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A  major  impediment  to  the development  of  safe and effective  therapeutics  in  Alzheimer’s  disease  (AD)
lies in difficulties  in translating  research  findings  across  species:  therapies  that work  in rodents  often  do
not translate  to humans.  A route  to bridge  the gap  between  promising  rodent  research  and  the  human
clinical  condition  consists  in  using  non-human  primates  (NHPs),  which  are  phylogenetically  much  closer
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to humans.  In  this  article,  we  discuss  the  importance  of  investigating  disease  mechanisms  from  cell
culture,  through  different  animal  models  of  disease.  We  highlight  that developing  a  viable,  validated
NHP  AD model  will  likely  be a key  step  toward  understanding  AD-relevant  pathogenic  mechanisms  and
for developing  therapies  that  will  effectively  translate  to the  human  disease  condition.

©  2016  Elsevier  B.V.  All  rights  reserved.
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Currently, there is no effective treatment for Alzheimer’s dis-
ase (AD) and the pursuit of novel disease-modifying therapeutics
s the object of intense investigation. According to the ClinicalTrials.
ov database, 1590 clinical trials testing hundreds of different com-
ounds have been performed to date with AD patients (Table 1).
lthough a few therapeutic drugs (e.g., docosahexaenoic acid

Quinn et al., 2010)) and antibodies targeting the amyloid-� (A�)
eptide (e.g., (Klyubin et al., 2005; Relkin et al., 2009)) have shown
romise in preclinical studies and early clinical trials, most of the
rials have been withdrawn/terminated (e.g., vaccine study) or
ailed to work in AD patients (Quinn et al., 2010). Indeed, of 244
nique compounds tested in humans since 2002, only meman-

to the development of safe and effective therapeutics arises from
the difficulty to translate models of disease from one species to
another. As a consequence, potential therapies that work in one
species frequently fail to translate to humans.

Development of an animal model of AD that best approximates
the human disease has been the goal of many researchers (LaFerla
and Green, 2012; Selkoe, 2011). Information on mechanisms of AD
pathogenesis and on preclinical evaluation of treatments directed
at A� or phospho-tau has come from pathology, genetics, and vari-
ous transgenic rodent models of AD (Goedert and Spillantini, 2006;
LaFerla and Oddo, 2005; Yoshiyama et al., 2007). However, due to
the complexity of the neuropathology spectrum of AD, such trans-
ine, an NMDA receptor antagonist, has safely translated into AD
linical practice, but with modest effectiveness in promoting cog-
itive improvement (Cummings et al., 2014). A major impediment
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genic models are very useful for studying some, but not all, disease
aspects. In fact, none of the available mouse models truly reca-
pitulate the full spectrum of AD neuropathology (Selkoe, 2011),
which includes A� deposition, synapse loss, inflammation, tau
phosphorylation, and neurofibrillary tangle formation. In partic-
ular, a significant effort has been made to include tangle pathology
in transgenic mice models of AD by including a mutation in tau

(Oddo et al., 2003), which is associated with other tauopathies,
such as frontotemporal dementia (Gotz and Ittner, 2008), but is
not part of canonical AD pathology. The recent development of a
transgenic rat model (TgF344-AD; expressing APPsw and presenilin
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Table  1
Number of clinical trials performed to date with AD patients testing different com-
pounds according to the ClinicalTrials.govClinicalTrials.gov database.

Status Number of clinical trials

Completed 930
Activea 590
Terminated 120
Total 1640
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Fig. 1. Proposed multi-disciplinary strategy to investigate Alzheimer’s disease (AD)
mechanisms. Cell culture experiments can be used to elucidate cellular mechanisms
of  disease. Hypotheses related to disease mechanisms can be tested in AD transgenic
rodent models and other animal models of AD. A key stage consists of extending the
studies to non-human primate (NHP) models of AD. Combined efforts with different
a Open studies: recruiting + active: not recruiting NIH, as of December 2015.

 genes) that presents tauopathy, neurodegeneration and cognitive
eficits (Cohen et al., 2013) significantly advanced the field, holding
romise for use in preclinical studies. However, it is important to
ake into consideration that the vast majority of AD cases are spo-
adic with poorly understood etiology and that the most frequently
sed transgenic AD rodent models carry mutations that are asso-
iated with early-onset familial forms of human AD, which only
ccount for <5% of disease cases (Selkoe, 2011).

In addition to multiple genetic mouse models and a genetic rat
odel (Cohen et al., 2013), several other animal models of AD have

een developed including rabbits (Roher et al., 2000) and dogs
Studzinski et al., 2005). These non-transgenic models have pro-
ided additional relevant information on the physiopathology of
D (reviewed in Sarasa and Pesini, 2009). Nonetheless, it is impor-

ant to keep in mind that AD mainly involves impairment in higher
ognitive functions, which are hard to investigate in detail in the
odels described above. In order to understand higher cognitive

unctions in the human brain and how the brain dysfunction devel-
ps in AD, experimental animals that are more similar to humans
re essential. One way to overcome this critical hurdle is to gener-
te viable models of AD in non-human primates (NHPs). Because
uman and NHP brains share considerable similarities in terms of
verall architecture and organization of functional networks, this
trategy has the potential to greatly advance our understanding of
echanisms centrally implicated in AD pathogenesis and effective

herapeutic development. It is important to note that NHPs can be
rained to perform many of the perceptual and cognitive tasks that
re used in behavioral and electrophysiological studies in human
linical studies. Some elegant studies evaluating cognition in NHPs
elevant to aging have been carried out. For example, Nagahara et al.
2009) demonstrated that BDNF reverses neuronal atrophy and
meliorates age-related cognitive impairment in aged NHPs and
ara et al. (2014) recently showed that estrogen improved work-

ng memory in aged NHPs. However, since AD and other dementias
re not a part of normal aging, it is important to gather efforts to
evelop a NHP model of AD.

Some studies have made use of NHPs to follow AD pathology,
elying upon naturally occurring amyloid-� deposits in aged NHPs
Cai et al., 2010; Oikawa et al., 2010; Podlisny et al., 1991), a very
nteresting approach that may, however, take decades to come
o fruition due to long lifespans. Therapeutic bispecific antibod-
es were recently described to cross the blood–brain barrier and
o decrease A� levels in the brains of NHPs (Yu et al., 2014). Other
roups aiming to develop an NHP AD model have carried out intrac-
rebral injections of fibrillar A� into aged monkeys. This approach
ed to abnormal tau phosphorylation and neuronal death, but no
eurofibrillary tangles were observed in this model (Geula et al.,
998; Leung et al., 2011). In fact, even aged primates are also resis-
ant to the development of neurofibrillary tangle pathology (Heuer
t al., 2012; Oikawa et al., 2010), one of the defining lesions of AD.

Recent research on the molecular mechanisms of AD pathol-
gy have evolved to include smaller aggregates of A�, soluble A�

ligomers, as key neurotoxins in AD (Hardy and Selkoe, 2002) and in
act many researchers have demonstrated that oligomers are more
oxic than fibrils (Ferreira and Klein, 2011; Selkoe, 2011; Viola and
experimental models of AD will provide information on how the human disease
condition develops in the human brain.

Klein, 2015). To take advantage of this shift in the paradigm, we
conducted a novel study to test the effects of A� oligomers in the
NHP brain by injecting A� oligomers into the lateral ventricle of
adult cynomolgus monkeys (Forny-Germano et al., 2014). Surpris-
ingly, neurofibrillary tangle pathology was observed shortly after
the NHP brain was exposed to A� oligomers. When a similar pro-
tocol was  used in rats, tau phosphorylation increased, but tangle
pathology was not detected (Forny-Germano et al., 2014). We  note
that although oligomers produced pathology similar to AD, the
pathology observed has been induced acutely, whereas AD pro-
gresses over decades and its clinical manifestation occurs in aging.
In addition, the use of NHPs is extremely limited for most labo-
ratories because of high price, restricted availability, maintenance
requirements and ethical considerations. Nevertheless, this new
NHP model offers the novel opportunity to evaluate if A� oligomers
can lead to specific abnormalities of cognitive function in NHPs that
mimic  deficits observed in AD patients performing the same tasks.

A multi-disciplinary strategy of investigating disease mecha-
nisms from cell culture, through animal models including validated
NHP models to human clinical testing is required (Fig. 1). Cell
culture experiments can be used to establish basic cellular mecha-
nisms of disease pathology. Based on information obtained in vitro,
hypotheses related to disease mechanisms can be tested in AD
transgenic rodent models (Oddo et al., 2003; Cohen et al., 2013)
and other animal models of AD that have been developed, includ-
ing rabbits (Roher et al., 2000) and dogs (Studzinski et al., 2005).
A key stage then consists of extending the studies of rodents and
other animals to NHP models of AD, which share many homologies
with the human brain. Because of the limitations for use of primates
described above, it is important to take advantage to the available
models for extensive behavioral and molecular testing and then
prune the protocols as one moves to the NHP model. The final crit-
ical next step will be to combine behavioral data obtained from
NHPs that model AD, normal elderly individuals, and AD patients to

establish clinical validity of the NHP models. Combined efforts with
different animal models of AD will definitively provide important
clues on how the human disease condition develops in the brain.



1 g Rese

p
r
a
s
b
m
t
s
m
t
v
w
c
d
p

A

g
(
N
F
(
o
C

R

C

C

C

F

F

G

G

14 F.G. De Felice, D.P. Munoz / Agein

Development of a successful pharmacological strategy to
revent or treat AD will depend on detailed knowledge of clinically-
elevant mechanisms identified to be central to the disease process
nd establishing a behavioral model of AD in NHPs will be a key
tep to reach this goal. Future treatments will likely comprise com-
inations of drug therapies to slow down or block pathological
echanisms, together with biologic implants and brain stimula-

ion in targeted brain areas and circuits to promote neurogenesis,
ynaptogenesis and synaptic plasticity in order to restore and opti-
ize neural networks to improve cognitive outcomes. To realize

he potential of these latter approaches it will be critical to have
iable NHP models of AD. This will likely be the most powerful
ay to improve the ability to translate basic science into clini-

al applications, allowing the development of safe and effective
isease-modifying interventions for AD with the highest and fastest
robability for success.

cknowledgments

Research in the authors’ laboratories are supported by
rants from National Institute for Translational Neuroscience
INNT/Brazil) (to FGF), the Brazilian funding agencies Conselho
acional de DesenvolvimentoCientífico e Tecnológico (CNPq) and
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