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Depositions of amyloid-beta (Ab) peptides in form of extracellular
plaques and cerebral amyloid angiopathy (CAA) are common fea-
tures of human Alzheimer disease (AD) brains (12). However, Ab

deposits can also occur in individuals without clinical symptoms of
cognitive impairment, defining a pathological preclinical phase of
AD. Interestingly, the clinical manifestation of AD symptoms cor-
relates with the occurrence of modified Ab variants phosphorylated
at serine residue 8 (pSer8Ab) (11). Phosphorylated Ab species
have an increased propensity to aggregate (6), show higher resist-
ance against proteolytic degradation (7) and exert increased neuro-
toxicity (9). Deposits with phosphorylated Ab variants have been
observed in brains of transgenic mouse, human sporadic and fami-
lial AD cases (1, 8, 11).

Age-associated sporadic cerebral amyloidosis has also been
shown in mammalian species with the identical amino acid
sequence within the Ab domain as humans (2, 3, 5). Primates and
canines not only develop Ab pathology resembling that of humans,
but also show cognitive decline during the natural ageing process.
Ab accumulates in different regions of the brain in a manner that
parallels the distribution pattern in the human AD brain (2, 3, 5,
13). Nonhuman primates also represent a valuable model to study
AD pathogenesis owing to their close evolutionary relationship to
humans. The age-associated neurodegeneration reported in nonhu-
man primates is associated with brain atrophy, abundant amyloid
plaques and a loss of cholinergic neurons similar to human AD (2,
13). However, nonhuman primates and canines show little if any
neurofibrillary tangle pathology, suggesting that these species
develop neuropathological features resembling early phases of AD
pathogenesis (13). Here, we characterized the deposition of
pSer8Ab and nonphosphorylated Ab in the brains of Caribbean
vervets and canines. Both species revealed abundant deposition of
pSer8Ab in the 5.

We used phosphorylation-state specific monoclonal antibodies
to characterize the deposition of phosphorylated (pSer8Ab) and
nonphosphorylated (npAb) variants of Ab in the brains of 15
Caribbean vervets ranging from 7.4 to 32 years of age (Table 1).
Archived fixed brain tissues or sections of the Caribbean vervets
were obtained from the Behavioral Science Foundation (Basseterre,
St. Kitts). Immunohistochemistry was performed as described pre-
viously (4), using three different primary antibodies. The mouse
monoclonal antibody (mAb) 82E1 (dilution 1:500; Immuno-

Biological Laboratories, Japan) recognizes Ab and APP C-terminal
fragments starting as Asp 1. mAb 1E4E11 (dilution 1:500) is reac-
tive to Ab peptides phosphorylated at Ser8 (8) and rat mAb
7H3D6 (dilution 1:500) specifically recognizes Ab peptide not
phosphorylated Ser8 position (8). The specificity of the
phosphorylation-state specific antibodies 1E4E11 and 7H3D6 was
demonstrated previously by preadsorption with synthetic Ab pep-
tides with Ser8 in phosphorylated or nonphosphorylated state by
western immunoblotting and immunohistochemistry, and by stain-
ings with secondary antibodies alone (8).

Of six animals younger than 15 years only three showed Ab

deposits. Ab plaques in these animals were predominantly found in
the frontal cortex and contained both phosphorylated and nonphos-
phorylated Ab variants (Table 1, Figure 1). Eight out of nine ani-
mals older than 15 years (15–32 years) had abundant deposits of
Ab also containing pSer8Ab and npAb peptides. In most of the
older animals extracellular plaques were found in the frontal cortex
as well as in the temporal cortex and the hippocampal region.
Semi-quantitative analysis revealed an age-dependent increase in
Ab deposition (Table 1, Figure 1). In addition to diffuse and dense-
core plaques, immunohistochemical analysis also revealed the pres-
ence of pSer8Ab in meningeal and parenchymal blood vessels
(Figure 1A,D). Overall, there was a strong overlap in the immuno-
reactivity for pSer8Ab and Ab variants starting with Asp1 of the
Ab sequence (Asp1 Ab) (Figure 1F). Immunostaining with
antibody 7H3D6 detected fewer plaques in both young and older
animals (Figure 1B,E; Table 1). This antibody does neither detect
Ab variants that are phosphorylated at Ser8 nor other N-terminally
modified species, including N-terminally truncated (Ab3-42), pyro-
glutamate Ab (pyroGluAb3-42) and nitrated Ab (3NTyr10- Ab)
(8). Together, these data suggest that Ab deposits might contain
substantial amounts of N-terminally modified species.

To also test the deposition of pSer8Ab in another species with
identical amino acid sequence of the Ab domain like humans and
vervets (3–5), we analyzed brains of beagles of ages between 10
and 14 years with Ab deposits (brains were obtained from the
University of California, Irvine, USA). In all three brains, abundant
deposition of pSer8Ab was detected in extracellular plaques (Table
1 and Figure 1G–O). Here, the 10-year-old animal showed predom-
inantly diffuse pSer8Ab-positive deposition (Figure 1G). In the
two older animals, pSer8Ab was also detected in compact plaques
(Figure 1J,M). Nonphosphorylated Ab was also detected in these
structures (Figure 1H,K,N), indicating co-deposition of phosphoryl-
ated and nonphosphorylated Ab variants. These deposits were also
decorated by antibody 82E1 (Figure 1I,L,O) that selectively
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recognize the free N-terminus at Asp1 of Ab. All 3 canines also
displayed abundant CAA (Figure 1G–O). The strongest vascular
Ab deposition was observed in the brain of the oldest animal (Fig-
ure 1M). There was a large overlap in the deposition of phosphoryl-
ated and nonphosphorylated Ab in vessels. The immunoreactivity
for npAb and pSer8Ab overlapped with the 82E1 antibody reactiv-
ity, suggesting that CAA contains Ab species starting with Asp1 in
phosphorylated and nonphosphorylated state.

Accumulation of Ab aggregates in the form of extracellular pla-
ques is a neuropathological hallmark of AD. However, neuropatho-
logical assessment and PET imaging revealed that extracellular
plaques are also found in cognitively normal individuals. The pres-
ence of extracellular Ab deposits in the absence of cognitive symp-
toms could represent an early phase of AD pathogenesis, also
referred to as pathologically preclinical AD. Interestingly, the

presence of pSer8Ab in extracellular plaques in human brain is
strongly associated with the manifestation of clinical symptoms of
AD, while unmodified or pyroglutamate-modified Ab is also abun-
dant in extracellular plaques of nondemented, pathologically pre-
clinical AD cases, suggesting that pSer8Ab is critically involved in
or reflects the manifestation of clinical symptoms in the pathogene-
sis of AD (11). These findings also indicate the importance of ana-
lyzing the molecular complexity of Ab aggregates to understand
the role of individual Ab species and the differential composition
of Ab deposits in AD.

In this study, we demonstrate the deposition of pSer8Ab in
brains of both vervets and canines. pSer8Ab was found in different
types of extracellular plaques and in blood vessels, thereby closely
resembling the neuropathological features of this Ab species in the
human brain (1, 6, 11). We previously showed the occurrence of

Table 1. Examination summary for Caribbean vervets and Beagle canines.

Animal Age (years) Gender Brain region examined 1E4E11 (pSer8Ab) 7H3D6 (npAb) 82E1 (Ab1-x)

Caribbean vervets

Vervet 1 7.4 Female F – – –

T/HC – – –

Vervet 2 11.1 Female F 11 1 11

T/HC – – –

Vervet 3 12.2 Female F – – –

T/HC – – –

Vervet 4 12.4 Male F 1 1 1

T/HC – – –

Vervet 5 12.8 Male F – – 1

T/HC – – –

Vervet 6 12.9 Male F 1 1 1

T/HC 1 1 11

Vervet 7 >15 Female F 1 1 111

T/HC – – 1

Vervet 8 >15 Male F 11 – 111

T/HC 1 1 11

Vervet 9 16.4 Female F 11 – 111

T/HC 11 1 111

Vervet 10 16.9 Female F 1 1 11

T/HC 1 1 1

Vervet 11* 19 Female F – – –

T/HC – – –

Vervet 12 24.5 Female F 11 1 111

T/HC 11 1 11

Vervet 13 27.7 Female F 111 11 111

T/HC – 1 11

Vervet 14 30.0 Male F 1 1 111

T/HC 1 1 11

Vervet 15 32.0 Female F 1 1 1

T/HC 11 1 11

Beagle canines

Canine-1 10 NA PF 1 1 1

Canine-2 12 NA PF 11 1 11

Canine-3 14 NA PF 111 11 1

Semi-quantitative scoring of general Asp-1 (82E1)- and phosphorylation-state specific (7H3D6 and 1E4E11)- antibody reactivity against immunore-

active Asp1 Ab plaques (82E1) and non-phospho and pSer8Ab-positive plaques in the brains of 15 Caribbean vervets and 3 canines. Degree of

plaques and blood vessel immunoreactivity: -, no positive plaques and blood vessels; 1 low number of positive plaques and blood vessels; 11,

moderate number of positive plaques and blood vessels; 111 numerous positive plaques and blood vessels. NA; not available.

*General Ab plaque immunoreactivity was observed in pre-frontal cortex in another study, suggesting this animal was in very early stages of

plaque deposition.
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Figure 1. Immunohistochemical analysis of aged Caribbean vervet and

canine brains. Immunohistochemistry of formalin-fixed, paraffin-embed-

ded frontal cortex sections comparing pSer8Ab (A,D), non-phospho Ab
(B,E) and Asp1 Ab immunoreactivity (C,F) on adjacent serial sections.

Both pSer8Ab (A) and Asp1 Ab (C) deposition begins in the parenchymal

vasculature, as shown in a 11-year-old monkey. With aging, cerebral

pSer8Ab immunoreactivity is found in diffuse deposits and also in com-

pacted plaques and CAA (A,D); however, there, pSer8Ab is only detected

in a subset of Asp1 Ab-positive plaques (D,F). pSer8Ab is detected in dif-

fuse plaques (arrows), blood vessels (arrowheads), dense-cored plaques

(asterisks). Immunohistochemistry of paraformaldehyde-fixed and

paraffin-embedded prefrontal cortex from aged beagle canines with a

pSer8Ab (G,J,M), non-phospho Ab (H,K,N) and Asp1 Ab immunoreactiv-

ity (I,L,O) on adjacent serial sections reveals diffuse pSer8Ab deposits at

10 years of age (g, arrows) that are also positive for non-phospho Ab (H)

and Asp1-Ab IR (I). Staining in a 12-year-old canine shows pSer8Ab-

positive blood vessels (J, arrowheads) that are concomitantly immunola-

beled by npAb and Asp1 Ab mAb on adjacent serial sections (K,L). Com-

pacted plaques (asterisk) were immunolabeled by all 3 antibodies. In the

oldest canine examined in this study (14 years), focal pSer8Ab-positive

deposits are observed (M); however, only subsets are non-phospho Ab
and Asp1 Ab positive (N,O). Superficial vessels are indicated by arrow-

heads and parenchymal vessels by open arrows.
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post-translationally modified pyroGlu-3Ab in these two animal
species (4). Thus, both types of post-translationally modified Ab

species well characterized in human brains are also found in extrac-
ellular deposits in brains of canines and nonhuman primates. The
sample size of this study and limited information about the cogni-
tive state of these animals precluded an analysis of the quantitative
accumulation during aging, and the potential association of
phosphorylated Ab in the different neuropathological lesions with
cognitive performance.

The accumulation of Ab in walls of blood vessels is observed
in almost all patients with AD, but can also be also detected non-
demented people, and patients with familial CAA (10). In this
study, we found that pSer8Ab accumulated in the walls of cere-
bral blood vessels including leptomeningeal arteries, cortical
arteries, capillaries and smaller arterioles in canine brains. Ab in
the wall of a cerebral blood vessel could affect brain circulation,
the blood-brain barrier and cause microhaemorrhages (10).
Previous reports indicate that the age-related neuropathological
lesions and cognitive impairment in aged canine and vervets is
comparable to that of humans, suggesting that these species could
represent natural animal models of sporadic cerebral amyloidosis
to study the mechanisms involved in the development and pro-
gression of AD (2, 3, 5, 13). Post-translationally modified Ab

variants are abundant in the human brain and likely contribute to
the complex pathways of Ab aggregation, deposition and neuro-
toxicity. Thus, future investigations on the spatiotemporal accu-
mulation and deposition of phosphorylated and other post-
translationally modified Ab species in animal species naturally
developing Ab pathology in relation to the cognitive performance
could provide interesting insights into the complexity and func-
tional implication of different Ab species in human AD
pathogenesis.
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