus Macaques 

Zhao et al. collected CSF via LP in young (n=5), mature (n=3) and old (n=4) rhesus 

macaques and observed Aβ40 values ranging from about 1700-2300 pg/ml and Aβ42 values 

ranging from about 75-125 pg/ml 25. Our observed values were generally higher for both 

biomarkers, especially Aβ42 (see Table 2.1 and 2.2). This could be due to differences in assays, 

as we used a Luminex multiplex (Millipore, USA) while they used individual ELISA kits for each 

biomarker (ImmunoBiological Laboratories, Japan). In another study done by Li et al., CSF was 

obtained by LP and Aβ40 and Aβ42 were measured in young (n = 15), middle-aged (n = 22), and 

aged (n = 19) groups33. Their reported values were quite similar to ours, and Aβ40 values ranged 

from approximately 1000-3300 pg/ml and Aβ42 ranged from 100-800 pg/ml33.   

Beckman et al. looked at several of the same biomarkers we report here in a group of 

female rhesus (n=6) that were undergoing intracerebroventricular injections of Aβ-Oligomers18 to 

induce a monkey model of AD21. They obtained CSF via cisterna puncture, and found baseline 

values for Aβ40 that were slightly higher than ours (~3500-4200 pg/ml), and for Aβ42 they were 

somewhat lower than ours (~100-125 pg/ml). Their values for tTau (200-225pg/ml) were similar 

to ours. For pTau, they examined different phosphorylation sites (pS199, pS231, pS396) than we 

did (pThr181), making comparison difficult. Their values for NFL were an order of magnitude 
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higher (3000-4000pg/ml) than we observed suggestive of axonal damage in their animals, 

probably due to the implant surgery those animals had undergone to allow for the 

intracerebroventricular injections. We could find no other reference values in the literature for 

tTau, pTau, or NFL in CSF of naïve rhesus macaques. 

Cynomolgus Macaques 

In a study done in male and female cynomolgus macaques, young animals (n = 12) and 

aged animals (n = 20) had tTau values averaging 639 pg/ml and 544 pg/ml, respectively20. These 

values were on the high end of our reported range. Additionally, pTau (pS396) was reported to 

average 50.4 pg/ml and 43.7 pg/ml, respectively, which was very similar to our data, despite our 

analysis of pTau (threonine 181 instead of serine 396). In another study by Darusman et al.19, 12 

aged cynomolgus macaques (male and female) were grouped into low-performers or high-

performers in a behavioural task. They found Aβ42 values averaging 258.8 pg/ml and 454.7 

pg/ml, in line with our values. Additionally, tTau was found to be 496.4 pg/ml and 227.8 pg/ml, 

values that roughly corresponded with ours. Again, they characterized pTau serine 396 and found 

it to be 44.1 pg/ml and 29.2 pg/ml.  

Finally, in another study involving cynomolgus macaques, Yue et al.24 also characterized 

Aβ40 and Aβ42 in males and females with CSF obtained by LP. Values of Aβ40 ranged from 

approximately 100 ng/ml – 300 ng/ml and Aβ42 ranged from 2-22 ng/ml. Converted to pg/ml, 

these values are orders of magnitude higher than our values (100,000 - 300,000 and 2,000 - 

22,000 pg/ml), suggestive of a conversion error in their analysis. Assuming their true values were 

1000-3000 and 20-220 pg/ml, the values in the same range as ours. pTau values in this cohort 

were found to be 10-90 pg/ml, which was also similar to the range of values observed in our data. 

While Yue et al, did not specify the epitope at which Tau was phosphorylated for their test, the 

INNOTEST ELISA they used tests for phosphorylation of tau at 181, as was done in our study. 

African Green Monkeys 
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Biomarkers of neurodegeneration have also been tracked in African green monkeys 

(AGM, Chlorocebus aethiops sabaeus), another species of old-world monkey. While not a 

macaque, this species is increasingly used as a model of aging and neurological disease. Research 

animals of this species are predominately sourced from an inbred strain that emerged from 

founder animals imported from Africa to St. Kitts island in the Caribbean in the 17th Century. 

This makes them desirable because they have less genetic diversity. In four studies, cisterna 

samples were collected in male and female AGMs22,26,34,35. Lemere et al. reported a baseline mean 

Aβ40 concentration of ~10,500 pg/ml (n=10) and a mean Aβ42 concentration of ~1350 pg/ml 

(n=10)35. Cramer et al. analyzed CSF (n=11) and reported Aβ40 values ranging from 4000-9000 

pg/ml, Aβ42 ranging 100-300 pg/ml, tTau ranging 500-5000 pg/ml, and pTau ranging 25-120 

pg/ml 26. Consistently, Latimer et al. analyzed CSF and found Aβ42 ranging from approximately 

120-600 pg/ml (n=9) and pTau(serine 181) ranging from 10-40 pg/ml (n=13)22. Finally, Chen et 

al. collected CSF from 329 AGM (0-20+ years old) and characterized Aβ40, Aβ42, Tau, and 

pTau 34. On average, Aβ40 was 10267 pg/ml, Aβ42 was 506 pg/ml, Tau was 23 pg/ml, and pTau 

was 30 pg/ml. Given their value for Tau was lower than that for pTau, Chen et al. discounted 

their tTau measurement. Other than for measurement of tTau, all 4 of these papers had relatively 

similar biomarker values.  

In general, AGM monkeys appear to have much higher values of Aβ40, Aβ42 and 

possibly Tau compared to cynomolgus and rhesus macaques (see Table 2.2). This comparison 

suggests that a species difference may exist, in particular for Aβ, in which AGM > Rhesus 

Macaques > Cynomolgus Macaques. This may reflect differences in assay binding between the 

species, or true differences in amyloid load. Further research should clarify this. 
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Table 2-2. Summary of previous non-human primate studies analyzing cerebrospinal fluid 

biomarkers 

Abbreviations: Aβ, amyloid beta; AGM, African green monkey; NFL, neurofilament light; pTau, 

phosphorylated tau Thr181; tTau, total tau. 

2.5.2 Comparison of age and sex effects in the literature 

Due to the current colony demographics available to us, CSF samples were collected in 

NHPs younger than 12 years (Fig 2.1). While we saw some effect of age in Aβ40 and Aβ42 in 

rhesus macaques, we had limited animals of older age, and the ranges of ages between male and 

female cynomolgus and rhesus macaques differed. Therefore, our results should be interpreted 

with caution. With this caveat, our results indicating that Aβ biomarkers decrease with age in 

female rhesus is consistent with other published data. A few studies with limited sample sizes 

have revealed a significant decrease with age in CSF Aβ40 levels in both male and female aged 

cynomolgus and rhesus macaques24,33 and also Aβ4233. On the other hand, Zhao et al report no 

change in Aβ40, but an increase in Aβ42 with aged rhesus macaques25. In other studies done in 

Source Species Aβ40 

(pg/ml) 

Aβ42 

(pg/ml) 

tTau 

(pg/ml) 

pTau 

(pg/ml) 

NFL 

(pg/ml) 

Zhao et al, 

2017 

Rhesus 1700 - 2300 75 - 125 - - - 

Li et al, 

2020 

Rhesus 1000 - 3300 100 - 800 - - - 

Beckman 

et al, 2019 

Rhesus 3500 - 4200 100 - 125 200 - 225 - 3000 - 

4000 

Darusman 

et al, 2013 

Cynomolgus - - 639, 544 50.4, 43.7 

(pTau396) 

- 

Darusman 

et al, 2014 

Cynomolgus - 258.8, 454.7 496.4, 

227.8 

44.1, 29.2 

(pTau396) 

- 

Yue et al, 

2014 

Cynomolgus 100000 - 

300000 

2,000 - 

22,000 

10 - 90 - - 

Lemere et 

al, 2004 

AGM 10500 1350 - - - 

Cramer et 

al, 2018 

AGM 4000 - 9000 100 - 300 500 - 5000 - - 

Latimer et 

al, 2019 

AGM - 120 - 600 - 10 - 40 - 

Chen et al, 

2018  

AGM 10267 506 23 30 - 
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AGMs, CSF Aβ40 was also observed to decrease with age22,34. Latimer et al. also reported a 

significant decrease in Aβ4222, while another study showed it trending down26.  

Furthermore, we also found that both tTau and pTau decrease with age in male rhesus 

macaques. While we found no correlation with age and tau biomarkers in cynomolgus macaques, 

this was consistent with other previous reports20,24 and also similar to that observed in AGMs22,34. 

However, Cramer et al. reported a 2-fold increase in both tTau and pTau biomarkers with age 26. 

This may indicate a species difference between cynomolgus macaques and AGMs. To better 

compare our age correlations with other published data, further CSF samples would need to be 

acquired from macaques older than 12 years. 

In conclusion, we characterized Aβ40, Aβ42, tTau, pTau, and NFL biomarkers in CSF of 

cynomolgus and rhesus macaques as a function of sex and age, providing the largest reference 

values for laboratory housed animals of these species to date. These reference values will be 

useful benchmarks by which to compare CSF from primate models of neurological disorders 

generated using these species. 
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Figure 2-1. Demographics of non-human primate colony.  

A total of 82 animals were used: 28 male and 5 female cynomolgus (Cyno) macaques (Macaca 

fascicularis, ages: 2-9 years, body weight: 3.4-10.7 kg) and 19 male and 30 female rhesus macaques 

(Macaca mulatta, ages: 3-12 years, body weight: 5.4-18 kg). All animals were experimentally naïve. 
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Figure 2-2. Species and sex comparison for CSF Aβ, tau, and NFL biomarkers.  

A) Aβ40 Female rhesus were significantly higher compared to female cynomolgus ((F(1,76) = 15.296, p < 

0.001, η2 = 0.168) and male rhesus were higher than male cynomolgus (F(1,76) = 5.58, p = 0.021, η2 = 

0.068). B) Aβ42 Female rhesus were significantly higher compared to female cynomolgus (F(1, 76) = 

14.128, p < 0.001, η2 = 0.157) and male rhesus (F(1,76) = 3.867, p = 0.053, η2 = 0.048). C) tTau 

concentrations were higher for males (F(1,70) = 14.881, p <0.001, η2 =0.175). D) pTau No significant 

differences between species or sex were found (p’s >0.05) E) NFL Rhesus were higher than cynomolgus 

(F(1,73) = 10.642, p=0.002, η2 =0.127) and males were higher than females (F(1,73) = 3.845, p =0.054, 

η2 =0.050). 
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Figure 2-3. Age correlations to amyloid beta, tau, and neurofilament light CSF biomarkers.  

A) Aβ40 B) Aβ42 C) tTau D) pTau E) NFL. A negative linear relationship indicated that as age increases, 

Aβ40/Aβ42 decrease in female rhesus and tTau/pTau decrease in male rhesus. (R2 = 0.173, p =0 .025; R2 = 

0.151, p = 0.037; R2 = 0.427, p = 0.003; R2 = 0.208, p = 0.050) All other p’s >0.05. 
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Figure 2-4. Comparison of biomarkers taken from NHPs that had both lumbar punctures and 

cisterna magna punctures.  

A subset of NHPs from the colony had both lumbar and cisterna punctures. These values are plotted against 

each other. A) Aβ40 B) Aβ42 C) tTau D) pTau E) NFL F) The percent change ((lumbar puncture – cisterna 

puncture)/cisterna puncture*100) is plotted for each biomarker along with interquartile range. NFL in CSF 

taken from the cisterna magna was significantly lower than CSF taken from the lumbar area (Mann 

Whitney U = 45.5, z = -2.779, p = 0.004). All other p’s >0.05. 
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Figure 2-5. Amyloid-beta and tau biomarkers are correlated with each other.  

Each point represents one animal. Aβ40 and Aβ42 show a significant positive correlation. Spearman rho: 

rs(79) = 0.956, p <0.001. tTau and pTau also show a positive correlation. Spearman rho: rs(73) = 0.404, 

p <0.001. No other biomarker combinations were correlated (all p’s >0.05). 
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Chapter 3 

The effect of lumbar puncture on the neurodegeneration biomarker 

neurofilament light in macaque monkeys 

Chapter 3 has been published and can be cited as: 

 

Boehnke, S.E.*, Robertson, E.L.*, Armitage-Brown, B., Wither, R.G., Lyra E Silva, N.M., 

Winterborn, A., Levy, R., Cook, D.J., De Felice, F.G., Munoz, D.P. (2020). The effect of lumbar 

puncture on the neurodegeneration biomarker neurofilament light in macaque monkeys. 

Alzheimers & Dementia: Diagnosis, Assessment & Disease Monitoring. 12(1):e12069. 

doi:10.1002/dad2.12069. 

*indicates co-first authorship; these authors contributed equally to the manuscript 

3.1 Abstract 

Introduction: Neurofilament light (NFL) in cerebrospinal fluid (CSF) is elevated in 

neurodegenerative disease patients, and may track disease progression and treatment. Macaque 

monkeys are emerging as important translational models of neurodegeneration, and NFL may be 

a useful biomarker. 

Methods: To determine the influence of a previous lumbar puncture (LP) on NFL, we collected 

CSF at multiple time points in macaque monkeys via LP or cisterna magna puncture. NFL, 

amyloid beta (Aβ40, Aβ42), and tau (tTau, pTau) in CSF were measured by standard enzyme‐

linked immunosorbent assay and multiplex. 

Results: NFL was significantly elevated at 14 to 23 days after an LP (median increase: 162%). 

Aβ and tau biomarkers remained stable. NFL peaked and decayed over 1 to 2 months after LP. 

NFL was not elevated after cisterna magna puncture. 
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Discussion: Results suggest damage of the cauda equina during LP may increase NFL. Caution 

should be taken in interpreting NFL concentration in studies in which repeat LPs are performed. 

Keywords: amyloid beta, biomarkers, cerebrospinal fluid, cisterna magna puncture, lumbar 

puncture, neurofilament light, non‐human primate models, tau 

3.2 Introduction 

Neurofilaments form part of the neuronal cytoskeleton, are particularly prevalent in high‐

caliber myelinated axons, and are released into the cerebrospinal fluid (CSF) when neurons are 

damaged or degenerating1,2. Neurofilament light (NFL) in CSF and blood has been proposed as a 

putative biomarker relevant to a wide variety of pathological conditions that involve breakdown 

of white matter3, including Alzheimer's disease (AD)4–9, mild cognitive impairment risk10, frontal‐

temporal dementia11–13, Parkinson's disease14–16, Huntington's disease17, amyotrophic lateral 

sclerosis18, and multiple sclerosis (MS)19–21. NFL concentrations have also been compared across 

various disorders8,18. NFL is touted as a sensitive index of disease severity12 and is being used to 

track the effects of therapeutics in clinical trials, especially in MS (clinicaltrials.gov). 

Non‐human primates (NHPs) are increasingly being used as models of neurodegenerative 

diseases22, and there is a need to track CSF biomarkers in these models23–30. Similar to human 

patient trials, serial sampling of CSF in NHP models can be used to track disease progression and 

treatment effects, inferred by CSF biomarkers such as NFL, amyloid beta (Aβ), and tau. 

Understanding factors influencing biomarker concentration levels, such as the method of 

sampling, is important to biomarker interpretation. Studying the effect of repeated sampling via 

lumbar puncture (LP) in a controlled manner is difficult to do in humans; however, NHPs afford 

an opportunity to do so as they have similar anatomy and LPs are performed in a similar way. We 

tracked the CSF biomarkers NFL, Aβ40, Aβ42, and total and phosphorylated tau (t‐tau, p‐tau) 

after repeated LPs in rhesus and cynomolgus macaque monkeys. When a subsequent LP was 
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performed, NFL was significantly elevated while other biomarkers remained stable. NFL 

concentrations required more than a month to return to baseline. This increase in NFL was not 

reliably observed when CSF was repeatedly sampled from the cisterna magna, suggesting the 

mechanism of the increase after LP may be due to local damage of cauda equina axons, rather 

than anesthesia or removal of CSF. 

3.3 Methods 

All procedures were approved by the Queen's University Animal Care Committee and in 

compliance with the Canadian Council on Animal Care (Munoz, 2011‐039‐Or). Animals were 

maintained at the Centre for Neuroscience Studies at Queen's University (Kingston, ON, Canada) 

under the supervision of a lab animal technician and the Institute veterinarian. 

3.3.1 Subjects 

In total, 35 animals (19 rhesus macaques, 4‐15 years, 5.2‐16.9 kg, five females; 16 

cynomolgus macaques, 3‐6 years, 3.0‐9.2 kg, two females) were used. For Figure 3.1, CSF was 

collected repeatedly via LP from a subset of 23 animals who were completely naïve to 

experimental central nervous system (CNS) procedures, including LP: 11 cynomolgus (4‐6 years, 

5.0‐9.2 kg, one female) and 12 rhesus macaques (4‐10 years, 5.2‐16.9 kg, five females). After 

baseline CSF collection via LP, a second LP was performed 14 to 23 days later. One male 

cynomolgus was removed from t‐tau analysis as a sample was below detection limits; another 

male rhesus was removed from all biomarker analysis because his baseline NFL (>2000 pg/mL) 

was four standard deviations (SD) above the mean and flagged by Grubb's test as an outlier (P < 

.01). 

For Figure 3.2A, in three additional rhesus (13‐15 years, 11.2‐15.5 kg) and four 

additional cynomolgus (5‐6 years, 6.4‐7.2 kg), CSF was collected after various delays (30, 51, 58, 

94, 118, 201, 365 days) longer than that for the animals from Figure 3.1 (14‐23 days), with one 
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rhesus having a 3rd LP 365 days after the second. For Figure 3.2B, in a subset of three rhesus (4‐

6 years, 5.2‐6.5 kg) and eight cynomolgus (5‐6 years, 6.1‐8.9 kg) macaques from Figure 3.1E, a 

third LP was performed 69 days later to determine whether biomarkers had returned to baseline 

levels. For Figure 3.2C, a single male rhesus macaque (11 years, 16.9 kg) was studied. For Figure 

3.3A, six rhesus (6‐11 years, 7.6‐15.5 kg) and four cynomolgus macaques (3‐6 years, 3.0‐7.6 kg, 

one female) had two cisterna magna samples taken 15 days apart. Of these 10 animals, 7 had been 

given an LP in the previous year (typically 5 or more months prior to the baseline cisterna 

puncture) and the rest were experimentally naïve. 

3.3.2 CSF sampling and storage 

A trained veterinarian or veterinary technician performed LPs and cisterna magna 

punctures with animals receiving the dissociative anesthetic ketamine (5‐15 mg/kg, 

intramuscular). When required to reduce movement, six animals were masked briefly (2‐5 

minutes) with 2% isoflurane—an inhaled anesthetic. If additional procedures were planned (eg, 

magnetic resonance imaging [MRI]), full anesthesia was induced as described previously30 (n = 

10/98). Specifically, anesthesia was induced with ketamine (10 mg/kg, intramuscular) and 

diazepam (5 mg/kg, intramuscular). Glycopyrrolate (0.013 mg/kg, intramuscular) was given and 

the animal was intubated. Anesthesia was maintained using isoflurane (1%‐3%) and oxygen 

(2%). 

To prepare for CSF sampling, the lumbar or cisterna area was shaved and cleaned using 

chlorhexidine, alcohol, and betadine. Depending on animal size, a 20 or 22 g Quincke spinal 

needle (BD™) was inserted into the intrathecal space between L4/5, or occasionally between 

L3/4 or L5/6 (n = 5/70). CSF was collected into a sterile 1.5 mL polypropylene tube (Thermo 

Fisher) and immediately kept on ice. For cisterna samples, a 23 g needle was typically used and 

CSF was drawn into a 1 mL (BD Luer‐Lok) polypropylene syringe. Any samples that were not 
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clear (ie, tinted with a drop of blood contamination caused by needle insertion through tissue; n = 

13/98) were centrifuged (1800 × g, 10 minutes, 4°C). Using data from the first LP or cisterna 

samples taken, we found that mean NFL concentration in blood contaminated samples (n = 6, 354 

pg/mL) did not differ appreciably from clear samples (n = 26, 370 pg/mL, SD = 204). Samples 

with substantial blood contamination, suggestive of blood contamination in CSF flow—a very 

rare occurrence—were not taken and the sampling attempt was abandoned. Samples were 

typically aliquoted within 30 minutes and stored in 0.6 mL tubes at −80°C. 

3.3.3 Lumbar port surgery and sampling 

In one rhesus macaque, an indwelling lumbar port and catheter was implanted following 

a previously published protocol31. The animal was sedated with ketamine (10 mg/kg, 

intramuscular) and diazepam (5 mg/kg, intramuscular). Glycopyrrolate (0.013 mg/kg, 

intramuscular) was given and the animal was intubated. Anesthesia was maintained using 

isoflurane (1%‐3%) and oxygen (2%). The lumbar area was shaved and cleaned using 

chlorhexidine, alcohol, and betadine. An incision was made over the vertebral spaces between L4 

and L5. A Tuohy epidural needle (17 g, CMD) was used as an introducing needle, and a 3‐french 

hydromer‐coated catheter (Access Technologies, Skokie, Illinois) was inserted through the 

introducing needle ≈13 cm into the intrathecal space. The catheter had x‐ray opaque markings 

and placement of the catheter was verified using x‐ray. The catheter was attached to a MIN 

LoVol port (15 μl volume, Access Technologies, Skokie, Illinois), which was then sutured to the 

muscle. Upon verification of port and catheter patency by drawing CSF through the port, the skin 

was sutured and the animal was recovered. Subsequent port sampling occurred cage‐side, with 

the awake animal trained to present the port. A non‐coring Huber needle (22‐25 g, Access 

Technologies, Skokie, Illinois) was inserted through shaved and cleaned skin into the reservoir 

and CSF was extracted with a 1cc polypropylene syringe and aliquoted as described above. The 

lumbar port was an important refinement because it allowed us to repeatedly sample CSF (for 50 
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days) without anesthesia, and without repeated puncturing of the lumbar area. The dead volume 

of CSF in the port was <20 μl and typically a 300 μl sample was obtained. While the dead volume 

was not discarded, it represented <7% of the sample volume so was unlikely to substantially 

influence the NFL concentration. Further, because the procedure was consistent for all samples, 

any error was constant. 

3.3.4 CSF biomarker analysis 

CSF samples were thawed in a biological safety cabinet just before analysis. To measure 

NFL concentration, a commercial sandwich enzyme‐linked immunosorbent assay (ELISA; NF‐

light ELISA kit, Uman Diagnostics, Umeå, Sweden) was performed according to the 

manufacturer's instructions. Concentrations of Aβ40, Aβ42, p‐tau (pThr181), and t‐tau were 

determined using a MILLIPLEX Human Amyloid Beta Tau Magnetic BeadPanel (HNABTMAG‐

68K, EMD Millipore, Billerica, MA, USA) completed on a Biorad Luminex platform according 

to the manufacturer's instructions. Within plate and interplate coefficients of variation were <5% 

and <15% for NFL; and <10% and <15% for the multiplex, respectively. Repeat samples 

collected from a given animal were run together on the same plate, except for two in Figure 3.2A 

(long delays). 

3.3.5 Data/statistical analysis 

Statistical analyses were performed in GraphPad Prism 5.01. A paired t test (two‐tailed) 

was used to test if biomarker values differed on the second LP or cisterna puncture. A P value of 

<.05 was considered significant. If the samples failed the Kolmogorov‐Smirnov test for normality 

of data, which only occurred for the second sample of NFL values for both LP and cisterna 

punctures, a Wilcoxon signed‐rank test for paired samples was conducted. For comparison of the 

percent change in NFL values obtained by LP and cisterna magna the Mann‐Whitney U test for 

independent samples was conducted as the samples were not normally distributed. 



 

57 

 

Anonymized data will be shared by request from any qualified investigator. 

3.4 Results 

3.4.1 Lumbar puncture elevated CSF concentration of NFL, but not Aβ or tau 

biomarkers 

We conducted a controlled study in which CSF was collected via LP in 23 experimentally 

naïve rhesus (n = 12) and cynomolgus (n = 11) macaques of similar age to obtain a baseline CSF 

sample, and then a second sample was collected via LP 14 to 23 days later. No other procedures 

were performed during this time interval. No animals were observed to have any sensory or motor 

effects after LP. Thus, any differences between the biomarker values in the CSF were attributable 

to the original LP sampling event. NFL was measured from samples at these two time points in 

23 animals (one excluded as an outlier, see Methods); Aβ40, Aβ42, t‐tau, and p‐tau were 

measured in 16 of these animals. The means, standard deviations, medians, and interquartile 

ranges of these are provided in Table 3.1 and the individual datapoints are provided in scatter 

plots in Figure 3.1 A-E. A previous LP resulted in a mean increase in NFL of 348% (t[21] = 

2.88, P = .009, paired t test, two‐tailed) but no change in Aβ40 (P = .75), Aβ42 (P = .75), t‐tau 

(P = .17), and p‐tau (P = .95). Because the second sample of NFL values was not normally 

distributed, we repeated the analysis using non‐parametric statistics to avoid bias from some 

extremely high values. The median percentage increase in NFL was 162% (Figure 3.1F) and a 

Wilcoxon rank sum test revealed this increase to be a highly significant (P < .0002, two‐tailed). 

That Aβ did not change during this repeat sampling timescale is consistent with a previous report 

using human trial data32. However, the timescale of any increase or decline of Aβ and tau may 

have occurred during the first days after LP33. To test if there was any difference between 

cynomolgus and rhesus macaques in these effects, we compared the percent change in biomarker 

values after LP, and observed no species difference for any of the biomarkers (independent 
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samples t test, two‐tailed, all p's>0.08). For NFL we confirmed the lack of species difference with 

a non‐parametric test (Mann‐Whitney for independent samples, P = .55). 

Table 3-1. Summary statistics for CSF biomarkers obtained from two LPs taken 14 to 23 

days apart 

 LP1 mean 

(SD)pg/mL 

LP2 mean 

(SD)pg/mL 

LP1 median 

(IQR)pg/mL 

LP2 median 

(IQR)pg/mL 

Mean % 

change(SD) 

Median % 

change(IQR) 

Aβ40 1796.54 

(772.52) 

1837.89 

(678.49) 

1580.37 

(977.15) 

1833.81 

(1023.85) 

9.59 

(39.05) 

0.72 

(47.03) 

Aβ42 341.59 

(140.41) 

331.42 

(127.28) 

314.21 

(171.78) 

301.7 

(143.49) 

6.18 

(44.88) 

-1.49 

(55) 

tTau 350.63 

(140.48) 

326.77 

(114.66) 

338.49 

(127.36) 

351.43 

(120.25) 

-4.9 

(14.22) 

-4.6 

(19.74) 

pTau 42.32 

(16.12) 

42.21 

(12.68) 

40.87 

(21.36) 

40.51 

(16.36) 

3.74 

(21.20) 

-6.02 

(26.69) 

NFL 419.27 

(210.36) 

1586.95 

(1878.25) 

369 

(216.75) 

888.5 

(979) 

347.74 

(617.28) 

162.19 

(238.88) 

 

Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid; IQR, interquartile range; LP, lumbar 

puncture; NFL, neurofilament light; SD, standard deviation. 

For most animals (n = 16/22) CSF was collected exclusively under ketamine—a 

dissociative anesthetic—for both LPs. The six other animals were additionally masked with 

isoflurane for a few minutes to reduce movement, and three of those were under full anesthetic 

procedures (see section 3.2) for the second LP, because additional procedures were performed 

after the LP. We repeated our analyses using only those animals exclusively anesthetized with 

ketamine. The effect of the previous LP on NFL concentration remained strong, with a mean 

percentage increase of 421% (t[15] = 2.7, P = .017, paired t test, two‐tailed). The median 

percentage increase remained at 162% (P = .0006, Wilcoxon rank sum, two‐tailed). Those 

animals receiving ketamine and masked isoflurane on the first LP showed a percentage increase 
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in NFL of 153%. Thus, exposure to isoflurane did not contribute to the increased NFL 

concentration from the second LP. 

3.4.2 How long did NFL remain elevated? 

Figure 3.2A illustrates how the percentage change in NFL values persisted after LP, 

including seven additional animals with delays longer than 30 days between LPs. For several of 

these animals CSF was sampled under full anesthetic procedures (see figure caption). For delays 

longer than 30 days there were only small, inconsistent changes in NFL values (Figure 3.2A). 

This suggested that the increase in NFL we observed at 2 to 3 weeks was followed by a decline 

over time back to baseline levels. To test this in a controlled fashion, in a subset of the animals (n 

= 11) who had all received second LPs at 16 days (from Figure 3.1), a third LP was performed 

after 69 additional days to determine whether enough time had passed for NFL to return to 

baseline. The samples of NFL values from the first, second (16 days later), and the third LP (69 

days later) were normally distributed with mean (+SD) values of 591.5 (229), 1361.6 (1327), and 

657.7 (295) pg/mL, respectively. NFL concentration was elevated at 16 days, and had declined to 

baseline levels for some but not all animals after an additional 69 days (Figure 3.2B). A one‐way 

repeated‐measures analysis of variance was performed revealing a significant main effect 

(F[2,20] = 4.34, P = .027). Paired comparisons with Tukey honestly significant difference (HSD) 

test revealed that there was a significant increase from baseline to day 16 (P < .01), a marginally 

significant decrease between day 16 and 69 (P < .06), and no difference between baseline and 69 

days after the second LP (P = .97). 

In an additional animal, we further examined NFL in CSF obtained from repeated LPs 

(14, 26, and 37 days separations), and confirmed NFL remained elevated relative to baseline with 

repeated sampling (Figure 3.2C, left). We then inserted a lumbar port to allow for chronic 

sampling without further LPs or anesthetic events. Insertion of the port resulted in a dramatic 
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elevation in NFL (>2000%). This is consistent with a report that NFL was highly elevated after 

the insertion of lumbar ports in cynomolgus macaques24, and only declined by about 100 days 

after port insertion. We tracked the subsequent decline in NFL by taking repeated port samples in 

the absence of anesthesia for 50 days (Figure 3.2C, right). Consistently, NFL declined after an 

exponential decay function that predicted a return to baseline by 100 days. 

3.4.3 Is damage of cauda equina axons the mechanism of NFL increase? 

Possible mechanisms of the NFL increase we observed after LP could include damage to 

the NFL‐rich axons1 of the cauda equina, some consequence of the anesthesia34 required for LP 

sampling in monkeys, or of the removal of a bolus of CSF from circulation. One way to elucidate 

this is to examine whether a previous cisterna magna sample affects NFL values obtained from a 

subsequent cisterna magna sample. Sampling from the cisterna magna is not impeded by nerve 

roots in the way that an LP may be. In a group of animals (n = 10), we obtained a CSF sample via 

puncture of the cisterna magna using the same protocols required for most LP sampling (ie, 

ketamine anesthesia), thereby controlling for any effects due to anesthetic procedure or the 

removal of a volume of CSF. In Figure 3.3A, NFL values measured from the first cisterna magna 

sample are plotted against the value obtained from a cisterna magna sample performed 15 days 

later. In contrast to repeated LP sampling, a previous cisterna sample (mean = 252, SD = 124) did 

not result in a consistent increase in NFL on the second cisterna puncture (mean = 875, SD = 

1979; t[9] = 0.99, P = .35, two‐tailed). Because the data were not normally distributed, they were 

also analyzed non‐parametrically. The medians for the two cisterna samples were 232 and 278 

pg/mL, and the median percentage change was −3.94%. A Wilcoxon rank sum test revealed no 

significant difference (P = .92, two‐tailed). Comparing the effect of repeat LP (median % change 

= 162%) with repeat cisterna magna puncture (median % change = −3.94%) using a Mann‐

Whitney U test for independent samples revealed that the increase with repeated LPs was 

significantly greater than that for repeated cisterna magna punctures (P = .01, two‐tailed, see 
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Figure 3B). In summary, there was no consistent change in NFL with repeat cisterna magna 

puncture suggesting that the increase in NFL with repeat LP sampling was more likely due to 

local damage in the cauda equina, rather than ketamine anesthesia or removal of CSF. Note that 

while increases in NFL have been associated with general anesthesia in human patients 

undergoing surgical procedures34, most of the patients in that study also received spinal 

anesthesia (ie, a LP). Indeed, when general anesthesia was induced with sevoflurane in the 

absence of any surgical procedure, plasma NFL actually decreased over 5 hours35. 

3.5 Discussion 

When measured 2 to 3 weeks after an initial LP, NFL was highly elevated and Aβ and tau 

biomarkers did not change. While we observed a dramatic increase in NFL at time of 

measurement, the peak increase likely occurred earlier than that, and our subsequent experiments 

revealed that it may take 1 to 2 months or more for NFL to return to baseline, depending on the 

degree of elevation. Our final experiment shed insight on the mechanism underlying the increase 

in NFL after LP. We observed no increase in NFL when CSF was obtained by cisterna magna 

puncture, which is not impeded by nerve roots as is LP. This suggests that the increase in NFL 

after LP was not caused by ketamine or removal of a bolus of CSF (held constant in both 

experiments), but more likely by nerve root damage in the cauda equina. 

3.5.1 Implications for non-human primate models 

These results reveal a major limitation in the use of NFL as a biomarker in preclinical 

animal models of neurological disease, in which invasive CNS procedures are routinely 

performed. In our experience, any invasive CNS procedure, such as insertion of catheters into the 

lateral ventricle30,36, insertion of electrodes into brain tissue37, insertion of lumbar ports, and even 

simple atraumatic LPs can increase NFL concentrations. When using NHP models, caution 

should be taken in interpreting NFL when repeated LPs are performed to track disease 
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progression or treatment effects. Increases in NFL due to LP could artificially inflate disease 

progression or might mask reductions in NFL due to treatment. Indeed, in a recent study tracking 

NFL levels during induction of an NHP model of AD23, NFL concentrations reported were 

extremely elevated at baseline by almost an order of magnitude compared to our baseline levels, 

suggesting the cause was due to invasive procedures prior to first sample. Our results also 

confirm those reported by Barten et al.24 that insertion of a lumbar port results in an extreme 

elevation in NFL. Consistent with that study, we found that the return to baseline NFL levels can 

take up to 100 days, reflecting the long half‐life of neurofilament in the brain. 

For studies using NFL as a biomarker, cisterna magna puncture might be a better choice 

over LP to obtain CSF to avoid this confound. Alternatively, moving to blood based measures of 

NFL is advisable. Replicating our results in blood using SIMOA is a critical future direction. 

However, given that NFL concentrations in blood and CSF are highly correlated38, even blood 

samples would be affected by a previous LP or invasive neurological procedures. 

3.5.2 Potential implications for human studies 

There are two published studies in which NFL was analyzed after repeat LPs in humans; 

however, they are difficult to interpret. In one, there was no difference in NFL values taken about 

2 weeks apart, but patients were undergoing electroconvulsive therapy39; in the other, the data 

were not presented in a way that the reader can determine the order of sampling33. A recently 

published re‐analysis of this later study demonstrated that repeat sampling (3 days apart) resulted 

in elevated Aβ and tau, but not NFL40. This suggests: (1) LPs in NHP models may cause more 

damage than LPs in humans, suggesting a problem with translating the use of NFL between NHP 

models and the human studies; (2) the failure to observe an NFL increase was biased by the small 

sample size in that human study; (3) the NFL increase takes longer to manifest than the 3 days 

between samples taken in that study. 



 

63 

 

We strongly recommend that the influence of LP on NFL levels receive further study in 

humans, especially in older individuals, because, should our results translate, this potential 

confound could have serious implications for human trials in which NFL is used as a biomarker 

and repeat CSF sampling via LP is conducted. Further, patient groups are more likely than 

controls to have had a previous LP for diagnostic workup prior to enrollment in studies, which 

could inflate patient‐control differences in NFL. 
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Figure 3-1. The effect of previous lumbar puncture (LP) on cerebrospinal fluid biomarkers.  

The value of each biomarker obtained from the baseline LP is plotted against the value obtained from an 

LP performed 14 to 23 days later. A, Amyloid beta (Aβ)40 (n = 16); B, Aβ42 (n = 16); C, t‐tau (n = 15); D, 

p‐tau (n = 16); and E, neurofilament light (NFL;n = 22, 11 rhesus and 11 cynos). F, The percent change in 

biomarkers from LP1 to LP2 (%change = [LP2‐LP1]/LP1*100) is plotted along with their median and 

interquartile range, revealing that NFL was significantly elevated by LP (P < .0002, Wilcoxon rank sum 

test, two‐tailed), but Aβ and tau biomarkers were not (all ps>0.17, paired t tests, two‐tailed). Most animals 

were only anesthetized with ketamine for both LPs (16/22), the rest also received briefly masked isoflurane 

for LP1 and three of those were under full isoflurane anesthetic via intubation for LP2. 
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Figure 3-2. Timecourse of neurofilament light (NFL) elevation and decline after repeated lumbar 

punctures (LPs).  

A, The percent change in NFL from Figure 3.1E is plotted along with data from seven additional animals 

who had second LPs at longer delays, demonstrating that increases in NFL due to LP are not evident after 1 

to 2 months delay. Values at 58, 118, 201, and 365 days of separation were obtained from animals under 

full isoflurane anesthetic via intubation, in addition to ketamine. B, Values of NFL are plotted from a 

subset of NHPs from Figure 3.1E (n = 11) who had a second LP after 16 days, and a third LP after another 

69 days (85 days after original baseline). NFL concentrations were significantly elevated after 16 days (P < 

.03), and had decreased to near baseline levels after an additional 69 days. Most animals (8/11) had all LPs 

conducted under ketamine only. The others (3/11) received ketamine and masked isoflurane, with one 

under full anesthesia for LP2. C, In another animal, three LPs were performed (0, 14, and 26 days) and 

NFL was elevated after both the first and second LPs. Then, a lumbar port was implanted (requiring a 

fourth LP) to track the decline in NFL over time. NFL increased dramatically after lumbar port insertion, 

and then declined over 50 days after an exponential decay function (y = 50371e‐0.046x, R2 = 0.99) which 

predicted a return to baseline at 100 days. In addition to ketamine, this animal received brief masked 

isoflurane for LP1 and was under full isoflurane anesthetic via intubation for LP2 and lumbar port 

insertion. Samples after port insertion were taken with the animal awake in the home cage. 
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Figure 3-3. The effect of previous cisterna magna puncture on neurofilament light (NFL) 

concentration.  

A, The value of NFL obtained from the baseline cisterna magna puncture is plotted against the value 

obtained from a cisterna magna puncture performed 15 days later (n = 10, six rhesus and four cynomolgus). 

There is no significant change in NFL measured from repeat cisterna magna samples (P = .92, Wilcoxon 

rank sum test, two‐tailed). All animals were anesthetized using only ketamine. B, The median percent 

change in NFL for repeated lumbar punctures (14‐23 days apart) from Figure 3.1 is plotted next to the 

median percent change in NFL for repeated cisterna punctures (15 days apart). The change observed for 

repeated LPs is significantly greater than that observed for repeated cisterna punctures (P = .01, Mann‐

Whitney U, two‐tailed). 
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Chapter 4 

General Discussion 

4.1 General Contributions 

The goal of this thesis was to characterize and establish the factors, such as species, sex, 

age, and location of sample, that influence neurodegenerative disease biomarkers in the CSF of a 

colony of healthy, naïve cynomolgus and rhesus macaques. In order to validate future NHP 

models of neurological disorders, it is important to have a normative database for reference of 

baseline measures. 

In Chapter 2, we described the levels of Aβ40, Aβ42, tTau, pTau, and NFL in female and 

male cynomolgus and rhesus macaques that were various ages. We anticipated finding similar 

values between species because they are both old-world monkeys. However, we identified higher 

concentrations of Aβ40, Aβ42, and NFL in rhesus macaques when compared to cynomolgus 

macaques. While both macaque species are old-world monkeys, this represents a species-specific 

difference in these biomarkers. Should an NHP model be developed using both cynomolgus and 

rhesus macaques, it is important to note that their CSF samples should be interpreted separately. 

Additionally, we found significant sex differences. Female rhesus were higher in Aβ, and males 

were higher in tTau and NFL. In humans, this interaction between sex and Aβ42 and tTau has 

been studied when compared to longitudinal hippocampal atrophy in females1,2. Additionally, 

higher levels of CSF NFL have been found in males, which is also consistent with our NHP 

data3,4. Therefore, this highlights the importance of investigating both male and female NHPs 

when designing preclinical animal models. 

That Aβ biomarkers decreased with age in NHPs is consistent with human data. It is 

hypothesized that circulating Aβ42 in the CSF is decreased in AD patients, while Aβ42 found in 

the brain is increased, due to Aβ42 inclusion in amyloid plaques5–9. This would suggest that some 
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of the older NHPs could already be producing amyloid plaques as part of their aging processes. 

We also found decreased level of tTau and pTau in male rhesus with age, which was unexpected. 

Increased tTau levels have been found in aged humans9–12, which may suggest a human-NHP 

species difference, or could be due to the current colony demographics. With few aged NHPs, this 

effect of tau biomarkers would require further investigation. In addition, increased levels of CSF 

NFL in healthy individuals have been found in humans13. Our NFL data did not reach 

significance of increased or decreased levels, which could also suggest we require more aged 

NHPs to see an effect. 

Our results of decreased NFL in cisterna CSF are also important to note. When collecting 

CSF samples from NHPs, location of the sample collection should be kept consistent if measuring 

biomarkers overtime. One suggestion would be to collect both lumbar and cisterna CSF at the 

same time during baseline measures. Therefore, if a CSF sample is not acquired at a later time 

point from one of these locations, it could still be compared. One limitation with our study design 

was that we collected cisterna CSF on a separate occasion, and not at the same time as the LP. 

This may have influenced our results if the CSF was collected at a different time of day, or if 

errors in sample collection and processing occurred. Future studies should include collecting 

additional cisterna CSF samples to increase our sample size and collecting lumbar CSF during 

those same time points. 

For this thesis, we were able to collect and analyze samples from 82 healthy NHPs (33 

cynomolgus and 49 rhesus). This study represents the largest macaque sample of CSF Aβ, tau, 

and NFL biomarkers analyzed in naïve, control NHPs. Most NHP studies have limited sample 

sizes14–19 due to the ethics, cost, and maintenance of housing NHPs. Older NHPs have often been 

repurposed from other studies, thus confounding age-associated changes independent of disease. 

We were able to leverage the colony at Queen’s University while these animals were 

experimentally naïve before they were placed on additional studies. 



 

73 

 

In Chapter 3, we explored why NFL was increased after performing an LP. This elevation 

in NFL levels persisted for up to 100 days. This effect was specific to NFL; Aβ and tau 

biomarkers remained unchanged following repeated LPs. Importantly, we are one of the first 

groups to characterize NFL in the CSF of NHPs. In one other study using an NHP model of AD, 

CSF NFL was analyzed in 6 female rhesus: 4 were injected with AβOs and 2 with scrambled Aβ 

preparation14. While these CSF samples were collected via cisterna puncture and not through 

repeated LPs, intracerebroventricular injections cause damage, which can confound results by 

elevating NFL independent of the model created. While they saw no significant increase in NFL 

during or post AβO injections, baseline measures of NFL were reported from 2000 – 4000+ 

pg/ml, which is much higher than what we have reported in both lumbar and cisterna samples14. 

Our findings of increased NFL following repeated LPs are critical for researchers when 

designing CSF collection time points in both animal models and human studies. While further 

research is required to elucidate the mechanism of increased NFL after LPs, performing repeated 

cisterna punctures over an acute time period may be an alternative method, as we did not see a 

significant increase in NFL (see Fig. 3.3). Using the minimally invasive lumbar port method is 

another alternative to tracking NFL during an acute time period. However, we found that the 

initial surgery caused NFL to become highly elevated (Fig. 3.2), which would require researchers 

to wait several months before collecting baseline data. This then adds additional time before 

experiments can be started and runs the risk of losing patency of the lumbar port. Our results 

would suggest that any surgeries following the initial implantation to fix or replace the lumbar 

port would also cause NFL to increase again. Thus, this makes tracking NFL in NHP models 

difficult. As mentioned previously, while this effect of repeated LPs has not been observed or 

studied in human studies, should it translate to humans, it could also confound clinical trial data. 

When designing CSF sampling time points, adequate time between LPs should be accounted for 

so that NFL is not elevated independent of disease. 
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4.2 Comparison of CSF biomarkers: Humans vs NHPs 

In humans, CSF concentrations of Aβ40, Aβ42, tTau, pTau, and NFL have been 

investigated longitudinally in healthy, aged controls (see Table 4.1 for summary). For example, 

varying concentrations of Aβ40 have been found in the CSF of cognitively normal adults with 

mean values of 8958(4464) pg/ml20 and 4003(1185) pg/ml21. Our average values reported in 

cynomolgus and rhesus macaques were lower, ranging from 1391 – 2974 pg/ml (see Table 2.1). 

This could be due to assay differences or species-specific differences. Additionally, Aβ42 

concentrations in large cohorts of cognitively healthy controls have mean values that ranged from 

211(57) pg/ml22, 257(25) pg/ml6, 652(235) pg/ml20, 700(182) pg/ml23, and 838(253) pg/ml21. In a 

multicenter sample of cognitively normal subjects, reported values of Aβ42 ranged from 200-

1250 pg/ml across the age span of 40-80+ years24. Thus, in both cynomolgus and rhesus 

macaques, our average values ranging from 262-605 pg/ml are comparable to humans. 

 Similarly, varying concentrations of tTau in healthy, aged humans have been reported. 

For example, mean values of tTau ranged from 59(18) pg/ml6, 73(30) pg/ml22, 215 (78.3) pg/ml21, 

285(151) pg/ml20, and 326(157) pg/ml23. In humans aged 40-80+ years, tTau concentrations 

ranged from as little as 50pg/ml – 1250 pg/ml, with higher tTau concentrations found in APOE ε4 

carriers included in the analysis24. The cynomolgus and rhesus macaques tTau values we reported 

averaged from 156 pg/ml – 355 pg/ml, indicating similar concentrations between humans and 

NHPs. Average concentrations of pTau in human controls have been reported as 21(7.8) pg/ml6, 

25(11) pg/ml22, 47.9(14.8) pg/ml21, 52(23) pg/ml20, and 61.2(17.3) pg/ml23. In the multicenter 

study, pTau concentrations ranged from 10-150 pg/ml24. Again, the NHP colony values were 

similar, averaging from 31-41 pg/ml, indicating CSF tau values are comparable across species. 

 Finally, NFL has been investigated in healthy control subjects. In one study, samples 

were acquired from healthy individuals aged <30-60+ years13. Median NFL concentrations were 

187(94) pg/ml in subjects less than 30, 274(66.5) pg/ml between 30 to <40 years old, 466(275) 
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pg/ml between 40 to <60 years, and 693(568-1239) pg/ml in subjects 60+ years old13. In 

cynomolgus and rhesus macaques, we found NFL concentrations averaging 175-515 pg/ml, 

which is similar to this study. However, higher values of NFL have also been reported in the 

literature. For example, median NFL concentrations were reported as 1047(809-1265) pg/ml 

when compared to patients with AD and mild cognitive impairment25. In a systematic review and 

meta-analysis of the diagnostic value of NFL, data from over 1300 healthy control subjects were 

analyzed and NFL concentrations ranged from an estimated 64-4000+ pg/ml, with the majority of 

subjects reported less than 1000 pg/ml3. This difference between humans and NHPs could be due 

to age differences, as a positive association of NFL with age was identified in the human healthy 

controls. However, the meta-analysis also revealed a systematic error in reported concentrations 

from several facilities: a dilution error was found in the interpretation of the results, causing 

inflated values of NFL3. Raw NFL values were obtained from these facilities and corrected for in 

the meta-analysis, but previous published papers with this error were not specified3. As the 

concentrations of Aβ, tau, and NFL biomarkers observed in NHP CSF were similar to those 

reported in humans, this supports the translation of biomarker values between NHPs and humans. 
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Table 4-1. Summary of previous human studies analyzing cerebrospinal fluid biomarkers 

Abbreviations: Aβ, amyloid beta; AGM, African green monkey; NFL, neurofilament light; pTau, 

phosphorylated tau Thr181; tTau, total tau. 

4.3 Future directions: CSF biomarkers 

While we chose to investigate Aβ, tau, and NFL biomarkers in NHPs to represent 

baseline measures for a variety of disorders, other biomarkers related to neurodegeneration could 

also be analyzed. Synaptic dysfunction occurs in several neurodegenerative disorders, and 

molecular biomarkers related to this may be of interest. Recently, increased levels of CSF 

neurogranin (Ng), a neuron-specific post synaptic protein abundantly expressed in the 

hippocampus and cortex, have been found in AD patients26–29. Ng is thought to be involved in 

synaptic plasticity and long-term potentiation through binding and regulating calmodulin, which 

is why it is of particular interest as a cognitive biomarker26. However, increased Ng was only 

found in AD, with conflicting reports of both increased and decreased Ng in Parkinson’s 

disease28,30,31, and no alterations in Huntington’s disease32. Therefore, including Ng in our panel 

of colony control CSF biomarkers may be useful for developing NHP models of AD and aging. 

Source Aβ40 (pg/ml) Aβ42 (pg/ml) tTau (pg/ml) pTau (pg/ml) NFL (pg/ml) 

Fagan et al, 

2009 

8958(4464) 652(235) 285(151) 52(23)  

Verbeek et 

al, 2009 

4003(1185) 838(253) 215(78.3) 47.9(14.8)  

Mattsson et 

al, 2013 

 211(57) 73(30) 25(11)  

Mattsson et 

al, 2015 

 257(25) 59(18) 21(7.8)  

Buchhave et 

al, 2012 

 700(182) 326(157) 61.2(17.3)  

Toledo et al, 

2015 

 200 - 1250 50 - 1250 10 - 150  

Vågberg et 

al, 2015 

    187(94) - 693(568-

1239) 

Zetterberg et 

al, 2016 

    1047(809-1265) 

Bridel et al, 

2019 

    64 - 4000 
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In addition to synaptic dysfunction, neuroinflammation is also a common feature in many 

neurodegenerative disorders. For example, chitinase-3-like-1 (YKL-40), a glycoprotein expressed 

by astrocytes and microglia, has been studied in a variety of disorders such as traumatic brain 

injury, MS, AD, and Parkinson’s disease29,33–37. Increased levels of YKL-40 have been found in 

these disorders, indicating abnormal glial activation. 

Finally, it has also been suggested that the CSF Aβ42/Aβ40 ratio has better predictive 

value for AD when used in combination with other biomarkers38–42. The Aβ42/Aβ40 ratio may 

allow for better diagnostic performance because it can account for inconsistences in sample 

handling, as Aβ42 adsorption can occur during aliquoting of samples43. It has also been proposed 

to control for effects in patients with low and high Aβ load44. By analyzing additional CSF 

biomarkers in naïve, healthy NHPs, we could create additional reference values for use with a 

variety of NHP models. 

4.4 Future directions: Lumbar ports 

In Chapter 3 we briefly mentioned the use of a minimally invasive lumbar port45. Lumbar 

ports are an important refinement to collecting CSF and gives rise to several future experiments. 

While the lumbar port requires an initial anaesthetic event for the surgical procedure, following 

this, CSF can be collected in awake, behaving NHPs. Thus, any confounds including anaesthetic 

are removed. NHPs can be trained to present the port in their home-cage or while seated in a 

primate chair which also reduces stressful events. This allows for both acute and chronic 

sampling of CSF. Recently, the association of Aβ and circadian rhythms have been investigated 

in AD46–51. Diurnal patterns have been observed in Aβ, fluctuating with the sleep-wake cycle. 

Using a lumbar port would give us the opportunity to investigate this, as samples could be 

collected throughout the day. It would give us an important insight into the effect of anaesthetic 

and time of sample collection. 
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4.5 Future directions: Blood based biomarkers 

While CSF biomarkers have been established in multiple neurodegenerative disorders 

and can be used as screening tools, obtaining CSF through an LP is invasive and complications 

such as headaches can occur52. It also requires a skilled technician and the availability to process 

and store samples, which can increase the overall cost of performing the LP. Additionally, 

acquiring samples can be difficult in obese patients53,54, when spinal stenosis is present, and can 

lead to blood contamination. Therefore, a non-invasive and inexpensive test would be ideal. 

Blood based biomarkers in plasma and serum afford this opportunity, but not without their own 

set of complications. 

Brain derived biomarkers are often found in very low concentrations in the blood due to 

lack of transportation across the blood-brain barrier. Additional processing steps are often 

required as confounding materials such as red and white blood cells, platelets, and other proteins 

can interfere with the assays55. Further, proteolytic degradation of these biomarkers may also 

occur, which in turn can lead to false concentrations in the sample. However, collecting blood 

samples from patients is much easier, and provides a tantalizing way to investigate molecular 

biomarkers via less invasive means. Therefore, sensitive and specific assays are required. An 

emerging technology, single-molecular array (SIMOA), has allowed for ultrasensitive 

quantifications of Aβ, tau, and NFL biomarkers56–59. While these blood biomarkers are still being 

validated for clinical use, they represent the potential to move towards a more non-invasive 

diagnostic test.   

Moving forward, plasma and serum samples from the NHP colony could be analyzed for 

Aβ, tau, and NFL biomarkers. This would allow us to characterize their levels in healthy, naïve 

animals to use as reference values before using them in NHP models of disease. It would also 

allow us to investigate correlations between CSF and blood biomarkers in NHPs, and if there are 

species, sex, and age differences in blood biomarkers. As mentioned previously, we could 
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analyze NFL in plasma when performing repeated LPs to see if increased NFL is found in both 

the CSF and blood. Combining various biomarker platforms when validating NHP models of 

disease can facilitate a better understanding of underlying mechanisms of pathogenesis. 
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