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Abstract

The two major histopathologic hallmarks of Alzheimer’s disease (AD) are amyloid beta protein
(AP) plaques and neurofibrillary tangles (NFT). Ap pathology is a common feature in the aged
nonhuman primate brain, whereas NFT are found almost exclusively in humans. Few studies have
examined AD-related pathology in great apes, which are the closest phylogenetic relatives of
humans. In the present study, we examined A and tau-like lesions in the neocortex and
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hippocampus of aged male and female western lowland gorillas using immunohistochemistry and
histochemistry. Analysis revealed an age-related increase in AB-immunoreactive plaques and
vasculature in the gorilla brain. Ap plaques were more abundant in the neocortex and
hippocampus of females, whereas AB-positive blood vessels were more widespread in male
gorillas. Plaques were also Ap40-, Ap42-, and AP oligomer-immunoreactive, but only weakly
thioflavine S- or 6-CN-PiB-positive in both sexes, indicative of the less fibrillar (diffuse) nature of
AP plaques in gorillas. Although phosphorylated neurofilament immunostaining revealed a few
dystrophic neurites and neurons, choline acetyltransferase-immunoreactive fibers were not
dystrophic. Neurons stained for the tau marker Alz50 were found in the neocortex and
hippocampus of gorillas at all ages. Occasional Alz50-, MC1-, and AT8-immunoreactive astrocyte
and oligodendrocyte coiled bodies and neuritic clusters were seen in the neocortex and
hippocampus of the oldest gorillas. This study demonstrates the spontaneous presence of both Ap
plaques and tau-like lesions in the neocortex and hippocampus in old male and female western
lowland gorillas, placing this species at relevance in the context of AD research.
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Amyloid beta protein (AB) deposits (or senile plagues), Ap angiopathy, and neurofibrillary
tangles (NFT) consisting of hyperphosphorylated tau aggregates are common pathological
features in the brains of healthy aged humans and in Alzheimer’s disease (AD) (Braak and
Braak, 1991; Bouras et al., 1994). In humans, Ap plaques are mainly composed of a 42-
amino acid Ap species (Ap42), whereas 40-amino acid (ApP40) peptides are found mostly in
the cerebral vasculature (Attems et al., 2004). These peptides are derived from the amyloid
precursor protein (APP) through the concerted proteolysis action of B- and -y-secretase.
AP42 has a high propensity to aggregate into insoluble fibrils and is more toxic than Ap40
(Younkin, 1998; Selkoe, 2001). AD is characterized by the appearance of neuritic plaques
(mature plaques) with a central amyloid core and dystrophic neurites and diffuse Ap plaques
with an amorphous appearance and lacking dense fibrillar structures. The amyloid cascade
hypothesis of AD proposes AP production as a necessary precondition for the development
of tau-containing NFTs (Selkoe, 2000). Tau is a microtubule-associated protein that is
abnormally hyper-phosphorylated and self-assembles into paired-helical filaments (PHF) in
AD and other tauopathies. Clinical pathological studies have demonstrated that, unlike
diffuse plaques, neuritic plaques as well as the amount and distribution of NFT correlate
with cognitive decline in AD (Arriagada et al., 1992; Nagy et al., 1995; Gomez-Isla et al.,
1996; Giannakopoulos et al., 2003).

The sporadic presence of parenchymal and vascular A deposits is not exclusive to aged
humans and have been reported in the brain of aged nonprimate mammals as well as
nonhuman primates (strepsirrhines, monkeys, and apes), suggesting that age-related Ap
plaque deposits occur in most mammalian species. Mainly AB40 and/or Ap42 diffuse
plaques have been described in the brain of aged nonprimate mammals including camels
(Nakamura et al., 1995), polar bears (Tekirian et al., 1996), wolverines (Roertgen et al.,
1996), dogs (Tekirian et al., 1996), and cats (Brellou et al., 2005). In contrast, the brains of
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several New and Old World monkeys, such as marmosets (Geula et al., 2002), rhesus
monkeys (Martin et al., 1991; Mufson et al., 1994; Poduri et al., 1994; Gearing et al., 1996),
long-tailed macaques (Kimura et al., 2003), Caribbean vervets (Lemere et al., 2004), squirrel
monkeys (Walker et al., 1987), and cotton-top tamarins (Lemere et al., 2008) display mainly
AP neuritic plaques and Ap vascular deposits similar to those seen in humans, indicative of
similar mechanisms involved in AP processing between monkeys and humans. However, the
absence of the classic NFT pathology in monkeys (Hartig et al., 2000; Schultz et al., 2000)
despite amyloid plague deposition suggests the existence of differential molecular
machinery involved in NFT formation between monkeys and humans.

While numerous studies exploring the presence of AD-like pathology have been carried out
in aged New and Old World monkeys, only a few studies have been performed in apes
(Gearing et al., 1996, 1997; Kimura et al., 2001; Rosen et al., 2008). As great apes and
humans share numerous anatomical and physiological similarities due to their close genetic
ancestry, the knowledge of interspecies differences in AD-like pathology could provide clues
to the mechanisms underlying AD pathology in humans. Among the great apes,
chimpanzees and bonobos display the closest phylogenetic relationship to humans, followed
by gorillas and orangutans (Scally et al., 2012). Although prior studies have revealed diffuse
plaques and vascular amyloid in the aged chimpanzee (Gearing et al., 1996) and orangutan
(Gearing et al., 1997) brain, reports of tau pathology are restricted to a single old
chimpanzee with a large vascular lesion (Rosen et al., 2008). With the exception of data
from an aged western lowland gorilla showing only plaque pathology (Kimura et al., 2001),
there is a paucity of literature examining amyloid and tau pathology in gorillas. Therefore, in
this special issue of The Journal of Comparative Neurology dedicated to the memory of
Gary Van Hoesen, we present an analysis of AD-like pathology in the neocortex and
hippocampus in aged male and female western lowland gorillas, brain regions to which he
applied his neuroanatomical expertise to define their neural connectivity and involvement in
AD.

MATERIALS AND METHODS

Subjects

The study sample included adult western lowland gorillas (Gorilla gorilla gorilla) that had
been housed at American Zoos and Aquariums (AZA)-accredited facilities within the United
States and were maintained in accordance with each institution’s animal care and use
guidelines. All individuals died of natural causes and brains were obtained through the Great
Ape Aging Project. All specimens are “on loan” to the “Great Ape Aging Project,” which is
authorized to share access with scientists for research that amplifies knowledge of great
apes. The zoological institutions indicated that overt cognitive decline was not noted for any
of the gorillas that were included in this study. However, none of the individuals participated
in formal cognitive testing. Frontal cortex was obtained from four males (22 to 49 years) and
three females (32, 50, and 55 years old) and hippocampus materials from two males (13 and
42 years old) and four females (32 to 55 years) (Table 1).

The western lowland gorilla represents one of the closest living relatives of humans,
demonstrated by the recent sequencing of the gorilla genome (Scally et al., 2012), having
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shared a common ancestor with humans ~9-20 million years ago (Langergraber et al., 2012).
In the wild, western lowland gorillas inhabit the tropical forests of Cameroon, Central
African Republic, Gabon, Democratic Republic of Congo, and Equatorial Guinea, with a
primarily herbaceous and frugivorous diet (Doran et al., 2002). The maximum lifespan of
wild western lowland gorillas ranges from 35 to 40 years (Bronikowski et al., 2011),
whereas captive individuals have exceeded 50 years.

Tissue preparation

Antibodies

Brains were immersion fixed in a 4% paraformaldehyde phosphate buffered (PB, pH 7.4)
solution for a minimum of 7 to 10 days and then cryoprotected in graded series of sucrose
solutions at 4°C. Blocks containing the frontal cortex and the hippocampus were cut in the
coronal plane at 40 um thickness on a freezing-sliding microtome and stored in a solution
containing 30% glycerin, 30% ethylene glycol, in 0.1 M phosphate buffer at —20°C until
processing for immunohistochemistry and histochemistry.

Table 2 describes the antibodies used in the present study including: 6E10, a mouse 1gG1
antibody raised against amino acid residue 1-16 (DAEFRHDS-GYEVHHQK) of AB, with
an epitope at residues 3-8 (Kim et al., 1988), which recognizes Ap isoforms and its
precursor APP protein (1:1,000 dilution, Covance, Princeton, NJ); 4G8, a monoclonal
antibody recognizing amino acid residues 17-24 (LVFFAEDV) of Ap with the epitope lying
within amino acids 18-22 (1:1,000, Covance); MOAB-2 (clone 6C3), a mouse 1gGog
antibody raised against human Ap, with an epitope at residues 1-6 (DAEFRH) and
recognizing AB40 and AB42 (Youmans et al., 2012) (1:600, gift from Dr. Mary Jo LaDu,
University of Illinois at Chicago, IL); an AB40 rabbit IgG antibody raised against a 7-amino
acid (LMVGGVV) from the C-terminus of human Ap40 (1:100, Millipore, Billerica, MA);
an AP42 rabbit 1gG antibody raised against the C-terminus of human A A4 protein which
does not crossreact with Ap40 (1:100, Invitrogen, Grand Island, NY); NU4, an antibody
raised against Ap-derived diffusible ligands that preferentially binds Ap oligomers over
monomers (Lambert et al., 2007) (1:2,000, gift from Dr. William Klein, Northwestern
University, Evanston, IL); Alz50, a mouse IgM raised against amino acid residues 5-15
(QEFEVMEDHA) and 312-322 (GSTENLKHQPGG) of human PHF-tau (Carmel et al.,
1996; Jicha et al., 1997) and recognizing an early stage conformational tau epitope that
marks neurons undergoing early degenerative events associated with NFT formation
(Wolozin et al., 1986) (1:500 dilution, gift from Dr. Peter Davies, Albert Einstein School of
Medicine, NY); MC1, a mouse 1gG that recognizes an early stage of conformational tau
(Jicha et al., 1997) (1:200, gift from Dr. Peter Davies, Albert Einstein School of Medicine,
NY); AT8, a mouse 1gG1 antibody raised against partially purified human PHF-Tau, with an
epitope at residues phosphoserine202/phosphothreo- nine205 (Goedert et al., 1995a; Rosen
et al., 2008) that recognizes a tau phosphorylated isoform (1:000 dilution, ThermoFisher,
Waltham, MA); Anti-200 kDa + 160 kDa phosphorylated neurofilament proteins SMI-34
antibody mouse 1gG1 raised against homogenized hypothalamus recovered from Fischer 344
rats and recognizing a phosphorylated epitope in extensively phosphorylated 200 kDa and
160 kDa neurofilaments proteins (Vickers et al., 1994) (1:1,000, Abcam, Cambridge, MA);
Neuro-Chrom Pan Neuronal Marker/Alexa488 conjugated, a rabbit 1gG antibody raised
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against whole neuron and specific revealed neurofilament in axons, dendrites and neuronal
somas (1:1,000, Millipore); an anti-choline acetyltransferase (ChAT) goat 1gG antibody
raised against human placental ChAT (Raghanti et al., 2008) (1:1,000 dilution, Millipore)
that specifically recognizes cholinergic neurons (Mufson et al., 1989); and an anti-glial
fibrillary acid protein (GFAP) rabbit 1gG raised against GFAP isolated from cow spinal cord
that specifically detects astrocytes (Gaillard et al., 2008) (1:400, Dako, Denmark). Antibody
specificity was determined by western blot 6E10 (Covance), 4G8 (Covance), MOAB-2
(Youmans et al., 2012), AB40 (Millipore), Ap42 (Invitrogen), AT8 (Goedert et al., 1995a),
Alz50 (Carmel et al., 1996; Jicha et al., 1997), and MC1 (Jicha et al., 1999), ChAT (Mufson
etal., 1989), SMI-34 (Vickers et al., 1994), and GFAP (Gaillard et al., 2008).

Immunohistochemistry and immunofluorescence

Neocortex and hippocampus free-floating sections were singly stained for the following
antibodies: 6E10 (APP/AB), Alz50, and AT8. Prior to staining, sections were washed 3 x 10
minutes in phosphate buffer and 3 x 10 minutes in Tris-buffered saline (TBS, pH 7.4) to
remove cryoprotectant before a 20-minute incubation in 0.1 M sodium metaperiodate
(Sigma, St. Louis, MO) in TBS to inactivate endogenous peroxidase activity. Tissue was
then permeabilized 3 x 10 minutes in TBS containing 0.25% Triton-X (ThermoFisher) and
blocked in the same solution containing 3% goat serum for 1 hour. Sections were incubated
with appropriate antibody dilutions overnight on an orbital shaker at 45 rpm at room
temperature in 0.25% Triton X-100, 1% goat serum solution. The next day, tissue was
washed 3 x 10 minutes in TBS containing 1% goat serum prior to incubation with
appropriate secondary antibody (Table 2) at a 1:200 dilution for 1 hour. Following 3 x 10
minutes washes in TBS, sections were incubated using the Vectastain ABC kit (\ector
Laboratories, Burlingame, CA) in TBS for 1 hour. Tissue was then rinsed 3 x 10 minutes in
0.2 M sodium acetate, 1.0 M imidazole buffer, pH 7.4, and developed in acetate-imidazole
buffer containing 0.05% 3,3’-diaminobenzidine tetrahy-drochloride (DAB, Sigma) with or
without nickel intensification (1% nickel sulfate). The reaction was terminated in acetate-
imidazole buffer, tissue mounted on glass slides, dehydrated through graded alcohols (70—
95-100%, 3 x 5 minutes), cleared in xylene (3 x 5 minutes), and coverslipped using DPX
(Biochemica Fluka, Buchs, Switzerland). Some sections were also singly stained with anti-
AP40 and anti-Ap42 antibodies (Table 2) using the protocol described above. Staining with
antibodies MOAB-2 and SMI-34 (Table 2) was performed on sections mounted on charged
slides that were pretreated for antigen-retrieval with 88% formic acid for 6 minutes or boiled
in 0.01 M citric acid (pH 8.5) for 20 minutes, respectively. Selected sections were Nissl-
counterstained with cresyl violet for cytoarchitectural evaluation. In addition, as a positive
control for each antibody, we stained cortical sections from human AD cases known to have
extensive amyloid plaque and NFT pathology (Braak scores V-V1). Neo- cortical and
hippocampal nomenclature was based on the cytoarchitecture of the human and monkey
brain (Brodmann, 1909; Rosene and Van Hoesen, 1987).

Brain sections also were double-immunostained for APP/AB and Alz50, and APP/A and
ChAT. After finishing the standard protocol for single ChAT and Alz50 immunolabeling
using nickel intensification (Perez et al., 2004, 2012a), sections were washed with TBS and
incubated with APP/AB (6E10) antibody for 24 hours in a medium containing TBS 0.25%
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Triton X-100 and 1% goat normal serum. The following day, sections were incubated with
biotinylated goat antimouse secondary antibody (Vector Laboratories) and visualized with
the chromogen DAB (brown) without nickel intensification or were incubated using the
Vector NovaRed substrate kid (red). This dual staining resulted in an easily identifiable two-
colored profile: dark blue/black for Alz50 and ChAT profiles and brown or red for APP/Ap-
positive plaques/blood vessels (Perez et al., 2011, 2012a). Brightfield images were acquired
using a Nikon Eclipse 80i microscope.

Additional sections were double-labeled for immunofluorescence with antibodies directed
against APP/AB (1:100; 6E10) and GFAP (1:400). Fluorescence signals were revealed using
Cy2- (1:200) and Cy3- (1:300) conjugated antimouse and -rabbit 1gGs (Jackson Immunore-
search, West Grove, PA) for APP/AB and GFAP, respectively, and images were analyzed
with the aid of a Zeiss Axioplan 2 (Zeiss, Thornwood, NY). Cortical sections were single,
double, or triple-stained with antibodies against Ap oligomers (NU4, 1:2000), APP/AR
(4G8, 1:1000), and/or a neuronal marker (1:1,000) as previously described (Lacor et al.,
2004; Lambert et al., 2007). After incubation for 3 days at 4°C under gentle shaking,
sections were washed and incubated with secondary Alexa Fluor488-, 555-, or 633-
conjugated anti-1gG (1:500, Molecular Probes, Eugene, OR) for 2 hours at room
temperature. Sections were mounted with ProLong Gold Antifade Reagent with DAPI (Life
Technology, Carlsbad, CA). These images were visualized and acquired with the aid of a
Leica confocal SP5 microscope equipped with a diode (405 nm), and Ar, Green HeNe, and
Red HeNe lasers.

Histofluorescence p

Several sections were stained with thioflavine S, X-34, and 6-CN-PiB to examine the
fibrillar nature of plaques. Sections processed for thioflavine S were air-dried, defatted with
chloroform-ethanol (1:1), followed by rehydration through a graded series of ethanol (70-
100%). Sections were stained with 0.1% aqueous thioflavine S (Sigma) for 10 minutes at
room temperature and differentiated in 80% ethanol. After several distilled water rinses,
slides were coverslipped with an aqueous mounting medium (Gel-Mount; Biomeda, Foster
City, CA). Sections labeled for 6-CN-PiB were slide-mounted and incubated in a 10 mM 6-
CN-PiB solution for 45 minutes. Slides were dipped three times in phosphate buffer (PB; 0.1
M), followed by a 1-minute differentiation in a solution containing 132.9 mM NacCl, 8.7 mM
KoHPO,, and 1.5 mM KH,PO, (pH 7.4). Slide-mounted tissue sections were also processed
for X-34 (0.04 g/1) as previously reported (Ikonomovic et al., 2006). X-34 is a highly
fluorescent derivative of Congo Red, which detects the full spectrum of amyloid pathology
including neurofibrillary tangles and A plaques, with greater sensitivity than thioflavine S
(Styren et al., 2000; Ikonomovic et al., 2006). Tissue sections were coverslipped with
Fluoromount (Electron Microscopy Services, Hatfield, PA) and analyzed with the aid of a
Zeiss Axioplan 2 microscope. Histofluorescent and immunohistochemical photomicrographs
were stored on a computer and brightness/contrast were manipulated using Adobe
Photoshop (v. 7, San Jose, CA).
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Mapping of APP/AB plaques and Alz50-immunoreactive profiles

Neocortical and hippocampal distribution of APP/AB-immunoreactive (ir) plaques and
Alz50-ir profiles from the 55-year-old female gorilla were charted using Neurolucida 8
(MBF Bioscience, Williston, VT) with the aid of Nikon Optiphot-2 microscope. Sections
were outlined at 1x magnification, and distribution/counts of plaques and Alz50-ir profiles
in the cortex and hippocampus was performed manually at 10x magnification and fiduciary
landmarks were used to prevent repeat counting of labeled profiles (Perez et al., 2012b).

Quantification of AB optical density and plaque load and size

Quantification of the relative optical density (OD) measurements of cortical AB40 and Ap42
immunoreactivity was performed using the densitometry software program Image 1.60
(Scion 1.6, Frederick, MD). Plagues were measured in two adjacent sections from the frontal
cortex of a 55-year-old female gorilla. Seventy randomly chosen plaques per section were
manually outlined and area/OD were automatically measured and analyzed in gray-scale
images under 10x objective. Thirty ODs from regions of the cortex devoid of AB40 or Ap42
immunostaining were measured, averaged, and subtracted from the final AB40 and Ap42
OD values. Previous studies have shown that OD measurements reflect changes in protein
expression, which parallel those obtained using a biochemical protein assay (Mufson et al.,
1997). Plaque load, measured as percent area occupied for AB40 and AB42-ir plagues in
adjacent cortical sections or between cortical areas, were evaluated with the aid of a Nikon
Eclipse 80i using NIS-element software (Nikon, Melville, NY). Individual cortical plaque
area contained within 6 mm? of cortex was measured in six matching regions at the level
shown in Figure 2A. Each plaque was manually outlined at 4x magnification and area was
automatically measured.

Statistical analysis

Data obtained from AB OD measurements, plaque load, and plaque size, were evaluated
using a #test (Sigma Stat 3.5; Systat Software, San Jose, CA). Correlations were performed
with a Spearman test. Statistical level of significance was set at a = 0.05 (twotailed). The
data were graphically represented using the means and standard error of the mean (SEM)
(Sigma Plot 10.0; Systat Software).

RESULTS

APP/AB plague and vascular immunostaining in the frontal cortex

APP/AB-ir plaques and blood vessels were distributed within each prefrontal cortex
Brodmann areas 6, 8, 9, 45, 46, anterior cingulate areas 24 and 25, and orbitofrontal areas
13, 14, and 47 in aged male (42, 43, and 49 years old) and female (50 and 55 years old)
gorillas. Notably, aged females displayed more APP/AB-ir plaques than male gorillas,
whereas the males contained more vascular staining (Fig. LA-N). APP/AB-ir plaques were
distributed throughout all of the layers in each of the cortical regions examined in the 50-
and 55- year-old female gorillas (Figs. 1A,B and 2). These regions also contained APP/AB-ir
meningeal arteries, arterioles, and capillaries (Fig. 1C-G). Qualitatively many more APP/
AB-ir plaques were observed in the cortex of the 55-year-old compared to a 50-year-old
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female gorilla (Fig. 1A,B). In fact, a semiquantitative plaque load analysis of cortical areas 8
and 44 revealed that the percentage of area occupied by plaques in the 55-year-old was 2.5
times higher than in the 50-year-old gorilla. Interestingly, we found that the plaque APP/AB
intensity and size displayed a laminar gradient in the cortical areas examined in the oldest
gorilla (Fig. 1B). For example, strongly APP/AB-ir compact plaques were located primarily
within the supragranular layers (1-111) compared to paler and larger stained plaques mostly
within the infragranular (V-VI) layers as well as in the interface between white and gray
matter (Fig. 1B).

In general, discrete small plaques (Fig. 1H,1) and large irregularly shaped plaques (Fig. 1J)
lacking a perceptible central core, a feature of neuritic plaques, were found in all cortical
regions in both older female gorillas. Plaque size, measured as plaque area (um?2), ranged
between 200 (15 pm diameter) to 6,000 pm? (87 um diameter) in the 50-year-old gorilla,
whereas in the 55-year-old gorilla the area of a plaque reached 27,000 pm?2 (185 pm
diameter), 4 times the maximum size seen in the 50-year-old female gorilla. APP/AB-ir
plaques were also found in clusters (Fig. 1K) or associated with blood vessels (Fig. 1E,F). In
some small blood vessels, mainly arterioles and capillaries, AR immunore-activity appeared
as perivascular leaks (Fig. 1E) or gave the appearance of collapsing upon a blood vessel
(Fig. 1E,G). In the 22-year-old male there were virtually no APP/AB-ir plaques or blood
vessels in the cortical areas examined. In contrast, numerous APP/AB-ir meningeal arteries,
arterioles, and capillaries as well as a few positive plagues throughout the neocortex, which
varied between 100 pm? (10 pm in diameter) to 1,500 um? (50 pm in diameter) in the 42, 43,
and 49-year-old male gorillas (Fig. 1L-Q). Interestingly, a 42-year-old male gorilla showed
many more APP/AB-ir vascular profiles than either the 43- and 49-year-old male gorillas
and contained the largest plagues (area of 4,000 um?).

APP/AB plaque and vascular immunostaining in the hippocampus

There were no APP/AB-ir plaques or blood vessels in the hippocampus of the youngest
female (32 and 35 years old) and male (13 years old) gorillas. The hippocampus of the 55-
year-old female gorilla displayed more APP/Ap pathology than either the 50-year-old
female or the 42-year-old male gorillas (Fig. 3A-C). Interestingly, the pattern of plaque
distribution in the hippocampus of the 42-year-old male as well as the 50- and 55-year-old
female gorillas were similar. APP/AB-ir plaques and blood vessels (mainly arterioles and
capillaries) were mainly seen in the hippocampal CA1 pyramidal layer and molecular layer
of the dentate gyrus (Fig. 3B-D), as well as the subicular formation as shown in the
drawings obtained from the older female gorilla (Fig. 3G,H). APP/AB-ir blood vessels were
confined mainly to the CA4 (hilar portion of the CA3) (Fig. 3A-C), while only a few Ap-ir
plaques and capillaries were seen in the hippocampal CA3 and CA2 fields (Fig. 3G,H).
Additionally, in the oldest female gorilla APP/AB-ir plagues were seen also in the granule
cell layer of the dentate gyrus (Fig. 3C). Scattered labeled plaques and capillaries were
found mainly in the pyramidal cell layer of the subiculum and throughout the entorhinal
cortex (Fig. 3E) and parahippocampal gyrus (Fig. 3F). In general, the hippocampus of male
and female gorillas exhibited small amorphous APP/AB-ir plaques (Fig. 3B), and
immunopositive capillaries were also surrounded by perivascular Ap or collapsed capillary
lumen (Fig. 3B), similar to that seen in the cortex (Fig. 1G). Plaque sizes in the
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hippocampus varied between 100 pm?2 (10 um in diameter) to 1500 um? (50 pm in
diameter).

AP subtype pathology in the neocortex and hippocampus

To further examine AP subtype pathology, we stained neocortical and hippocampal sections
adjacent to those previously shown to contain extensive APP/AB-ir plaques and vasculature,
with antibodies that detect both AB40 and AB42/43 (MOAB-2) or individually for AB40,
AP42, and oligomeric Ap (NU4) (Lacor et al., 2004; Lambert et al., 2007). The morphology
and topographic distribution of MOAB-2 labeled plaques and vessels in the 42-year-old
male and 55-year-old female gorillas (Fig. 4A—E) were comparable to those stained for 6E10
(APP/AB) (Fig. 1A,B), indicating that the main amylodogenic component in gorilla plaques
is AB.

Although AB40 and AB42 immunoreactivity were seen in plaques and blood vessels in the
neocortex and hippocampus, differences in the distribution of plaques immunoreactive for
these markers were observed in some of the neocortical areas examined (Fig. 4F-H). For
instance, area 24 displayed widespread Ap42- positive plaques in all layers compared to
AB40 (Fig. 4F,G), and Ap40-ir plagues seemed to be more strongly labeled than Ap42-ir
plaques (Fig. 41,J). On the other hand, oligomeric Ap immunoreactivity was found in all
APP/AB-ir plaques (Fig. 4L,N,O) in sections examined from the oldest female gorilla as
well as in human AD frontal cortex (Fig. 4M,P,Q).

Semiquantitative analysis of plaque load, plague size, and OD measurements for Ap40 and
AB42 immunoreactivity were performed in the frontal cortex from the 55-year-old female
gorilla at the level shown in Figure 2A. Although plaque load ranged from 0.7 to 3.5% for
AB40 and from 1.07 and 2.8% for Ap42 (Fig. 5A), no significant differences were found
between AB40 and AB42. OD measurement revealed that AR40-positive plagues were
significantly more immunoreactive than AB42 plaques (Fig. 5B, #test, < 0.001). Plaque
size correlated negatively with OD measurements for AB40 immunoreactivity, suggesting
that OD measurements for AP40-ir tend to decrease with increased plaque size (Fig. 5C; r=
-0.335, P=0.0471).

Thioflavine S, X-34, and 6-CN-PiB profiles in the neocortex and hippocampus

Thioflavine S, X-34, and 6-CN-PiB staining, which reveal the presence of p-pleated sheet
structures, were performed to establish the extent of Ap fibrils (conformation state) in
plagues and blood vessels in the gorilla brain. In neocortical and hippocampal sections,
blood vessels showed stronger thioflavine S fluorescence compared to plaques (Fig. 6A-C).
Both plaques and vascular amyloid were prominently labeled with the panamyloid marker
X-34, in both gorilla and human AD tissue (Fig. 6D,E,H). In addition, X-34 did not reveal
dystrophic neurites surrounding amyloid deposits, NFT, or neuropil threads in the gorilla
compared to AD (Fig. 6D,H). In contrast, vascular deposits showed stronger
immunoreactivity than plaques with 6-CN-PiB in the gorilla (Fig. 6F,G), whereas cortical
plaques and vessels displayed stronger reactivity in AD (Fig. 61). Together these results
suggested that the majority of Ap peptides in gorilla do not display a dense Ap-pleated sheet
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conformation, a feature of classic neuritic/compact plaques, whereas fibrillar A is more
abundant in blood vessels.

Absence of dystrophic neurites surrounding plaques in neocortex and hippocampus

To evaluate whether plaques were associated with dystrophic neurites, cortical and
hippocampal sections were singly stained with SMI-34, an antibody that reveals the
presence of heavy and medium phosphorylated neurofilament proteins, as well as doubly
stained with ChAT and 6E10 antibodies, or triple stained for oligomeric NU4, 4G8 (APP/
Ap), and neurofilament proteins. In general, there was an absence of SMI-34-ir cells and
dystrophic processes in the neocortex and hippocampus in all male and most female gorillas
(Fig. 7A-L). On the other hand, a few sporadic SMI-34-ir cells and clusters of swollen
neurites were observed in the cortex (Fig. 7B—G) and hippocampus of the oldest female
gorilla (Fig. 7H,I,K,L). In contrast, neocortical tissue from a human AD subject used as
positive control displayed numerous SMI-34 positive NFTs (Fig. 7M,N), neuropil threads
(Fig. 7N), and swollen neurites within plaques (Fig. 70). Although extensive ChAT-ir
cortical and hippocampal fibers were observed in close association with APP/Ap-ir amyloid
plaques and vessels in the gorilla brains, there were no signs of morphological alterations
(Fig. 7P-R). Likewise, neurofilament proteins did not show signs of dystrophy in the
proximity to oligomeric NU4-ir plaques (Fig. 7S-V).

Astrocytosis in neocortex and hippocampus

To investigate whether amyloid positive plaques and blood vessels were associated with
astroglia, neocortical and hippocampal sections were doubly immunostained for GFAP and
APP/AB. APP/AB-ir plaques and blood vessels were surrounded by GFAP-positive
astrocytes, but qualitatively capillaries appeared to display stronger GFAP immunoreactivity
compared to plaques (Fig. 8).

Tau-like pathology in the neocortex and hippocampus

To examine the presence of alterations in tau, neocortical and hippocampal sections were
stained with antibodies against Alz50 and MC1 early tau conformational epitopes as well as
ATS8, which recognize an earlier phosphorylated form of tau. A rostral-to-caudal schematic
representation of the distribution of neocortical and hippocampal Alz50-ir profiles seen in
the oldest female gorilla is depicted in Figures 2 and 3, respectively. Scattered, fusiform-
shaped Alz50-ir cells were found in the neocortex and hippocampus in both male (Fig. 9A—
F) and female (Fig. 9G-J) gorillas at each age examined. Alz50 immunostaining appeared as
fine granules within somata and processes in the neocortex and hippocampus (Fig. 9A-J).
These neurons, together with fine-beaded Alz50-ir fibers, were distributed principally in
supragranular cortical layers in each gorilla (Fig. 9D), as well as a few clusters of Alz50-ir
neurites in the neocortex of the aged individuals (Fig. 9F). Hippocampal Alz50-ir neurons
with similar morphology to those observed in the cortical areas were mostly seen in the
subiculum (Fig. 91), a few in the hippocampal CA1-CA3 fields, and virtually none in the
dentate gyrus. Dual immunostaining revealed normal-appearing Alz50-ir neurons in close
association to APP/AP plaques (Fig. 9J).
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In addition, scattered Alz50- (Fig. 9K-N) and MCL1-ir (Fig. 90-Q) structures resembling
astrocytic or oligodendrocyte-coiled bodies (Schultz et al., 2000) were occasionally seen at
the interface of white and gray matter or within the neocortex in the oldest gorillas (Fig. 9K-
Q). AT8-labeled astrocytes, neurons, as well as cluster of neurites were seen throughout the
neocortex (Fig. 9S,T) and hippocampus (Fig. 9U,V). However, neither typical AD flame-
shaped NFTs (Fig. 9R,W) nor tau-ir neuropil threads (Fig. 9W) were found in the neocortex
or hippocampus at any age examined.

DISCUSSION

Although AB plaques, AP angiopathy, and NFTs are pathological hallmarks of human AD,
ApB-containing plaques and blood vessels are not exclusive to humans and have been
described in several other mammalian species (Brellou et al., 2005; Roertgen et al., 1996;
Tekirian et al., 1996), including a large number of non-human primate species (Walker et al.,
1987, 1990; Martin et al., 1991; Mufson et al., 1994; Poduri et al., 1994; Gearing et al.,
1996; Kimura et al., 2001; Geula et al., 2002; Lemere et al., 2004; Bons et al., 2006), and
some great apes (Gearing et al., 1996, 1997; Kimura et al., 2001). In contrast, NFT
pathology, which is characteristic of human tauopathies, has rarely been described in the
nonhuman primate brain with the exception of a single aged chimpanzee (Rosen et al.,
2008), despite anatomical and physiological similarities across species (Huxley, 1863). The
gorilla genome shows 96% sequence homology with humans and their lifespan is among the
longest for a nonhuman primate, making it an excellent species in which to investigate the
onset of AD-like pathology in the neocortex and hippocampus. Nonetheless, maximum
potential longevity in humans is much longer than gorillas, whose lifespan in captivity
ranges from 40 to 55 years.

In the present study, we report the first evidence that Ap pathology increases with age in the
brain of the male and female western lowland gorilla. AB-positive plaques and blood vessels
were seen in the neocortex and/or hippocampus of aged male (42, 43, and 49 years old) and
female (50 and 55 years old), while these deposits were not seen in the youngest males (13
and 22 years old) and only a few plaques were seen in the cortex of a 32-year-old female
gorilla. Old male gorillas displayed comparatively fewer Ap plaques than Ap vessels,
whereas aged female gorillas showed much more cortical and hippocampal parenchymal
plaque deposition, suggesting sex differences in AR production similar to that described in
transgenic mouse models of AD, which overexpress Ap (Hirata-Fukae et al., 2008; Overk et
al., 2012). Our findings differ from a previous report showing AB-containing plaques but not
immunoreactive blood vessels in a male 44-year-old western lowland gorilla (Kimura et al.,
2001), a discrepancy that may be due to methodological differences or to the normal
interindividual variation in the degree to which aging primates are affected by AB
deposition. Other aged great apes, such as the common chimpanzees (Pan troglodytes) and
Borneo orangutans (Pongo pygmaeus), also display cortical Ap plaques, but only the
chimpanzee has shown widespread A vascular deposition in the neocortex and
hippocampus (Gearing et al., 1997). In humans, Ap deposition in cerebral blood vessels is
frequent in patients with vascular cognitive impairment, AD, and Down syndrome (Rensink
et al., 2003; Attems et al.,2005), suggesting a strong association between parenchymal and
vascular AB deposition across all hominids, perhaps a reflection of cerebrovascular
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deterioration or impaired Ap clearance with age. Parenchymal and vascular deposits have
been described in the brain of aged monkeys (Poduri et al., 1994; Mufson et al., 1994;
Gearing et al., 1996, 2003; Schultz et al., 2000; Elfenbein et al., 2007; Atsalis and Margulis,
2008) as well as in other nonprimate mammals (Nakamura et al., 1995; Roertgen et al.,
1996; Tekirian et al., 1996; Brellou et al., 2005). It is noteworthy that the maximum lifespan
of gorillas in the wild ranges from 35 to 40 years (Bronikowski et al., 2011), whereas in
captivity it can reach upwards of 50 years (Atsalis and Margulis, 2008). In this study, the
oldest gorilla displayed the highest amount of plaques and is the oldest reported gorilla to
have died in captivity, suggesting that age is a major risk factor for the development of A
pathology in gorillas, similar to human AD.

The presence of AP deposits in the microvasculature or cerebral amyloid angiopathy (CAA)
was a common feature in the neocortex and hippocampus in all aged gorillas examined. AB-
positive blood vessels displayed different sizes indicative of meningeal and parenchymal
arteries, arterioles, and capillaries. We also observed numerous capillaries in close
association with plaques showing perivascular Ap leakage and occluded Ap accumulation
resembling dyshoric angiopathy as described in capillaries in CAA and AD (Clifford et al.,
2008; Thal et al., 2008b). CAA is characterized by extracellular deposition of AB in the
walls of cerebral and leptomeningeal vessels and is a commonly seen feature in AD. The
topographic distribution of A blood vessels in the neocortex and hippocampal formation in
the oldest female gorilla is reminiscent of the hierarchical stage 3 of CAA in humans
(Olichney et al., 1997; Thal et al., 2008a,b). In humans AB deposits tend to be localized in
cortical arteries, arterioles, and capillaries, which show stronger reactivity for Ap40
(Pantelakis, 1954; Vinters, 1987; Attems et al., 2005). Interestingly, the cerebral vasculature
in gorillas was positive for AB40 and AB42, thioflavine S, X-34, and 6-CN-PiB revealing the
fibrillar nature of the AP aggregates in the gorilla cerebral vasculature. In addition, Ap-
containing blood vessels were associated with numerous astrocytes indicative of an
inflammatory response often associated with neuritic plaques. The histomorphology of AB-
positive vessels in gorilla are similar to CAA described in squirrel monkeys, indicating a
species-specific predilection for CAA rather than parenchymal plaques (Elfenbein et al.,
2007). Our findings suggest that Ap vascular deposition is a widespread phenomenon in
aged gorilla brains that contribute to disruption of microcirculation and breakdown of the
brain-blood barrier exacerbating Ap parenchymal pathology in this great ape.

We found that the oldest female gorillas (50 and 55 years old) displayed more widespread
neocortical Ap plague pathology compared to the youngest female (32 years old) and all
male gorillas, suggesting sex-related differences with respect to plaque production. Plaques
result from abnormal extracellular aggregation of Ap40 and Ap42, two normal byproducts
of APP metabolism after sequential cleavage by B- and y-secretases. The APP amino acid
sequence is highly conserved in primates (Martin et al., 1991; Adroer et al., 1997). Both
AB40 and AB42 were found in neocortical and hippocampal plagues as reported in other
primates (Walker et al., 1987; Martin et al., 1991; Mufson et al., 1994; Poduri et al., 1994;
Gearing et al., 1996, 1997; Kimura et al., 2001; Geula et al., 2002; Lemere et al., 2004,
2008; Bons et al., 2006; Merrill et al., 2011) and nonprimate mammals (Roertgen et al.,
1996; Tekirian et al., 1996; Brellou et al., 2005), as opposed to the human condition where
the main amylogenic plaque component is the highly fibrillogenic Ap42. By contrast,
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plaques containing Ap40 were not previously reported in a 44-year-old male western
lowland gorilla (Kimura et al., 2001). Although in the current study there were no
differences in plaque load between AB40 and AB42 in the cortical areas examined, AB40
displayed a significantly stronger immunoreactivity compared to Ap42-positive plaques,
indicating the predominance of the short and less pathogenic Ap40 form in gorillas similar
to other great apes and some monkeys (Gearing et al., 1996, 1997). The factors underlying
species differences between human and nonhuman primates are poorly understood. It is
possible that there is a decline in AP clearance with age, or there are biophysical differences
in the aggregation state of AP as well as the longer lifespan of humans that influence the
expression of either the short, AB40, or long, AB42 forms in the parenchyma of human
versus nonhuman primates. In the current study, we also showed Ap oligomers in plaques,
which are considered the most toxic AP forms affecting synapses and inducing tau
phosphorylation (Lacor et al., 2007; Lambert et al., 2007; De Felice et al., 2008).

Plaques in the brains of gorillas were weakly reactive for thioflavine S, 6-CN-PiB (Rosen et
al., 2011), p-pleated sheet-specific markers found in neuritic AD plaques. However, plaques
strongly stained for X-34, a fluorescence derivative of Congo Red that visualizes all A
deposits including diffuse and neuritic plaques as well as cerebrovascular amyloidosis
(lkonomovic et al., 2006). These results confirm findings showing that diffuse rather
neuritic/compact plaques are more predominant in the brain of gorillas (Kimura et al., 2001)
and other great apes (Gearing et al., 1996, 1997). Conversely, neuritic plaques with swollen
neurites, which were not observed in gorillas, have been described in other nonhuman
primates (Walker et al., 1987; Poduri et al., 1994; Gearing et al., 1996; Kimura et al., 2003;
Lemere et al., 2004, 2008) as well as in human AD (Serrano-Pozo et al., 2011). A number of
studies in nonhuman primates have suggested that diffuse plaques (Bons et al., 2006), which
have also been described in the brains of cognitively intact elderly people (Mufson et al.,
1999; Price et al., 2009) represent an early stage in the AD plaque development, whereas
compact/neuritic plaques are associated with late AD stages. Neuritic plaques are associated
with deleterious effects on the surrounding neuropil, including an increase in neurite
curvature, dystrophic neurites and recruitment of astrocytes, compared to diffuse plaques,
which do not trigger these changes in the neuropil (Masliah et al., 1990; Knowles et al.,
1999; Lombardo et al., 2003; Vehmas et al., 2003). Staining with SMI-34 revealed a virtual
absence of dystrophic neurites and only occasional SMI-34-ir neurons in the neocortex and
hippocampus in the oldest female gorilla. Likewise, intact cholinergic fiber geometry in
close proximity to AB/oligomer plaques lends support to the observation that the aged
gorilla brain contains diffuse plaques.

Tau pathology in the aged gorilla

In addition to AR plaques, the other pathologic hallmark of AD is the presence of the NFTSs.
The major constituent of NFTs is the intracellular aberrantly misfolded and abnormally
hyperphosphorylated protein tau, a microtubule-stabilizing protein (Binder et al., 2005). We
provide the first evidence of tau-positive profiles in the neocortex and hippocampus in
western lowland gorillas. Specifically, large numbers of Alz50-positive interneuron-like
profiles and fibers, lacking histopathologic abnormalities, were detected in the supragranular
layers of the frontal and entorhinal cortex as well as in the hippocampus in all gorillas,

J Comp Neurol. Author manuscript; available in PMC 2019 January 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Perez et al.

Page 14

independent of age, suggesting that Alz50 expression is a normal physiological process.
However, these neurons were not MC1-positive, a marker for pathological tau, suggesting
that they are not at risk to develop AD-like tau pathology. Sections stained for AT8, an early
tau phosphorylated epitope (Goedert et al., 1995b) revealed a few scattered positive neurons
in the neocortex and hippocampus of the oldest gorillas (present findings). However,
previous studies in great apes (Gearing et al., 1997) with the exception of a report in a old
chimpanzee which suffered a stroke (Rosen et al., 2008), failed to reveal cytoskeletal tau
alterations perhaps due to the lack of the use of a highly specific conformational and
phosphorylation-dependent antibodies. Moreover, tau aggregates have also been described in
nondiseased or injured nonhuman primate brain (Hartig et al., 2000; Kiatipattanasakul et al.,
2000; Schultz et al., 2000; Bons et al., 2006) as well as in nonprimate species (Cork et al.,
1988; Braak and Braak, 1991; Nelson et al., 1994; Roertgen et al., 1996). In addition, we
also observed scattered Alz50-, MC1-, and AT8-ir cells resembling astrocytic and
oligodendrocytic coiled bodies at the boundary of white and gray matter and throughout the
cortex in the oldest gorillas. These findings are similar to those described in the aged baboon
(Hartig et al., 2000; Schultz et al., 2000) and in longtailed macaques (Kiatipattanasakul et
al., 2000; Oyanagi et al., 2001). Conversely, abnormal tau-positive inclusions in glial cells as
seen in gorilla are not common in human AD (lkeda et al., 1998a), which are often seen in
other tauopathies without amyloid pathology (e.g., corticobasal degeneration, progressive
supranuclear palsy, and amyotrophic lateral sclerosis/parkinsonism-dementia complex of
Guam (lkeda et al., 1998b; Li et al., 1996; Mizutani et al., 1998; Oyanagi et al., 2001).
Perhaps the cytoskeletal tau changes that occur during aging in gorillas evolved independent
of amyloid-related plaque pathology. Taken together, the present findings confirm and
expand the concept that great apes, including gorillas, are vulnerable to tau pathology in
advanced aging. However, in contrast to the human brain, this tau phenomenon in aged
gorillas is not confined to projection neurons and does not reach the magnitude seen in AD.
Perhaps their shorter lifespan prevents the full development of tau pathology seen in more
elderly humans. Despite the similarity of tau protein sequence in nonhuman primates and
humans (Haase et al., 2004), the interspecies differences in tau histopathology could be a
reflection of diverse genetic factors as well as physiological and environmental conditions
during primate evolution.

Evolution and AD pathology

The relevance of evolutionary pressure on the development of AD lesions is an area that has
received relatively little attention (Rapoport, 1990, 1999; Benzing et al., 1993). In this
regard, it appears that AD is a uniquely human disease, as comparable levels of amyloid
plaques and intra- or extracellular tau has not been identified in the brain of any natural
animal model. The current findings provide evidence that the brains of (very) old gorillas
display many of the classic AD pathologic lesions seen in the human condition including
extensive amyloid and some tau-bearing profiles. By comparison to amyloid profiles, there
are relatively few reports of NFT pathology in nonhuman primates (Cork et al., 1988; Hartig
et al., 2000; Schultz et al., 2000) and particularly in great apes (present study; Rosen et al.,
2008). Interestingly, the fossil record (Stephan, 1983) and comparative data suggests that the
primate brain selectively expanded particularly during hominid evolution (Hill et al., 2010;
Sherwood et al., 2012). In AD, NFT pathology is due to phosphorylation and conformational
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alterations to the protein tau (Garcia-Sierra et al., 2003). In fact, the evolution of the native
structure of tau proteins may partly underlie the interspecies differences in neuronal
vulnerability to develop NFTs (Nelson et al., 1996). Recent gene array studies have shown a
shift from 3-repeat to 4-repeat tau in NFT-laden human cholinergic basal forebrain neurons
in prodromal AD (Ginsberg et al., 2006). It remains to be seen whether a similar shift occurs
in the aged great ape brain. Tau sequencing studies have shown both similarities and
differences between the structure of this gene in chimpanzees, gorillas, and humans (Holzer
et al., 2004). For example, nonhuman primates are homozygous at seven positions for the
H2 compared to the H1 haplotype that characterize human tau suggesting that H1, which is
the more prevalent of the two haplotypes is human specific and may play a role in
developing NFT pathology in AD (Holzer et al., 2004).

The evolutionary mechanism(s) that trigger the vulnerability of telencephalic long projection
neurons to form NFTSs during the onset of AD are an area of great interest (Morrison and
Hof, 1997). It has been speculated that more recently evolved cortical systems are more
plastic and are particularly responsive to environmental and to internal factors (Rapoport and
Nelson, 2011). It is possible that this neuroplasticity arose from selective alterations in the
neuronal cytoskeleton (Di Patre, 1991), the neuropil (Semendeferi et al., 2011; Spocter et al.,
2012), microstructure and connections (Krubitzer, 2007; Sherwood et al., 201 1, 2008), as
well as epigenetic (Zeng et al., 2012) or microRNA dysregulation during evolution. These
factors either individually or together may have played a role in the increase in the neuron-
selective vulnerability seen in the human brain and in AD. Hippocampal CA1 projection
neurons, which display NFT pathology, demonstrate an increase in the expression of
modulators of cytoskeletal reorganization early in disease progression suggestive of
regenerative events (Kao et al., 2010). Recently, the human neocortex was shown to exhibit
two lateralized frontoparietal cortical networks, which displayed evolutionary expansion,
that are not found topologically nor functionally in corresponding macaque monkey cortex
(Mantini et al., 2013). It is also possible that amyloid deposits induce physiological demands
associated with neuronal plasticity or cell survival. Although Ap toxicity may influence
NFT-like pathology in the aged rhesus monkey cortex (Geula et al., 1998), diffuse and cored
amyloid plaques are found in most aged mammalian brains without concomitant NFT
pathology (Braak and Braak, 1991; Cork, 1993). Moreover, the neocortical and hippocampal
distribution patterns of A and tau pathology in the gorilla were different, suggesting that
these lesions develop independently of each other, and amyloid deposition is not a necessary
precondition for the formation of NFTs in the aged primate (Schultz et al., 2000) or that
there are species differences between human and ape amyloid. Perhaps during hominid
evolution alterations in the aggregation of tau occurs within select populations of neurons
independent of amyloid. These and other differences between hominoid and other primates
require further investigation.
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Figure 1.
Photomicrographs showing APP/AB-ir plagues in the frontal cortex (area 8) in 50- (A) and

55-year-old female gorillas (B). Note that the older gorilla displayed many more neocortical
plaques than the younger. C-G. Images showing different size APP/AB-ir blood vessels in
the same animals, including meningeal vessels branching into the neocortex (C,D), arterioles
with AP leakage (E) (black arrow), discrete capillaries, or associated with plaques (unfilled
arrow in E) and collapsed capillaries (E,G) (red arrows). Inset shows a high magnification of
a meningeal positive blood vessel outlined in panel C. High-power images showing different
sizes and morphologies of APP/Ap-ir plaques in a 55-year-old gorilla: small plaques (H,1),
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larger plaques with amorphous outline (J), and clusters of plaques (K). Photomicrographs
illustrating the presence of APP/AB-positive blood vessels compared to a lack of neocortical
plaques in 42- (L), 43- (M), and 49- (N)-year-old male gorillas. O,P:. Images showing APP/
ApB-positive meningeal and parenchymal blood vessels in 49- and 42-year-old male gorillas,
respectively. Q: Image of a neocortical capillary surrounded by amyloid in a 49-year-old
male gorilla. Scale bars = 500 um in A-C,O,P; 200 ym in D,L-N; 100 um in F,Q and inset in
C;50 uminE,G,J,K; 25 umin H,l.
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Figure 2.
Schematic drawings of the frontal cortex of a 55-year-old female gorilla representing the

rostral to caudal distribution of APP/Ap-ir plaques (gray small dots) and Alz50-ir neurons
(red dots) AON, anterior olfactory nucleus; Cd, caudate nucleus; CG, cingulate gyrus; cc,
corpus callosum; LV, lateral ventricle. Scale bar = 1 cm.
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Figure 3.
Photomicrographs showing APP/AB-ir blood vessels and plaques in the hippocampal CA4

field and dentate gyrus in a 42-year-old male (A) as well as in a 50- (B), and 55- (C) year-
old female gorilla. Insets show high-power images of labeled capillaries (A—C), a collapsed
capillary (arrow, B), and plaques within the molecular (B,C) and granule cell layer of the
dentate gyrus (C), as outlined in A—C. Note the presence of many more plaques in the
molecular and granular layers of the dentate gyrus of a 55-year-old gorilla. D-F. Images
showing APP/AB-ir plaques in the hippocampal CA1 pyramidal cell layer (D), entorhinal
cortex (E), and parahippocampal gyrus (F) in a 55-year-old female gorilla. Note the presence
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of plaques in the layer Il islands (arrows) of the entorhinal cortex. Inset in F shows a high-
power image of Ap-positive plaques and capillary (arrow) as outlined in panels F-H.
Schematic drawings showing the rostrocaudal distribution of APP/AB-ir plagues (gray
squares) and Alz50-ir profiles (red squares) in the hippocampus of a 55-year-old gorilla.
CAl, CA2, CA3 fields CA2, CA3 of the hippocampus; CA4, hilar portion of the CA3 of the
hippocampus; DG, dentate gyrus; EC, entorhinal cortex; fi, fimbria; grDG, granular layer of
dentate gyrus; LV, lateral ventricle; mDG, molecular layer of the dentate gyrus; PaS,
parasubiculum; PHG, parahippocampal gyrus; PrS, presubiculum; S, subiculum; sim,
stratum lacunosum-moleculare of the hippocampus; so, stratum oriens of the hippocampus.
Scale bars = 0.500 cm in G,H; 500 um in A—C; 200 um in D; 100 pm in E,F and insets in
A,C; 50 um insets in B; 25 um inset in F.
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Figure 4.
A: Photomicrograph showing blood vessels stained with the AR pan-marker MOAB-2 in the

neocortex of a 42-year-old male gorilla. High-power photomicrographs showing an
MOAB-2-ir plague (B) and an MOAB-2-ir blood vessel (C) in a 42-year-old male gorilla.
D,E: Photomicrographs showing MOAB-ir plaques and/or blood vessels (arrows) in
Brodmann cortical areas 6 and 8, respectively, in a 55-year-old gorilla. The inset shows
high-power image of MOAB-2-positive plaques from the boxed area in panel E. F,G:
Images illustrating differences in the pattern of staining for AB40 and AB42 in adjacent
sections of area 24 in a 55-year-old gorilla, respectively. Note many more small AB42ir
plaques compared to Ap40-positive plagues. Insets show high-power images of plaques
from the boxed areas in panels F,G. H. Image illustrating numerous Ap40-ir plagues in the
orbitofrontal cortex (area 13) of a 55-year-old female. Photomicrographs showing difference
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in AB40 (1) and Ap42 (J) cortical plaque intensity found in a 55-year-old female gorilla.
Note the Ap40-positive plaques show a stronger immunoreactivity compared to Ap42-ir
plaques. Ap40-ir blood vessel found in the cortex of a 55-year-old gorilla (K). Tissue
counterstained with cresyl violet to reveal cytoarchitecture (I-K). Confocal images showing
an Ap oligomeric positive plague (green) seen in the frontal cortex of a 55-year-old gorilla
(L) and late stage human AD (M). Confocal images showing double labeling for Ap
oligomers (NU4) and APP/AB (4G8) (yellow) (N,P) in a plague as well as single staining
for APP/AB (red) (O,Q) in the neocortex of 55-year-old gorilla (N,O) compared to tissue
from a human AD case (P,Q). DAPI (blue) nuclear staining in N. Scale bars = 500 pm in
E,G,H; 300 um in A,D,F and inset in E; 200 um in I-J; 150 pm in K; 100 pm in inset in G;
50 ym in B,C; 10 um in L-Q.
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Figure 5.
A: Histogram showing plaque load (%) mean values for AB40 and AB42 in the different

cortical areas obtained at levels depicted in Figure 2A from a 55-year-old gorilla. B:
Analysis of AB40 and Ap42 optical density (OD) mean value revealed Ap40
immunoreactivity in plaques was significantly stronger than AB42. C. Linear regression
analysis of AB40 OD measurements and plaque area (um?) revealed that plaque size
correlated negatively with OD measurements for AB40. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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6-CN-PiB

Figure 6.
Photomicrographs showing thioflavine S-positive plaques (A), meningeal blood vessels (B),

and capillaries (C) in a 55-year-old female gorilla. Note the stronger thioflavine S staining
of blood vessels compared to plaques. Images showing numerous X-34-positive plaques (D)
in the 55-year-old female gorilla neocortex, compared to a few weakly 6-CN-PIB-positive
plaques (F). Photomicrographs showing reactive microvessels stained for X-34 (E) and 6-
CN-PIB (G) in the frontal cortex of a 55-year-old female gorilla. H,I: Photos showing
correspondence between plaques and blood vessels stained with X-34 and 6-CN-PIB in
human AD. Scale bars = 100 ym in B,D,F,H,I; 80 um in A; 50 um in C,E,G.
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Figure 7.
Photomicrographs showing SMI-34-ir neurites (A,B,F,G) and cells (C-E) found in the

frontal cortex of a 42-year-old male (A) and a 55-year-old female (B-G) gorilla. Inset shows
a high-power image of the SMI-34 neuron shown in panel B (arrow). Note the absence of
SMI-34 dystrophic processes or cells in a 42-year-old male gorilla, whereas SMI-34-ir cells
(with NFT-like appearance) (C-E) and swollen dystrophic neurites (F,G) were found in the
cortex of the 55-year-old female gorilla. H: Image of the dentate gyrus and hilar portion of
the CA3 hippocampal field illustrating SMI-34-ir neurites and cells in a 55-year-old gorilla.
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Inset shows a detail of the neuron shown in panel H (arrow). 1-L: Images exhibiting the
presence of swollen SMI-34-ir dystrophic neurites in the molecular layer of the dentate
gyrus (1), subiculum (K) as well as SMI-34-ir cells in the subiculum (L) in a 55-year-old
gorilla. Dystrophic profiles were not found in the dentate gyrus of a 42-year-old male gorilla
(J). Photomicrographs showing SMI-34-ir neurons (M,N), neuropil threads (M-0O), and
clusters of swollen dystrophic neurites (O) found in the human AD cortex. Sections dual
labeled showing numerous fine ChAT-ir fibers (blue; arrows) with normal morphology
adjacent to APP/AB-positive plagues (red; P,R) and a microvessel (Q) in the frontal cortex
(P,Q) and dentate gyrus (R) in the 55-year-old female gorilla. Inset shows a high-power
image from the boxed area in panel P showing ChAT-ir fibers passing throughout the plaque
(red) without signs of dystrophy. Confocal immunofluorescence single-labeled images
showing Ap oligomers (NU4, magenta; S), APP/AB (4G8, cyan; T), neurofilament proteins
(NF, green; U), and the merged image (light purple; V) in a neocortical plaque from a 55-
year-old gorilla. Note the absence of neuritic dystrophy within the plaque. Nuclear staining
(DAPI) in V is blue. CA4, hilar portion of the CA3 field of the hippocampus; grDG,
granular cell layer of the dentate gyrus. Scale bars = 100 um in A,B,H,I-L,O,P,Q; 50 um in
C-E,M|N, and insets in P,H; 30 um in R-V; 25 um in F,G and inset in B.
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Figure 8.
Immunofluorescence images showing GFAP-positive astrocytes (magenta) adjacent to APP/

ApB-positive (green) capillaries (A,C) and plaques (B,D) in the hippocampus of a 55-year-old
female gorilla. Insets show single immunostained images of APP/AB-ir microvessels from
panels A and B, respectively. Note the stronger GFAP immunoreactivity next to the vessels
compared to the plaques. Scale bars = 25 pm in A-D; 50 um insets in A,C.
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Figure 9.
Photomicrographs showing Alz50-ir interneurons (A-E,G-1), fibers (D), clusters of neurites

(F) in frontal (A—C,E,F), temporal (C,H), and subicular cortex (I) in male (A—F) and female
(G-J) gorillas across the age range. J: Dual immunolabeled showing cortical Alz50-ir
neurons (brown) in close proximity of APP/AB (6E10)-positive plaques (black) with no
evident morphological alterations in a 55-year-old female gorilla. Tissue in panels B,F was
counterstained with cresyl violet. K-M. Photomicrographs showing astrocytic Alz50-ir (K)
and oligodendrocytic coiled profiles (L,M) found in the neocortex of a 49-year-old male
gorilla. Cortical Alz50-ir oligodendrocytic coiled profile from a 50-year-old female gorilla
(N). MC1-ir oligodendrocytic coiled profiles (O,P) and dystrophic neurite clusters (Q) in the
neocortex of a 49-year-old male gorilla. Alz50-positive neuron found in AD frontal cortex
(R). Astrocytic AT8-ir profile in the frontal cortex of a 55-year-old female gorilla (S). AT8-ir
neurons in the neocortex (T), subiculum (U), and hippocampal CA1 pyramidal cell layer (V)
in a 55-year-old female gorilla. W: Image of an AT8-ir NFT and neuropil threads in the
frontal cortex of an AD subject. Scale bars = 100 pm in D; 50 pm in A,C,E,I-K,S,T,V,W; 30
pum in G,H,R; 25 um in B,F,L-Q,U.
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TABLE 1.

Gorilla Specimens and Available Tissue

ID Age Sex Frontal cortex Hippocampus
H 32 F /1 v

S 35 F n/a Vv

G 50 F v Vv

J 55 F v v

JB 13 M n/a Vv

B 22 M v n/a

w 42 M v v

M 43 M v n/a

R 49 M v n/a

1 . .
Few sections. n/a not available.
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