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Abstract
Background  Recent reports suggest that amyloid beta (Aβ) peptides can exhibit prion-like pathogenic properties. 
Transmission of Aβ peptide and the development of associated pathologies after surgeries with contaminated 
instruments and intravenous or intracerebral inoculations have now been reported across fish, rodents, primates, and 
humans. This raises a worrying prospect of Aβ peptides also having other characteristics typical of prions, such as 
evasion of the digestive process. We asked if such transmission of Aβ aggregates via ingestion was possible.

Methods  We made use of a transgenic Drosophila melanogaster line expressing human Aβ peptide prone to 
aggregation. Fly larvae were fed to adult zebrafish under two feeding schemes. The first was a short-term, high-
intensity scheme over 48 h to determine transmission and retention in the gut. The second, long-term scheme 
specifically examined retention and accumulation in the brain. The gut and brain tissues were examined by histology, 
western blotting, and mass spectrometric analyses.

Results  None of the analyses could detect Aβ aggregates in the guts of zebrafish following ingestion, despite 
being easily detectable in the feed. Additionally, there was no detectable accumulation of Aβ in the brain tissue or 
development of associated pathologies after prolonged feeding.

Conclusions  While human Aβ aggregates do not appear to be readily transmissible by ingestion across species, 
two prospects remain open. First, this mode of transmission, if occurring, may stay below a detectable threshold and 
may take much longer to manifest. A second possibility is that the human Aβ peptide is not able to trigger self-
propagation or aggregation in other species. Either possibility requires further investigation, taking into account the 
possibility of such transmission from agricultural species used in the food industry.
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Background
Hyperphosphorylated tau tangles, amyloid (Aβ) peptide 
oligomers, and plaques are proposed to play an impor-
tant role in Alzheimer’s Disease (AD) progression in 
many AD subjects [1–5]. Although the etiology of the 
disease is complex and the exact molecular steps lead-
ing to AD are unclear [6], reports of cognitive health 
improvement in clinical trials with monoclonal antibod-
ies targeting Aβ among early symptomatic AD patients 
have put the spotlight back on amyloid [3, 7]. Isoforms of 
Aβ peptide ranging between 37 and 43 amino acids are 
formed from the cleavage of the amyloid precursor pro-
tein (APP) at different sites by an assortment of β- and 
γ-secretases [8]. A long-standing question of interest not 
only for Aβ peptides but also for other proteins and pep-
tides associated with neurodegeneration such as tau, and 
α-synuclein, is how pathogenicity spreads during disease 
progression [9]. Many independent studies support the 
proposal that Aβ aggregates have prion-like properties 
such as self-propagation in the disease state [10–14]. An 
abnormally folded monomer in an alternate confirmation 
is hypothesized to act as a seed, polymerizing to form 
paranuclei oligomers, which polymerize further to form 
fibrils [14–16]. As these insoluble fibrils grow, they are 
then thought to act as secondary nucleation sites, creat-
ing self-replicating amyloid fibrils that aggregate as new 
plaques with other proteins [11]. Such self-propagation 
is cited to allow Aβ to act as a pathogen, propagating 
strains distinct in isoform deposition ratios, and plaque 
morphology [17].

This self-propagation mechanism becomes problem-
atic when placed in the context of the potential harm to 
the general public from its transmission, even if it were to 
occur in only a fraction of AD cases. Alarmingly, reports 
of transmission of Aβ through medical procedures have 
been documented in recent years [18–20]. First reported 
in 2015 for humans, and subsequently confirmed by test-
ing of archived material in 2018, these instances of iatro-
genic transmission of Aβ are proposed to have occurred 
through treatments with contaminated cadaveric pitu-
itary growth hormone [18, 19]. The gray matter and pitu-
itary glands of those given the contaminated material 
exhibited Aβ pathologies typical of early-onset AD while 
possessing none of the genetic predisposition markers 
[18, 19]. Since this initial report, over 20 individual cases 
of iatrogenic Aβ transmission resulting in cerebral amy-
loid angiopathy (CAA) have been reported, categorized 
by a lower average age of AD onset when compared to 
sporadic CAA [20].

This pathogenic nature of Aβ has been examined 
extensively in primates, rodents, and zebrafish [21–25]. 
Intracerebral inoculation of AD-afflicted human brain 
homogenates in mouse lemurs, for example, triggered 
encephalopathy and cognitive decline over two years, 

with the earliest symptoms occurring after just four 
months [22, 24]. The results were comparable in mar-
mosets for observing cerebral amyloidosis, though it 
required a longer incubation time of approximately six 
years [26–28]. Rodent models, on the other hand, showed 
shorter incubation times of four to six months post-inoc-
ulation before significant plaque formation was observed 
in APP-producing transgenic lines with a predisposition 
to develop Aβ pathologies [21, 25, 29, 30]. In experiments 
with zebrafish, there is evidence for Aβ causing plaque-
like deposition, cognitive impairment, and truncated 
lifespans in a time scale of days to weeks following inocu-
lation [31–34].

A notable characteristic of other prions [35–38], which 
remains untested for Aβ, is the capacity to evade the 
digestive system and transmit zoonotically by ingestion. 
The most well-documented examples of such transmis-
sion are the transmissible spongiform encephalopathies 
due to consumption of meat contaminated with bovine 
spongiform encephalopathy (BSE) causing prions, and 
the sudden onset of Creutzfeldt–Jakob disease [35, 36, 
39–41]. Critically, recent evidence has highlighted that 
Aβ injected into the gut tissue of mice is capable of 
migrating to the brain [42]. In addition to this, misfolded 
alpha-synuclein, relevant to Parkinson’s disease, exhibits 
a similar phenomenon when expressed in the gut of D. 
melanogaster [38]. These observations suggest ingestion 
is a potential route for transmission from the gut to the 
brain. However, the digestive processes were bypassed in 
both instances, and thus the question as to whether Aβ 
can survive this process, and be absorbed unscathed to 
remain viable as a pathogenic seed is unanswered. Our 
study was designed to address this question directly.

Methods
Organism generation and culture
Transgenic D. melanogaster expressing either a fluores-
cent optogenetic human Aβ (Aβ-CRY2-mCherry) or a 
control fluorescent protein (tdTomato) used for feeding 
were generated as described previously [23, 43]. As noted 
in previous studies, visible light was sufficient to induce 
aggregation of Aβ-CRY2-mCherry in D. melanogaster 
larvae [23, 43]. Zebrafish (D. rerio) were bred and housed 
as described in Nathan et al., 2022 [44] at the ZebraF-
ish Facility (ZFF, Institute of Molecular and Cell Biology, 
A*STAR) in groups of 20–25 in 3-L tanks under standard 
facility conditions. Experimental protocols approved 
by the IACUC committee, Biological Resource Center 
at A*STAR (IACUC #201571) were followed for experi-
ments with zebrafish.

Feeding schemes and tissue extractions
D. rerio were fed dead D. melanogaster third instar lar-
vae or extracts (S1 Feeding video). For the short-term 
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intensive feeding scheme to quantify visually, fish were 
fed individually (with ∼ 10 larvae). The number of larvae 
consumed was recorded, and the process was repeated 
after 24  h. Fish were euthanized 24  h after the second 
feeding and tissue was harvested for processing or histol-
ogy. The complete gut tissue, including the intestinal bulb 
and posterior intestine, was dissected out as described in 
Gupta and Mullins, 2010 [45], placed in 300 µl RIPA buf-
fer, and homogenized on ice for 1  min to lyse the cells. 
The lysed extract was centrifuged at 14,000 x G, 4 °C, for 
10  min. The supernatant was extracted, aliquoted, and 
frozen at -80  °C until use. Protein extracts were quanti-
fied using Pierce™ BCA Protein Assay Kit according to 
the manufacturer’s instructions.

D. rerio used for the long-term feeding scheme were 
kept in 3-L tanks (20–25 fish/tank). In addition to their 
daily standard feed including Artemia, fish in these tanks 
were also fed ∼ 500 transgenic D. melanogaster larvae 
(or larval extract) every week for ∼ 3 months. Individu-
als were selected at random for tissue extraction for each 
round of experiment of westerns, histology, and Mass 
Spectrometry. Experiments were repeated two to three 
times. Whole brain tissue was processed in the same 
manner as the gut tissue described above.

Histology
D. melanogaster larvae were prepared for histology by 
immersion in 4% PFA prepared in 1x PBS overnight at 
4  °C. D. rerio tissues were prepared for histology in the 
same manner, with the addition of a ventral incision. His-
tology work was performed at the Advanced Molecular 
Pathology Laboratory (AMPL @ IMCB, A*STAR) using 
standard protocols. Briefly, D. rerio tissues were decalci-
fied in OSTEOSOFT® and trimmed to the appropriate 
region. After decalcification, all tissues were dehydrated 
in an ascending series of ethanol, cleared with xylene, and 
then embedded in paraffin wax. Five-micrometer sec-
tions were cut and placed onto glass slides. D. rerio slides 
were dewaxed in xylene and hydrated with a descending 
series of ethanol before being stained with hematoxy-
lin and eosin. After which, the slides were dehydrated 
through an ascending series of ethanol to xylene before 
being coverslipped.

Unstained sections were stained with congo red as 
follows [34]. Briefly, slides were dewaxed in xylene for 
one hour, hydrated with a descending series of ethanol, 
stained for 20 min in filtered 0.5% w/v congo red in 50% 
ethanol, differentiated in 1% sodium hydroxide in 50% 
ethanol for 30 s, dehydrated through an ascending series 
of ethanol to xylene and coverslipped in DEPEX mount-
ing medium.

Congo red fluorescence images were captured with 
an Axio Observer.Z1/7 LMS800 confocal microscope 
system under the following conditions; Excitation 

wavelength 488 nm and detection with a bandpass filter 
600–700  nm. Images were analyzed using ZEISS ZEN 
software.

Sample preparation for western blotting
Protein samples from zebrafish gut and brain tissue 
extracts were normalized to equal concentrations and 
used for SDS-PAGE. As trial experiments showed that 
total protein can degrade during gut tissue extraction 
despite protease inhibitors, experiments were con-
ducted in biological triplicates, and shown in duplicates 
in figures. Protein from ten D. melanogaster larvae per 
condition was used for Drosophila samples. The sol-
uble fraction of the tdTomato larvae yielded 4.8  µg/µl 
total protein and the Aβ larvae yielded 3.5  µg/µl when 
extracted in 300ul. The following quantities of pro-
tein were loaded per lane, per sample: 8 µg of fly larvae 
and zebrafish brain samples, and 20  µg of zebrafish gut 
samples. Protein samples were denatured in 1x laemmli 
buffer with 50mM DTT at 80  °C for eight minutes and 
loaded onto Biorad Mini-Protean 4–15% TGX precast 
protein gels to run for 30 min at 200 V under reducing 
conditions. Proteins were transferred to PVDF mem-
branes in tris-glycine plus 20% ethanol transfer buffer for 
90 min at 90 V. Following the transfer, membranes were 
rinsed in 1x PBS and blocked overnight at 4 °C in 4% non-
fat milk in 1x PBST 0.1%. Primary antibody in 1% non-fat 
milk, 1x PBST 0.1% (BioLegend Anti-β-Amyloid, 1–16 
Antibody, clone 6E10) was added at 1:7500 for 90 min at 
room temperature, then washed three times in 1x PBS. 
Membranes were then incubated in secondary antibody 
in 1% non-fat milk, 1x PBST 0.1%, 1:10000 (Aligent Dako 
Anti-mouse, HRP-conjugated) for one hour at room tem-
perature. The secondary antibody was removed by five, 
ten-minute washes in 1x PBS, and then membranes were 
incubated in a 1:1 mix of Thermo Fisher SuperSignal™ 
West Atto ECL substrate for 5 min. The excess substrate 
was drained, then membranes were stored in plastic wrap 
and imaged.

Mass spectrometry
Mass spectrometry analyses were performed by the 
Protein and Proteomics Centre, Department of Biologi-
cal Sciences, National University of Singapore. In brief, 
protein lysate samples were processed using the S-Trap 
micro column (Protifi) according to the manufacturer’s 
recommendations, and LCMS data was acquired on an 
Eksigent NanoLC-Ultra & SCIEX TripleTOF 6600. Com-
prehensive details of the run conditions are provided in 
the supplementary information (S2 Mass spec. meth-
ods). Data analysis was performed using ProteinPilot 5.03 
(SCIEX) using the UniProt Drosophila melanogaster and 
Danio rerio reference proteome databases and spiked 
with common contaminant proteins (cRAP), and custom 
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peptide search sequences for Aβ, CRY2, and mCherry 
(S2 Mass spec methods). The following parameters were 
used: thorough search mode, MMTS (lysates), trypsin 
enzyme, common biological modifications enabled, and 
detected protein threshold score of 0.05.

Protein multiple sequence alignment
Multiple protein sequence alignments were performed 
using NCBI BLASTp and visualized using NCBI Mul-
tiple Sequence Alignment Viewer 1.22.2. The follow-
ing ENSEMBL database records were used for the 
alignment: Human ENSP00000284981, Mouse lemur 
ENSMICP00000039774, White-tufted-ear marmoset 
ENSCJAP00000067269, Mouse ENSMUSP00000154061, 
Zebrafish ENSDARP00000110143.

Results
To examine if transmission of Aβ by ingestion can occur, 
we used a Drosophila melanogaster transgenic line that 
expressed a fluorescently tagged optogenetic Aβ1–42 
peptide (human Aβ-CRY2-mCh) and oligomerizes into 
aggregates [23, 43]. A second transgenic, fluorescent line 
expressing TdTomato served as a control [43]. Experi-
mental or control larvae were then administered as feed 
for adult zebrafish that readily consume insect larvae 
(S1 Feeding video). Mass spectrometry, western blot-
ting, and histological analysis were used to evaluate Aβ 

transmission, retention, accumulation, and associated 
pathologies. Two feeding schemes were used, one inten-
sive and short-term over 48 h to check for survival and 
retention of Aβ in the digestive system, and a second less 
intensive and long-term over three months to assay for 
accumulation and uptake into the brain tissue (Fig. 1).

As previous studies had used live imaging to visual-
ize Aβ aggregates in Drosophila larvae [23, 43], we first 
tested if they were detectable by methods that can be 
used in this study such as histology and western blotting. 
Congo red staining on histological sections showed a 
distinct staining pattern in Aβ expressing D. melanogas-
ter larvae (experimental larvae; Fig.  1a, b) compared to 
transgenic, fluorescent larvae used as controls (Fig. 1c, d).

Similarly, the aggregates were also detectable by west-
ern blotting at a feed-relevant scale where the protein 
samples prepared from 10 larvae were diluted 300 fold 
(Fig.  2a, b). On the western blots, the Aβ was detect-
able either in the form of an ∼ 88.5 kDa or an ∼ 61.5 kDa 
band corresponding to the full Aβ-CRY2-mCh or the 
Aβ-CRY2 respectively (Fig. 2a) but were not detectable as 
Aβ peptide (∼ 10 kDa; Fig. 2b). Therefore, Aβ aggregates, 
when present, even as a tiny fraction of the total protein, 
are readily detectable by these methods (See Supplemen-
tal Material S3).

For transmissibility via ingestion, Aβ would have to 
evade the digestive processes following intake. If it does 

Fig. 1  Schematic overview of the Aβ transmissibility study. (a) & (b) Congo red stained paraffin sections of transgenic D. melanogaster larvae express-
ing human Aβ fusion protein (Aβ- CRY2 - mCherry), n = 3. White arrows indicate amyloid deposits. (c) & (d) Congo red stained sections of transgenic D. 
melanogaster larvae expressing tdTomato, n = 3
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so, it should be retained in the gut tissue lining the diges-
tive tract after ingestion. We appraised if such retention 
happened by examining the gut tissue of the short-term 
fed zebrafish. In this scheme, approximately 20 lar-
vae were fed to each fish over 48  h, as described in the 
methods. We estimated that each larva contained ∼ 3 µg 
Aβ-CRY2-mCh (Table S3.1). If the survival and reten-
tion rates of Aβ in the gut corresponded to the behav-
ior of other prions such as PrPsc where retention after 
oral administration has been quantified [46], we would 
expect ∼ 3.9  µg of the fusion protein to remain in the 
whole gut tissue 24 h after feeding on 20 larvae (see Table 
S3.2 for details). This would result in ∼ 75 ng Aβ contain-
ing protein in the gut samples reported in Fig.  2b (also 

see Table S3.3). This amount is well within the detection 
threshold of our western blots (Figure S3.2). However, Aβ 
was undetectable in the gut tissue of these fish by west-
ern blotting at any of the molecular weights (∼ 88.5 kDa, 
∼ 61.5 kDa, ∼ 10 kDa; Fig. 2b), or by Congo red staining 
in histological sections (Fig.  2c, d). To further confirm 
these observations, we also performed LC-MS of the gut 
samples. LS-MS detected the mCherry portion of the Aβ 
fusion protein in two out of three samples, but not the Aβ 
or CRY2 portions (Fig. 2e). Given the variability between 
individual samples, it would seem that mCherry residue 
detection may be a consequence of incomplete diges-
tion as opposed to retention (Table S2.3). Thus, although 
amyloid and Aβ-specific staining was present in the food 

Fig. 2  Short-term feeding scheme searching for retention of Aβ in the gut tissue of D. rerio. (a) Schematic diagram of tissue extract regions, and estimated 
molecular weights of individual and combined components of the Aβ fusion protein expressed by transgenic D. melanogaster larvae. (b) Aβ (clone 6e10 
antibody) western blotting of D. rerio gut tissue 24 hours after short-term feeding, 20 µg, n = 3 per condition. Aβ larvae = D. melanogaster larvae expressing 
Aβ fusion protein, 8 µg, n = 2. tdTomato larvae = D. melanogaster larvae expressing tdTomato, 8 µg, n = 2. Aβ peptide = human amyloid beta 1–42 peptide, 
0.5 µg, n = 2. (c & d) Representative congo-red amyloid stained paraffin sections of (c) D. rerio gut 24 hours after feeding with larvae expressing tdTomato, 
n = 3, and (d) D. rerio gut 24 hours after feeding with larvae expressing Aβ42 n = 3. Scale bars = 50 µm. (e) Detection of target proteins via MS in assorted 
tissues. Representative samples with the highest ProtScore, n = 3 per condition. ProtScore > 1.64 = < 1% Local false discovery rate. ProtScore > 0.47 = < 1% 
Global false discovery rate. ’-’ indicates no peptide evidence detected for analysis. Peptide confidence > 95%. Analysis performed in ProteinPilot software 
5.03
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(D. melanogaster larvae), it was not present in a detect-
able quantity in the gut tissue of the zebrafish eating the 
larvae.

While no gut retention of Aβ was observable in the 
short-term feeding period, the possibility remained for it 
being present at a sub-detection threshold level initially, 
which eventually accumulates and leads to amyloidosis in 
the brain in the longer term. Further, it is also possible 
that the western blotting and histological techniques are 
not sensitive enough to detect such an accumulation. To 
test these possibilities, we employed a long-term feeding 
scheme and added a more sensitive Mass Spectrometry 
method in our next experiment. For this purpose, adult 
fish tanks (20–25 fish/tank) were also fed ∼ 500 trans-
genic D. melanogaster larvae, or larval extracts a week 
(control and experimental) for ∼ 3 months. No gross 
changes in the brain, or common indicators of Aβ pathol-
ogies seen in other animals, such as plaques, lesions, and 
hemorrhages [47, 48] were observed in these fish regard-
less of the feed being control or experimental larvae 
(Fig.  3a). Absences of Aβ aggregate staining by Congo 
red in histological sections of the brain tissue reinforced 

this observation (Fig. 3b, c). Finally, Aβ was not observed 
in the brain tissues of these animals in western blotting 
(Fig.  3d) or Mass Spectrometry (Fig.  3e) although both 
techniques were effective in detecting the same in the 
feed. Thus, no pathological seeding in a detectable form 
occurred in this period after repeated consumption of 
contaminated feed containing Aβ aggregates.

Discussion
Prion-mediated diseases are well-reported as zoonoti-
cally transmissible via the digestive tract [35–38]. The 
retention of Aβ in the gut tissue represents a potential 
route for pathogenicity and migration to the brain, as 
recently suggested for both Aβ and the aggregation-prone 
alpha-synuclein [38, 42]. The critical question is the “sur-
vival” rate or the retention of Aβ following infrequent 
ingestion. In the short-term feeding scheme, a 24-hour 
gap was left between the final feeding and extraction of 
gut tissue for analysis. 24 h of fasting is expected to clear 
almost all of the gut content of any undigested remains 
in larvae as well as adult zebrafish [49–51]. Thus, it was 
expected that any Aβ staining seen after 24 h is likely to 

Fig. 3  Long-term feeding scheme searching for accumulation of Aβ in the brain tissue of D. rerio. (a) Representative hematoxylin and eosin stained sec-
tions of D. rerio brain tissues after feeding for three months with transgenic D. melanogaster larvae. Aβ: Tissue of D. rerio fed larvae expressing Aβ; CTRL: 
Tissue of D. rerio fed larvae expressing tdTomato, MO: medulla oblongata, IL: inferior lobe, Dor: dorsal, Ven: ventral, Ant: anterior, Pos; posterior. n = 2 per 
condition Scale bars 100 µm. (b & c) Representative congo-red amyloid stained paraffin sections of (b) D. rerio optic tectum tissue after three months 
of feeding with larvae expressing tdTomato, n = 2, and (c) larvae expressing Aβ42 n = 2. Scale bars = 50 µm. (d) Aβ (clone 6e10 antibody) western blot-
ting of D. rerio brain tissue after long-term feeding for three months, n = 2 per condition, 8 µg. Aβ larvae = D. melanogaster larvae expressing Aβ fusion 
protein, n = 2, 8 µg. tdTomato larvae = D. melanogaster larvae expressing tdTomato, n = 2, 8 µg. Aβ peptide = human amyloid beta 1–42 peptide, 0.5 
µg, n = 2. (e) Detection of target proteins via MS in assorted tissues. Representative samples with the highest ProtScore n = 2 (pooled) per condition. 
ProtScore > 1.64 = < 1% Local false discovery rate. ProtScore > 0.47 = < 1% Global false discovery rate. ’-’ indicates no peptide evidence detected for analy-
sis. Peptide confidence > 95%. Analysis performed in ProteinPilot software 5.03

 



Page 7 of 10Raine et al. Alzheimer's Research & Therapy          (2024) 16:123 

come from the fish gut tissue. However, no staining was 
seen in either the histological sections showing the gut 
or western blots of the entire gut tissue. Only the Mass 
Spectrometry showed remnants post digestion as the 
mCherry component of the fusion protein Aβ-CRY2-
mCherry could be detected in 2 out of 3 samples. It 
seems likely that most of the D. melanogaster larvae were 
digested and/or excreted to below detectable quantities, 
or were sufficiently degraded beyond the point of specific 
detection in the zebrafish tissue (Fig. 2).

It is already promising that the surrounding fish diges-
tive tract lining tissue cells were free of Aβ aggregates. 
However, some strains of Aβ peptides derived from AD 
brains are more vulnerable to denaturation and degrada-
tion by proteases than others [17]. A more resistant form 
of Aβ peptide could potentially survive the digestive pro-
cess long enough to transmit to the gut tissues at a sub-
detection threshold, only to become a pathogenic seed 
once it migrates to the brain [42]. The long-term feeding 
assay where fish were routinely fed the same transgenic 
D. melanogaster larvae over three months can address 
these possibilities. Synthetic human Aβ is reported to 
aggregate, and cause noticeable brain and behavioral 
impairments when inoculated intracerebrally into larval 
zebrafish [31–34]. While the Aβ fusion protein expressed 
in larvae used as feed in this study (Aβ-CRY2-mCherry) 
is much larger and quite different in comparison, we pre-
viously demonstrated that even this form of Aβ exhibits 
many of the same pathological properties. It reduced the 
lifespan of D. melanogaster and C. elegans and caused 
physical neuronal damage in D. rerio [23]. The patholo-
gies, and irreversible nature of these aggregates com-
pared with CRY2 alone or other controls, indicated that 
the fusion protein is a reasonable approximation of dam-
age due to Aβ aggregation [23].

The brain tissue of the long-term-fed fish, however, 
showed no indication of Aβ presence or associated 
pathologies (Fig.  3). Our choice of 3 months of feeding 
was based on the Aβ inoculation studies, where zebrafish 
tend to display symptoms and detectable changes within 
weeks of exposure. The synthetic Aβ load in these cases 
is likely to be many-fold higher than the hypothetical 
scenario of ingested undetectable seeds [31–34] that the 
design of our study intended to mimic as “natural” condi-
tions. Hence, it is reassuring that no signs of Aβ aggrega-
tion or its prion-like features occurred at this time.

The potential for undetectable seeds acting as nucle-
ation sites with pathologies developing only much later 
in life (years) however, remains in the experiment above. 
In rodents, symptoms can take upwards of four months 
to manifest, even in genetically predisposed transgenic 
lines, while primates only develop signs of cerebral amy-
loidosis one year or more following inoculation with AD-
afflicted brain tissue [21, 22, 24, 26, 28–31]. As much as 

this could be a factor of the longevity of a species, trans-
missibility of Aβ via ingestion in D. rerio here also, if at all 
occurring, may parallel these mammalian studies where a 
small seeding event takes long incubation times (years). If 
this is the case, longer observation periods over the lifes-
pan of the fish (∼ 3 years) will be necessary to completely 
rule out this possibility.

Another pertinent question at this stage is whether 
human Aβ peptide is seed-competent in triggering a 
misfolding cascade interspecifically in D. rerio. While 
almost all the historical research into the transmissibil-
ity of Aβ is anthroponotic, the principle of cross-species 
pathogenicity is highly relevant, especially in the context 
of protein self-propagation. The degree to which a prion 
from a donor species is robust to interspecific amino acid 
sequence differences may influence its ability to trigger a 
cascade in the host. In other prion diseases such as BSE 
or chronic wasting disease, where zoonotic transmission 
is documented, interspecific prion protein sequence con-
servation is ∼ 90% [35–38, 52, 53]. In primate Aβ studies, 
the long incubation times and gradual spread through the 
wild-type brain indicate that the Aβ peptides are likely 
acting as seeds and triggering misfolding of host native 
peptides [21, 22, 24, 26–28]. However, the amino acid 
sequence identity of the Aβ region of APP in these spe-
cies is 100% (Fig. 4), thus, a species barrier does not pose 
a factor in preventing this spread.

Mouse models, on the other hand, do not display Aβ 
pathologies post-inoculation with human AD-afflicted 
brain tissue unless they are also altered transgenically to 
express human APP. Knock-out of the native mouse APP 
in these transgenics increases the deposition rate of Aβ 
[21, 25]. The Aβ region differs by only three amino acids 
in mice and highlights the need for high sequence simi-
larity for Aβ to act as a prion (Fig.  4). Fish APP ortho-
logues are only 63–70% similar to human APP695 and are 
especially variable in the region forming the Aβ peptide 
(Fig.  4) [54]. Hence, the absence of Aβ seeding in our 
experiments may be simply a reflection of this sequence 
dissimilarity rather than the inability of Aβ to act as a 
prion seed via ingestion. Furthermore, there is a paucity 
of information regarding the native aggregation capacity 
of endogenous zebrafish Aβ, with no evidence indicat-
ing it is capable of misfolding or forming plaques akin 
to human Aβ peptides. We chose to conduct the experi-
ments as reported because, unlike most mammalian 
models tested, the synthetic Aβ could simulate patholo-
gies relevant to AD in D. rerio [31, 32, 34]. However, it 
was difficult to know whether or not the synthetic Aβ 
also misfolded native D. rerio Aβ peptide. Our results 
suggest that host Aβ misfolding in fish from human Aβ 
aggregates is unlikely. This is encouraging, as along with 
previous rodent studies [21, 25], our study suggests that 
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transmission via ingestion across species may not be pos-
sible unless Aβ sequences are identical.

At present, we can only speculate about the conse-
quences of brain extracts from AD patients being con-
sumed directly, or Aβ plaques forming in farm animals 
used as food. An additional factor to note when consid-
ering the potential of transmission by ingestion in other 
species is variation in digestive efficiency, as well as the 
“leakiness” of the gut to blood to the brain. Zebrafish 
show functional conservation of the blood-brain barrier 
(BBB) with mammals [55] and the average digestion effi-
ciencies of fish and non-ruminant mammals are report-
edly similar when consuming whole invertebrates [56]. 
Hence, these may not be a significant factor extrapolating 
the outcomes reported here. While human consumption 
of human brain tissue containing Aβ may be unlikely, the 
strong conservation of the Aβ peptide sequence between 
livestock animals and humans warrants further investiga-
tion into this potential mode of transmission (Fig. 4).

Conclusions
In conclusion, it appears that while iatrogenic transmis-
sion of AD and other neurodegenerative disorders is a 
serious health risk, inter-species ingestion of Aβ may be 
a less likely route of transmission especially when Aβ 
sequence similarity between species is low. If gut reten-
tion of Aβ and transmission to the brain was occurring 
at all, it fell below detectable levels. Further experimenta-
tion will be required though to determine if Aβ pathology 

arises over a longer time scale of years, and whether 
pathogenicity of human, or livestock animal, Aβ via the 
human digestive tract is possible.
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