UC Davis
UC Davis Previously Published Works

Title

Oligomeric AB in the monkey brain impacts synaptic integrity and induces accelerated
cortical aging

Permalink

https://escholarship.org/uc/item/4v69g0vd

Journal

Proceedings of the National Academy of Sciences of the United States of America,
116(52)

ISSN
0027-8424

Authors

Beckman, Danielle
Ott, Sean
Donis-Cox, Kristine

Publication Date
2019-12-26

DOI
10.1073/pnas.1902301116

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/4v69q0vd
https://escholarship.org/uc/item/4v69q0vd#author
https://escholarship.org
http://www.cdlib.org/

Check for
updates

Oligomeric Ap in the monkey brain impacts synaptic
integrity and induces accelerated cortical aging

Danielle Beckman?, Sean Ott?, Kristine Donis-Cox?, William G. Janssen®<, Eliza Bliss-Moreau®™¢, Peter H. Rudebeck*,

Mark G. Baxter®<, and John H. Morrison®!

2California National Primate Research Center, University of California, Davis, CA 95616; ®Department of Neuroscience, Icahn School of Medicine at Mount
Sinai, New York, NY 10029; ‘Friedman Brain Institute, Icahn School of Medicine at Mount Sinai, New York, NY 10029; “Department of Psychology, University
of California, Davis, CA 95616; and *Department of Neurology, School of Medicine, University of California, Davis, CA 95616

Edited by Elizabeth A. Buffalo, University of Washington, Seattle, WA, and accepted by Editorial Board Member Tony Movshon August 8, 2019 (received for

review March 11, 2019)

As the average age of the population continues to rise, the
number of individuals affected with age-related cognitive decline
and Alzheimer’s disease (AD) has increased and is projected to cost
more than $290 billion in the United States in 2019. Despite sig-
nificant investment in research over the last decades, there is no
effective treatment to prevent or delay AD progression. There is a
translational gap in AD research, with promising drugs based on
work in rodent models failing in clinical trials. Aging is the leading
risk factor for developing AD and understanding neurobiological
changes that affect synaptic integrity with aging will help clarify
why the aged brain is vulnerable to AD. We describe here the
development of a rhesus monkey model of AD using soluble olig-
omers of the amyloid beta (Af) peptide (AfOs). ABOs infused into
the monkey brain target a specific population of spines in the
prefrontal cortex, induce neuroinflammation, and increase AD bio-
markers in the cerebrospinal fluid to similar levels observed in
patients with AD. Importantly, ABOs lead to similar dendritic spine
loss to that observed in normal aging in monkeys, but so far with-
out detection of amyloid plaques or tau pathology. Understanding
the basis of synaptic impairment is the most effective route to early
intervention and prevention or postponement of age-related cogni-
tive decline and transition to AD. These initial findings support the
use of monkeys as a platform to understand age-related vulnerabil-
ities of the primate brain and may help develop effective disease-
modifying therapies for treatment of AD and related dementias.
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etween 2010 and 2050 the US population is projected to

more than double, with 88.5 million Americans age 65 y or
older in 2050 (1). These numbers reinforce the importance of
understanding what separates normal aging from pathological
events like neurodegenerative diseases, in terms of both cognition
and brain pathology. Cognitive decline and neuronal loss are not
inevitable consequences of normal aging, although aging is a key
risk factor for neurodegenerative processes (2, 3). For many de-
cades it was assumed that decline in cognition with normal aging
was a consequence of neuronal death, but unbiased stereological
techniques have shown that there is minimal neuronal death in the
cerebral cortex with aging in primates (4-6). Alzheimer’s disease
(AD), on the other hand, is characterized by extensive and se-
lective death of neurons and deterioration of synapses and cir-
cuits in the brain. AD is the most common form of dementia in
the elderly, affecting an estimated 5.7 million Americans in 2018
(3), and this prevalence is expected to increase further in the
coming decades.

Nonhuman primates (NHPs), like humans, are vulnerable to
age-related cognitive decline and synaptic impairment in the ab-
sence of neuronal loss. It does not appear to be the case that NHPs
develop tau-based AD pathology reflective of extensive neuron
death and massive circuit disruption as human patients with AD
do (7), although as reported in this issue of PNAS, very old NHPs
can develop tau-based pathologic profiles similar to those in pa-
tients with AD. The dorsolateral prefrontal cortex (DLPFC) and
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hippocampus are key regions involved in cognitive functions and
are especially vulnerable to aging and AD (8, 9). Cognitive func-
tions dependent on the DLPFC are particularly vulnerable to
aging, including executive functions, working memory, and goal-
directed behavior (10, 11). Our group and others (4, 11-13) have
shown that there is a significant decrease in synapse density in area
46 of the DLPFC in aged monkeys, and this is accounted for
primarily by the loss of spines on layer 3 pyramidal neurons, the
major source of ipsilateral corticocortical circuits and a key class of
neurons subserving working memory (14). Generally, dendritic
spines can be divided into 3 major categories: mushroom, thin, and
stubby (15, 16). Mushroom spines, which have large spine heads,
strong AMPA receptor-mediated currents, and perforated
synapses, are thought to mediate strong, stable circuits. Thin spines
have small nonperforated synapses with an abundance of NMDA re-
ceptors and are known to be highly plastic in comparison to the
mushroom spines (17, 18). The rapid response of thin spines to
changes in synaptic activity led to the suggestion that they are
associated with learning processes, whereas the stability of the
mushroom spines suggests their association with long-term mem-
ories and strongly embedded circuit attributes such as expertise
(19). Nearly half (46%) of thin spines on layer 3 pyramidal neu-
rons in area 46 are lost with aging in rhesus monkeys, whereas
there is no loss of mushroom or stubby spines with age. We have
also shown that presynaptic mitochondrial morphology reflective
of pathology may contribute to synaptic and cognitive aging in area
46 (20), as well as synaptic redistribution of NMDA receptors (21),
both of which are modulated by estrogen treatment (22). Impor-
tantly, synaptic vulnerability with aging differs fundamentally be-
tween area 46 and the dentate gyrus (DG) within the hippocampus,
the major recipient of input from the entorhinal cortex. The classes
of excitatory synapses that are vulnerable in dentate gyrus in-
clude perforated synapses, which in contrast to the thin spines of
area 46 are notable for their synaptic stability, strength, and high
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representation of AMPA receptors. There is an age-related alter-
ation in synaptic distribution of AMPA receptors in perforated
synapses that correlates with compromised hippocampal mediation
of memory in rhesus monkeys (23). Thus, while the pattern of synaptic
aging differs across these 2 key regions, these and related findings in-
dicate the presence of certain synaptic changes that are region specific
yet compromise synaptic and cognitive health in the absence of frank
pathology associated with AD or other neurodegenerative diseases.
Nevertheless, these synaptic changes may set the stage for vulnerability
to neurodegenerative disease, although such a clear mechanistic pro-
gression has not been demonstrated definitively.

In addition to synaptic changes with aging, the development of
senescent phenotypes in glia may contribute to age-related vul-
nerability to neurodegenerative pathology. The development of a
senescence phenotype includes cessation of division, suppression
of important intracellular pathways, and release of inflammatory
signaling molecules and protease enzymes. In neurodegenera-
tive diseases like AD, intrinsic and extrinsic factors stimulate the
conversion of normal cells into senescent cells (24). In elderly
people, systemic inflammatory diseases can lead to a chronic low-
grade inflammatory state in the brain that affects glial cells, in-
cluding microglia and astrocytes, that are often the first re-
sponders to stressful events in the brain (25). These cells start to
display a higher production of proinflammatory cytokines and
reduce the phagocytosis of molecules like amyloid beta (Ap),
contributing to cognitive impairment and memory loss (24). Se-
nescent glial cells have an important role in the initiation of AD
pathology, and clearance of these cells is able to slow down the
disease progression (26). Thus, changes in glia may be important
factors in the relationship of aging to neurodegenerative diseases.

The pathogenesis of AD has long been linked to fibrils of Af
protein that accumulate markedly in AD brains, forming insol-
uble amyloid plaques; however, during the past decade much of
the focus has turned to biologically active soluble oligomers of
the AP peptide (APOs). These oligomers are potent synapto-
toxins, known to accumulate in AD brains and in animal models
of the disease (27, 28). Soluble ABOs, rather than insoluble fi-
brils or plaques, trigger synapse failure, now regarded by many as
the earliest reflection of AD (27, 29). Synaptic failure has been
extensively described in patients and in mouse models of AD.
There are several transgenic AD models for studying the path-
ogenesis of the disease, but their translational impact has been
limited. Transgenic AD mouse models carry mutations that are
associated with early-onset familial forms of AD, which account
for less than 5% of the cases of AD. The vast majority of AD cases
are sporadic, with a poorly understood etiology that leads to ac-
cumulation and impaired clearance of APO species in the absence
of known genetic lesions (27). Another important factor is that
most AD studies rely on the use of male animals, although nearly
two-thirds of current AD cases are women (30) and after the age
of 65y, the lifetime risk of AD is 1 in 6 for women, whereas it is 1
in 11 for men (31).

We report here the development of an NHP model focused
on adult females that may model the earliest phase of AD
pathogenesis. Rhesus monkeys were injected with ABOs in the
lateral ventricle, in a protocol previously described (32), or with
Ap scrambled peptide that reportedly exerts minimal cytotoxicity
(33). We evaluated synaptic attributes, neuronal and microglial
morphology, and cerebrospinal fluid (CSF) biomarkers of AD.
Our data suggest that exogenous administration of ABOs in
adult female rhesus monkeys results in synaptic dysfunction and
neuroinflammation that recapitulate features of age-related
synaptic alterations and possibly preclinical AD. This is po-
tentially important because synaptic dysfunction may precede
frank neuron death and the onset of dementia by several years
and is a far more tractable target for intervention than the
degenerative cascade that prevails in the human AD brain (34).
In fact, we have demonstrated that age-related synaptic alter-
ations that compromise cognition can be rescued in both rat
hippocampus and monkey DLPFC by pharmacologic regulation
of glutamate transport (35) and estradiol treatment, respectively
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(36). Thus, it is our contention that preserving synaptic health is
likely to be the most successful strategy to postpone or prevent the
onset of AD.

Results

Selective Vulnerability of Cortical Circuits Is Induced by Aging or by
Oligomeric Ap in the Monkey Brain. In the current work, rhesus
monkeys were injected in the lateral ventricle of the brain with 100 pg
of ABOs once per day every 3 d for 24 d, totaling 8 injections, in
a protocol previously described by Forny-Germano et al. (32).
Additionally, another group of animals were injected with Ap
scrambled peptide that reportedly exerts minimal cytotoxicity (33).
The animals were perfused 6 d after the last injection, allowing a
very short window of time in which the brain was exposed to
ABOs. CSF was collected from the animals before the beginning of
the experiments, twice during the injections, and right before the
injection protocol. The last CSF collection was done right before
perfusion (detailed timeline of experiments can be found in S/
Appendix, Fig. S1). Importantly, due to methodological differences
in the monkey surgeries, we were able to ensure that a concen-
tration of 100 pg of ABOs was injected in the lateral ventricle of
the brains in each injection and not an estimated range of 10 to
100 pg of ABOs as reported by Forny-Germano et al. (32).

We observed that APOs deposit with high affinity in pyramidal
neurons of the DLPFC in monkeys, mostly colocalizing with
postsynaptic density protein 95 (PSD95) and, to a lesser degree,
with the presynaptic marker synaptophysin (Fig. 1 A-E). Pyra-
midal neurons were identified in layer III of the DLPFC using an
antibody against nonphosphorylated neurofilament protein
(NPNFP). Pyramidal cells with a high content of NPFNP are
highly vulnerable to AD pathology in humans, likely to develop
neurofibrillary tangles (NFTs) (37), and their demise is strongly
correlated with the severity of dementia. To further analyze the
interaction of APOs with synaptic markers in the DLPFC, we
exported the confocal data obtained to Imaris software (Bitplane)
and created a surface-rendered 3D neuronal reconstruction iso-
lating only PSD95, synaptophysin, and ABO puncta within 2 pm of
labeled dendritic shafts, as shown in Fig. 1F. We were able to
visualize and analyze APOs in association with PSD95 (Fig. 1G) or
with synaptophysin (Fig. 1H), presumably associated with the
designated dendritic shaft. Quantification of 30 apical segments (6
neurons, 5 segments per neuron) shows APO preferentially binds
to PSD95 in comparison with the presynaptic marker synapto-
physin (Fig. 17). These findings highlight both the effect of ABOs
rather than plaques as synaptotoxins and the selective targeting of
spines rather than terminals.

We did not perform a similar quantification in the scrambled-
Ap-injected monkeys, given that the control animals lack de-
tectable ABOs with an antibody that recognizes only a generic
epitope common in oligomers but not in other Af species, in-
cluding fibrils, monomers, or natively folded precursor proteins
(38). SI Appendix, Fig. S2 shows that NPNFP pyramidal cells in
layer III of the DLPFC from scrambled-Ap-injected animals
present normal distribution of synaptic markers, but lack ABO
staining proximal to dendrites.

Area 46 of the DLPFC of NHPs is highly vulnerable to aging
(17, 22), which highlights the importance of the rhesus monkey
for studying the neurobiological bases of cognitive decline in
aging, given that mice and rats do not possess a cortical region
directly homologous to primate area 46 (39, 40). Synaptic density
of these pyramidal neurons in the DLPFC is substantially reduced
in aged monkeys in comparison to young ones (Fig. 2 4 and B),
and this reduction is reflected in selective loss of highly plastic thin
spines, but not stable mushroom spines (Fig. 2C). This is reflected
by an increase in the average spine head diameter (Fig. 2D).

We now show that repeated APO injection in the lateral ven-
tricle of monkeys targets neurons in DLPFC, inducing a prom-
inent reduction in spine density in the APO-injected monkeys
relative to scrambled Ap-peptide-injected or noninjected con-
trols (Fig. 2 E-G). A significant decrease in the total number of
spines was observed in apical and basal dendrites (Fig. 2H and SI
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Appendix, Fig. S3D), driven exclusively by the loss of thin spines.
As with aged animals, average spine head diameter was also
increased in the ABO-injected animals, consistent with the loss of
thin spines (Fig. 21).

Analysis of dendritic branching of pyramidal neurons in layer
III of area 46 in the DLPFC showed no effect of ABO injection
on total dendritic length of the neurons (SI Appendix, Fig. S3E).
This mirrors the lack of reduction in overall dendritic arboriza-
tion with age (17). It is important to note that the differences in
spine density between monkeys injected with ABOs vs. scrambled
AP peptide are due to the different composition of the Ap spe-
cies. Although both AP solutions were prepared freshly before
every injection using the same protocol, scrambled Af peptides do
not oligomerize. Instead, they formed small molecules (mono-
mers) with an average size of 1.8 nm. In comparison, ABO parti-
cles had an average particle diameter of 4.14 nm, corresponding to
oligomers (SI Appendix, Fig. S3F).

Several lines of evidence indicate that deregulation of excit-
atory transmission can underlie the beginning of synaptic failure
in AD. The thin spines are NMDA receptor (NMDAR) domi-
nated (19) and this class of receptor apparently is highly vulner-
able to the toxic effects of ABOs (41). PSD95 is a major scaffold
protein that is enriched with glutamatergic receptors and regulates
structural and functional integrity of excitatory synapses. ABOs
associate with PSD95 in a mechanism that might be dependent on
the presence of postsynaptic prion protein and individual gluta-
mate receptors, mainly mGluRS5 (42, 43). Further evidence sug-
gests signaling by the complex ABO-PrP¢ activates mGIuRS5 to
disrupt neuronal function and induce spine loss (44). Importantly,
APOs are present inside synapses in pre- and postsynaptic ele-
ments, although more prevalent in excitatory synapses, consistent
with a synaptotoxic effect (29).

Oligomeric Ap Triggers Microglial Engulfment of Cortical Synapses
and Induces Neuroinflammation in the Hippocampus. Age-related
changes in microglia have been characterized by several groups
over the last 2 decades (45, 46). These extremely dynamic cells
can account for up to 16% of the cells in the human brain (47) and
undergo a senescence process that can impair their function and
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Co-localization with ABO:

Spines of apical Fig. 1. Oligomeric Ap associates mostly with post-

m dendrites synaptic densities in the DLPFC. (A) Representative
40 E_*| projected z stack of a layer Ill pyramidal neuron

stained with SMI32 (white), synaptophysin (blue),
PSD95 (red), and ABOs (green). An apical segment of
this neuron is represented in B-E. (F) The 3D re-
construction of the same neuron maintaining only
the puncta staining in a 2-pm distance from the
neuron. (G and H) Colocalization of PSD95 and ABOs
(G) and synaptophysin and ABOs (H) within a 2-um
distance from the neuron. (/) Quantification of
colocalization puncta within a 2-um distance from
apical segments shows ABOs mainly binding to
postsynaptic densities in the DLPFC of rhesus mon-
key. *P < 0.05, 1-sample t test. (Scale bars: 10 pm.)

30

the interactions with neurons. In normal aging, there is an increase
in expression of several inflammatory markers resulting in microglia
that are constantly in a primed state, with an activated immune
profile (48). Primed microglia are more susceptible to secondary
inflammatory stimuli that can trigger an exaggerated inflammatory
response, resulting in morphological changes and an activated state
(49). Healthy microglia generally present extended and ramified
processes, whereas activated microglia display an increase in the size
of the cell body and retraction of the branches.

Recently our group demonstrated that aging profoundly affects
microglia morphology, and microglia density negatively correlates
with spine density of layer III pyramidal cells in the rat medial
prefrontal cortex (50). We observed a similar increase in microglia
volume in our rhesus monkeys exposed to ABOs (Fig. 3 A-C),
recapitulating the microglial senescence seen in aged rats. Glial
cell activation and neuroinflammation also accompany AD
pathology and contribute to the development of the disease.
Microglia can be activated by the presence of Af species and this
activation can be harmful to neurons, mediating synapse loss by
engulfment of synapses, activating neurotoxic astrocytes, and se-
creting inflammatory cytokines (51). To investigate a possible role
of microglia in the synaptic impairment we observed in the
DLPFC, we analyzed microglia morphology and function in our
ApO-injected and AB-scrambled—injected monkeys. Microglia to-
tal volume increased in the APO-injected monkeys, in comparison
with the AB-scrambled-injected and noninjected controls (Fig.
3H). To analyze microglia engulfment of synaptic markers, we
applied a similar protocol to that described before (52). Repre-
sentative 3D reconstruction and surface rendering using Imaris
software on DLPFC layer III synapses demonstrate active en-
gulfment of synaptic markers by microglia in monkeys injected
with ABOs, compared to those injected with Af-scrambled pep-
tide (Fig. 3 D-G). This analysis showed that PSD95-labeled
puncta were far more prevalent than synaptophysin or Clq
puncta inside the microglia, demonstrating a selective vulnerability
to ABOs of postsynaptic spines compared to presynaptic terminals
(Fig. 3 I-K). We also looked at microglial morphology in the DG
of the hippocampus of these monkeys. The DG is thought to be
among the most vulnerable sites in the early progression of AD
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Fig. 2. Morphological changes in the DLPFC of rhesus monkey are induced
by aging or oligomeric AB infusion. (A and B) Representative projected z
stacks of a dendrite from a young and an aged animal show a decrease in
spine density. (C) Densities of subtypes of spines based on an unbiased
classifier show selective loss of thin spines in aging (>22 y old). (D) Average
spine head diameter is significantly increased with aging, which is attribut-
able to a selective loss of thin spines. (E-G) Representative projected z stack
and 3D neuronal reconstruction of dendritic segments from noninjected
control, scrambled Ap-injected, and ABO-injected monkey, showing decrease
in spine density. (H) Quantification of apical dendrites shows significant re-
duction in the total number of spines and in the thin spine density. (/) Av-
erage spine head diameter is significantly increased in the apical segments of
ApO-injected monkey neurons. *P < 0.05, **P < 0.01, ***P < 0.001; 2-sample
t test (spine head diameter young x aged), 1-way ANOVA (spine head di-
ameter CTR x SCR AB x ABO) and 2-way ANOVA, Tukey'’s post hoc test (spine
density). (Scale bar: 2 pm.) A-C are adapted with permission from ref. 22.

(53). Four types of microglial morphology were observed in DG: a
physiological/resting state with abundant ramifications (SI Ap-
pendix, Fig. S44), an intermediate state such as those we observed
most often in the DLPFC (SI Appendix, Fig. S4B), and amoeboid
and rounded microglia (SI Appendix, Fig. S4 C and D, respec-
tively). The last 2 types were considered reactive microglia. The
DG of monkeys injected with APOs presented a robust microglial
reactive population, as determined by staining with the microglial
IBA-1 marker, in comparison with noninjected and scrambled
AB-injected monkeys (SI Appendix, Fig. S4 E-J). We observed a
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significant increase in the cell body area of microglia in DG of
APBO monkeys (SI Appendix, Fig. S4K), as well as a substantial
increase in the microglial reactive population (SI Appendix,
Fig. S4L). Microglia tended to be more numerous and with
fewer branches in the DG of monkeys injected with AOs,
compared to scrambled peptide or noninjected controls (SI
Appendix, Fig. S4 M and N).

ApOs Induce Selective Changes in Core Biomarkers for Alzheimer's
Disease in the CSF. CSF is an optimal source for AD biomarkers
since it is in direct contact with the extracellular space of the brain
and can directly reflect biochemical changes in the living brain.
Further, CSF can be monitored in human patients, increasing the
translational relevance of such measures in a NHP model. Core
biomarkers such as Af and tau levels can be used to identify the
progress of the pathogenic events in AD as early as 25 y before
expected symptoms (27, 54) and are associated with cognitive
decline in patients (55). We collected CSF every 10 d during the
ABO or Ap-scrambled injection protocol. There was a substantial
increase in AP oligomer levels in the CSF of APO-injected animals,
with proportional accumulation following the days of injection, but
not in the scrambled AB-infused animals (Fig. 44), as would be
expected based on our infusion protocol. We also observed an
increase in APy, levels, but not Ap;4o during injections in ApO-
treated monkeys (Fig. 4 B and C, respectively). This is consistent
with the fact that ABO was prepared using A4, human peptide.

Neurofilament light (NFL), a structural component of the
cytoskeleton of some neurons, is increased in the CSF of patients
with AD as a reflection of degeneration of large-caliber axons
(56). We observed no differences in NFL levels following the
APO or scrambled peptide injections, suggesting no prominent
neurodegenerative process in the time frame employed in this
model (Fig. 4E).

Levels of the proinflammatory cytokine TNF-alpha were in-
creased in the CSF of the ABO-treated monkeys (Fig. 4E). This
results in the CSF correlate with the increase in microglial
activation in the DLPFC and hippocampus and a general
neuroinflammatory response in the brain. This increase was
specific to the APO injections and not the scrambled peptide
control, indicating that these changes were related to effects of
the ABO peptide conformation and not a general consequence of
infusion of a foreign protein into the CSF.

No changes in tau phosphorylation at 3 different sites, serine
199, serine 231, and serine 396, were found during the period of
injections, nor were total tau protein levels changed (Fig. 4 F-I),
suggesting that tau-based pathology was not induced over this
time frame, consistent with our observed absence of tau-based
cellular pathology in this model. Importantly, all core biomarkers
evaluated in the rhesus monkey CSF presented equivalent values
compared to human baseline CSF levels or proteins (54, 57).

Discussion

Oligomeric Ap Infusion in the Monkey Brain as a Translational Model
of the Early Synaptic Phase of AD. We report here a quantitative
analysis of synaptic alterations and neuroinflammation in an
initial study developing a nonhuman primate model of early AD.
Our data demonstrate that when injected in the lateral ventricle,
APOs diffuse and accumulate in areas of the monkey brain rel-
evant to higher-order cognition, including the DLPFC and hip-
pocampus, critical areas in AD pathology (58). Neurons in the
DLPFC, vulnerable to aging and neurodegenerative diseases
(17), showed specific loss of thin dendritic spines, and these effects
are reminiscent of the synaptic disruptions we have observed in
cognitively impaired aged monkeys without exogenous ABO in-
fusions (17), and may model the early synaptic dysfunction in AD.
We also report that ABO binds preferentially to PSD95, a post-
synaptic marker highly expressed in dendritic spines (59), sug-
gesting a marked loss of spines and confirming ABO acting as a
postsynaptic toxin in the monkey brain.

Layer III pyramidal neurons of the DLPFC are thought to be
the cellular basis of working memory and other high executive
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functions (60, 61), and these neurons are enriched with gluta-
matergic synapses mainly in the thin spines (22, 62), a unique
feature of primate evolution highly affected in AD (63, 64).
Among the glutamatergic receptors, NMDARs play a pivotal
role in the glutamatergic dysfunction observed in AD, in-
terfering with Ca®* homeostasis and exacerbating age-related
increase of oxidative stress (65). Beta-amyloid can disrupt the
balance between synaptic and extrasynaptic NMDAR signaling,
reducing glutamatergic transmission and inhibiting synaptic
plasticity, likely affecting thin spines on layer III DLPFC py-
ramidal neurons (66). Tau, on the other hand, normally ag-
gregates in the spine postsynaptic membrane in aged primate
DLPFC, which can lead to an early stage of tau pathology that
occurs with normal aging (67). The degree to which NMDA-
disrupted signaling in layer III DLPFC neurons is caused by
APO injections or by normal accumulation of p-tau and cor-
relates with early cognitive dysfunction remains unclear and
will be explored in the future.

ApO infusions into the monkey brain also induced a distinct
pattern of microglial activation in the DLPFC and DG. Nor-
mally, microglia in the adult brain surround and support the
neurons, facilitating neuronal health and tissue homeostasis in
the adult mammalian CNS. In elderly individuals, systemic dis-
eases can trigger microglia priming and induce these cells to ac-
quire a dystrophic stage, which is a sign of microglial cell
senescence. In the APO-infused monkeys, we observed similar
age-induced dystrophic microglia in the DLPFC. These dystrophic
cells have an intense phagocytic activity, engulfing spines, possibly
the ones that contain APOs bound to postsynaptic markers. Fully
reactive microglia devoid of branching processes contain numer-
ous lysosomes and phagosomes. ABO-injected monkeys presented
an increase in reactive amoeboid and round microglia population
in the hilus of the DG in comparison with the control animals, and
we did not see similar profiles in the neocortex. Thus, the stage of
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Fig. 3. Aging and ABO infusion induce morpho-
logical changes in microglia. (A-C) Representative
images of microglia from a young animal (A) and an
aged animal (B) show morphological changes to a
more activated state, representing an increase in PFC
microglial volume (C). (D-G) Representative surface-
rendered microglia from scramble-Ap-injected and
ApO-injected animals (D and F), in detail (€ and G),
with synaptic markers engulfed by microglia, local-
ized mainly in the cell body. (H) Quantification of
total volume shows a tendency of increase in the cell
body size of ABO-injected animals in comparison to
noninjected controls and to scrambled-Ap-injected
animals. (/-K) Significant increase of PSD95 puncta
inside the microglia of ABO-injected animals (/),
tendency of increase in C1q complement protein
puncta (J), and no differences in synaptophysin
puncta (K). *P < 0.05, 2-sample t test (microglia
volume young x aged) or 1-way ANOVA, Tukey's
post hoc test (CTR x SCR A x ABO). (Scale bar: 5 pm.)
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activation of microglia in the DG appeared to be more advanced
than those in the DLPFC actively phagocytosing spines.

In the CSF, levels of the proinflammatory cytokine TNF-oa were
increased in ABO-injected monkeys following the injections, sug-
gesting an accumulated neuroinflammatory process occurring
widespread in the brain. Identification of reliable biomarkers in
CSF is extremely useful for early diagnosis and monitoring path-
ologic progression in AD (68). Analyzing core AD CSF bio-
markers, we observed an increase in AB42 and ABO levels, but no
changes in tau phosphorylation and total tau, suggesting no
prominent tau pathology was induced by ABO infusion protocol
over this time frame. The levels of all AD core biomarkers in the
monkey CSF were similar to the levels observed in humans,
reinforcing the translational power of the model to recapitulate
features of the pathology in humans.

Using high-resolution immunohistochemistry, we also could
not detect tau phosphorylation and tangles in different brain
regions of ApO-injected monkeys, including layer 2 of entorhinal
cortex, 1 of the first areas affected during AD pathology pro-
gression (SI Appendix, Fig. S5). These results differ from the
findings reported by Forny-Germano et al. (32) using the same
APO infusion protocol in monkeys, although these authors used
cynomolgus monkeys and we used rhesus. There were also dif-
ferences in the methodology applied across studies, specifically
the perfusion protocol and fixation of brain samples. In the
current study, at least in the time frame analyzed, development
of tangles is not an inevitable consequence of APO-induced
synaptotoxicity and neuroinflammation, although longer expo-
sure to ABOs may induce tau-based pathology.

% Microglia engulfment

ABO Accumulation as an Early Event in AD Progression. New insights
into the amyloid hypothesis suggest that rather than amyloid
being a singular cause of AD, it more likely functions as an
initiator of a complex network of pathological changes, including
tau pathology (69). A large body of evidence supports a role for
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Fig. 4. Analysis of AD biomarkers in the CSF of injected animals. CSF was
collected every 10 d during the duration of the injections protocol and stored
at —80 °C until analysis. (A) A substantial increase in ABO levels was observed in
ABO-injected animals but not in the AB-scrambled animals, suggesting the
specificity of the preparation injected and that ABOs injected in the ventricle
spread throughout the brain and reach the CSF. (B and C) Apq.42 (B), but not
AB140 (C) is increased after ABO injections. (D) No changes in neurofilament
light were observed. (E) Proinflammatory cytokine TNF-« is increased in the CSF
of ApO-injected animals, but not in the scrambled AB ones. (F-/) No changes in
the levels of phospho-tau (p-tau) serine 199 (F), p-tau serine 231 (G), p-tau
serine 396 (H), and total tau (/) were observed in both injected animal
groups. *P < 0.05, **P < 0.01, ***P < 0.001; 2-way ANOVA, Sidak’s post hoc test.

soluble species of Ap in the synaptic dysfunction likely to dom-
inate the early stages of AD pathologic progression, particularly
the oligomeric forms (27, 28). A subtle effect of soluble oligo-
meric AP accumulating and binding to spines can lead to mem-
ory loss, beginning early in the disease progression and leading to
glia activation, oxidative stress, tau pathology, and widespread
neuronal dysfunction (27). The mechanism underlying accumu-
lation of oligomers in sporadic AD is still unknown, but it might
involve a drastic reduction in Ap clearance in AD brains (70).
AD pathological progression likely begins with a “synaptic”
phase absent neuron death, followed by a degenerative phase
associated with neuron death, and a clinical phase reflecting ex-
tensive pathology, with each phase lasting several years (Fig. 5).
The synaptic phase involves the earliest events of Ap oligomeri-
zation and binding to spines, inducing the first events of thin spine
loss and morphological changes in glial cells. Importantly, our
monkey data on normal aging suggest that this phase may stabilize
and not progress to the degenerative phase. This likely precedes
the accumulation of amyloid plaques and the development of neu-
rofibrillary tangles. From this perspective, for amyloid-based thera-
pies to be successful, they would have to be applied in the synaptic
phase, well before the diagnosis of AD or extensive tau pathology.
In the past decades, there has been substantial debate about
the validity of the amyloid hypothesis as the dominant model of
AD pathogenesis, specifically due to the several failures of clinical
trials targeting AP. It needs to be noted, however, that most
studies targeting anti-amyloid agents were done in patients with
dementia clinically apparent, i.e., later in the disease progres-
sion when neuron death was likely very extensive. More recently,
solanezumab, an antibody against AB, did not slow cognitive
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decline in patients who had some evidence of amyloid disease
detected with an amyloid PET scan (71). This suggests that in-
tervention with anti-amyloid therapy once AP deposition in the
form of amyloid plaques is detectable, and cognitive decline
is present, is also too late to be effective. An ongoing clinical
trial, A4 (“anti-amyloid treatment in asymptomatic Alzheimer’s,”
NCT02008357), has enrolled more than 1,000 older individuals
who have positive amyloid PET scans but do not show cognitive
symptoms of AD into a phase 3 double-blind trial of solanezumab
vs. placebo. This will provide definitive evidence of whether in-
tervention to disrupt Ap plaques at this phase of AD pathogenesis
is effective. Our model system potentially provides the opportunity
to test interventions at an even earlier stage, when APO accumu-
lation has begun and synapses are being targeted, but before for-
mation of AP plaques and neuronal loss.

Do Monkeys Develop Alzheimer's Disease? Although mouse models
have provided great mechanistic insights into the pathogenesis of
AD, we are still in need of additional translationally powerful
models, particularly models of sporadic AD, because the current
models are generally based on mutations linked to familial AD.
The search for a more powerful translational model has led to the
use of the NHPs, phylogenetically closer to humans. Macaque
monkeys and great apes share 100% homology for the Ap se-
quence with humans; great apes share 100% homology and rhesus
monkeys 98% homology with humans for the sequence of the
longest form of tau protein (72). Gorillas show changes in cyto-
skeletal tau, but they are distinct from AD-like NFTs (73). The
presence of AD-like NFTs was reported recently in a fairly large

Synaptic phase Degenerative phase

Clinical phase

Cognition

Years mmp

Fig. 5. AD pathological temporal progression. Increased Ap42 production
throughout life (early-onset AD) or failure of Ap clearance mechanisms (late-
onset AD) generates a gradual increase and accumulation of AB species in the
brain, particularly in the associative cortices (27). Ap oligomers species (red
circles) act as synaptotoxins, binding to dendritic spines and inducing glia
morphological changes (green, microglia; purple, astrocyte) and loss of thin
spines in the DLPFC. We consider these early events as the synaptic phase of AD,
when a very early stage of synaptic disruption can be targeted for interventions
that are likely to be effective. Amyloid fibrils and plagues are formed when Ap
oligomers exceed the critical aggregation concentration (81), a process that
leads to increase in glial activation and in the neuroinflammatory response. The
presence of extracellular A species may trigger the conversion of tau to a toxic
state (81), starting the accumulation and spread of neurofibrillary tangles and
neuron death, a sequence of events that marks the degenerative phase of AD.
Accumulation of soluble toxic aggregates of amyloid and tau, as well as intense
tangle and amyloid plaque formation, spreads through different areas of the
brain during many years, leading to the clinical phase of the disease, when
cognitive impairment and behavioral dysfunction become severe.
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group of aged chimpanzees (aged 37 to 62 y) (74), having been
shown before only in a single 41-y-old chimpanzee (75). This aligns
with the physiological similarity between humans and other homi-
nids, but these observations are from the oldest old animals. Re-
search in chimpanzees has been minimized in most countries, and
brain samples are very scarce and not optimal. Also, as others have
noted, the cognitive status of these animals was not known (7), so it
was not possible to determine whether the presence of apparently
pathologic lesions was associated with cognitive decline or dementia.
Paspalas et al. (76) described recently AD-like tau pathology
in an aged rhesus monkey, including the presence of NFTs ob-
served using electron microscopy and autophagic vacuoles re-
flective of neuron death. Others have described the presence of
AD-like NFTs in aged African green monkeys (77, 78). These Old
World anthropoid species are valuable models for tracking AD-
like pathology at the biochemical/histochemical level and suggest
that the molecular machinery for NFT formation may exist across
primate species. However, human AD requires NFT formation
that translates into extensive neuron death and resultant de-
mentia. Thus, confirmation of AD pathology in nonhominids still
requires unbiased and detailed stereological quantification to de-
termine whether or not the degree of neuron death is sufficient to
model the cognitive aspects of AD, as well as more precise bio-
chemical identification of tau constituents that represent late-
stage NFT formation. The transition from age-related cognitive
decline, which is clearly evident in NHPs (17), to AD is dependent
on the death of specific subpopulations of pyramidal cells in as-
sociation cortices that furnish long corticocortical projections (79).
Although the death of these neurons is related to NFT formation
in humans, the transition to dementia requires the loss of a very
high number of these neurons, as demonstrated in highly quanti-
tative, stereological studies in human brains linking pretangles,
NFTs, neuron counts, and degree of dementia (63, 80). To date,
unbiased stereological studies have found no evidence of age-
related neuronal loss in hippocampus or entorhinal cortex in
macaque monkeys (81, 82), although similar analyses in the oldest
old macaques may generate different results. These limitations
notwithstanding, the natural occurrence of NFTs in very old
monkeys is a key finding and suggests that the biochemical un-
derpinnings of NFT formation are present in the NHP and could
be exploited in a model that exacerbates such processes at a
younger age. Key advantages and disadvantages of the most
common models of AD are highlighted in SI Appendix, Fig. S6.

Conclusion

For many decades, we have been relying on mouse models to
provide preclinical data for AD therapeutics, with more than 200
interventions having been reported to ameliorate AD-related
pathology in mice, but no successful translation to therapies for
humans (83). These models recapitulate better symptomatic
phases of AD, but fail to recapitulate the earliest synaptic stages
of the disease (84, 85). This study may help address the issue of
whether or not targeting soluble APOs early in the process can
affect the progression of decline.

Accumulation and oligomerization of A in the brain is thought
to begin up to 20 y prior to clinical AD (27). Together with subtle
inflammatory responses including microglial activation, ABOs lead
to early stages of synapse disruption, likely years before notable
behavioral decline, metabolic dysfunction, or neuronal loss occurs.
Old World monkeys provide an excellent model for studying these
early events in the cascade of AD pathology, although it is still
not clear whether these animals normally develop neuron death
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sufficient to induce dementia. We propose here that adult rhesus
monkeys injected with ABOs mimic the very early stages of AD
pathology in humans, allowing us to understand how A binds
preferentially to some neurons but not others and how the first
steps of microglial activation could lead to synapse loss and po-
tentially neuron loss. Additional NHP models need to be developed
that more aggressively target the degenerative phase, perhaps by
directly manipulating tau genetics and biochemistry in live monkeys.

One important next step is to understand how variation in
hormones may impact disease progression, since it is clear that
estrogen treatment can impact synaptic health in aged rhesus
monkeys (36). To that end, the potential role of ovarian hormone
replacement in aged females needs to be evaluated further in these
models, as this is 1 major concern in women undergoing hormonal
changes during menopausal transition.

Materials and Methods

Animals. All experiments were conducted in compliance with the National
Institutes of Health Guidelines for the Care and Use of Experimental Animals,
approved by the Institutional Animal Care and Use Committee at the Uni-
versity of California, Davis (protocol no. 18994). Nine adult female (age range:
11 to 19 y old) rhesus monkeys (Macaca mulatta) and 3 aged female adults
(age range: 22 to 28 y old) were used for morphometric analyses and bio-
chemical assays. Four monkeys were injected with ABOs, 2 monkeys with
scrambled Ap peptide, and 3 age-matched female animals were used as
noninjected controls. Details of monkeys’ surgeries, MRI, perfusion, and
tissue and CSF collection can be found in S/ Appendix.

ApOs and Scrambled AP Preparation. Synthetic ABj4> human peptide (Cal-
ifornia Peptide) and Scrambled AB,.4, peptide (Bachem) were used to prepare
AB solutions as previously described (86). Scrambled A4, peptide (Bachem)
consists of a peptide with the same amino acid composition, but in random
sequence. Please see SI Appendix for details about Ap solution infusions.

Immunohistochemistry. Fifty-micrometer-thick free-floating sections were
incubated in an antigen retriever solution (Wako; S1700) at 95 °C for 30 min.
After that, sections were incubated in blocking solution: 5% donkey serum,
5% goat serum, 5% BSA in PBS, and 0.3% Triton for 2 h at RT under agi-
tation. Sections were then incubated overnight with A11 (code AHB0052,
Thermo Fisher; 1:500), SMI32 (code NE1023, EMD Millipore; 1:500), syn-
aptophysin 1 (code 101004, Synaptic Systems; 1:1,000), PSD95 (code ab12093,
Abcam; 1:1,000), IBA-1 (code 234-006, Synaptic Systems; 1:1,000), and Cl1q
(code ab182451, Abcam; 1:400) antibodies. Tissue was washed thoroughly
with PBS and incubated with Alexa Fluor secondary antibodies (Invitrogen;
1:500) for 2 h, at room temperature. TrueBlack solution (Biotium) was used
for 30 min to eliminate lipofuscin autofluorescence. Slides were then
mounted with Prolong Diamond Antifade with Dapi (Invitrogen). See S/
Appendix for microscopy image analysis.

Statistical Analysis. All analyses were performed with GraphPad Prism, and
datasets were assessed for normality parameters prior to significance de-
termination. Values are expressed as means + SEM, unless otherwise stated.
Statistical tests and confidence levels are indicated in Figs. 1-4 (*P < 0.05,
**P < 0.01, ***P < 0.001). A more detailed table with information about
statistical tests performed and the values can be found in SI Appendix.
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