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Abstract: Neurodegenerative disorders are gaining ever more importance in ageing populations of 
animals and people. Altered insulin signaling and type II diabetes have been linked to the 
development of Alzheimer’s disease (AD) in humans and AD-like neurodegeneration in other long-
lived animals. Donkeys are unusual amongst domestic species for their exceptional longevity and are 
additionally predisposed to abnormalities of insulin metabolism similar to those found in humans. In 
this study, the parietal lobe and hippocampus of 13 aged (> 30 years) and two younger control donkeys 
were evaluated immunohistologically for the presence, distribution, and frequency of neurofibrillary 
tangles (NFT) and amyloid plaques (AP); the characteristic lesions of AD. AP were in parietal cortices 
of nine donkeys, with a predilection for deep sulci, and NFT-like structures were observed in seven 
donkeys, primarily within cortical areas. No changes were observed in the control donkeys. This 
represents the first identification of both AP and NFT in equids and is a stimulus for future work 
assessing their metabolic status in parallel.  

Highlights:  
• AP and NFT-like structures were identified in equid brains for the first time 
• These changes were only observed in brains from the aged donkey group 
• This study opens the door to comparing human and asinine disorders of metabolism  

 

Keywords: Donkey, Neurodegeneration, Alzheimer’s, Neurofibrillary Tangles, Amyloid Plaques. 
 

1. Introduction 

Ageing is associated with a number of recognised degenerative changes in the human brain, some 
of which are accompanied by clinical signs of cognitive dysfunction. The most prevalent degenerative 
diseases are broadly grouped as dementia, with Alzheimer’s disease (AD) the most frequent form 
(Kovacs, 2015). The two major neuropathologies seen in people affected with AD are the formation of 
extracellular amyloid-β plaques (AP) and the presence of intracellular  neurofibrillary tangles (NFT) 
composed of a hyperphosphorylated form of the protein tau (Perl, 2010).  

Despite its growing importance at an individual and economic level, the experimental study of 
AD is limited by the availability of valid spontaneous correlates. Mouse models rely on transgenic 
strains which can only partially mimic natural disease (King, 2018). Some non-human primates develop 
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the same pathological lesions as seen in AD (Darusman et al., 2014; Forny-Germano et al., 2014; Lyra e 
Silva et al., 2019; Oikawa et al., 2010), but in addition to ethical considerations, there are high financial 
costs in studying a sporadically occurring disease. 

Recent studies have shown that aged individuals of other species naturally develop similar 
changes within their brains, including dogs (Cummings et al., 1996; Youssef et al., 2016), ruminants 
(sheep, goats, and cattle (Braak et al., 1994; Costassa et al., 2016; Reid et al., 2017)), cats (domestic cats 
(Chambers et al., 2015; Gunn-Moore et al., 2006; Head et al., 2005), leopards (Chambers et al., 2012), 
cheetahs (Serizawa et al., 2012)) and horses (Capucchio et al., 2010). However, not all species develop 
both AP and NFT lesions (Youssef et al., 2016).  

Age-related changes in the brains of equids have been mainly studied in horses. These changes 
include the deposition of lipofuscin (Capucchio et al., 2010; Jahns et al., 2006) and hemosiderin (Jahns 
et al., 2006; Saunders, 1953) as well as the presence of calcium deposits (Capucchio et al., 2010; Hurst, 
1934; Jahns et al., 2006), pre-amyloid plaques (silver stain positive but negative by Congo red and 
immunohistology, discussed in Capucchio et al. 2010) and neuronal swelling (Capucchio et al., 2010) . 
To date, NFT have not been identified in equids (Capucchio et al., 2010).  

To the authors’ knowledge, no studies have examined the brains of aged donkeys. 
 

2. Materials and Methods  

2.1 Samples, collection, and processing  
This study included 13 elderly donkeys from southern England (three mares and ten geldings) 

aged between 30 and 44 years old, and two young control donkeys (geldings aged 8 and 9 years old). 
All donkeys were housed in loose barns over winter (approx. mid October to mid April) and strip-
grazed outdoors over summer with indoor access maintained. They were humanely euthanised on 
purely clinical grounds, using 20 ml intravenous Somnulose (Dechra; Cinchocaine Hydrochloride, 
Quinalbarbitone Sodium); supplemental Table 1 provides the signalment and relevant findings for each 
animal. The elderly animals were euthanased owing mostly to age-related diseases, whilst both control 
donkeys were affected by sarcoids (a common equine dermal neoplasm which can severely impact 
quality of life). Post-mortem examination and sample collection was performed with full owner 
consent, within 2 - 30 hours of euthanasia.  

Brains were fixed in 10% buffered formalin for at least one week before undergoing serial 
transverse sectioning. Samples from the parietal cortex and hippocampus were routinely processed 
into paraffin wax before mounting consecutive sections of 6 µm onto positively charged slides. 

 
2.2 Immunohistology and special staining 

For each case, immunohistology (IH) was performed on one section each of parietal cortex and 
hippocampus by immunolabelling with mouse and rabbit monoclonal anti-beta amyloid antibodies 
(4G8, [BioLegend, San Diego CA, US] and mOC64, [Abcam, Cambridge, UK] respectively), plus a 
mouse monoclonal anti-hyperphosphorylated tau (AT8; Thermo Fisher Scientific, Waltham MA, US). 
4G8 targets amino acid residues 17-24 of ß amyloid. The epitope lies within amino acids 18-22 of β 
amyloid (VFFAE). 4G8 β-amyloid antibody reacts to abnormally processed isoforms, as well as 
precursor forms. mOC64 recognizes monomeric, oligomeric and fibrillar forms of β-amyloid 1-42 
peptide, the epitope lies within amino acids 3-6.  

4G8 is commonly used in human diagnostics; however owing to a predicted aa mismatch between 
the human and asinine sequence at position 19 (human reference XP_003364220.1) and no mismatch at 
3-6, both antibodies were used in order to compare their performance. AT8 targets tau phosphorylated 
at Ser202 and Thr205. As this demonstrates the presence of tau-containing neurons but not their 
ultrastructure, positive cells are referred to from now on as NFT-like structures. Pre-treatment for 
antigen retrieval was performed in 98% formic acid for 6 hours for the anti-amyloid antibodies, and 
heat incubation at 110 °C in 0.01M sodium citrate buffer (pH 6.0) for 5 minutes for AT8. For all 
antibodies, slides were incubated in Dako REAL peroxidase blocking solution (Agilent Technologies, 
Stockport, UK) for 10 min to block endogenous peroxidase activity. Three times 2 min washes in Tris 
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buffered saline plus tween 20 pH 7.6 were performed between each step. Primary antibodies were 
incubated overnight at room temperature (4G8 at 1:1,500; mOC64 at 1:12,000; AT8 at 1:200) and bound 
antibody was detected using Dako EnVision Mouse/Rabbit HRP for 40 min (Agilent Technologies). 
Antibody binding was visualised using 3, 3’-diaminobenzidine substrate for 10 min (DAB; Sigma-
Aldrich, St. Louis MO, US) followed by 20 s counterstaining with Harris Haematoxylin (Sigma-
Aldrich).  

Following examination of these sections, representative sections with the most extensive 
immunostaining for AP (case 8) underwent immunohistology for the astrocyte marker glial fibrillary 
acidophilic protein (GFAP [rabbit polyclonal, Dako]) and the microglial marker Iba1 (rabbit polyclonal, 
Fujifilm Wako Chemicals, Neuss, Germany). GFAP was used at 1:400, incubated for 30 in at room 
temperature following pre-treatment of 30 min in Dako pre-diluted Proteinase K at 37 °C and Dako 
EnVision anti-rabbit detection. Iba1 was used at 1:500 for 30 min at room temperature, following pre-
treatment in citrate buffer as above with Dako EnVision anti-rabbit detection. 

Congo red staining was also performed on a subset of IH amyloid positive cases (8, 10, and 12). 
 

2.3 Digital image analysis and scoring 
Glass slides were first digitised using a Hamamatsu Nanozoomer whole slide scanner with a single 

layer scan at an up to 40x magnification then imported into QuPath (Bankhead et al., 2017), an open 
source image analysis software. Before image analysis began, the stain vectors for each slide were 
separately estimated using the modal values of QuPath’s automatic vector estimation function to 
provide greater inter-slide consistency. Regions of interest (ROI) were delineated as white matter, sulci 
and gyri on the sections of parietal lobe. The sulci ROI included all grey matter up to the level of the 
most superficial white matter, whilst the gyri incorporated the remnant overlying grey matter, as 
previously described (Gentleman et al., 1992). The hippocampus was divided into the dentate gyrus, 
Cornu Ammonis (CA)4, CA3, CA2 and CA1 (Schröder, Moser and Huggenberger, 2020). These ROI 
avoided any large, overt artefactual changes including tissue folding or non-specific stain deposition, 
and are shown below in Figure 1.  
The positive cell detection function was trained separately for 4G8, mOC64, and AT8 adapted from 
previously published methods (Wilson et al., 2021). Walker et al., 2017). This resulted in use of the 
following parameters in all three immunolabels: optical density sum detection image, pixel size 0.5µm, 
background radius 8µm, median filter radius 0µm, sigma 2µm, maximum area 0µm (equivalent to 
infinite), detection threshold 0.2, maximum background intensity 4 and score compartment of cell: DAB 
optical density mean. The minimum area varied from 26.45µm2 for the AT8 sections, to 100µm2 for the 
4G8 and mOC64. The cell expansion was 1µm for the AT8 sections, 25µm for the 4G8 and 1.5µm for 
the mOC64 whilst the score threshold was 0.65, 0.3 and 0.2 respectively. 

 
This methodology was then used on each section, with measurements exported to Microsoft Excel. 
These measurements included a count of the total area of the anatomical ROIs for each section. For the 
AT8 sections, the total count of AT8 positive neurons in each area was measured and used to calculate 
the number of positive detections per cm2. For 4G8 and mOC64, area density was instead used. 
To simplify data visualization, thresholds were determined for each stain which corresponded to -, +, 
++, and +++ scores. These were chosen by trialling iterations of histogram data bins to establish which 
allowed optimum segregation of the data. 
For 4G8, these were set at 0.06 % and 0.12 %, with 0.006 % and 0.012 % for mOC64 and 0.05 and 0.5 
cells/cm2 for AT8. 
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Figure 1: Images captured from QuPath. (A) Delineation of hippocampal anatomical regions of interest 
(ROIs), case 9 hippocampal region immunolabelled with 4G8. The purple ROI highlights the dentate 
gyrus, the green Cornu Ammonis (CA)4, the yellow CA3, the blue CA2 and the red CA1. Note that the 
larger detections in this area equate to the 25µm expansion of each positive detection, as detailed in the 
methods section. [B] Delineation of parietal lobe anatomical ROIs, case 8 parietal lobe immunolabelled 
with mOC64. The blue ROI highlights the white matter, the red ROIs highlight the various sulci, the 
green highlight the gyri and the cyan areas highlight areas of true positive cell detections. [C] 4G8 
positively immunolabelled amyloid plaques with positive detections highlighted by a red outline, case 
9 parietal lobe immunolabelled with mOC64. [D] AT8 positive neurofibrillary tangle-like structures 
with positive detections highlighted by a red outline, case 13 parietal lobe immunolabelled with AT8. 

2.4 Statistical analysis 
The statistical package GraphPad Prism was used for all statistical comparisons and graphical 

representations. Results for each region and antibody were first assessed for normality. As this gave 
variable results non-parametric tests were used for all. A Spearman’s rank correlation was used for 
correlation between the two AP antibodies, between 4G8 and AT8, and between each antibody and age. 
A one-way ANOVA was applied to regions of each section, with Wilcoxon matched pairs signed rank 
test used to identify significant pairwise comparisons. A probability of 0.05 was used as the cut off for 
all analyses, performed two-tailed.  

3. Results 

3.1 Amyloid plaques (AP) 
All observed plaques corresponded to those described in human literature as diffuse, with no 

entrapment of dying neurons or associated gliosis. The latter was confirmed by GFAP and Iba-1 
staining (exemplified in Supplemental Figure 1). There was a mild discrepancy in immunolabelling 
between the two antibodies, with more intense and slightly more widespread positive immunolabelling 
observed with 4G8 than mOC64. This is reflected in the differing thresholds set using QuPath data, and 
the increased number of low scoring cases with 4G8 (Table 1). However, a Spearman’s rank correlation 
between the two antibodies for the parietal cortex indicated correlation at p < 0.0001 indicating that this 
difference was likely of sensitivity rather than any inherent difference in target antigen. The 4G8 stain 
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also diffusely labelled neuronal cytoplasm with granular positivity. This affected all neurons with no 
discernible difference based on size or anatomical layer. AP were detected by both antibodies in the 
parietal cortex of seven of the 13 aged donkeys. There was a very low level of detection in a further two 
donkeys in 4G8 only. Within the hippocampus itself (i.e. excluding the cortical areas present in the 
section at the level of the hippocampus) there was very low level AP plaque load detected in almost all 
using 4G8 but not mOC64. None were observed in the young donkeys. The grey matter was 
predominantly affected, though not exclusively, with a predilection for sulcal depths. Sulci were 
significantly more affected than white matter (p < 0.01) but not than gyri (0.0742).  There was no positive 
staining outwith plaque formations, e.g. of vessel walls. 

Congo red staining of the three donkeys with the highest AP load was negative in the AP as well 
as in other structures e.g. vessel walls (exemplified in Supplemental Figure 1). 

 
 
Table 1: Summary of immunohistological findings by individual animal and anatomical region. 

 AP NFT-like structures 
Donkey Age (yrs) 4G8 mOC64 AT8 

  P H P H P H 
1 8 - - - - - - 
2 9 - - - - - - 
3 30 + + ++ - - - 
4 31 - - - - - - 
5 31 + + - - - - 
6 31 + + + - - - 
7 31 +++ + +++ - + ++ 
8 32 + + ++ - ++ - 
9 33 + + - - - - 
10 33 +++ + ++ - + - 
11 34 - + - - - - 
12 34 ++ + + - + - 
13 34 ++ + +++ - +++ ++ 
14 37 - + - - ++ - 
15 44 - + - - + - 
AP – amyloid plaques; NFT – neurofibrillary tangles; P – parietal cortex; H – hippocampus.  
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Figure 2: Representative images of amyloid plaques (AP) and neurofibrillary tangle (NFT)-like 

structures immunolabelled by 4G8 and AT8, respectively. (A) AP in the cortical grey matter of donkey 
7  (31-year old gelding)– scale bar 50μm; (B) An isolated NFT-like structure from hippocampal region 
CA1 of donkey 13 (34-year old gelding)– scale bar 50μm; (C) More frequent NFT-like structures 
observed in the parietal cortex of donkey 13 – scale bar 100μm. 
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3.2 Neurofibrillary tangle-like structuress (NFT) 
The NFT were observed in the parietal cortex of seven aged donkeys (Table 1). They 

predominantly, though not exclusively, affected pyramidal cells; equivalent to mainly cortical layers 
III and V. Two of these donkeys also showing immunolabelling in the hippocampus. Positive cells here 
consisted of very rare individual cells in CA1 (both cases) and CA4 (one case). Cortical neurons at the 
level of the hippocampus were far more frequently affected than those of the hippocampus itself (data 
not shown). Neither of the young donkeys exhibited NFT. Owing to the limited regions available to 
assess, no staging of the type used in humans (e.g. Braak and Braak, 1991) was attempted. 

 

 
Figure 3: Bar charts showing minimum to maximum immunohistological scores, demonstrating 

distribution of amyloid plaques (AP) and neurofibrillary tangles (NFT) by region in both the parietal 
cortex and the hippocampus of all donkeys. WM – white matter; CA – Cornu Ammonis; ** - 

significance level of p < 0.01. 
 

3.3 Correlation 
Five of the seven cases positive for NFT-like structures also exhibited AP in the same section. 

However, from the results so far, there is no statistically significant association between the presence 
of AP and NFT in an individual (4G8 vs AT8; p = 0.5578). There was also no spatial correlation visible 
on an observational basis when comparing consecutively stained slides. Overall, more AP than NFT 
were observed; see Table 1. Figures 4A and B, and G and H show good agreement between the two AP 
antibodies, with no associated hyperphosphorylated tau presence in C. Images D – F show NFT-like 
structures in the absence of AP whilst G - I demonstrate the presence of NFT and AP in the same region, 
based on consecutively stained sections (~6 µm apart). 
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The two younger control donkeys had no detectable AP or NFT. Within the older animals, there 
was no statistically significant age correlation detected for either AP or NFT, though this may reflect 
the relatively low case numbers. This was performed for the anatomical regions overall as well as 
individually by location within (e.g. sulci). Table 1 summarises the findings by individual.  

 
 

 
 
Figure 4: Spatial correlation between amyloid plaques (using the two immunolabels mOC64 and 4G8) 
and neurofibrillary tangles (using immunolabel AT8) in the parietal cortex of case 10 (33-year old 
gelding), and case 13 (34-year old gelding). Scale bars per row are of 250 µm, 100 µm, and 250µm 
respectively..  

4. Discussion 
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This is the first report of classical markers of AD-like neurodegeneration, i.e. AP and NFT, in the 
brains of aged equids, and specifically donkeys.  

While the degenerative changes were only seen in the aged donkeys, not the young controls, it 
was not possible to further correlate the incidence or severity of degenerative changes – as indicated by 
AP and NFT – with increasing age, possibly due to small sample size or extraneous factors including 
genetics. The oldest animal (at 44 years of age, eight years older than the second oldest) in fact exhibited 
neither AP nor NFT-like structures in the examined regions, suggesting that the presence of these 
changes is not an inevitable ageing change. Similarly, more cases would be required to determine 
whether there is a trend for either AP or NFT to occur first and whether these are spatially linked. One 
donkey (case 13) appeared to show co-localisation; however, it cannot be excluded that this is incidental 
owing to the widespread presence of NFTs in this case. Braak staging (Braak and Braak, 1991) is 
generally the accepted method to assess the stage of disease in humans. This could not be performed 
with the limited regions available and as such future studies require comparison of disease progression 
between species. If sequential involvement is similar, hippocampal involvement would indicate stage 
III or IV out of VI. 

As previous studies on ageing changes in brains of horses identified neither immunohistologically 
positive AP nor NFT, this may reflect a true species difference between horses and donkeys, or rather 
the older age of our cases, extending almost 20 years beyond the oldest animals in the equine studies 
(Capucchio et al., 2010; Jahns et al., 2006).  

Numerous types of AP have been described but the two most frequently identified in AD are 
diffuse and dense core plaques (DeTure and Dickson, 2019). The AP identified in the present study are 
consistent with diffuse plaques (Kovacs, 2015; Thal et al., 2006), mirroring previous findings in cats and 
dogs (Gunn-Moore et al., 2006; Head et al., 2005, 2000; Kovacs, 2015). It is suspected that diffuse plaques 
may be precursors to dense core plaques; the latter more commonly associated with neuronal and 
microglial degenerative changes (Thal et al., 2006). Their effect in equids is currently unclear. Diffuse 
plaques are also known to be poorly immunoreactive, with varying sensitivity of different antibodies 
(Kovacs, 2015), reflected in the results of the present study. This may also explain the lack of 
immunoreactivity of the plaques observed in horse brains by Capucchio et al. (2010). Although the 
location of mOC64-positive deposits corresponded to those observed with the 4G8 antibody in any 
given individual, 4G8 staining (which also detects amyloid precursor protein) was observed more 
intensely and with a slightly wider distribution. As in humans, grey matter, and more specifically sulci, 
appears predisposed. 

In humans, the distribution of NFT follows a set pattern as the disease progresses, allowing six 
stages to be recognised (Braak and Braak, 1991). Amyloid deposition can show more variability but also 
follows a pattern in humans and dogs (Braak and Braak, 1991; Head et al., 2000; Thal et al., 2006). We 
observed NFT in the parietal cortex more frequently than the hippocampus, with the latter never 
affected without the adjacent cortex. Evaluation of additional brain regions and many more donkeys of 
different ages will be required to determine if the same patterns apply in donkeys. 

Although they are distinct features of AD, AP and NFT may precede clinical disease by decades 
(DeTure and Dickson, 2019). From a welfare perspective this study alerts the veterinary profession and 
those working with donkeys to the need to be watchful for clinical signs of cognitive decline. It is 
necessary to be able to assess the behaviour of these animals more accurately in order to determine any 
clinical significance and the potential impact on the animal’s quality of life. A system for equine 
cognitive function testing has been developed (Roberts et al., 2017) and may be of potential benefit in 
the assessment of donkeys. However, its aim was to use the horse as a model in neurological disorders, 
specifically looking at stereotypical behaviours (Roberts et al., 2017), therefore adaptations or a novel 
donkey cognitive function system may be required to take into account species differences. 

This study represents the preliminary stage of investigation into changes occurring in the ageing 
asinine brain, and suggests that donkeys may undergo degenerative changes similar to those occurring 
in humans. It is hypothesized that this neurodegeneration is a result not of ageing itself but more 
specifically of our post reproductive longevity (Gunn-Moore et al., 2018). Resistance to insulin, or 
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reduced insulin signaling, has been shown experimentally to increase lifespan in mice and this altered 
responsiveness in insulin signaling pathways appears to be part of a trade off in humans contributing 
to the long post fertility lifespan (PFLS)  (Gunn-Moore et al., 2018). PFLS is not unique to humans 
(indeed certain cetaceans share this, as well as AD-like disease (Cohen, 2004; Gunn-Moore et al., 2018)) 
but its frequency in other mammals is debated and can be difficult to assess (Cohen, 2004; Ellis et al., 
2018). There are no data available for PFLS in donkeys, which is an area for future study. Compared to 
other domestic mammals including dogs and cats, which are currently being investigated as models 
(Chambers et al., 2015; Gunn-Moore et al., 2006; Head et al., 2005; Tokuda et al., 2015; Youssef et al., 
2016), donkeys are exceptionally long lived. The finding of shared neuropathological changes with 
humans opens the door to perhaps the most intriguing aspect; their shared susceptibility to metabolic 
dysfunctions. The triad of T2DM, obesity, and AD are intricately linked in humans (Gunn-Moore et al., 
2018; Monte and Wands, 2008; Pugazhenthi et al., 2017), with insulin dysregulation one of the main 
common factors. Equids,  in particular donkeys, are known to be prone to their own version of insulin 
resistance, in the form of equine metabolic syndrome (EMS) (Durham et al., 2019; Mendoza et al., 2019; 
Morgan et al., 2015). Donkeys could therefore be a potential animal model for AD, with both species 
gaining from any useful observations. EMS is often associated with obesity, which leads to reduced 
hepatic clearance of insulin and dysregulation of adipokines such as leptin and adiponectin (Durham 
et al., 2019). Donkeys are prone to hyperlipaemia, further enhanced in obesity, and have associated 
elevated leptin levels indicating alterations in lipid metabolism (Díez et al., 2012). Adiponectin is overall 
neuroprotective and is in contrast decreased with increasing adiposity in horses (Radin et al., 2009). 
Both leptin and adiponectin have been linked to the development of AD (McGuire and Ishii, 2016; 
Waragai et al., 2017), it could therefore be hypothesized that there is a link between this species’ 
elevated leptin and the observed neurodegenerative changes.  

An additional area of interest for further investigation is the link between iron levels, metabolic 
syndrome, and neurodegeneration. Ferritin levels have been linked to hyperinsulinaemia in horses 
(Kellon and Gustafson, 2019), whilst in humans  altered iron homeostasis is known to occur in 
numerous forms of neurodegeneration (Ward et al., 2014; Wojtunik-Kulesza et al., 2019).  

Unintentionally, by treating donkeys as we would the domestic horse, when they have evolved to 
survive arid conditions, the effect may in many ways have been similar to that of a western diet on 
humans (Mendoza et al., 2019). It is currently unclear to what extent the relatively sedentary lifestyle 
of most donkeys in high income countries influences their susceptibility (Durham et al., 2019), it is 
therefore planned to expand the next stage of this study to include material from working donkeys.  
In further studies we would aim to broaden the depth and scope of our investigation into the 
neurodegenerative changes affecting donkeys, to include both morphological and functional 
perspectives. Crucially, we also aim to incorporate assessment of the asinine metabolic status, both to 
evaluate whether this links to any neurological changes and to learn more about how close the human 
parallels are.  

5. Conclusions 

While NFT and AP are classically associated with human AD, this study is the first to report similar 
protein changes in the brains of aged donkeys. Further investigation is required to better understand 
the extent of these parallels. 
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