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ABSTRACT. Cerebral amyloid β (Aβ) deposition is a pathological hallmark of Alzheimer’s disease 
(AD). There are several molecular species of Aβ, including Aβ40, Aβ42, and Aβ43, and the pathological 
roles of Aβ43 have attracted particular attention in recent years. Aβ43 is mainly deposited as senile 
plaques (SPs) in AD brains, and is known to be more amyloidogenic and neurotoxic than Aβ42 and 
Aβ40. Aβ40 and Aβ42 deposition have been demonstrated in several animal species, while Aβ43 
deposition has not been studied in animals. The brains of sea lions, dogs, and cats exhibit unique 
age-related Aβ pathologies. In the present study, the deposition patterns of Aβ40, Aβ42, and Aβ43 
were examined immunohistochemically in the brains of aged dogs (n=52), sea lions (n=5), and cats 
(n=17). In dogs, most cerebral amyloid angiopathy (CAA) lesions and primitive SPs were positive 
for Aβ42, Aβ43, and Aβ40. However, diffuse SPs and capillary CAA lesions were negative for Aβ40. 
In sea lions, all SPs and most CAA lesions were positive for Aβ42, Aβ43, and Aβ40, while capillary 
CAA lesions were negative for Aβ40. In cats, Aβ42-immunopositive granular aggregates and 
arteriole and capillary CAA lesions were positive for Aβ43, but negative for Aβ40. Double-labelling 
immunohistochemistry revealed the co-localization of Aβ42 and Aβ43. These findings suggest 
that Aβ43 and Aβ42 are frequently deposited in the brains of Carnivora animals and may play an 
important role in Aβ pathology.
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Alzheimer’s disease (AD) pathology is characterized by the deposition of amyloid β (Aβ) in the brain neuropil as senile plaques 
(SPs) and the accumulation of hyperphosphorylated tau in neurons as neurofibrillary tangles. The accumulation of Aβ in the vascular 
walls of the brain, which is known as cerebral amyloid angiopathy (CAA), is also seen in AD patients’ brains. CAA is further classified 
into CAA-type1, which involves the capillaries in addition to the leptomeningeal and cortical small arteries, and CAA-type2, which 
does not involve capillaries [43].

Aβ is produced through the cleavage of the APP into peptides of either 48 or 49 amino acids by γ-secretase. In vitro study of 
human cells or Chinese hamster ovary cells revealed that Aβ49 is then sequentially cleaved at three amino acids in its C-terminus 
to produce Aβ46, Aβ43, and Aβ40, and Aβ48 is cleaved in a similar manner to produce Aβ45 and Aβ42 (Fig. 1) [4, 33, 42]. Among 
these molecules, Aβ40 and Aβ42 are the most studied Aβ isoforms. In vitro study of human neuroblastoma cell showed that Aβ40 
and Aβ42 are produced at a ratio of 9:1 [1]. Also, the amount of Aβ40 in human cerebrospinal fluid is higher than Aβ42 [32, 38]. 
Aβ40 is the predominant species in CAA, whereas the more aggregation-prone Aβ42 is the main component of SPs in the brains of 
AD patients [17, 35, 49].

Recent research has pointed to the potential of Aβ43, which has an additional threonine residue in its C-terminus relative to Aβ42, 
to contribute to the pathogenesis of AD. Some studies have suggested that Aβ43 is highly amyloidogenic [13] and neurotoxic [7, 37]. 
Aβ43 is often found in the cores of SPs in the brains of AD patients and transgenic mouse models [19, 21, 37, 47].

SPs and CAA have been reported in non-human primates [9, 14, 16, 18, 31] and other mammals. The patterns of Aβ accumulation 
differ among the various types of animals belonging to Carnivora. In the suborder Caniformia, aged dogs [10, 29, 45], bears [46], 
and pinnipeds (sea lions, seals, and walruses) [40, 41] develop numerous SPs and CAA lesions in their brains. On the other hand, 
Feliformia species, such as domestic cats [11, 15, 28], leopard cats [12], and cheetahs [39], exhibit no SPs, but show small granular 
deposits of Aβ in the neuropil and a few CAA lesions. In Carnivora brains, Aβ40 and Aβ42 are the most studied Aβ isoforms, which 
is also true for the human brain. In contrast, Aβ43 deposition in Carnivora brains has not been studied.

In the present study, we investigated the accumulation of Aβ43 in the neuropil and vascular walls in aged Carnivora animals (dogs, 
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sea lions, and cats). As a result, it was found that each of these animals exhibit specific Aβ43 deposition patterns in their brains. We 
compared Aβ43 deposition with the deposition of other Aβ isoforms, examined the differences between each type of animal, and 
discussed the effects of Aβ43 on Aβ deposition in aged Carnivora brains.

MATERIALS AND METHODS

Tissue samples and case selection
Brain tissues from 52 dogs, 5 sea lions, and 17 cats, which were confirmed to exhibit Aβ42 deposition in their brain parenchyma 

and/or blood vessels, were examined (Supplementary Tables 1–3). The frontal cortex region was selected for the examination. All 
samples were obtained through routine necropsies performed at the Laboratory of Veterinary Pathology, The University of Tokyo. 
The brains were fixed in 10% phosphate-buffered formalin, coronally sliced, and then conventionally embedded in paraffin blocks.

Immunohistochemistry
Consecutive sections were used for immunohistochemistry. After deparaffinization and rehydration, the tissue sections were 

pretreated with 98% formic acid for 5 min. To deactivate endogenous peroxidase, the sections were immersed in 10% hydrogen 
peroxide in methanol for 5 min, before being immersed in 8% skimmed milk in Tris-buffered saline (TBS) in order to prevent 
non-specific binding of the antibodies. The following primary antibodies were used: rabbit anti-Aβ43 (1:100, IBL, Fujioka, Japan), 
mouse anti-Aβ42 (clone 12F4, 1:1,000, Millipore, Temecula, CA, USA), and mouse anti-Aβ40 (clone 11A5-B10, 1:1,000, Millipore) 
antibodies. According to the product datasheets, these antibodies do not react with non-target Aβ isoforms. After incubation had been 
performed with each primary antibody at 4°C overnight, the immunolabeled antigens were visualized using the Dako Envision + 
System (Dako, Glostrup, Denmark). In brief, the sections were incubated with peroxidase-conjugated polymer at 37°C for 40 min, 
reacted with 0.05% 3′3-diaminobenzidine plus 0.03% hydrogen peroxide in Tris-hydrochloric acid buffer, and then counterstained 
with hematoxylin.

Double-labeling immunohistochemistry
The double-labeling immunohistochemistry was performed to examine the relationship between primitive plaques and capillaries 

in dogs. Sections were initially incubated with the mouse anti-Aβ42 and then visualized with 0.05% 3′3-diaminobenzidine plus 
0.03% hydrogen peroxide in Tris-hydrochloric acid buffer as a chromogen. Secondary, the slides were incubated with the rabbit 
anti-collagen IV (1:500, abcam, Cambridge, UK) and visualized with New Fuchsin (Nichirei Corp., Tokyo, Japan) as a chromogen, 
and then counterstained with hematoxylin.
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Fig. 1. Schematic diagram of Aβ43, Aβ42, and Aβ40 processing. Aβ48 and Aβ49 are produced through the cleavage of the 
transmembrane domain of the amyloid precursor protein by γ-secretase. Aβ49 is then sequentially cleaved by γ-secretase 
to produce Aβ43 and Aβ40 (Aβ49 →Aβ46 →Aβ43 →Aβ40). Aβ48 is cleaved in the same manner to produce Aβ42 (Aβ48 
→Aβ45 →Aβ42). This schematic diagram was prepared with reference to Bolduc et al. [4], and Takami et al. [42].
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Double-labeling immunofluorescence
To examine the co-localization of Aβ43 and Aβ42, double-labeling immunofluorescence was performed. The sections were 

deparaffinized and rehydrated, and antigen retrieval was performed using formic acid. After being incubated with the primary antibodies 
at 4°C overnight, the sections were washed with TBS. As secondary antibodies, Alexa Fluor 488-conjugated goat anti-mouse IgG 
(1:100, Life Technologies, Eugene, OR, USA) and Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:100, Life Technologies) 
antibodies were mixed in TBS. The sections were incubated with secondary antibodies at 37°C for 1 hr and then mounted with 
Vectashield (H-1500, Vector Laboratories, Burlingame, CA, USA). The immunolabeled antigens were visualized using a Carl Zeiss 
LSM700 Confocal Laser Scanning Microscope (Carl Zeiss, Tokyo, Japan).

Scoring of Aβ deposition
The Aβ deposits in the brain parenchyma and blood vessels were semi-quantitatively scored. The scoring system for parenchymal 

Aβ deposition was comprised of the following 4 categories: 0, no Aβ deposits; 1, mild (Aβ deposits were detected in less than 25% 
of the cortical circumference); 2, moderate (Aβ deposits were detected in 25% to 50% of the cortical circumference); 3, severe (Aβ 
deposits were detected in more than 50% of the cortical circumference). Aβ deposition in the meningeal blood vessels was scored as 0, 
no Aβ deposits; 1, mild (Aβ deposits were detected in less than 25% of the meningeal blood vessels); 2, moderate (Aβ deposits were 
detected in 25% to 50% of the meningeal blood vessels); 3, severe (Aβ deposits were detected in more than 50% of the meningeal 
blood vessels). To score cortical CAA (affecting arterioles and capillaries), areas of 0.55 mm2 in which more than 10 Aβ-positive 
vessels were detected were defined as “strongly CAA-affected areas”. The following scoring system was used for cortical CAA: 0, 
no Aβ deposits; 1, mild (less than 10 Aβ-positive blood vessels or only one strongly CAA-affected area was seen in the entire cortical 
circumference); 2, moderate (2 to 4 strongly CAA-affected areas were seen in the entire cortical circumference); 3, severe (more than 
5 strongly CAA-affected areas were seen in the entire cortical circumference). These scoring systems were designed for the present 
study. The Friedman test and the Bonferroni post-hoc method were used to compare the score distribution for Aβ43 with those for the 
other Aβ subtypes (Aβ42 and Aβ40). P-values of <0.05 were considered significant. All statistical analyses were performed with EZR 
(Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for 
Statistical Computing, Vienna, Austria) [24].

RESULTS

Immunohistochemical features of parenchymal Aβ deposits
In dogs, Aβ42 deposits were observed in the cortical parenchyma in 90.3% (47/52) of the examined dogs (Table 1 and Supplementary 

Table 1) and were mostly observed as SPs in the cerebral cortex. There were two types of SP: most SPs were diffuse plaques (Fig. 2A), 
whereas primitive plaques with dense aggregates were rarely seen in the canine brain (Fig. 2D). The diffuse plaques were positive for 
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Table 1. Score distribution of Amyloid-β (Aβ) 42, Aβ43, and Aβ40 in examined animals

Examined 
animals 

(n=cases) and 
lesions

Aβ deposition score
Aβ42 Aβ43 Aβ40

0 1 2 3 0 1 2 3 0 1 2 3

Dog (n=52)
Parenchymal 
deposition

Cases 5 21 9 17 19 30 3 0 44 8 0 0
(%) (9.6) (40.4) (17.3) (32.7) (36.5) (57.7) (5.8) (0) (84.6) (15.4) (0) (0)

Meningeal 
CAA*

Cases 0 10 9 33 0 18 14 20 14 33 4 1
(%) (0) (19.2) (17.3) (63.5) (0) (34.6) (26.9) (38.5) (26.9) (63.5) (7.7) (1.9)

Cortical 
CAA**

Cases 4 29 9 10 4 31 7 10 36 16 0 0
(%) (7.7) (55.8) (17.3) (19.2) (7.7) (59.6) (13.5) (19.2) (69.2) (30.8) (0) (0)

Sea lion (n=5)
Parenchymal 
deposition

Cases 1 0 1 3 1 1 2 1 1 4 0 0
(%) (20) (0) (20) (60) (20) (20) (40) (20) (20) (80) (0) (0)

Meningeal 
CAA

Cases 0 0 2 3 0 4 0 1 0 4 1 0
(%) (0) (0) (40) (60) (0) (80) (0) (20) (0) (80) (20) (0)

Cortical CAA Cases 0 1 1 3 0 1 2 2 0 4 1 0
(%) (0) (20) (20) (60) (0) (20) (40) (40) (0) (80) (20) (0)

Cat (n=17)
Parenchymal 
deposition

Cases 1 4 8 4 1 5 8 3 17 0 0 0
(%) (5.9) (23.5) (47.1) (23.5) (5.9) (29.4) (47.1) (17.6) (100) (0) (0) (0)

Meningeal 
CAA

Cases 17 0 0 0 17 0 0 0 17 0 0 0
(%) (100) (0) (0) (0) (100) (0) (0) (0) (100) (0) (0) (0)

Cortical CAA Cases 8 6 3 0 10 4 3 0 17 0 0 0
(%) (47.1) (35.3) (17.6) (0) (58.8) (23.6) (17.6) (0) (100) (0) (0) (0)

*CAA: cerebral amyloid angiopathy, **cortical CAA: CAA in both arteriole and capillary.
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Fig. 2. A–O: Serial sections of parenchymal Aβ deposits in dog (diffuse plaque: case No. D7 A–C, primitive plaque: case No. D35 D–F), sea 
lion (mature plaque: case No. S5, diffuse plaque: case No. S4), and cat (case No. C17) brains. The diffuse plaque in the dog was positive for 
Aβ42, partially positive for Aβ43, and negative for Aβ40 (A–C), whereas the primitive plaque in the other dog was positive for all Aβ subtypes 
examined (D–F). The primitive plaque contained tubular structures (arrows) and was located adjacent to a capillary CAA lesion with dispersed 
Aβ aggregates (arrowhead). In the sea lions, both the mature and diffuse plaques were positive for Aβ42 (G, J), Aβ43 (H, K), and Aβ40 (I, L). 
In the cat, the small granular deposits of Aβ42 (M) were also positive for Aβ43 (N), but negative for Aβ40 (O). Scale bars: 100 μm (A–C), 50 
μm (D–O).
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Aβ42, partially and weakly positive for Aβ43, and negative for Aβ40 (Fig. 2A–C), while the primitive plaques were positive for Aβ43 
and Aβ40 to a similar extent (Fig. 2E, 2F). Some primitive plaques contained blood vessel-like structures (Fig. 2E, 2F, arrows) and were 
located adjacent to capillary CAA lesions with dispersed Aβ aggregates (Fig. 2E, arrowhead). In double-labeled immunohistochemistry, 
the vessel-like structures were positive for collagen IV and considered capillaries (Supplementary Fig. 1).

In sea lions, Aβ42 deposits were observed in the cortical parenchyma in 80% (4/5) of the examined sea lions (Table 1 and 
Supplementary Table 2). Two types of SP were found in their brains: mature plaques with a central core (Fig. 2G) and diffuse plaques 
without a dense core (Fig. 2J). The SPs were also positive for Aβ43 and Aβ40 (Fig. 2H, 2I, 2K, 2L). The cores of mature plaques 
were strongly immunopositive for Aβ43 (Fig. 2H).

In cats, Aβ42 deposits were observed in the cortical parenchyma in 94.1% (16/17) of the examined cats (Table 1 and Supplementary 
Table 3). These deposits were composed of small granular aggregates of Aβ42 and did not form plaques (Fig. 2M). The granules were 
also positive for Aβ43, but negative for Aβ40 (Fig. 2N, 2O).

Score distributions for parenchymal Aβ deposits
Among the 52 examined dogs, no Aβ42 deposits were seen in 5 cases (9.6%), while mild Aβ42 deposition was observed in 21 cases 

(40.4%), moderate Aβ42 deposition was seen in 9 cases (17.3%), and severe Aβ42 deposition was noted in 17 cases (32.7%) (P<0.01). 
No Aβ43 deposits were seen in 19 cases (36.5%), while mild Aβ43 deposition was observed in 30 cases (57.7%) and moderate Aβ43 
deposition was seen in 3 cases (5.8%). No Aβ40 deposits were seen in 44 cases (84.6%), while mild Aβ40 deposition was observed 
in 8 cases (15.4%) (P<0.01) (Table 1 and Fig. 3A).

Among the 5 examined sea lions, no Aβ42 deposits were seen in 1 case (20%), while moderate Aβ42 deposition was observed 
in 1 case (20%) and severe Aβ42 deposition was noted in 3 cases (60%) (P=0.45). No Aβ43 deposits were seen in 1 case (20%), 
while mild Aβ43 deposition was observed in 1 case (20%), moderate Aβ43 deposition was noted in 2 cases (40%), and severe Aβ43 
deposition was seen in 1 case (20%). No Aβ40 deposits were seen in 1 case (20%), while mild Aβ40 deposition was observed in 4 
cases (80%) (P=0.52) (Table 1 and Fig. 3B).

Among the 17 examined cats, no Aβ42 deposits were seen in 1 case (5.9%), while mild Aβ42 deposition was observed in 4 cases 
(23.5%), moderate Aβ42 deposition was noted in 8 cases (47.1%), and severe Aβ42 deposition was seen in 4 cases (23.5%) (P=1.0). 
No Aβ43 deposits were seen in 1 case (5.9%), while mild Aβ43 deposition was observed in 5 cases (29.4%), moderate Aβ43 deposition 
was noted in 8 cases (47.1%), and severe Aβ43 deposition was seen in 3 cases (17.6%). No Aβ40 deposits were seen in any of the 17 
cases (100%) (P<0.01) (Table 1 and Fig. 3C).

Immunohistochemical features of CAA
Meningeal CAA: Meningeal CAA was defined as Aβ42 deposition in the meningeal blood vessel walls. In dogs, Aβ42 deposits were 

observed in the meningeal blood vessels (Fig. 4A) of all examined dogs (Table 1 and Supplementary Table 1). These blood vessels 
were also positive for Aβ43 and Aβ40 (Fig. 4B, 4C). The degree of deposition of each subtype in a meningeal arteriole wall was in 
the order of Aβ42 >Aβ43 >Aβ40. Each Aβ subtypes was deposited in the same area of an arteriole.

In sea lions, Aβ42 deposits were observed in the meningeal blood vessels (Fig. 4D) of all examined sea lions (Table 1 and 
Supplementary Table 2). These blood vessels were also positive for Aβ43 and Aβ40 (Fig. 4E, 4F). The degree of deposition of each 
subtype in a meningeal arteriole wall was in the order of Aβ42 >Aβ43 >Aβ40. Each Aβ subtypes was deposited in the same area of 
an arteriole.

In cats, no meningeal CAA was seen in any case, and all meningeal blood vessels were negative for Aβ42, Aβ43, and Aβ40 (Fig. 
4G–I).

Cortical CAA: Cortical CAA was defined as when Aβ42 deposition was seen in arteriole and/or capillary walls. In dogs, Aβ42 
deposits were observed in the cortical blood vessels (Fig. 5A, 5D) of 92.3% (48/52) of the examined dogs (Table 1 and Supplementary 
Table 1). The arteriole walls were also positive for Aβ43 and Aβ40 (Fig. 5B, 5C), and the deposition pattern of Aβ subtypes in the 
same vessel wall was similar to that of meningeal vessel walls. The capillary walls were positive for Aβ43 to the same extent as Aβ42 
but negative for Aβ40 (Fig. 5E, 5F). Aβ42 and Aβ43 was deposited in the same area of the vessels.

In sea lions, Aβ42 deposits were observed in the cortical blood vessels (Fig. 5G, 5J) of all examined sea lions (Table 1 and 
Supplementary Table 2). The arteriole walls were also positive for Aβ43 and Aβ40 (Fig. 5H, 5I), and the deposition pattern of Aβ 
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Fig. 3. Score distributions for parenchymal Aβ deposition in dogs (A), sea lions (B), and cats (C). **P<0.01.
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subtypes in the same vessel wall was similar to that of meningeal vessel walls. The capillary walls were positive for Aβ43 to the same 
extent as Aβ42 but negative for Aβ40 (Fig. 5K, 5L). Aβ42 and Aβ43 was deposited in the same area of the vessels.

In cats, Aβ42 deposits were observed in the cortical blood vessels (Fig. 5M, 5P) of 52.9% (9/17) of the examined cats (Table 1 and 
Supplementary Table 3). The arteriole and capillary walls were positive for Aβ43 (Fig. 5N, 5Q), but negative for Aβ40 (Fig. 5O, 5R).

Score distributions for CAA
Meningeal CAA: In the 52 examined dogs, mild Aβ42 deposition was observed in 10 cases (19.2%), moderate Aβ42 deposition was 

seen in 9 cases (17.3%), and severe Aβ42 deposition was noted in 33 cases (63.5%) (P<0.01). In addition, mild Aβ43 deposition was 
observed in 18 cases (34.6%), moderate Aβ43 deposition was seen in 14 cases (26.9%), and severe Aβ43 deposition was noted in 20 
cases (38.5%). No Aβ40 deposition was seen in 14 cases (26.9%), while mild Aβ40 deposition was observed in 33 cases (63.5%), 
moderate Aβ40 deposition was seen in 4 cases (7.7%), and severe Aβ40 deposition was noted in 1 case (1.9%) (P<0.01) (Table 1 
and Fig. 6A).

In the 5 examined sea lions, moderate Aβ42 deposition was observed in 2 cases (40%), and severe Aβ42 deposition was seen in 3 
cases (60%) (P=0.28). Mild Aβ43 deposition was observed in 4 cases (80%), and severe Aβ43 deposition was noted in 1 case (20%). 
Mild Aβ40 deposition was observed in 4 cases (80%), and moderate Aβ40 deposition was noted in 1 case (20%) (P=1.00) (Table 1 
and Fig. 6B).

In the 17 examined cats, no deposits of any of the three molecular species of Aβ (Aβ42, Aβ43, and Aβ40) were seen in any case 
(Table 1 and Fig. 6C).

Cortical CAA: In the 52 examined dogs, no Aβ42 deposits were seen in 4 cases (7.7%), while mild Aβ42 deposition was observed in 
29 cases (55.8%), moderate Aβ42 deposition was noted in 9 cases (17.3%), and severe Aβ42 deposition was seen in 10 cases (19.2%) 
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Fig. 4. A–I: Serial sections of meningeal CAA lesions in a dog (case No. D51: A–C), sea lion (case No. S4: D–F), and cat (case No. C17: G–I). 
In the dog and sea lion, the Aβ deposits in the meningeal blood vessels were positive for Aβ42 (A, D), Aβ43 (B, E), and Aβ40 (C, F). In the cat, 
the meningeal blood vessels were negative for Aβ42, Aβ43, and Aβ40 (G–I). Scale bar: 100 μm.
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(P=1.0). No Aβ43 deposits were seen in 4 cases (7.7%), while mild Aβ43 deposition was observed in 31 cases (59.6%), moderate 
Aβ43 deposition was seen in 7 cases (13.5%), and severe Aβ43 deposition was noted in 10 cases (19.2%). No Aβ40 deposits were 
seen in 36 cases (69.2%), while mild Aβ40 deposition was observed in 16 cases (30.8%) (P<0.01) (Table 1 and Fig. 6D).

In the 5 examined sea lions, mild Aβ42 deposition was observed in 1 case (20%), moderate Aβ42 deposition was seen in 1 case 
(20%), and severe Aβ42 deposition was noted in 3 cases (60%) (P=1.00). Mild Aβ43 deposition was observed in 1 case (20%), 
moderate Aβ43 deposition was seen in 2 cases (40%), and severe Aβ43 deposition was noted in 2 cases (40%). Mild Aβ40 deposition 
was observed in 4 cases (80%), and moderate Aβ40 deposition was seen in 1 case (20%) (P=0.27) (Table 1 and Fig. 6E).

1563–1573, 2022

Fig. 5. A–R: Serial sections of cortical CAA lesions (arteriole and capillary) in a dog (case no. D51: A–F), sea lion (case No. S5: G–L), and cat 
(case No. C17: M–R). In the dog and sea lion, the small artery CAA lesions were positive for Aβ42 (A, G), Aβ43 (B, H), and Aβ40 (C, I). In these 
animals, the capillary CAA lesions were positive for Aβ42 (D, J) and Aβ43 (E, K), but negative for Aβ40 (F, L). In the cat, the small artery and 
capillary CAA lesions were positive for Aβ42 (M, P) and Aβ43 (N, Q), but negative for Aβ40 (O, R). Scale bars: 50 μm (A–L), 30 μm (M–R).

Fig. 6. Score distribution for CAA in dogs, sea lions, and cats. A–C show the score distributions for meningeal CAA in dogs (A), sea lions (B), 
and cats (C). D–F show the score distributions for cortical CAA in dogs (D), sea lions (F), and cats (G). *P<0.05; **P<0.01.
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In the 17 examined cats, no Aβ42 deposition was seen in 8 cases (47.1%), while mild Aβ42 deposition was observed in 6 cases 
(35.3%), and moderate Aβ42 deposition was noted in 3 cases (17.6%) (P=1.0). No Aβ43 deposition was seen in 10 cases (58.8%), 
while mild Aβ43 deposition was observed in 4 cases (23.6%), and moderate Aβ43 deposition was noted in 3 cases (17.6%). No Aβ40 
deposition was seen in any of the 17 cases (100%) (P=0.058) (Table 1 and Fig. 6F).

Double labelling immunofluorescence for Aβ43 and Aβ42
In dogs, the diffuse plaques were positive for Aβ42 but the co-localization of Aβ43 and Aβ42 was not observed in the present study 

(Fig. 7A). However, the co-localization of Aβ43 and Aβ42 was observed in the primitive plaques as well as in the meningeal CAA 
and cortical (capillary) CAA lesions (Fig. 7B–D). In sea lions, the co-localization of Aβ43 and Aβ42 was observed in the diffuse 
plaques and mature plaques and in the meningeal and cortical (capillary) CAA lesions (Fig. 7E–H). The cores of the mature plaques 
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Fig. 7. Double-labeled immunofluorescence of Aβ43 (red) and Aβ42 (green) in dogs (case No. D38: A, B; case No. D51: C, D), sea lions (case 
No. S5: E, F, H; case No. S3: G), and a cat (case No. C17: I, J). In the dogs, the diffuse plaques were only positive for Aβ42 (A), but the co-
localization of Aβ43 and Aβ42 was observed in the primitive plaques (B), meningeal CAA lesions (C), and cortical CAA lesions (D). In the sea 
lions, Aβ43 and Aβ42 co-localized in the SPs (E, F) and CAA lesions (G, H). In the cat, the co-localization of Aβ43 and Aβ42 was detected in 
granular deposits (I) and cortical CAA (J). Scale bars: 40 μm (A, B, G, H), 50 μm: C, 20 μm (D–F, I, J).
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were strongly immunopositive for Aβ43 (Fig. 7F, arrow). In cats, the co-localization of Aβ43 and Aβ42 was observed in the granular 
deposits and cortical CAA lesions (Fig. 7I, 7J).

DISCUSSION

Parenchymal and vascular Aβ40 and Aβ42 deposits have been reported in various animal species. Conversely, an aged gorilla is 
the only animal that has been reported to exhibit Aβ43 deposition in its brain [27]. In this study, Aβ43 deposition in Carnivora brains 
was examined and compared with Aβ40 and Aβ42 deposition.

Previous studies have shown that capillary CAA (CAA-type1) is frequently seen in the canine brain [30]. The present study revealed 
that Aβ43 is deposited in the small arteries and capillaries in the canine brain, as is the case for Aβ42. In dogs, diffuse plaques were 
weakly immunopositive for Aβ43, and primitive plaques were strongly immunopositive for Aβ43. A previous study showed that canine 
primitive plaques contain several capillaries and may be CAA-type1-related lesions caused by the fusion of capillary CAA lesions 
with perivascular Aβ deposits [44]. In humans, a type of amyloid plaque called coarse-grained plaques contain vascular components 
(laminin, collagen IV, and norrin) and are reported to be associated with CAA-type1 [5]. The canine primitive plaques examined in 
the present study also contained capillaries and were located adjacent to capillary CAA lesions with dispersed Aβ aggregates called 
dysphoric capillary CAA lesions [34]. These findings suggest that Aβ43 deposition in dogs is associated with CAA-type1 and has 
different properties from the Aβ42 deposition associated with SP formation.

Two types of SP (mature and diffuse plaques) and CAA have been reported in aged sea lion brains [40, 41]. The present study showed 
that Aβ43 was frequently deposited in small arteries and capillaries in sea lion brains, as was seen in the canine brains. On the other 
hand, Aβ43 positive plaques were found more frequently in sea lion brains than in canine brains. In human AD and transgenic mouse 
brains, Aβ43 has been found in diffuse and mature (dense-cored) plaques, and Aβ43 was localized in plaque cores [21, 37]. The current 
study revealed that Aβ43 was present in the cores of mature plaques in sea lion brains. These findings suggest that in sea lions Aβ43 is 
associated with both CAA-type1 and plaque formation. Thus, different Aβ43 deposition patterns were observed in dogs and sea lions.

Aged cats show no SPs but exhibit small granular deposits of Aβ and few CAA [11, 15, 28]. This deposition pattern is thought to 
be associated with the 7th amino acid substitution of feline Aβ amino acid sequence compared to that of humans, dogs, and sea lions 
which exhibit SPs [6, 22, 41]. The present study revealed that Aβ43 aggregated to form granular deposits and cortical CAA lesions, 
which was similar to the deposition pattern of Aβ42 in the feline brain. The aggregation properties of the various Aβ subtypes differ, 
and Aβ43 has the strongest propensity to aggregate, followed by Aβ42 and Aβ40 [37]. The deposition pattern of Aβ is also affected 
by the subtype (Aβ43: plaques, Aβ42: plaques and CAA, Aβ40: CAA) [21]. In the present study, there was no significant difference 
between the Aβ43 and Aβ42 deposition scores for the feline brains. These results imply that Aβ43 and Aβ42 exhibit similar Aβ 
aggregation behavior in the feline brain.

The Aβ in meningeal and arterial CAA is predominantly composed of Aβ40 [17, 23], but capillary CAA is characterized by Aβ42 
deposits [2]. In the present study, Aβ43 was frequently deposited in capillary and arteriole walls, as was found for Aβ42 deposition in 
dog and sea lion brains. Aβ40 was mainly deposited in larger CAA-affected blood vessels and absent from capillary CAA lesions in 
dogs and sea lions. The intramural periarterial drainage (IPAD) pathway is the perivascular clearance pathway through which interstitial 
fluid containing Aβ accumulates around capillaries and leaves the brain between the smooth muscle cell basement membranes in the 
tunica media of arterioles and arteries [3, 8]. CAA is considered to be strongly associated with the IPAD pathway since the observed 
Aβ accumulation patterns are consistent with this pathway [48]. Aβ40, a comparatively soluble subtype of Aβ, can diffuse along 
perivascular drainage pathways and accumulate in the smooth muscle cell basement membranes of arterioles and meningeal blood 
vessels, which are located downstream of the IPAD pathway [25]. On the other hand, Aβ42 mainly accumulates in capillaries, which 
are located upstream of the IPAD pathway because of their strong propensity to aggregate [2]. Accordingly, our findings suggested that 
Aβ43 is mainly deposited upstream of the IPAD pathway in dog and sea lion brains, possibly because Aβ43 has a stronger propensity 
to aggregate than Aβ42 [37].

In the human brain, Aβ43 mainly accumulates as SPs, and it accumulates as CAA lesions less often [47]. In the present study, Aβ43 
mainly accumulated as cortical CAA lesions and accumulated less often as SPs in the brains of dogs and sea lions. An in vitro study 
found that the toxicity of Aβ to human cerebrovascular cells (smooth muscle cells and brain pericytes) decreases in the following 
order: Aβ40 >Aβ42 >Aβ43 [20]. Furthermore, the propensity of Aβ species to form CAA lesions follows the same order [21]. The 
smooth muscle cells in the tunica media are involved in the IPAD pathway [26], and Jäkel et al. suggested that the lower vulnerability 
of human smooth muscle cells to Aβ43 may be associated with less Aβ43 deposition occurring in the blood vessel walls in the human 
brain because of Aβ43 having less toxic effects on the IPAD pathway. In the present study, a different correlation between peptide 
length and cortical CAA formation (Aβ40 <Aβ42 ≈Aβ43) was seen in the Caniformia brains than has been observed in human 
brains. The vulnerability of Caniformia (dog and sea lion) cerebrovascular smooth muscle cells to Aβ may differ from that of human 
cerebrovascular smooth muscle cells.

A previous study showed that Aβ43 accumulates more frequently than Aβ40 in the brains of AD patients [37]. The present study 
revealed that Aβ43 was deposited as SPs and CAA lesions in Carnivora brains, and the Aβ43 deposition scores of these brains were 
higher than their Aβ40 deposition scores. This indicated that Aβ43 is one of the major components of Aβ pathology in the Carnivora 
brain. Furthermore, the co-localization of Aβ43 and Aβ42 was confirmed by double-labeling immunohistochemistry in the animal 
brains. It is known that Aβ43 exhibits significant seeding activity and induces Aβ42 aggregation [36]. The present study suggests that 
Aβ43 plays a vital role in Aβ pathology by being associated with Aβ42 deposition in the Carnivora brain.
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