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ABSTRACT 

Transmissible spongiform encephalopathy is a group of neurodegenerative diseases that 

affect the central nervous system. They result from the misfolding of a normal cellular prion 

protein (PrPC) into its abnormal isoform called scrapie prion protein (PrPSc). These groups 

of diseases affect different species, including chronic wasting disease (CWD) in cervids, 

scrapie in sheep and goats, Creutzfeldt-Jakob disease (CJD) in humans, and bovine 

spongiform encephalopathy (BSE) in cattle. BSE is particularly concerning because it is 

zoonotic and may cause variant CJD in humans when BSE-contaminated meat is 

consumed. Diagnosing BSE involves post-mortem testing that requires euthanasia and 

brain extraction, which is invasive, time-consuming, and expensive.  

Given these limitations, it is paramount to explore the potential for BSE detection in 

live cattle, with surrogate biomarkers being the most promising approach. A candidate 

biomarker that should be easily detectable in live subjects using a less invasive method, 

such as blood sampling. In this context, neurofilament light (NfL), a protein biomarker, is 

well documented in the literature and has been successfully identified in both the 

cerebrospinal fluid (CSF) and blood in cases of scrapie and CJD.  

Since neuronal loss is a key hallmark of prion diseases, and NfL is a marker of neuronal 

damage, it can be a favourable candidate biomarker. This study examined the potential of 

NfL as a premortem diagnostic tool for detecting BSE. This was accomplished by assessing 

NfL regulation in relation to PrPSc deposition in the brains, followed by analysis of NfL 

levels in the CSF and blood of both BSE-positive and BSE-negative cattle. Overall, this 

study is the first to provide evidence of NfL's potential to differentiate between BSE-

positive and healthy cattle premortem. 
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1. Introduction 

1.1. Prion Diseases 

These are a group of neurodegenerative diseases, alternatively known as Transmissible 

Spongiform Encephalopathies (TSEs), caused by a pathogenic agent known as prion [1]. 

Such a group of diseases is striking, as neither bacteria nor viruses cause them. Instead, 

prions are protein particles formed by the misfolding of normal cellular prion protein (PrPC) 

into a pathogenic form (PrPSc). Once misfolded, these proteins become infectious by 

forming large aggregates in the central nervous system (CNS), leading to neuronal damage, 

neuronal dysfunction, and eventual cell death, leading to degeneration of the brain [2]. 

These diseases manifest in a variety of species, including humans and animals, such as 

Creutzfeldt-Jakob disease (CJD) in humans [3], chronic wasting disease (CWD) in cervids. 

[4], scrapie in sheep and goats [5], and bovine spongiform encephalopathy (BSE) in cattle 

[6]. 

1.1.1. Properties of PrPC and PrPSc 

These proteins have a central core that resists degradation [6, 7], Although the 

molecular basis of how PrPC transforms into PrPSc remains unclear, prions lack nucleic 

acids and replicate by recruiting host-encoded PrPC [6]. The conversion of PrPC into 

abnormal PrPSc involves conformational changes that significantly alter PrPC’s functions 

and features, rendering it highly infectious properties. In their physiological form, PrPC are 

mainly composed of alpha helices, accounting for 43% of the entire structure. In contrast, 

in their misfolded form, PrPSc, most alpha helices are converted into beta sheets, which 

make up 42% of the overall structure, compared to 3% in the physiological configuration 
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[1, 5, 7]. Those beta sheets are necessary for providing the stability needed by PrPSc, thus 

facilitating oligomerization and elongation of fibrils and leading to the formation of larger 

aggregates that are difficult to break down [6], thereby damaging neurons by interfering 

with neuronal cell function [5, 8].  

The physiological form of these proteins, PrPC, are considered essential for the cell due 

to their roles in cellular processes. They are involved in neuronal development, as 

evidenced by PrPC knockout mouse models showing reduced neuronal precursor cell 

proliferation [27], and in cell adhesion, differentiation, and cell-to-cell communication [28, 

29]. Interactions of PrPC with other proteins are important for extending neurites, guiding 

axons, and promoting synapse formation [29], neuroprotection [30, 31]. Additionally, they 

participate in the production and maintenance of myelin [21, 22], control ion uptake and 

detoxify excess ions in the nervous system [32, 33], and take part in signal transduction 

[34, 35] and the regulation of circadian rhythms [36]. Therefore, the proper three-

dimensional structure of these proteins is essential for them to perform their functions 

effectively [37].  

Structural changes in prion proteins because of misfolding, can lead to a loss of their 

physiological functions and the acquisition of toxic effects. The creation of PrPSc and its 

accumulation in cells impair the neuroprotective role of PrPC by interfering with autophagy 

and lysosomal systems that break down aggregated proteins [9-11]. Additionally, 

trafficking of PrP from the ER is disrupted, leading to reduced translation, weaker neurons, 

synaptic loss, and cell death [12-15].  Moreover, misfolding can trigger toxic pathway 

cascades similar to those observed in Alzheimer's disease, including kinases, that disrupt 

cellular functions [16-20].  
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1.2. Bovine Spongiform Encephalopathy 

The BSE is a prion disease of cattle, which causes PrPSc deposition and aggregation 

primarily in the CNS, leading to progressive neuronal damage and spongiosis in the brain 

[21, 22]. The first case of BSE was found in the UK in 1986, and it soon developed into an 

epidemic [20, 21]. Later, BSE in cattle was linked to a prion disease in humans, variant 

CJD, which was believed to be caused by the consumption of BSE-contaminated meat, 

indicating that BSE was a zoonotic disease [23, 24].  In the meantime, BSE had spread 

globally through trade and the exchange of infected cattle, allowing the disease to reach 

various other countries, including Canada. Canada reported its first case of BSE in 1993, 

and after confirmation, it was determined that the cattle had been imported from the UK. 

Later in 2003, the first Canadian-born case was identified, leading to subsequent huge 

economic losses from the ban on international trade of Canadian cattle and their products 

and heightened public health concerns over potential transmission to humans [25]. In 

response to the rise of this epidemic, the Canadian government implemented strict new 

measures to control the spread of the disease, including the establishment and enforcement 

of an enhanced surveillance program for BSE and a ban on the inclusion of specified risk 

materials (SRM) in human food and animal feed [26, 27]. The SRM refers to tissues from 

affected cattle in which prions are highly prevalent, which include the skull, brain, 

trigeminal ganglia, eyes, tonsils, spinal cord, and dorsal root ganglia for calves 30 months 

of age or older and the distal ileum for calves of all ages [6, 22, 28]. The program aimed to 

control the risk of BSE transmission to human and cattle by eliminating the recycling of 

the pathological agent (PrPSc), and indeed, it proved successful in reducing the overall 

number of BSE cases in Canada. The success of this program helped Canada gain 
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recognition from the World Organization for Animal Health (WOAH) as having negligible 

BSE risk in 2021 [29]. This model facilitated collaboration between the Canadian 

government and the cattle industry to mitigate the risk of BSE [25]. As part of these 

mandates, all farmers and animal facilities were required to comply with those measures 

by keeping detailed records of animal identification and tracking any potential clinical signs 

of BSE. These signs include but not limited to, low head carriage, ataxia, incoordination, 

inability to rise, losing weight, low milk production, aggressive behaviour, sensitivity to 

light, teeth grinding, and hesitation against any obstacles [6, 22, 30, 31]. Thus, when these 

symptoms are combined with age, it is what makes an animal a BSE candidate [6, 22, 30, 

31].  

At any point, if an animal becomes a BSE candidate based on the presentation of 

relevant clinical signs and qualifying age, they must be euthanized, and brainstem must be 

extracted and tested using a validated rapid surveillance screening test (e.g., Bio-Rad 

TeSeE ELISA) to identify the presence or absence of the pathogenic agent, PrPSc [32, 33]. 

Following initial screening, if the results are initially reactive, a confirmatory test using 

immunohistochemistry or Scrapie-associated fibrils (SAF) immunoblot must be performed 

on the brainstem at the level of obex [34, 35]. However, there is currently no valid ante-

mortem test available for screening live animals, and the only option for screening for BSE 

is limited to autopsy. Thus, preventing early disease detection because the pathological 

agent is primarily located in the CNS [36, 37], which underscores the need to investigate 

and develop potential diagnostic tools to detect BSE in live animals.  

What further complicates prion diseases is their long incubation periods (up to 

decades) [38], which delays symptom onset; thus, animals can remain silent carriers 

for many years before exhibiting clinical symptoms. Once clinical signs become 
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visible, it means that the disease has progressed substantially, and the animals would 

die shortly after, as the pathogenic agent would have manifested in its advanced stages, 

causing irreversible damage [21, 39-42].   

Having more than one type makes BSE more concerning and adds another layer of 

complexity to the disease. BSE has two forms: classical (C) BSE, which results from 

ingesting feed contaminated with BSE [29, 30], and atypical, which develops 

spontaneously [31] in older cattle. Atypical BSE also has two subtypes, classified as low 

(L) or high (H), which differ in their biochemical properties, as visualized on a Western 

blot, including the molecular mass of PrPSc [29,31]. 

Considering three strains of BSE, it is important to identify the type in case of a BSE 

positive animal, as each strain may reflect distinct routes of spread and therefore different 

associated risks. For example, from the perspective of disease control measures, identifying 

C-BSE, would mean contamination of animal feed with a TSE agent, require back tracing 

to track the point of contact of animal feed with a TSE agent to eliminate the source of 

contamination. Due to the fact that C-BSE in cattle occurs due to the consumption of a 

contaminated feed would also mean possibly more animals being exposed to the same 

contaminated feed, potentially more cases, hence requiring culling and more testing and 

lastly resulting in international trade restrictions on livestock and livestock products. 

However, this can be different if there is an H type or L type BSE case, as atypical BSE is 

spontaneous in nature and has less impact on international trade. However, back tracking 

to ensure the carcass of an affected animal, irrespective of the type of BSE, is secured 

appropriately to prevent its entry into food or feed chain will be still required.  

For distinguishing the three types of BSE, western blot is a vital tool as it assesses the 

molecular weights of the prion proteins’ resistant core. Prion protein shows three distinct 
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bands in western blot due to saccharide occupancy at the two N-glycan sites, Asn181 and 

Asn197, resulting in three possible forms of PrP such as diglycosylated, mono-

glycosylated, and non-glycosylated. However, the percentage compositions of each 

glycoform (di, mono, un) vary between BSE strains forming a glycoform profile, and the 

relative sizes of those bands also differ [43, 44].  These biochemical features are quite 

conserved between these types of BSE and very helpful in accurately distinguishing 

between various types of BSE through western blot.  

1.3. Premortem Detection of BSE 

Currently, there is no pre-mortem test available to detect BSE, and developing such a 

test would be promising, as it could help prevent the accidental introduction of the disease 

into the food and feed supply. If such an approach is developed, it could enable early 

detection of clinical suspects and removal from the population. While pre-mortem detection 

of BSE is limited, testing surrogate biomarkers is well established in many 

neurodegenerative diseases, including those affecting humans. Biomarkers like Tau and 

14-3-3 are known to aid in diagnosing several human neurodegenerative diseases like 

Alzheimer, dementia, Parkinson, ALS, and CJD [49-51]. A similar strategy has not yet 

been employed for TSEs in the livestock sector, highlighting the need for further research 

into early diagnostic methods for animal neurological disorders, such as BSE [52]. 

However, the above-mentioned biomarkers have limitations, mainly because they are 

detectable only in cerebrospinal fluid (CSF) and not in blood [53]. While CSF can be 

collected from humans, obtaining it from animals is invasive and challenging, making it 

less practical for animal studies.  
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Recent studies have identified a new, more promising biomarker candidate: 

neurofilament light chain (NfL). NfL is a cytoskeletal protein that has attracted significant 

attention in the field of neurodegenerative diseases, as it can be readily detected in both 

CSF and blood, making it an ideal marker of neuronal damage and a potential pre-mortem 

diagnostic tool [45]. Numerous studies have demonstrated that measuring CSF NfL levels 

can aid in the differential diagnosis of CJD and neuronal damage [45, 46]. Moreover, the 

NfL was successfully captured in a variety of prion diseases, including scrapie in sheep and 

CJD in humans and was found elevated in both CSF and blood [47]. Given the similarities 

in the pathogenesis of prion disease in humans and animals, as BSE shares relatively high 

sequence homology (86%) with humans [11], NfL appears to be a potential biomarker that 

could provide a realistic pre-mortem diagnostic approach for BSE. 

The NfL plays a role in maintaining axonal stability and growth and is mainly expressed 

in myelinated axons, which support axonal development and function [48, 49], and is a core 

factor in the cytoarchitecture and function of neurons [50-54]. Following axonal injury or 

neurodegeneration, NfL is released from damaged neurons into the extracellular space, 

increasing its concentration in cerebrospinal fluid (CSF) and eventually in blood [47, 50]. 

This release of NfL can also result from normal aging and maturation processes; therefore, 

the detected NfL level can serve as an indicator of the degree of brain damage. Thus, the 

NfL does not merely serve as a biomarker of neuronal damage; it also indicates the severity 

of damage at any point in time during neuronal-damaging disorders [28]. 

The NfL serves as a diagnostic marker for neurodegenerative diseases in humans, as it 

can detect neuronal damage caused by infections and prion-related diseases. While NfL 

shows strong potential as a biomarker for various prion diseases, we hypothesize that NfL 

can differentiate between BSE-positive and BSE-negative animals’ antemortem. To prove 
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this, comprehensive validation and further research are required before it can be used for 

pre-mortem detection of BSE. Improving detection methods to make BSE and prion disease 

diagnoses more consistent and reliable is essential in enhancing pre-mortem diagnostic 

capabilities. 

1.4. Objectives 

This research aims to investigate NfL as a biomarker for neuronal damage in BSE. It 

can provide a quick, non-invasive way to detect BSE in live animals. To achieve this, the 

project includes three specific objectives. 

I. Examining the link between PrPSc deposition and NfL spatial regulation in post-

mortem brains of cattle challenged intracranially with BSE-positive and negative 

brain homogenate. Since NfL is a well-known biomarker of neuronal damage, this 

will help understand how NfL levels associate with PrPSc deposition across the CNS 

during the pathogenesis of prion disease in BSE. 

II. After examining the spatial regulation of NfL and its association with PrPSc in the 

brain, it is crucial to measure its levels in the post-mortem CSF of both BSE-positive 

and negative cattle. This will help determine whether NfL can distinguish between 

BSE-negative and positive animals and compare these findings with previous 

studies on NfL in sheep and humans.  

III. Then, the project's milestone will be to assess NfL levels in premortem blood 

samples from animals that were experimentally challenged, with blood collected 

while the animals were still alive. This step is crucial to the study as it will evaluate 

whether NfL provides a less invasive method for differentiating between BSE-

positive and negative animals while they are still alive.   
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Investigating the use of NfL as pre-mortem biomarkers could enable early detection of 

BSE in living animals. If proven effective, this research might support the development of 

new methods for diagnosing neurodegenerative diseases in animals, potentially improving 

animal health globally. 

2.  Materials and Methods 

2.1.  Experimental Design 

To explore the potential of NfL as a biomarker for neuronal damage in BSE, it was 

essential to investigate and establish the relevance of NfL regulation during BSE 

pathogenesis and to determine whether NfL could distinguish between BSE-positive and 

BSE-negative animals in body fluids such as CSF and blood without requiring euthanasia. 

First, to assess relevance, NfL and PrPSc levels were determined in various regions of the 

CNS using an Enzyme-Linked Immunosorbent Assay (ELISA) for NfL and an IDEXX 

HerdChek 43-13466-00 antigen-capture enzyme immunoassay (EIA) for PrPSc, 

respectively. These results for NfL and PrPSc were further validated by 

immunohistochemistry (IHC). For these experiments, a total of 12 animals were used, with 

n = 3 per group: negative control, C-BSE, H-BSE, and L-BSE, as shown in Table 1. Of 

these animals, seven CNS regions were included. Outcomes from NfL ELISA, IDEXX-

EIA, and IHC experiments were analyzed to assess the correlation between NfL regulation 

and PrPSc deposition across multiple brain regions. 

Second, to investigate the potential of NfL to differentiate between BSE-positive and 

BSE-negative animals, NfL levels were analyzed in postmortem CSF samples from BSE 

animals (n=13; including C-BSE=5, H-BSE=2, L-BSE=2) and compared with those in 
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healthy control animals (n=4). This was achieved by using the Quanterix NF-Light ELISA 

kit for CSF (Uman Diagnostics, 10-7002-RUO). 

Last, to explore the potential of NfL to differentiate between BSE-positive and BSE 

animals antemortem, NfL levels were measured in the antemortem serum samples of BSE 

(n=15; including C-BSE=6, H-BSE=3, L-BSE=3) and healthy control animals (n =3) using 

the Quanterix NF-light ELISA kit for serum (Uman Diagnostics, 20-8002-RUO).  

Outcomes of these experiments were further analyzed to determine the specificity and 

sensitivity of NfL for diagnosing BSE antemortem in clinical serum samples from live 

animals.  

Throughout this project, all examined CSF and serum samples were previously stored 

for extended periods. Some were used in other studies, exposing them to freeze-thaw cycles 

and varying storage temperatures, especially during freezer malfunctions. Therefore, to 

ensure these factors did not influence the results, it was necessary to assess whether 

exposure to multiple freeze-thaw cycles and different storage temperatures affected NfL 

levels due to degradation, as described in [58, 59]. Stability assessment was achieved by 

intentionally exposing CSF and serum samples from C-BSE animals to multiple freeze-

thaw cycles and different storage temperatures and comparing them with samples that had 

not been exposed to these conditions. The evaluation was conducted by testing NfL levels 

in CSF and serum samples using CSF- and serum-specific NfL ELISA kits, respectively, 

and evaluating the results to determine the impact of environmental conditions on NfL 

levels in these samples. 
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2.2. Materials: 

 BSE-positive brain materials, along with controls, were obtained from the in-house 

animal library at the Canadian BSE reference laboratory, National Centre for Animal 

Disease (NCAD) in Lethbridge. Regions of the CNS analyzed included frontal cortex (FC), 

thalamus (Th), hippocampus (Hp), occipital cortex (OC), obex (Ob), cerebellum 

hemisphere (CH), and cerebellar peduncle (CP). All of these tissues belonged to cattle that 

had been experimentally challenged via intracranial inoculation (i.c.) using brain 

homogenates (BH) from different types of confirmed BSE cases (C, H, and L) or from 

healthy cattle.  Calves exposed to BH from healthy cattle served as negative controls and 

were housed together with calves challenged with BSE-positive material. Briefly, upon 

arrival at the laboratory, the calves were examined, tagged, and housed in the 

biocontainment level 3 unit. To reduce stress, all animals were kept together and provided 

with appropriate care, including feed and water. Before inoculation, the animals were 

closely monitored daily to ensure they remained perfectly healthy.  

After one-week of acclimation period, the animals were sedated using a mixture of 

xylazine and ketamine, as described for those animals in a previous study [55]. For a local 

anesthetic, a small incision was made to facilitate Lidocaine injection into the midbrain. A 

22-gauge needle was used to create a 1.6 mm hole in the skull, into which 1 mL of 10% 

BH was directly administered into the midbrain at the junction of the parietal and frontal 

bones. Once the BH inoculation was complete, the skin on the skull was sutured, and 

antibiotics were administered. For 30 days post-challenge, the calves were kept in 

biocontainment level 3, after which they were moved outdoors to a bio-confinement. 
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At that point, all calves were monitored daily by animal care staff and weekly by a 

veterinarian and project lead to evaluate their clinical health until any signs appeared, 

mainly determined by the animal's inability to rise, loss of appetite, and loss of body 

condition. Once clinical signs were observed, the animals were immediately euthanized, 

and their brain tissues were collected during necropsy in the presence of a pathologist. This 

enabled accurate identification and separation of various regions of the CNS for subsequent 

analysis. However, in the control group, the animals’ lifespans were predetermined. At 

post-mortem, all collected brain tissues were divided into two halves: one stored at -80°C 

for molecular analysis, and the other fixed in formalin for histology and 

immunohistochemistry. Additionally, post-mortem CSF was collected, aliquoted, and 

stored at -80°C until further analysis. Blood samples were regularly taken every six months 

throughout the animals' lifespan, with the last blood samples collected just before 

euthanasia. The blood samples collected just before euthanasia were referred to as clinical 

blood samples and were used for ante-mortem analysis at the clinical stage in this study. 

These blood samples were processed at the time of collection to separate serum and plasma, 

which were stored at -80°C for future use. Table 1 provides a comprehensive overview of 

all animals included in this study. 

Table 1: Summary of all intracranially (IC) challenged animals used in the study. X denotes that a sample 

was available, whereas NA denotes that a sample was not available. 

Animal ID 

Age at 

Inoculation 

(months) Inoculum 

Inoculation 

route 

Age at 

Euthanasia 

(months) Brain CSF Blood 

27022 7 Control IC 18.8 X X NA 

27031 7 Control IC 17.9 X X X 

27029 7 Control IC 33.9 X X X 

29059 5 Control IC 19.8 Substitute X X 
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25015 7 C-BSE IC 25.6 X X X 

25022 7 C-BSE IC 27 NA X X 

25023 7 C-BSE IC 26.9 NA X X 

25032 7 C-BSE IC 26.1 NA X X 

29024 5 C-BSE IC 19.7 X X X 

29026 5 C-BSE IC 18.4 X X X 

21429 6 H-BSE IC 74.8 X X X 

29018 5 H-BSE IC 17.7 X X X 

29033 5 H-BSE IC 17.3 X X X 

21406 6 H-BSE IC 79.7 X X NA 

29012 5 L-BSE IC 17.9 X X X 

21419 6 L-BSE IC 64.2 Substitute NA X 

29030 5 L-BSE IC 17 X X X 

 

2.3. Methods:  

2.3.1. Evaluating PrPSc Levels in the Brain Using ELISA IDEXX HerdChek 

PrPSc levels in different regions of the CNS of BSE-challenged animals (C-, H-, and 

L—type BSE; n = 3) and respective controls (n = 3) were determined using a commercial 

IDEXX—EIA kit on BHs [22, 56]. Briefly, the tissues weighing approximately 0.30 ± 0.05 

g were trimmed and homogenized in an IDEXX homogenization buffer. For 

homogenization, the tissue samples were processed through the Fisherbrand Bead Mill 

Homogenizer 24 at full speed (6 m/s) for two 23-second cycles. If the samples were not 

thoroughly homogenized, the cycle was repeated after a 5-minute pause. This IDEXX EIA 

method uses selective antigen-antibody binding in a seprion ligand-coated 96-well plate by 

adding 100 µL of buffered samples (BHs) in duplicate into each well. This was followed 
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by incubation at room temperature for 45-60 minutes with agitation (200±100 rpm), and 

three washes with a wash buffer to remove unbound BH. 

Next, 100 µL of conditioning buffer was added to each well, and the plate was sealed 

and incubated for 10 ± 1 minutes. Then, an enzyme-linked secondary antibody, the 

conjugate, was introduced. The plate was incubated for 45 minutes to allow the conjugate 

to bind to the captured antigen. After another wash, 100 µL of 3,3’,5,5’-

Tetramethylbenzidine (TMB) substrate was added to each well. The plate was incubated in 

the dark for 15 ± 1 minutes to enable colour development. Next, 100 µL of acid stop 

solution (1 M HCl) was added to stop the reaction. Absorbance readings were then taken, 

and the colour intensity, which reflects the quantity of the target protein, was measured 

using a BioRad IMark plate reader at 450 nm with a reference wavelength of 620-650 nm. 

Each plate of the individual IDEXX run included additional internal negative and positive 

controls to monitor the performance and variability of each run compared to others.  

2.3.2. Evaluating NfL Levels in the  Brain Using CSF NF-Light ELISA  

Similarly, NfL levels in different regions of the CNS of BSE-challenged animals (C-, 

H-, and L-type; n = 3) and controls (n = 3) were measured using Quanterix Human NF-

Light ELISA kit for CSF (Uman Diagnostics, 10-7002-RUO), which employ an antibody-

coated 96-well plate and the same samples described for the IDEXX EIA were tested. The 

assay involved preparing a series of standard solutions ranging from 125 to 5000 pg/mL 

using the provided diluent. These standards were tested alongside the samples on the same 

plate. The protocol recommended only a 2-fold dilution; however, this proved ineffective 

due to species- and sample-specific variation (e.g., brain tissue instead of CSF), and the 

NfL reading exceeded the kit's detection limit. Samples were diluted multiple times over a 
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broad range (3000-9000-fold), as NfL levels were extremely high and highly variable 

across brain regions.  

The 96-well plates, pre-coated with a human anti-NfL antibody, were pre-washed with 

the provided buffer using the QUANTX 3 program incorporated in the BioRad plate 

washer, applying 300 µL of buffer to each well three times. Following this, 100 µL of 

diluted standards and samples were added to their designated wells in duplicates and 

incubated for 1 hour at room temperature with agitation set at 800 rpm. 

The plate was rinsed again with wash buffer before adding 100 µL of freshly diluted 

tracer antibody to each well. The plate was sealed and incubated at room temperature for 

45 minutes with agitation. After another round of washing, each well received 100 µL of 

freshly diluted conjugate. The plate was sealed and incubated for 30 minutes at room 

temperature with agitation, followed by a final wash, and then 100 µL of TMB substrate 

was added to each well. The plate was sealed and incubated for 15 minutes at room 

temperature in the dark with constant agitation. The provided stop reagent (STOP; 50 µL) 

was added to each well to terminate the reaction. Absorbance was then measured at 450 

nm with a 620 nm background correction, ensuring that the absorbance of the 5000 pg/mL 

standard was above 2.0 AU, and the background absorbance was below 0.1 AU for the 

assay to be valid. The plate reader was programmed to calculate optical density and NfL 

concentration (pg/mL) using the formula provided in the kit insert. Concentrations were 

automatically determined using NF-Light Human CSF ELISA kits and immunoassay 

software employing a 1/y²-weighted 4-parameter algorithm to yield the best fit. The actual 

concentrations were then calculated, accounting for all dilutions, using the following 

formula, where c stands for concentration and v is for volume: 

c1v1 = c2v2 
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Therefore, final cumulative results for NfL readings were gathered from separate runs, 

with inter-plate controls used in all runs and controls evaluated across runs to check for any 

variation. A control track chart was created to monitor assay performance each time by 

recording the controls' results.  

2.3.3. Analysis of PrPSc and NfL Levels in the Brain Using Immunohistochemistry 

(IHC) 

Seven brain regions from each of the twelve animals were prepared to examine the 

relationship between PrPSc deposition and NfL regulation in BSE. These tissues were 

previously fixed in formalin and embedded in paraffin at the time of collection to preserve 

them. Brain tissues from each animal were sliced into three consecutive sections, each 4 

microns thick, to eliminate within-animal variation and prevent experimental bias. For 

validation of IHC staining, the experiments were designed with three different treatment 

conditions per tissue section: (1) no primary antibody (antibody control), (2) anti-PrP F99 

antibody (for PrPSc deposition), and (3) anti-NfL 2F11 antibody (for NfL regulation). 

Each experiment was deemed successful if the no-primary-antibody control showed no 

staining. Additionally, for PrPSc staining, brain tissues from a known BSE-negative and a 

positive animal served as controls, respectively, and were included in each run to assess 

staining. Similarly, for NfL staining, the positive control consisted of brain tissue from 

BSE-positive animals. Conversely, jejunum (intestinal tissue being a non-CNS tissue) from 

a positive BSE animal was used as the negative control. The presence of controls confirmed 

that any bound antibodies correctly attached to antigens and that there was no non-specific 

labelling. In this way, nearly 252 slides were stained in total. 
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Each IHC experiment began by deparaffinizing the tissue slides by placing them in an 

oven at 58 ± 4 °C overnight or for at least 1 hour before staining. The tissue sections were 

hydrated on an automated stainer, then subjected to 10 dips in Milli-Q water to remove 

excess chemicals. The slides were then incubated in 3% hydrogen peroxide for 10 minutes 

to inhibit endogenous peroxidase and prevent nonspecific staining. This was necessary to 

expose the antigen that may be masked during tissue fixation; the tissues were placed in 

Milli-Q water. Additionally, all slides were treated with 99% formic acid for 5 minutes to 

reduce prion infectivity. Following this, the washed sections were treated with 100 mM 

Tris buffer (pH 7.6) for 3 minutes, then washed for 5 minutes to stabilize the tissue’s pH 

for binding. Then, the slides were placed in the autoclave at 125 °C for 1 hour to perform 

antigen retrieval. Once cooled to room temperature, the slides were transferred to Shandon 

units for incubation, which were then washed with TBST (Tris-buffered saline) for 5 

minutes and incubated with 100 μL of 5 % normal goat serum for 15 minutes, serving as a 

blocking solution to prevent nonspecific staining. 100 μL of primary antibodies was added, 

and the slides were incubated overnight. For PrPSc detection, tissue sections were incubated 

with F99 (mouse monoclonal anti-PrP, clone F99/97.6.1, VMRD, USA) (1:18000) diluted 

in TBST buffer.  

 To detect NfL, the commonly used anti-mouse antibodies 2F11 (mouse monoclonal 

anti-NfL, M0762, Agilent Technologies/Dako, Denmark) and MS1(mouse monoclonal, 

LS-C39197, Lifespan Biosciences, USA), were evaluated, as similar antibodies are widely 

used for neurofilament light chain detection in mammalian systems [28, 57]. Various trials 

were conducted to optimize NfL capture with these antibodies across different dilutions. 

For 2F11, dilutions of 1:50, 1:100, 1:200, 1:400, and 1:800 were tested, while MSI was 
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assessed at no dilution, 1:2, 1:10, and 1:20. With the help of a pathologist, it was concluded 

that the 2F11 antibody at a 1:200 dilution produced the best results for visualizing NfL in 

the brain, based on its specificity and clear labelling with minimal background staining.  

The following day, two TBST washes were conducted for 5 minutes each to remove 

unbound antibody. The staining process was then completed with a 30-minute incubation 

in 100 μL of an HRP-conjugated secondary anti-mouse antibody (DAKO EnVision+ 

System-HRP-labelled polymer anti-mouse, K4001, Agilent Technologies Denmark). 

Afterwards, the tissues were developed with fresh 3,3’-Diaminobenzidine (DAB) for 5 

minutes. DAB interacts with the peroxidase-conjugated secondary antibody, resulting in a 

brown colour at the site of the target antigen within the tissue. After DAB, the slides were 

stained with hematoxylin for 45 seconds. Next, they were blued with lithium carbonate for 

1 minute. Once finished, the slides were dehydrated, coverslips were placed using mounting 

media (Micromount Mounting Medium,3801730, Leica), and the slides were allowed to 

dry for 24-48 hours. 

IHC quantification was performed by capturing images of all stained tissues using ZEN 

3.4 software with an Axiocam 712 colour camera on a light microscope (ZEISS). All 

images were captured at 40x to produce high-resolution, detailed images. For each section, 

three random fields were captured to ensure a representative sample of the tissue’s location. 

Settings were kept consistent to prevent variation. Therefore, the display settings were 

configured to RGB with low contrast and auto-exposure to ensure uniform illumination. 

Image acquisition was set to 24-bit depth, with the inner region of interest (ROI) maintained 

at 4096 x 3008 pixels. A 3x3-pixel binning was set to 1x1, with binning-independent 

brightness enabled to keep uniform brightness across pixels. The captured frames had 

dimensions of 767 x 563 pixels, scaled to 18.43 x 18.43 pixels, resulting in images of 
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14138.87 x 10377.60 pixels. Images were exported as TIFF to preserve high quality and 

fine details. All captured images for each sample across all animals are available in the 

supplementary materials. 

Processing of those images was carried out using Fiji (Fiji Is Just ImageJ), an open-

source image analysis platform, following the colour deconvolution protocol described in 

[58]. This step involved adjusting the image threshold and selecting the colour channel 

designated for DAB staining, which separates the brown staining from the rest of the image. 

Following this, the threshold was optimized until all accurate brown signals were captured 

by adjusting the slider on the scaling bar. Once the threshold was determined, the images 

were converted to binary by assigning white and black colours and setting all selected 

brown-staining pixels to white. In contrast, the background was transformed into black 

pixels. Then, the watershed algorithm was applied to separate any fused or overlapping 

cells. Next, numerical data were obtained by extracting the shaded intensity, providing 

mean grey values along with the minimum and maximum intensity (Supplementary Figure 

1).  

Those measurements were transformed into relative optical densities using the 

following formula:  

Log(
 Maximum Intensity 

Mean Intensity
) 

These thresholds aim to enable the selection of the signal of interest and the removal of 

background noise. This was especially important because the negative controls exhibited 

intense background for anti-PrP staining. It is worth noting that slides from negative control 

animals underwent a post-mortem examination many years ago, after which they were 

found to be negative; however, ImageJ captured signals that were only visible in the 
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software, not to the naked eye. Consequently, different thresholds were tested and applied 

to only two groups: the negative control and C-BSE. The three thresholds used in those 

trials are as follows: (0-175), (0-200), and (0-217) (Supplementary Figure 2). The middle 

range (0-200) yielded the best results among the three options. It allowed for the detection 

of accurate signals with minimal background interference. The other two ranges were either 

too low or too high, producing larger error bars or excluding actual signals.  

Optimization was also needed to process and quantify the signal resulting from anti-

NfL primary antibody 2F11 staining. The thresholds were tested at three intervals: (0-150), 

(0-175), and (0-200) (Supplementary Figure 3). Meanwhile, the 0-175 range was most 

effective for isolating the NfL-specific signal from the background. 

Once the thresholds for PrPSc and NfL signals were optimized, they were applied to the 

remaining images for other BSE groups. The quantification was performed by maintaining 

consistent thresholds within and between brain regions and animals. The average optical 

densities were calculated for all three frames of each brain tissue sample to ensure accuracy 

and consistency.  

2.3.4.  Evaluating NfL Levels in CSF Using CSF NF-Light ELISA 

NfL levels in the CSF were quantified using the CSF NF-Light ELISA kits, 

following the manufacturer’s instructions. They were performed as described above for 

brain tissues, with a slight modification to the dilution. An optimization experiment was 

conducted to determine the optimal dilution for CSF samples from BSE-positive and 

negative animals (supplementary figure 4). A total of seven animals were tested in the 

optimization experiment: two from each BSE group and only one L-BSE sample. Along 

with negative controls, they were tested at four different dilutions: 1:2, 1:4, 1:10, and 1:20.  
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Based on the optimization experiment, a 1:2 dilution was identified as optimal for 

BSE-negative samples to achieve lower detection limits of the kit, whereas a 1:20 dilution 

was selected for BSE-positive samples to prevent readings exceeding the upper detection 

limit of the kit. For determining NfL levels in CSF, a total of 13 CSF samples were used, 

comprising n=4 for controls, n=5 for C-BSE, and n=2 for each of L-BSE and H-BSE. The 

test was repeated twice to ensure accuracy and reproducibility. The results were averaged 

over two runs and analyzed to determine NfL concentration in the CSF sample. The intra-

assay coefficient of variation (CV%) for cerebrospinal fluid (CSF) samples ranged from 

0.256% to 6.671% across all standards and assay runs. Most CV values were below 3%, 

indicating high repeatability and strong analytical precision within individual runs. Only a 

small number of measurements approached approximately 5–6%, which remains within 

acceptable limits for immunoassay performance. Overall, these results demonstrate good 

intra-assay precision and reliability of the assay for CSF NfL quantification; meanwhile, 

inter-assay variability, including variation between different kit lots, was monitored using 

internal control tracking chart. Control values across all runs remained within ±2 SD of the 

mean, demonstrating consistent assay stability over time (Supplementary Figure 6). Then, 

the specificity and sensitivity of NfL in CSF were assessed using Receiver Operating 

Characteristic (ROC) analysis.  

2.3.5.  Evaluating NfL Levels in Clinical Blood Using Serum NF-Light ELISA  

A total of 15 blood samples were analyzed. The assay was performed according to 

the manufacturer’s instructions for the Human NF-Light Serum ELISA Kits. These samples 

were collected at the clinical stages of the disease, which may have varied slightly among 

animals. At least three biological replicates were included for each of the four types of 
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animal groups. For testing, serum samples were reconstituted in ELISA diluent according 

to the manufacturer’s guidelines. A dilution series of the standard, ranging from 0 to 40 

pg/mL, were prepared and used only fresh. Negative and positive inter-plate controls were 

included on each plate to monitor their performance and track variation from experiment 

to experiment.  

Before conducting a comprehensive experiment on all samples, a pilot experiment 

was performed to analyze the optimal dilution for bovine serum samples. Previous studies 

have shown that NfL levels in prion samples from sheep and humans can be as high as 

~296 pg/mL and 75.3 ± 15.7, respectively. In contrast, healthy controls showed 

significantly lower levels, ranging from ~7 to 14.5 pg/mL in humans and from ~12.5 pg/mL 

in sheep [59, 60]. Those serum kits recommend using four-fold dilutions, which would give 

a detection range of 1-25 pg/mL or (4-100 pg/mL in the undiluted samples). During 

preliminary experiment design, differences in NfL levels among species were considered, 

along with the possibility that BSE samples could fall outside the assay detection limits. 

Therefore, three dilutions (1:2, 1:4, and 1:8) were selected to account for samples with low, 

moderate, and high NfL concentrations (Supplementary Figure 5). 

Six serum samples were used for this optimization test, consisting of two C-BSE, 

two H-BSE, and two L-BSE. When the serum samples were diluted 1:2 and 1:4, some 

samples exceeded the assay’s maximum detection limit. However, a 1:8 dilution produced 

results within the validated range (1–25 pg/mL) for all animals. Therefore, 1:8 was chosen 

as the optimal dilution for the remaining experiments. After this optimization, all 15 

available bovine serum samples were diluted 8-fold, comprising three negative controls, 

six C-BSE, three H-BSE, and three L-BSE. 
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First, the wells were pre-washed (3x 300 μL of 1X Wash buffer) using the Quanterix 

3. Diluted samples, standards, and blanks, along with inter-plate controls, were loaded in 

duplicate (200 μL per well), followed by incubation for 2 hours at room temperature on a 

shaker at 800 rpm.  

At the end of incubation, the plate was washed using the same program. 100 μL of 

the detector antibody was added to each well, and the wells were incubated for 90 minutes 

with shaking. This was followed by washing and incubation with 100 μL of conjugate for 

30 minutes. After incubation, the plate was washed with Quanterix 6 (6 x 300 μL), and 100 

μL of TMB substrate was added to each well for 15 minutes; the reaction was then stopped 

by adding 50 μL of Stop solution.  

Plates were read at 450 nm with 620 nm background correction, and NfL 

concentrations were interpolated as described previously. Validity criteria included: blank 

optical density (OD) < 0.25 AU, calibrators within defined ranges, and the top standard 

signal exceeding 2.0 AU. The intra-assay coefficient of variation (CV%) for blood samples 

ranged from 0% to 8.53% across all standards and assay runs. Most CV values were below 

5%, indicating high repeatability and acceptable analytical precision within individual runs 

and inter-assay variation was assessed similarly to that described for CSF (Supplementary 

Figure 6). Subsequently, ROC analysis was an experimental part, like 2.3.4 

2.4. Evaluation of NfL Stability in CSF and Serum  

For both CSF and serum, the effect of freeze-thaw was first assessed by aliquoting 

samples and storing them at ~-80 °C. A total of three positive C-BSE samples were tested. 

On day one, these samples were retrieved from the -80 °C freezer and thawed, marking the 

completion of cycle one; each cycle began at the time of freezing and was considered 
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complete upon thawing. Cycle one served as the starting point, and for each sample, three 

identical aliquots were prepared for evaluation at cycles 1, 5, and 10. Those from cycle one 

were stored until the testing day. For five and ten cycles, the process was conducted over 

two days: each aliquot was frozen at approximately -73 °C for 1 hour, then thawed at room 

temperature (~22 °C) in the lab, with time and temperature recorded for each cycle. On day 

one, 4.5 cycles were completed for the 5-cycle target samples, which were then stored until 

testing. For the 10-cycle samples, 9.5 cycles were completed by the second day, using the 

same approach of alternating freezing and thawing for 1 hour each. On the third day, all 

samples were removed from the freezer and tested together on the same plate using 

Quanterix NfL ELISA kit for either CSF or serum, respectively, as per the manufacturer’s 

instructions described above.  

The same three positive BSE animals were used to evaluate NfL stability at different 

storage temperatures. This process took place over 10 days and involved testing CSF and 

serum samples at room temperature (~22 °C), at ~5 °C for 5 and 10 days, and at -80 °C, 

which served as the baseline. Five identical aliquots of each sample were prepared: one was 

stored at room temperature (~22 °C), at 5°C, and another at -80°C for the entire ten days, 

starting on day 1. On day 5, a second set of aliquots of each sample was placed at room 

temperature and at ~5°C until day 10. Daily temperature readings were taken for both the 

room and the fridge, with the days listed in ascending order. The samples from all three 

temperature points and durations (5 days or 10 days) were assessed on day 11 on the same 

plate using Quanterix NfL ELISA kit for either CSF or serum, respectively. 
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2.5. Statistical Data Analysis   

The outputs from all three aims were initially assessed visually using bar graphs 

and then tested for normality and homogeneity of variances. Histograms showed widely 

dispersed values with no prominent peak, confirming a non-normal distribution and 

violating the assumptions of parametric tests, such as ANOVA [61]. Levene’s test [62] 

revealed heterogeneity of variances, consistent with the small sample size as reflected in 

the descriptive analysis (mean ± SEM). Consequently, nonparametric tests were used 

throughout the study with exact p-values were calculated using GraphPad Prism and 

reported in tables for each aim. Those tests included Mann Whitney test for comparison 

among two group, while Kruskal Wallis test for more than two groups comparison ad 

Spearman correlation was used to assess any potential association. Additional, ROC 

analysis was automatically computed and performed by GraphPad prism which gave area 

under curve (AUC), p values, specificity, sensitivity and cut off for differentiation among 

groups. 
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3.  Results 

3.1.1. Analysis of Correlation Between PrPSc and NfL Levels in the Brain Using 

ELISA  

Analysis of PrPSc and NfL levels and their potential correlation in different regions of 

the CNS of various types of BSE was performed by using two approaches: i) ELISA and 

ii) IHC. The IDEXX EIA performed for determining the presence of PrPSc indicated high 

levels of PrPSc throughout the brains of all BSE animals (Figure 1). The mean OD values 

representing the relative presence of PrPSc showed a trend of higher PrPSc amounts in 

frontal cortex and thalamus, and low PrPSc amounts in occipital cortex, cerebellum 

hemisphere and cerebellum peduncle in C- BSE animals compared to H- and L-type BSE. 

Interestingly, PrPSc quantities in the obex regions of the brain in all types of BSE animals 

were indistinguishable. On the contrary, mean OD values in all areas of the brains of control 

animals were closer to zero, indicating no relative amount of PrPSc. Overall, all BSE-

positive animals showed significantly higher PrPSc levels, clearly distinguishing them from 

controls.  
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Figure 1: IDEXX EIA results indicating the presence of PrPSc. Mean ± SEM of optical density (OD) values 

representing the relative abundance of PrPSc in seven regions of the CNS in C-BSE, H-BSE, L-BSE, and 

control animals, including frontal cortex (FC), thalamus (Th), hippocampus (Hp), occipital cortex (OC), obex 

(Ob), cerebellar hemisphere (CH), and cerebral peduncle (CP). Each point represents the mean of n = 3 

animals, except for the hippocampus in C-BSE (n = 2), with p < 0.05 (*). 

On the other hand, NfL concentrations were measured in all four groups and varied 

across regions, with the lowest values in the frontal cortex and the highest near the obex 

(Figure 2). NfL levels were indistinguishable between healthy controls and positive-BSE 

strains, with levels similar in some cases, lower in others, and even higher in some strains, 

with no consistent trend across the four groups. Overall, all four groups exhibit a 

considerable level of NfL, with results not being statistically significant across most tissues 

(p > 0.05). 
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Figure 2: CSF Nf-Light results showing NfL levels. Mean ± SEM of dilution-corrected NfL concentrations 

(pg/mL) across seven regions of the CNS in C-BSE, H-BSE, L-BSE, and control animals, including frontal 

cortex (FC), thalamus (Th), hippocampus (Hp), occipital cortex (OC), obex (Ob), cerebellum hemisphere 

(CH), and cerebral peduncle (CP). Each point represents the mean from n = 3 animals per group, except for 

the hippocampus in C-BSE (n = 2), with p < 0.05 (*).  

ELISA results for PrPSc and NfL across all seven brain regions in the four 

experimental animal groups showed variability, as indicated by large SEM bars. To assess 

significance among the four groups shown in Figures 1 and 2, the Kruskal-Wallis test was 

performed; the results are shown in Table 2. No consistent statistical significance was 

found across regions for the levels of both PrPSc and NfL between BSE positive and control 

animals. 

0

2000000

4000000

6000000

8000000

10000000

12000000

FC Th Hp OC Ob CH CP

N
fL

 C
o

n
ce

n
tr

a
ti

o
n

 (
p

g
/m

L
)

Brain Regions

Control C-BSE H-BSE L-BSE

*



29 

 

Table 2: Kruskal-Wallis H-statistics and their corresponding exact p-values for PrPSc and NfL levels 

measured by ELISA in the CNS. Seven brain regions were analyzed, including the frontal cortex (FC), 

thalamus (Th), hippocampus (Hp), occipital cortex (OC), obex (Ob), cerebellum hemisphere (CP), and 

cerebral peduncle (CP). The study included four groups (n=3 each): negative control, C-BSE, H-BSE, and L-

BSE. 

Brain Regions FC Th Hp OC Ob CP CH 

H-Statistic PrPSc 6.590 6.282 6.258 6.590 6.897 7.205 6.692 

P 0.0681 0.0850 0.0738 0.0681 0.0502 0.0382 0.0599 

H-Statistic NfL 2.692 0.744 1.879 0.436 2.077 2.487 0.4359 

P 0.0488 0.9006 0.6552 0.9586 0.6098 0.5312 0.9586 

 

To improve clarity, comparisons were reduced to two groups: all BSE types (n = 9) 

versus the control (n = 3), as shown in Figures 3 and 4. When all three BSE strains were 

combined, PrPSc was most concentrated in the obex and cerebellar peduncle, followed by 

the thalamus, then the frontal cortex, and finally the hippocampus and occipital cortex, with 

increased statistically significant differences.   
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Figure 3: Mean ± SEM of optical densities for PrPSc across seven regions of the CNS in all BSE-positive 

animals combined (n=9) versus healthy controls (n=3). Levels were measured in frontal cortex (FC), thalamus 

(Th), hippocampus (Hp), occipital cortex (OC), obex (Ob), cerebellum hemisphere (CH), and cerebral 

peduncle (CP) using IDEXX EIA, with p<0.05 (*) and p<0.01 (**).   

For NfL analysis, when all BSE types were combined, NfL levels were generally higher 

in BSE-positive samples across most brain regions, except at the obex, where NfL levels 

were lower than in controls. Still, the difference in obex between BSE and control animals 

was not statistically significant (p > 0.05). 
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Figure 4: Mean ± SEM of NfL-dilution-corrected concentrations in pg/mL across seven regions of the CNS 

in all BSE-positive animals combined (n=9) versus healthy controls (n=3). Levels were measured in the 

frontal cortex (FC), thalamus (Th), hippocampus (Hp), occipital cortex (OC), obex (Ob), cerebellum 

hemisphere (CH), and cerebral peduncle (CP) using the CSF-NF-Light kit, and p-values were >0.05 in all 

regions.  

 The Mann-Whitney test results for the two-group comparison shown in Figures 3 

and 4 are presented in Table 3 below, indicating that PrPSc levels differed significantly 

between negative and positive BSE animals, whereas NfL levels did not.  
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Table 3: Mann-Whitney U-statistics and exact p-values for PrPSc and NfL levels measured by ELISA in the 

CNS. Levels were measured in seven brain regions in two groups: negative BSE (n=3) and positive BSE 

animals (n=9). 

Brain Regions FC Th Hp OC Ob CH CP 

U-Statistics PrPSc 0 0 0 0 0 0 0 

P 0.0091 0.0091 0.0121 0.0091 0.0091 0.0091 0.0091 

U-Statistics NfL 8 13 7 12 6 11 12 

P 0.3727 > 0.99 0.3758 0.8636 0.2091 0.7273 0.8636 

 

Based on ELISA results for PrPSc and NfL in BSE-positive animals, a correlation 

analysis was performed by calculating the correlation coefficients (ρ) between PrPSc optical 

density and NfL concentration (pg/mL) in each brain region (Figure 5). Correlation 

coefficients varied across all seven brain regions, with the hippocampus showing the 

strongest positive correlation (0.6455), which is moderate. The cerebellar hemisphere 

(0.5035), frontal cortex (0.4196), thalamus (0.3776), and cerebral peduncle (0.2517) 

exhibited slightly weaker correlations, while the occipital cortex (0.2587) and the obex (-

0.2797) displayed a weak negative correlation. Overall, no statistically significant 

relationships were identified (p > 0.05), except in the hippocampus, suggesting a limited 

association between these two biomarkers in this dataset.  
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Figure 5: Scatterplot showing the Spearman correlation coefficients (ρ) between the optical density of PrPSc 

and NfL concentrations (pg/mL), measured by ELISA, with their exact p-values. Data are shown for seven 

brain regions: frontal cortex, thalamus, hippocampus, occipital cortex, obex, cerebellum hemisphere, and 

cerebral peduncle. 

3.1.2. Analysis of Correlation Between PrPSc and NfL in the Brain Using IHC.  

To confirm the correlation between PrPSc and NfL and to extend the ELISA findings, 

IHC was performed using anti-PrP F99 and anti-NfL 2F11 antibodies across different 

regions of the CNS of BSE-positive and control animals. Figures 6-11 illustrate the staining 

and its corresponding quantified signals (relative intensities) for PrPSc and NfL in various 

brain regions. IHC revealed that PrPSc accumulation was specific to each BSE strain and 

was consistently observed only in BSE-positive animals. Meanwhile, NfL staining showed 

greater variability and, in some cases, could distinguish between negative and positive 

animals; however, these differences were not statistically significant. 

PrPSc staining deposits display distinct patterns, with variations between brain 

regions and strains (Figure 6). As expected, the healthy control showed no PrPSc 

immunostaining, whereas the three BSE strains exhibited distinct, intense PrPSc deposition.  
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In the C-BSE group, the range varied from minimal in the frontal cortex, with low 

prion pathology and faint PrPSc staining, to mild in the thalamus, and moderate to more 

extensive staining in the hippocampus, including isolated areas. Like the frontal cortex, the 

occipital cortex also showed low to moderate PrPSc deposition. The obex exhibited a 

moderate, scattered prion level, mainly in the central grey matter. The cerebellum showed 

a moderate localized deposition, while scattered in the cerebral peduncle. 

While in H-BSE, the frontal cortex showed a diffuse cluster of prions that were 

more intense than in C-BSE. The thalamus exhibited a staining intensity similar to that of 

the hippocampus but was more isolated and slightly stronger in the occipital cortex. The 

obex displays the most intense staining and indicates the primary pathology across all 

samples and BSE forms examined, with severe damage and significant staining in both 

neuronal cell bodies and surrounding tissue, suggesting greater involvement of this region. 

While the PrPSc occurs to a lesser extent in the cerebellum hemisphere and cerebellar 

peduncle, it remains more noticeable than in C -BSE and is more widespread in both grey 

and white matter.  

Conversely, the L-BSE showed low levels of PrPSc, with faint staining in the frontal 

cortex, while the thalamus exhibited more intense staining in both cell bodies and 

surrounding tissue. Immunostaining decreased in the hippocampus and occipital cortex 

relative to frontal cortex and thalamus and was most prominent at the obex among all 

regions, although less intense than in H-BSE. The cerebellar hemispheres showed minimal 

PrPSc, while the cerebral peduncles displayed PrPSc throughout the region. These findings 

suggest that different BSE strains may exhibit distinct PrPSc staining patterns and spatial 

preferences for PrPSc deposition.  
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Figure 6: IHC staining for PrPSc, captured at 40X magnification with a 100 μm scale bar. The images show 

four animal groups, including a negative healthy control, C-BSE, H-BSE, and L-BSE across seven regions 

of the CNS, each with distinct staining patterns.   

IHC quantified signals confirmed the previous ELISA results for PrPSc levels in the 

same 12 animals (Figure 7). Consistent with prion findings, control animals showed no 

signal indicative of PrPSc deposition, whereas BSE-positive animals exhibited a strong 

visible signal. In C-BSE animals, PrPSc was most abundant in the hippocampus, followed 

by the thalamus and the obex. Moderate PrPSc deposition was observed in the occipital 

cortex and cerebellar peduncle, as well as in the frontal cortex and cerebellar hemisphere, 

compared to controls.  

In H-BSE (Figure 7), PrPSc deposition was most prominent in the thalamus, 

hippocampus, occipital cortex and obex. On the other hand, moderate PrPSc deposition was 

found in cerebellum hemispheres, cerebral peduncles and frontal cortex. In L-BSE, PrPSc 

deposits were highest in the hippocampus and obex, followed by the thalamus and cerebral 

peduncle, and slightly lower in the frontal cortex, with the occipital cortex and cerebellum 

hemisphere showing the least amount. Overall, L-BSE animals had the lowest PrPSc 

deposition compared to C- and H-type BSE in all brain regions. Unfortunately, 

comparisons of brain regions across all BSE types were statistically significant in only a 

few areas due to variability in the data.  

 

 

 

 

 



38 

 

 

 

Figure 7: Mean ± SEM of the relative intensity of PrPSc, obtained by quantifying IHC staining signals, across 

seven brain regions in C-BSE, H-BSE, L-BSE, and control animals. Brain regions include the frontal cortex 

(FC), the thalamus (Th), the hippocampus (Hp), the occipital cortex (OC), the obex (Ob), the cerebellar 

hemisphere (CH), and the cerebral peduncle (CP). Quantification was performed using ImageJ (n = 3 per 

group), with significance levels of p<0.05 (*) and p<0.01 (**).  

 NfL immunostainings were also assessed across various brain tissues in positive 

BSE animals and negative controls (Figure 8). In the control group, uniform, intact NfL 

immunolabelling was observed across most regions, including the frontal cortex, with well-

defined axonal staining particularly evident in the thalamus and hippocampus. 

Immunolabelling for NfL showed continuous fibres, indicating a normal and intact NfL 

distribution, with more intense staining in the occipital cortex but remaining consistent 
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across regions. The obex showed longitudinal staining without increased density, and the 

cerebellum hemisphere demonstrated regular NfL presence in the white matter with no 

aggregated fibres, featuring a more prominent cerebellar peduncle with a standard axon 

bundle.  

Meanwhile, immunostaining in C-BSE was like that in the control group, with a 

slight increase in the visibility of axonal fibres and some neuronal disruption in certain 

regions. The frontal and occipital cortices showed mild brown axonal immunostaining, 

consistent with the control group. While the thalamus and hippocampus exhibited 

moderate, diffuse neuropil NfL staining, without cluster formation. In contrast, the obex 

showed clear axonal staining. The cerebellar hemisphere showed enhanced fibre 

immunostaining within the white matter tracts, with more distinct immunostaining in the 

cerebellar peduncle. 

While H-BSE showed a more widespread pattern of NfL immunostaining across 

the four groups, both the frontal and occipital cortices exhibited intense, coarse brown 

axonal immunolabelling. The thalamus and hippocampus displayed noticeable neuropil 

density. The obex showed strong, widespread reactivity in both white and grey matter. The 

cerebral hemisphere also demonstrated prominent immunoreactivity in the white matter 

and fibre tracts, with the cerebral peduncle showing stronger immunostaining, particularly 

in the fibres.  

Conversely, L-BSE showed moderate immunoreactivity for NfL across all tissues, 

slightly higher than C-BSE and, in some cases, lower than controls, yet still below H-BSE. 

Moderate, evenly distributed NfL was detected in both cortices, with clear fibre labelling 

observed in the thalamus and hippocampus at moderate levels. Increased NfL 

immunostaining was seen in the obex and was mild in both cerebral hemispheres and the 



40 

 

cerebral peduncle. In summary, NfL immunostaining was similar across groups, at least to 

the naked eye, with some cases showing noticeable differences. 
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Figure 8: IHC staining for NfL, captured at 40X magnification, with a 100 µm scale bar. The images show 

four animal groups, including a healthy negative control, C-BSE, H-BSE, and L-BSE, across seven regions 

of the CNS, each with distinct staining patterns.   

The observed immunolabeling trends appeared consistent with the quantified signals; 

NfL varied among groups (Figure 9). Immunoreactivity with the anti-NfL antibody in BSE-

positive and control animals showed differences in NfL distribution across brain regions. 

Overall, the most prominent pattern is that NfL tends to be lower in most positive BSE 

cases than in controls, except for a few instances. Due to higher variability among samples, 

no significant differences were detected. 
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Figure 9: Mean ± SEM of the relative intensity of NfL, obtained by quantifying IHC staining signals across 

seven brain regions in C-BSE, H-BSE, L-BSE, and control animals. Brain regions include the frontal cortex 

(FC), the thalamus (Th), the hippocampus (Hp), the occipital cortex (OC), the obex (Ob), the cerebellar 

hemisphere (CH), and the cerebral peduncle (CP). Quantification was performed using ImageJ (n = 3 per 

group), with p > 0.05 in all tissues. 

Following ELISA, IHC was conducted, and the same statistical workflow was used. 

Bar graphs with SEM showed variability consistent with the ELISA trend. Analysis using 

the Kruskal-Wallis test for groups shown in graphs 7 and 9 revealed significant differences 

in PrPSc levels across the thalamus, occipital cortex, and cerebellar hemisphere; however, 

pairwise comparisons of PrPSc did not reach statistical significance. However, in the NfL 

staining, the difference was not statistically significant (Table 4).  
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Table 4: Kruskal-Wallis H-statistics and their corresponding exact p-values for PrPSc and NfL levels, 

quantified from IHC staining signals in the CNS. Seven brain regions were analyzed, including the frontal 

cortex (FC), thalamus (Th), hippocampus (Hp), occipital cortex (OC), obex (Ob), cerebellum hemisphere 

(CP), and cerebral peduncle (CP). The study included four groups (n=3 each): negative control, C-BSE, H-

BSE, and L-BSE. 

Brain Regions FC Th Hp OC Ob CH CP 

H-Statistics PrPSc 4.538 6.985 5.545 7.076 6.527 8.929 6.235 

P 0.2272 0.0382 0.1208 0.0408 0.0707 0.0042 0.0865 

H-Statistics NfL 2.282 1.409 0.164 1.513 3.923 0.846 0.539 

P 0.5705 0.7551 0.9841 0.7297 0.3040 0.8759 0.9349 

 

For a more comprehensive assessment of overall IHC results, it was necessary to 

evaluate the output when all BSE strains were grouped (n = 9) and compare it to the control 

(n = 3), as shown in Figures 10 and 11. 

The quantification of PrPSc signal indicated that PrPSc was not detected in healthy 

control animals and was present in BSE-positive animals only (Figure 10). The PrPSc 

aggregates were most concentrated in the hippocampus, followed by the thalamus and 

obex, then in the occipital cortex and cerebral peduncle, with the frontal cortex and 

cerebellum showing the weakest immunostaining. 
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Figure 10: Mean ± SEM of the relative intensity for PrPSc IHC quantified staining signals across seven 

regions of the CNS in nine BSE-positive animals combined and three negative controls, with p<0.05 (*) and 

p<0.01 (**).   

Next, NfL levels are displayed for two groups: negative (n = 3) and positive BSE (n = 

9). NfL appeared to be reduced in positive BSE samples; however, this difference was not 

statistically significant (p > 0.05). 
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Figure 11: Mean ± SEM of the relative intensity for NfL IHC quantified staining signals across seven brain 

regions in nine BSE-positive animals, combined with three negative controls, with (p>0.05).  

When all BSE-strains were grouped as shown in Figures 10 and 11, the Mann-Whitney 

test showed a significant difference for PrPSc across all regions. Thus, combining all 

positive BSE animals into a single group increased statistical significance for the levels of 

PrPSc, but not for NfL (Table 5).  
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Table 5: Mann-Whitney U statistics and exact p-values for PrPSc and NfL levels, quantified from IHC 

staining signals in the CNS. Seven brain regions were analyzed in two groups: negative (n=3) and positive 

BSE animals (n=9).  

Brain Regions FC Th Hp OC Ob CH CP 

U-Statistics PrPSc 2 0 0 0 0 0 0 

P 0.0364 0.0121 0.0444 0.0091 0.0091 0.0091 0.0091 

U-Statistics NfL 12 8 8 12 4 13 12 

P 0.8636 0.4970 >0.99 0.8636 0.1 >0.99 0.8636 

 

As with the ELISA analysis, Spearman's correlation was performed on IHC output data, 

using relative intensities derived from quantified staining signals for both proteins. In 

Figure 12, the correlation coefficient (ρ) is shown in the individual scatter plots for each of 

the seven regions, illustrating the line of best fit and indicating the strength of the 

correlation between the two biomarkers. The frontal cortex exhibited a moderate positive 

correlation (0.46), which was lower in the cerebellar hemisphere (0.34) and lowest in the 

hippocampus (0.152), with nearly no correlation at the obex (0.021). A weak negative 

relationship was observed in the occipital cortex (-0.130) and cerebellar peduncle (-0.207). 

However, the analysis of the relationship between PrPSc and NfL intensities across brain 

regions did not reveal any statistically significant associations.  
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Figure 12: Scatterplot of Spearman correlation coefficients (ρ) between relative intensities of PrPSc and NfL 

levels, derived from quantifying IHC immunostaining signals, and their exact p-values. Data are shown for 

seven brain regions: frontal cortex, thalamus, hippocampus, occipital cortex, obex, cerebellar hemisphere, 

and cerebral peduncle. 

3.2. Evaluation of NfL Levels in Post-mortem CSF of BSE-Challenged Cattle 

Thirteen post-mortem CSF samples were tested to analyze NfL levels, as shown in 

Figure 13. CSF NfL levels were significantly higher in BSE-positive animals than in 

healthy controls, effectively distinguishing the two groups (Mann-Whitney U statistic = 0, 

p = 0.0028) (Figure 13A), which is in strong agreement with previous studies [74, 80, 81]. 

Nonetheless, substantial error bars in the H-BSE and L-BSE groups (n = 2) likely reflect 

low statistical power, preventing differentiation among BSE subtypes. Despite the large 

error bars, the negative control remained distinguishable from both C-BSE and H-BSE only 

(Kruskal-Wallis H-Statistic = 9.079, p=0.005) and in pairwise comparisons (p=0.031 and 

0.035) (Figure 13 B). It was essential to assess the effect of age on NfL levels, as previous 

research indicates that age can also influence NfL release into CSF [28, 63]. The results 

revealed no effect of age on CSF NfL levels in these BSE cattle (Figure 13C). ROC was 
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conducted to assess specificity and sensitivity, demonstrating that NfL was both specific 

and sensitive, accurately distinguishing negative and positive BSE cattle, with an AUC of 

1 and p=0.0055 (Figure 13D).  
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Figure 13: Comprehensive analysis of NfL levels in the CSF of BSE-positive and negative animals. 

Averaged and dilution-corrected NfL concentrations (pg/mL) (mean ± SEM) were measured using the 

CSF-NfL kit in two groups (4 controls, 9 BSE-positive), with two technical replicates per sample, and 

significant differences were detected (p < 0.01, **) (A). Comparison of CSF NfL levels between controls 

and three BSE strains (C-BSE n = 5, H-BSE n = 2, L-BSE n = 2) versus controls (n = 4), showing a 

significant difference between controls and C- and H-BSE at p < 0.05 (*) (B). Scatter plot of CSF NfL 

concentrations relative to the animals’ ages in months, with the Spearman correlation coefficient 

indicating no significant correlation (C). ROC analysis demonstrates the specificity and sensitivity of 

NfL levels in CSF (D). 
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3.3. Evaluation of NfL Levels in Pre-Mortem Blood of BSE-Challenged Cattle 

In this part of the study, NfL levels were measured in fifteen pre-mortem serum samples 

collected from BSE-positive and negative cattle that were alive at the time of blood 

collection. NfL levels were then compared between the healthy and BSE-infected groups.  

Data showed that NfL levels were significantly higher in BSE-positive animals than in 

control animals (Figure 14A), aligning with the CSF results (Figure 13) and other published 

research [53, 59, 64]. While total serum NfL concentration (pg/mL) distinguished between 

BSE-positive and negative animals (Mann-Whitney U-statistic = 2, p = 0.0176), indicating 

a notable difference, it did not effectively differentiate among BSE types (Kruskal-Wallis 

H-statistic = 5.492 and p = 0.1347) (Figure 14B). Correlation analysis with age indicated 

that age did not affect NfL levels in these animals (Figure 14C). ROC analysis showed that 

NfL was highly sensitive and specific in correctly identifying negative and positive BSE 

cattle, with a strong AUC of 0.9444 and a p-value of 0.0209 (Figure 14D). Additional 

samples collected at 75% of the incubation time were also tested to evaluate NfL levels in 

BSE-positive and negative animals (Figure 14E). The difference in NfL persisted, with 

higher levels in BSE-positive animals than in negative ones. However, the results were not 

statistically significant (Mann-Whitney U statistic = 14.5, p = 0.5375); although NfL was 

higher in the positive sample, it remained considerably lower than at terminal stages.  
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Figure 14: Comprehensive assessment of NfL levels in clinical premortem serum of BSE-positive and 

negative animals. Average serum NfL dilution-corrected concentrations (mean ± SEM) were measured 

using the serum-NfL kit in two groups (3 controls, 12 BSE-positive), with two technical replicates per 

sample, and significant differences were detected (p < 0.05*) (A). A comparison of the average clinical 

serum NfL concentrations (pg/mL) among the three BSE strains (C-BSE n=6, H-BSE n=3, L-BSE n=3) 

versus controls (n=3) shows no significant difference among the four groups (B). A scatter plot of serum 

NfL concentration relative to animals’ age in months, with the Spearman correlation coefficient 

indicating no significant correlation (C). ROC analysis demonstrates the specificity and sensitivity of 

NfL levels (D). NfL concentrations (pg/mL) measured at 75% of the disease incubation period, with no 

significant difference between the two groups (p=0.5375) (E). 

 

The analysis summary in Table 6 represents relative statistical data for ROC curves of 

NfL levels in CSF and serum, shown in Figures 13 and 14. The ROC analysis showed high 

specificity and sensitivity for NfL in both body fluids, in the presented cohort, with cut-offs 

that differ between media and clearly show that NfL exist in a lower proportion in blood 

compared to CSF. 

 Table 6: Comparison of the ROC analyses conducted for NfL levels in both CSF and serum. The 

analysis evaluates NfL's accuracy in the two body fluids and assesses its relevance in BSE using 13 CSF and 

15 serum samples.  

 CSF Serum 

AUC 1.00 0.944 

Standard Error 0.00 0.0618 

P-values 0.0055 0.0209 

Specificity 100 % 100 % 

sensitivity 100 % 91.7% 

Cut off (pg/mL) >3012 >11.7 
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Additional correlation analysis was performed between NfL levels in CSF and serum 

from the same 12 animals (Figure 15). A scatter plot was generated, and a line of best fit 

was calculated using linear regression to model the relationship between the two variables. 

The resulting positive slope indicates a positive association, which was further supported 

by a strong positive Spearman correlation (ρ = 0.7062, p < 0.05) 

 

Figure 15: Scatterplot comparing CSF-NfL and clinical serum-NfL levels in the same twelve animals, with 

Spearman's coefficient (ρ) (p < 0.05), indicating a strong relationship between NfL levels in the two biofluids.  

3.4. Evaluating the Stability of NfL in CSF and Clinical Blood 

Once NfL was established as a successful biomarker for BSE, evaluating its stability 

was essential to confirm the overall findings. Thus, NfL was evaluated across multiple 

freeze-thaw cycles and storage temperatures, and the results showed that NfL remained 
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stable even after numerous freeze-thaw cycles in both CSF (H-statistic 0.6222, p = 0.8286) 

and serum (H-statistic 0.0889, p = 0.9929) (Figure 16A and B). Additionally, it confirmed 

the stability of NfL during storage of samples for 5 or 10 days at -80°C, 5°C, and room 

temperature ~22°C in CSF (H- statistic 1.999, p = 0.7966) and serum (H-statistic 7.208, p 

= 0.2056) (Figures 16C and D). Therefore, NfL demonstrated strong resistance to 

degradation, making it a promising candidate as a premortem biomarker for disease 

detection, including BSE, firmly aligning with previously published data [45].  
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Figure 16: Assessment of NfL stability, where each bar represents NfL concentration in (pg/mL) in three 

positive C-BSE animals. NfL was evaluated across three freeze-thaw cycles in CSF (A) and clinical serum 

(B), and at three storage temperatures in CSF (C) and clinical serum (D), with no significant differences 

observed at any point (p>0.05). 
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4. Discussion 

Detecting prion diseases is difficult because the pathogenic agent mainly accumulates 

in the CNS, and there is currently no validated diagnostic test available to detect PrPSc in 

live individuals [64]. This means that the diagnosis of prion diseases is limited only to post-

mortem by combining clinical signs, neuropathology, immunohistochemistry for PrP, 

Western blotting of PK-resistant PrP, as well as PrP types and/ or sequence of PRNP gene 

[65]. Although the development of prion-specific assays in recent years, such as protein 

misfolded cyclic amplification (PMCA) or real-time quaking-induced conversion (RT-

QuIC), has proven effective for premortem diagnosis in humans, these assays are limited 

to CSF samples [66-71]. On the contrary, collecting CSF samples to diagnose a prion 

disease in live animals can be invasive and challenging. In such situations, using surrogate 

biomarkers is a strategy successfully used for diagnosing human prion diseases. Surrogate 

biomarkers such as 14-3-3 [67, 71, 72], t-tau [67, 71-74], P-tau [67, 71-74], Aβ40-42  

[84, [72, 74], total PrP [64, 75] levels in the CSF help diagnose and discriminate from other 

neurodegenerative diseases, but their sensitivity and specificity vary depending on the prion 

disease. Additionally, these surrogate biomarkers are limited to CSF samples, making them 

unsuitable for use in animals. There are other proteins in the CSF, such as neurofilament 

light chain (NfL) [71, 76], calcium-binding protein S100β [71, 72, 77], neuron-specific 

enolase [71, 72], α-synuclein and β-synuclein [76-80], neurogranin [76, 77, 79], and SNAP-

25 [76, 79], triggering receptor expressed on myeloid cells 2 (TREM2) [74, 77, 81],  

cytokines [81, 82], and microRNAs [83, 84], shown to be altered during prion diseases, but 

need further validation. Among these altered proteins, changes in total-tau and NfL could 

only be detected in the blood and aid in monitoring disease progression in human prion 
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diseases [60, 85, 86].  Whereas information on changes in total-PrP, synuclein, S100β, 

TREM2, and peripheral inflammatory markers in blood is limited [65]. 

Use of such blood-based surrogate biomarkers in livestock, particularly for diagnosing 

BSE in live cattle, has not yet been explored. BSE in cattle is a zoonotic disease; if 

undetected, the pathological agent can enter human or animal food and feed chains during 

slaughter or rendering, and this risk cannot be eliminated. Nonetheless, Canada has strict 

safeguards to prevent the recycling of the pathological agent by removing specified risk 

materials (SRMs) during slaughter. Still, the emergence of different prion strains and tissue 

tropism continues to pose significant risks to public health and livestock. This risk is 

increased by the possibility when subclinical cattle goes unnoticed. Although the CFIA 

provides field staff, veterinarians, and farmers with a tool containing information on clinical 

signs indicative of a potential BSE candidate to help identify animals requiring euthanasia 

and laboratory testing, misdiagnosis remains possible because clinical signs overlap with 

those of other livestock diseases. However, many of these animals may test negative, 

leading to unnecessary economic and emotional stress for farmers. Furthermore, if an 

animal tests non-negative after euthanasia and during laboratory screening, additional 

confirmatory tests are conducted to diagnose and classify BSE status. Until these results 

are available, carcasses may be disposed, rendered or left in the field, posing environmental 

risks through scavenging. Overall, this emphasizes the importance of pre-mortem screening 

of clinical BSE suspects to aid in accurate diagnosis at the clinical stage.  

To address this knowledge gap, this project aims to explore the pre-mortem diagnostic 

potential of NfL for BSE. NfL is a well-established and extensively studied biomarker of 

neuronal damage, relevant to many neurodegenerative diseases, including Alzheimer’s [49, 

87, 88], Parkinson’s [89], brain injury [90], and most specifically prion diseases such as 
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CJD and scrapie [45, 47]. Under these conditions, brain cells degenerate, and neurons 

rupture with little to no recovery. NfL is a cytoskeletal protein that supports and protects 

the structural integrity of neuronal cells and is also released into body fluids such as CSF 

and blood during neurodegeneration [58, 91]. Studies have shown that NfL levels are higher 

in the body fluids of individuals with neurodegenerative conditions than in those of healthy 

controls, with the highest elevation noted in prion diseases, making it a promising 

biomarker [45]. Since all prion diseases exhibit similar disease pathology, it was expected 

that NfL would behave similarly, reflecting neuronal damage in BSE, as was the case in 

prion diseases in other species such as scrapie and CJD [45, 58, 92]. 

Before exploring NfL's potential as a premortem disease indicator, it was essential to 

investigate its relevance in cases of BSE and examine its correlation with the deposition of 

the pathogenic agent. Other studies have shown a negative correlation between the two 

proteins, with NfL decreasing in brain regions with high PrPSc abundance [58]. They 

suggested that higher PrPSc levels in the brain lead to severe neuronal damage, resulting in 

the rupture of neurons and the release of disrupted NfL from the brain into body fluids 

including CSF and blood. This would lead to reduced NfL levels in the brain but elevated 

levels in the CSF and blood of positive cases. To track the phenomenon of NfL clearance 

from the brain into body fluids due to neuronal damage, both NfL and PrPSc levels were 

measured using ELISA and IHC in various regions of the brain of negative and positive 

BSE-infected cattle. The association between the two markers was evaluated using 

Spearman's correlation analysis.  

IDEXX EIA results showed that PrPSc was absent in control animals but clearly present 

throughout the brain in positive BSE cases (Figures 1 and 3). The distribution pattern of 

PrPSc varied among BSE strains and across brain regions. Although all tested animals were 
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experimentally challenged under controlled laboratory conditions, uniform deposition was 

not observed, confirming that PrPSc exhibits strain-specific selectivity, as previously 

reported [37, 93]. The results of the current investigation showed that prion strains exhibit 

distinct patterns of PrPSc distribution, with significant differences which may be also due 

to the so-called P2 animals. Those animals were intracranially inoculated; however, the 

inocula (brain homogenates) were derived from orally challenged animals, whereas the 

remaining animals were inoculated with brain material from intracranially inoculated 

animals. Initially, those animals were assumed to be negative because of their extremely 

long incubation periods compared to others. Still, they were later confirmed to be positive, 

with a low prion prevalence. This resulted in a unique pattern that deviated from the rest of 

the data, which might have led to the current apparent large error bars and variability. 

NfL levels measured by ELISA showed larger error bars than those seen for PrPSc 

analysis, and their pattern also differed (Figures 2 and 4). The pattern did not follow a clear 

trend but rather appeared to be a randomly distribution, comparable between negative and 

positive cases. However, when examining NfL, it is crucial to consider all potentially 

relevant factors that could influence the results, beyond the inclusion of P2 animals. These 

factors include the nature of NfL structures, which consist of distinct domains, including 

head, rod, and tail [49]. These domains may also exist as fragments depending on the 

biological medium (brain tissue or bodily fluids), as well as the type of neurodegenerative 

condition and associated proteolytic activity [49, 94, 95]. 

NfL primarily exists as a full-length in the brain, with a small proportion of C-terminal 

truncations, whereas only short fragments are detected in the CSF [49]. However, the 

human-derived Quanterix kits are designed to detect NfL fragments solely in CSF, 

potentially failing to bind to full-length NfL species present in the brain and limiting the 
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ability to differentiate healthy from infected cattle. This issue became more evident during 

NfL measurements in brain tissues, as nearly all samples fell outside the kit's detection 

range of 125-2500 pg/mL. As a result, all samples required multiple tests at dilutions 

ranging from 3000- to 9000-fold, with dilution factors optimized individually for each 

sample to bring concentrations within the kit's detection limits, underscoring some of these 

kits' limitations. While this approach allowed for quantification, it may have led to 

additional variability in the data, with dilutions inconsistent across samples, which might 

also have affected the overall picture of NfL. 

Correlation analysis was conducted on the overall ELISA results to compare the levels 

of both proteins and examine any potential relationship between PrPSc and NfL. The 

Spearman coefficients varied in magnitude and direction, and none were statistically 

significant. This inconsistency suggested that there was no clear association between the 

two markers based solely on ELISA results. Several limitations were identified, including 

the small sample size (n = 3 per group, or n = 2 in some cases), variability in sample 

preparation, variation in BH amounts (~0.30 ± 0.05 g), the use of P2 animals, and reliance 

on human CSF kits due to the lack of brain-specific assays. As a result, the correlation 

analysis may not accurately reflect the true association between the two proteins. 

Therefore, knowing that NfL exists mainly as fragments in CSF, which originally come 

from the brain, where they are initially present as full-length proteins, it is assumed that 

only selective fragments leave the brain and enter the CSF.  The full-length NfL is 

composed of multiple domains containing coil 1A, coil 1B, coil 2A, and coil 2B, which are 

all connected and stable in intact NfL [49]. Hence, NfL found in CSF would represent a 

smaller fraction of those present in the brain at any point during neuronal damage, where 

their structures would be altered by fragmentation, thereby affecting their bindings to 
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antibodies and making them different from those in the brain. Thus, testing NfL species in 

the brain using those CSF kits led to unequal detection of all proteins, as antibodies are 

designed to bind to specific epitopes that could be masked when NfL is present in its full-

length. Most ELISA kits are designed to capture particular NfL fragments, either in CSF or 

in blood, and to recognize the epitope region containing coil 2B in most cases [49, 57]. 

Thus, it might be hard to access those proteins in the brain, as their binding wouldn’t be 

optimal. This is why there are different kits designed for each body fluid, given the distinct 

proteolytic processes that give each its final structure, as NfL fragments differ and have 

been identified in CSF [68] and blood [57, 94, 96]. These structural variations are also 

supported by previous literature, which shows that alterations in NfL can lead to structural 

disturbances, functional impairment, and cross-linking and tangle formation, thereby 

altering the actual structure and most likely affecting interaction with antibodies [97].  

Additionally, analyzing NfL levels in the brain using the CSF NfL kit presents a much 

more complex challenge than assessing NfL in CSF. Brain tissues are heterogeneous, 

highly structured organs that contain various cell types, including neurons, glial cells, and 

endothelial cells, each of which may contribute differently to NfL release, as NfL exists in 

different abundance throughout the brain [98, 99].  This complexity may affect assay 

performance, making it more challenging to obtain uniform, consistent measurements of 

NfL levels across different brain regions. Given these limitations, it was essential to 

perform this analysis using a more reliable approach, such as immunohistochemistry (IHC), 

a well-established confirmatory technique in prion research.  

Hence, staining the brains of BSE positive animals for PrPSc with anti-PrP antibody F99 

and quantifying PrPSc immunolabelling (as shown in Figures 7 and 10), showed overall 

levels of PrPSc in agreement with those from IDEXX EIA. No PrPSc signal was observed 
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in the negative controls, while positive samples showed apparent immunolabelling 

throughout the brain. However, when the four BSE groups were plotted separately, no 

significant differences were observed; in contrast, combining all BSE stains revealed more 

pronounced differences, highlighting the impact of sample size on the reliability of the 

outcomes (Figure 10). These differences may stem from limitations such as sample size, 

experimental procedures, and the availability of tissue blocks for staining. 

Similarly, the quantification of total NfL levels after staining BSE-positive brains with 

ant- NfL antibody (as shown in Figures 9 and 11), indicated a pattern in which, in most 

cases, NfL is lower in BSE-positive animals than in controls, except for a few C-BSE cases, 

none of which were statistically significant (Figure 9). Upon combining all BSE strains, 

the pattern becomes clearer, and NfL seems to be reduced in BSE-positive samples 

compared to controls (Figure 11), aligning with previously published results [58]. This 

decline in NfL is likely due to ongoing neuronal damage at any given time, which may be 

released into body fluids [28, 50, 100].  Such processes can occur through homeostatic 

mechanisms that the brain uses to manage neuronal damage when axons are ruptured, 

releasing damaged NfL [48, 96].  The exact clearing mechanism is not fully known, but it 

is speculated to involve many different pathways, including the activation of microglia cells 

for clearance [28, 101], internal degradation inside neurons (proteasomes, autophagy) 

[102], or by releasing it to the extracellular space, where enzymes outside the cell break it 

down [103]. This underscores the dynamic nature of NfL across the brain, accounting for 

regional variation in its concentration [98, 99]. Consequently, levels may rise in one area 

and fall in another, reflecting the current state of neurodegeneration and clearance. 

In the present investigation, Spearman correlation analysis was performed similarly to 

ELISA, and the correlation coefficients varied across brain regions, with some areas 
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showing no or low correlation (obex) and others showing moderate positive correlation 

(frontal cortex). However, none of these correlations reached statistical significance, 

suggesting that the observed associations may be weak or confounded by variability in the 

data presented compared with those reported in previous studies [53], which showed a 

strong negative correlation [58]. The Spearman coefficient was low in the obex regions, 

indicating that the levels of both proteins are independent. This could be because the PrPSc 

is typically present in the brainstem early in the disease, and where most damage is expected 

to occur. Thus, it is anticipated that NfL in this region would have reached its optimal level 

by the time the disease reaches the terminal stage, when disrupted NfL is cleared into the 

CSF to maintain homeostasis during disease progression [28, 104]. Given that this area is 

rich in myelin, where most of the NfL would be present [48], this suggests that NfL levels 

may have been higher at earlier stages of the disease, as shown in an early study, where 

NfL was found to be higher at preclinical stages of scrapie [58]. This could explain the 

apparent lack of connection between the two proteins in this area. Eventually, in the final 

stages of the disease, it is hypothesized that the pathogenic agent would reach the frontal 

lobe, particularly in the later stages, when ρ is higher, possibly exhibiting the least neuronal 

damage; hence, both NfL and PrPSc are elevated simultaneously. Thus, NfL would remain 

intact and less regulated, as PrPSc has not caused severe damage in this area. Therefore, in 

cases where NfL levels are unchanged or similar between negative and positive BSE 

(Figure 11), this may indicate minimal disease manifestation and a possible early clinical 

stage. Conversely, reduced levels might be observed at the terminal stages of the disease, 

with greater damage. 

Therefore, it is crucial to consider the differences between this and the other study, 

which examined NfL using IHC. Betancor, M., et al., had focused on various stages of the 
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disease, analyzing the negative, pre-clinical, and clinical stages in sheep [58]. This allowed 

researchers to accurately determine the disease stage in each animal, whereas the animals 

used here were euthanized once clinical symptoms appeared. However, as shown in Table 

1, their ages varied, indicating they might not all be in the same clinical phase, with some 

possibly being in early or mid clinical, or terminal phase. While a negative association 

between NfL and PrPSc was observed in scrapie (21 animals), no such association was 

observed here (12 animals), with three of the latter being P2 and showing trends different 

from the rest of the cohort. Thus, it is suggested that multiple factors could explain the 

observed lack of correlation between NfL and PrPSc, and that NfL might not necessarily 

correlate with PrPSc deposition but rather with the neuronal damage it causes, as has been 

well established in other studies [63]. Still, visual inspection of the bar graph suggests lower 

NfL levels in positive samples, indicating a possible negative correlation; however, no 

statistically significant difference was observed. This may be attributed to the previously 

mentioned limitations, which could mask any true association despite the observed trend 

The overall output of NfL analysis can be influenced by various factors that affect 

interpretation, including variability in incubation times among animals, as shown in Table 

1. In the P2 animals, those with the most extended survival had low levels of PrPSc, which 

is why they were initially thought to be negative. However, it has been suggested that 

neuronal damage in these animals was less severe than in other positive animals. Therefore, 

the pattern of NfL may vary depending on neuroanatomical factors; in this case, the prions 

were present in limited amounts and did not cause severe damage, having an altered trend 

in these animals compared to the rest. This regional variability could lead to significant 

differences in NfL levels, complicating the establishment of a consistent relationship 

between NfL levels and prion deposition across all regions. The assessment of NfL levels 
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in the brain is complex and likely involves additional underlying dynamics that are not yet 

fully understood. This was demonstrated in the study of by Betancor, M., et al., 2022, 

although a negative correlation was observed in the brain and explicitly suggested 

downregulation of NfL, the NfL gene was highly expressed in some brain regions of 

positive animals compared to controls [58]. 

Additionally, technical factors such as antibody selection [57], as well as complex brain 

pathology from non-prion causes, can influence NfL levels [28, 104]. Therefore, this type 

of research would benefit from additional controls to develop a more comprehensive 

understanding and to provide clear answers regarding the significance of NfL in brain 

pathology. These controls should include strict adherence to the inoculation procedure, 

achieved by limiting the task to a single person, using inoculum from the same source, and 

maintaining a consistent incubation period, which is particularly challenging and 

unpredictable. In practice, many of these control measures are difficult to enforce, 

especially with large animals that require prolonged monitoring and intensive care, making 

strict control over incubation and preservation impractical. Future studies should examine 

these strains separately to understand their distinct effects on pathology and biomarker 

levels, using a larger cohort to increase statistical power.  

Overall, NfL is constantly changing and challenging to track throughout disease 

incubation time. Thus, it appears that NfL might also indicate the rate of pathological 

progression or disease aggressiveness, as previously determined [105]. It has already been 

established that NfL is primarily influenced by neuronal damage and advancement over 

time; therefore, it is time-dependent throughout the course of the condition [66]. However, 

this was also expected, given ongoing damage in the positive sample, which led to axonal 

disruption, NfL fragmentation, and increased brain leakage due to disruption of the blood-
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brain barrier [100]. Due to the previously mentioned limitations of ELISA, IHC appears to 

provide a more reliable answer.  

Following the brain correlation analysis, NfL levels in body fluids were assessed to 

further validate the observed pattern, which was achieved by measuring NfL levels in CSF, 

particularly to evaluate their relationship to brain levels and to other prion strains. This step 

was imperative, as prior research demonstrated that NfL levels were higher in prion disease 

positive CSF samples than in controls, reflecting the neuronal damage [104, 106, 107]. 

Therefore, the link between NfL levels in the brain and CSF was previously hypothesized 

to reflect the quantity released by dying neurons [100].  

Upon testing CSF samples with the Quanterix CSF-NfL assay, NfL levels were 

significantly higher in BSE-positive cases (p = 0.0028) compared to controls (Figure 13). 

When comparing BSE types, NfL levels were elevated across all three BSE strains (Figure 

13A and B). Among the positive samples, H-BSE showed the highest NfL concentration, 

followed by C-BSE and L-BSE (Figure 13 B). However, the large variability (as reflected 

by the error bars) resulted in differences that were not statistically significant, preventing 

NfL from distinguishing among the three BSE types. Significant differences were observed 

between the control and C-BSE and H-BSE (p = 0.031 and p = 0.034), confirming NfL as 

a marker of neuronal injury as previously reported [48, 63]. These findings support earlier 

research indicating that this increase results from neuronal impairments caused by prions, 

leading to the release of NfL from the brain into CSF [63, 78]. These results demonstrate 

the benefits of using NfL as a biomarker, as it increases following neuronal injury [48]. The 

process by which NfL enters body fluids is not fully understood. However, it may involve 

the glymphatic system, as its function could be impaired, leading to reduced clearance 

control and allowing large molecules, including NfL species, to enter surrounding fluids 
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[70, 71, 74, 75]. Total CSF NfL reflects contributions from different brain regions and 

indicates the amount released from the brain [78]. The current BSE study also showed 

variation in NfL levels across different brain regions, which likely contributes to the total 

NfL measured in CSF and aligns with observations in various human diseases [37].  

However, the results of NfL analysis using human CFS kits highlighting species-

specific differences in NfL levels and emphasizing the need for bovine-specific diagnostic 

tools [92]. This may indicate greater neuronal degeneration in BSE, but it needs 

comparative analysis with human CJD CSF samples. This suggests that differential 

diagnosis with other neurodegenerative diseases in livestock could be made if cut-offs are 

determined after developing a bovine-specific kit.  Although NfL appeared successful at 

separating healthy cattle from infected ones, it did not distinguish between BSE subtypes, 

with only two samples per subtype (H and L-BSE).  

The low number of atypical BSE samples was a significant limitation in this study. This 

is mainly due to the fact that only around 100 atypical cases have been reported worldwide, 

compared to thousands of classical BSE cases. As a result, the availability of materials for 

experimental studies is very limited, which restricted both the number of samples that could 

be included and the ability to generate additional research samples in the lab. This made it 

difficult to fully understand the impact of atypical BSE cases on overall NfL levels, as well 

as how the limited number of samples may have influenced the results. Further 

investigation of NfL across the three strains would be important to determine whether 

patterns differ, how these findings compare to prion diseases in other species, and whether 

the overall outcomes align with published research. 

ROC analysis shows high specificity and sensitivity when using CSF NfL levels to 

distinguish infected cattle from controls (AUC=1, p=0.005), with a cut-off >3012 pg/mL 
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and no variability in the data (Figure 13 D). This indicates that CSF NfL is highly suitable 

for ELISA testing in BSE cattle, achieving 100% specificity and sensitivity. Essentially, 

CSF is reliable for identifying all negative and positive BSE cases accurately. Furthermore, 

the Spearman correlation analysis of CSF NfL levels and age showed no relationship, ruling 

out the possibility that CSF-NfL levels are age-dependent, at least in this study (Figure 

13C). 

Although evaluating NfL in CSF was successful, CSF collection is invasive for animals, 

so it is preferable to find a method that can be used in accordance with the animal's health 

status. Additionally, this was crucial to understand that all prions share a common 

pathology, by demonstrating that NfL would reach the blood in these BSE positive animals, 

similar to what is shown in both scrapie infected sheep and CJD affected humans, and 

determining the relative amount present in blood compared to CSF. Therefore, the goal of 

this project was to evaluate NfL levels in blood as a premortem diagnostic for BSE, which 

would be less invasive than lumbar puncture because it would require only a blood sample. 

Results from serum analysis showed that NfL was higher in positive BSE samples 

compared to healthy cattle but many orders of magnitude lower than those found in CSF, 

effectively distinguishing between the two groups of animals. Thus, it provides a 

premortem method for BSE detection and overcoming the limitations of post-mortem 

screening (Figure 14A), which strongly aligns with previous studies in humans and sheep 

[22, 45, 56, 91]. However, the study unfortunately did not differentiate among the three 

BSE types (Figure 14 B), likely due to the small sample size. 

While the animals' ages were initially a concern because of the variable incubation 

periods, which also varied by strain, the age factor was dismissed as a possible influencer 

on elevated NfL levels in blood. This was confirmed by the lack of correlation (Figure 14C) 
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and this clearly demonstrated that total NfL levels were independent of age, as the 

correlation was low and not statistically significant, in contrast to other studies indicating 

that NfL increases with normal ageing [63].  

 Furthermore, ROC curve analysis indicated that NfL testing in blood exhibited very 

high specificity and sensitivity, at least in this study, yielding (AUC=0.94, p=0.0209) with 

a cut-off of >11.7 pg/mL, and greater variability among data points (Figure 14D). It 

achieved 100% accuracy in identifying all control cases and 91.7% sensitivity. Despite high 

specificity, serum NfL was less effective than CSF; however, given the small cohort in this 

study and the 91.7% test sensitivity, this is notable.  

Additional testing of NfL levels at 75% of the incubation period provided valuable 

insights: as NfL was higher in the positive BSE group compared to healthy controls at that 

timepoint; however, the difference was not statistically significant (Figure 14E). It is 

important to note that this stage occurred many months before the appearance of clinical 

signs. This indicates that NfL has strong potential to differentiate between BSE-positive 

and negative animals at or just before the clinical stage. Furthermore, the highest levels 

were observed during the clinical phases, reflecting the most severe neuronal damage as 

the disease progresses. Therefore, NfL release from the brain into CSF and then into the 

bloodstream tends to increase as neuronal damage peaks. Consequently, testing NfL during 

the clinical stages offers the best chance for successful BSE detection [74]. This supports 

NfL as a promising premortem clinical biomarker for BSE, particularly when combined 

with specific clinical signs.  

Given the observed similar pattern of NfL across both body fluids, with elevated NfL 

levels in BSE-positive cases compared to healthy controls, an association between NfL 

levels was expected. As a result, Spearman's rank correlation was used to assess the strength 
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of such a relationship. A strong positive correlation of 0.7 was identified, which is not 

perfect but sufficiently high to suggest that NfL levels in both body fluids tend to increase 

together. This implies that animals with high CSF NfL levels are likely to have elevated 

blood NfL levels and to show a greater increase in blood NfL levels when neuronal damage 

is more extensive. The scatterplot shows that NfL levels increased proportionally in both 

CSF and serum, consistent with previous studies reporting a positive correlation [61].  

When evaluating a protein's potential as a biomarker, understanding its stability is 

essential, as proteins are often sensitive and prone to instability. In this context, obtaining 

accurate results unaffected by factors such as freeze-thaw cycles and storage temperatures 

was vital, as these can significantly impact sample quality and diagnostic test results. Our 

results show that NfL remains stable through freeze-thaw cycles when samples are reused 

and across different storage temperatures, during long-term storage, aligning well with 

earlier research [59]. Data on the NfL stability assessment indicated that NfL is less 

susceptible to degradation than many other proteins, thereby helping preserve samples and 

enabling repeated testing. Thus, NfL appears to be a practical biomarker because it is easy 

to handle and requires fewer control measurements.  

Therefore, the success of NfL as a potential premortem biomarker would help reduce 

the cost of diagnosing BSE, as all BSE clinical-suspect cattle are currently euthanized for 

screening, which adds a financial burden. It also provides a quick screening tool that saves 

time by using blood for NfL testing. Results from blood NfL testing can be obtained within 

a few hours, compared with current approaches, which are limited to slower post-mortem 

tests that require animal sedation, transport to an appropriate high-contamination-level lab 

for autopsy, and additional challenges in handling large animals. The post-mortem process 

also requires a veterinarian and significant team effort to complete, as well as the collection 
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of samples under a pathologist's supervision for accurate identification of brain tissues. 

Then, tissue collection, which followed screening (usually a one-day ELISA test), with 

results coming back negative most of the time. Thus, NfL provides a practical, time-

effective tool that would improve the cattle industry by enabling quick, premortem 

screening before proceeding to post-mortem for ELISA, thereby providing an additional 

confirmatory step early on before the initial screening. Consequently, NfL seems to be a 

key area of interest that, if confirmed as a reliable biomarker, could advance prion research 

and inspire further investigations. 

5. Future Directions 

NfL was able to successfully distinguish between healthy controls and BSE-positive 

animals in premortem blood samples with high specificity and sensitivity. While this is a 

strong finding, extending this analysis to evaluate NfL specificity and sensitivity in other 

cattle-related neurodegenerative diseases could provide further insight. This would help 

clarify how similar those conditions are to BSE when evaluating NfL and how far they are 

from humans, where NfL is well explored and found to be a marker of many diseases, with 

elevation being most significant in prion diseases. Therefore, it is also essential to 

differentiate BSE from other neurological disorders, as many of them share similar clinical 

symptoms and might be mistaken for BSE. These diseases include listeria, lead poisoning, 

and polioencephalomalacia, which are split into thiamine deficiency and sulphate toxicity, 

vitamin A deficiency, pituitary abscess,  ketosis, hypomagnesemia, and middle ear 

disorders [108]. Since NfL is a general marker of neuronal damage, its elevation is not 

specific to BSE and has been reported across a range of neurodegenerative conditions. For 

example, increased NfL levels have been well documented in human prion diseases such 

https://www.merckvetmanual.com/metabolic-disorders/hyperketonemia-in-cattle/hyperketonemia-in-cattle
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as Creutzfeldt-Jakob disease [45, 46, 85], as well as in other neurological disorders, 

including Alzheimer's disease [87, 88] and multiple sclerosis [28, 105]. This highlights the 

importance of assessing whether NfL can reliably distinguish BSE from other neurological 

conditions in cattle. It remains unclear whether differences exist in the magnitude or pattern 

of NfL elevation between diseases, whether species-specific variations influence NfL 

levels, and whether a diagnostic threshold can be established to accurately differentiate 

BSE. Addressing these points would improve the interpretation of NfL as a biomarker and 

help determine its true diagnostic specificity 

If future studies are successful and NfL proves to be a promising tool that accurately 

differentiates between all bovine neurological disorders, or at least indicates neuronal 

damage, this could help improve the industry by removing diseased cattle from herds. So, 

the success of NfL can improve the quality of livestock imports and exports, thereby 

reducing the costs associated with their inclusion, which arise from the lack of reliable 

identification methods. 
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Supplementary Section: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1: Digital quantification of IHC staining signals for PrPSc and NfL levels using Image 

J software. The process applies colour deconvolution to separate the brown DAB staining (A), then uses 

binary and watershed techniques to distinguish fused cells (B), followed by analysis and measurement of the 

intensity of selected cells (D) in the obex region stained for PrPSc in a negative control animal with ID 27031 

(A) and a positive C-BSE animal with ID 29024 (B). The same animals are stained for NfL, including a 

negative control (3) and a C-BSE (4) animal.  
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Supplementary Figure 2: Optimization for quantifying IHC anti-PrP staining signals in three healthy 

controls and three C-BSE samples across seven brain regions, including the frontal cortex (FC), the thalamus 

(Th), the hippocampus (Hp), the occipital cortex (OC), the obex (Ob), the cerebellar hemisphere (CH), and 

the cerebral peduncle (CP). Quantification tested three thresholds to measure relative intensities, displayed 

as bars: 0-175 (A), 0-200 (B), and 0-217 (C), to accurately identify valid signals and exclude background and 

non-specific staining.  
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Supplementary Figure 3: Optimization for quantifying IHC anti-NfL staining signals in three healthy 

controls and three C-BSE samples across seven brain regions, including the frontal cortex (FC), the thalamus 

(Th), the hippocampus (Hp), the occipital cortex (OC), the obex (Ob), the cerebellar hemisphere (CH), and 

the cerebral peduncle (CP). Quantification tested three thresholds to measure relative intensities, displayed 

as bars: 0-150 (A), 0-175 (B), and 0-200 (C), to accurately identify valid signals and exclude background and 

non-specific staining.  
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Supplementary Figure 4: Pilot tests to determine optimal dilutions for measuring NfL in cattle CSF using 

the CSF-NfL human-derived kit. The preliminary test included negative control, C-BSE, H-BSE (n=2 for 

each), and L-BSE (n=1), using four dilutions: 2-, 4-, 10-, and 20-fold.  
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Supplementary Figure 5: Pilot tests to determine optimal dilutions for measuring serum NfL in cattle using 

a human-derived serum NfL kit. The preliminary test included C-BSE and H-BSE, with n=2 per group, using 

three dilutions: 2-, 4-, and 8-fold.  
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Supplementary Figure 6: Control tracking charts illustrating inter-assay variability of neurofilament light 

(NfL) concentrations in cerebrospinal fluid (CSF) and serum samples generated using a different kit lots. (A) 

Low NfL levels in CSF; (B) high NfL levels in CSF; (C) low NfL levels in serum; and (D) high NfL levels in 

serum. 
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