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Animal disease models are considered importantin the
development of drugs for Alzheimer’s disease. This
brief review will discuss possible reasons why their
success in identifying efficacious treatments has been
limited, and will provide some thoughts on the role of
animal experimentation in drug development. Specifi-
cally, none of the current models of Alzheimer’s dis-
ease have either construct or predictive validity, and no
model probably ever will. Clearly, specific animal
experiments contribute to our understanding of the
disease and generate hypotheses. Ultimately, however,
the hypothesis can only be tested in human patients
and only with the proper tools. These tools are a
pharmacologically active intervention (in humans)
and a clinical trial suited to evaluate the mechanism
of action. Integration of knowledge in quantitative
(sub) models is considered important if not essential

in this process.

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
affecting an estimated 5.4 million people globally, mainly
the elderly. There is currently no cure for AD, but some
symptomatic treatments are available. The disease is charac-
terized by its hallmark histopathological findings of extra-
cellular B-amyloid (AB) plaques and intracellular
neurofibrillary tangles of tau and by neuronal and synaptic
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loss in brain regions involved in learning and memory pro-
cesses (http://www.alz.org/) [1].

The interest in finding a cure or prevention for AD is
understandably great. Proper animal models of human AD
are considered desirable if not essential in this process and
much research effort has been put into that effect. As no
perfect model exists, the question becomes whether ‘the best
models available’ are good enough. What exactly can be
inferred from the results and what not? Or, differently put,
how do they contribute to our understanding and decision-
making.

The objective, therefore, of this brief review is to discuss the
potential role of the current animal disease models for AD in
drug development. Specifically, the aim is to discuss why the
animal models of AD should have such a limited success in
predicting successful treatments in the clinic (or rather,
clinical trials), and to provide some thoughts on how to
use animal experiments in drug development.

Animal models of Alzheimer’s disease

The aetiology of AD is unknown, but there is still a general
consensus in favour of the ‘amyloid hypothesis’ [1,2], even if
it has been questioned [3]. A wide range of animal models
have been developed to mimic the human context of the
disease for the purpose of developing therapeutics or disease
modifying agents. In fact, in most of the animal models the
first goal is to simulate the neuropathological findings of AD
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followed by the correlation of cognitive function without
knowing whether the neuropathological agents have similar
biological consequences in humans and in animal models. It
is beyond the scope of this review to discuss all the different
models. Here we will briefly summarize some potential ani-
mal models and their translation towards the clinical settings
(Table 1). Animal models used in AD can be broadly divided
into three categories: Natural models, Genetic models and
Interventional models.

Natural models

Several animals including polar bears, dogs, cats, goats and
sheep and some non-human primates spontaneously develop
some AD-related neuropathological features [4]. The few

animal models reviewed in this section either show major
AD-related neuropathology or are in close phylogenetic
proximity to humans. In recent years dogs have been con-
sidered as a useful animal model for AD due to the close
proximity of canine and human brain aging. Dogs develop
extensive AB and diffuse plaque deposition and the extent of
AB deposition correlates with the decline of some measures of
cognitive function in the absence of neurofibrillary tangles
(NFTs). Moreover, the amino acid sequence of A is fully
conserved between dogs and humans [5]. Because of sponta-
neous age-related AR deposition and relative ease of cognitive
function assessment, aged dogs were used to evaluate inter-
ventions with the aim of reduction of AR load and subsequent
cognitive improvement (Table 1).

Table 1. Some animal models of AD and clinical trials

Model

Treatment active in model

Clinical trial

Natural models

Dog Active immunization with AR _4; [49]

Antioxidant [49]
Rhesus monkey

Mouse lemur, Octodon,
Chimpanzees, Orang-utans,
Polar bear, Cat, Sheep,
Goat, Wolverine

Genetic models®

PDAPP mice

Acetylcholinesterase inhibitor, Donepezil [14]
Nicotinic receptor agonist ABT-418 [14]
Glutamate receptor blocker Memantine [14]

Active immunization with aggregated AR, _4, [52]

Trial stopped due to CNS side effects [50]
No effects [51]

Approved for AD

Discontinued for side effects

Approved for AD

No pharmacological trial has been reported yet.

Trial stopped due to CNS side effects [50]

Passive immunization with IgG [53]
Vasogenic oedema and microhaemorrhage
in some patients, no significant cognitive
benefit, Phase-lll trials underway [53]

APP mice

Tg2576 mice

y-Secretase modulators [56]
Acetylcholinesterase inhibitor [57]

Cognitive decline cannot be
prevented, cognitive benefits
with treatment associated
adverse effects reported [64]

PSAPP mice

Tg-tau mice

Ttpa’/ ~APPsw mice

Fruit-fly

Simvastatin [59]
a-tocopherol [60]
Doxycycline [61]

Interventional models

Rat

Intrahippocampal amyloid infusion model
Intracerebroventricular AR infusion model

Curcumin [69]
GSK3 inhibitor [70]

B-Secretase inhibitor [54]

y-Secretase inhibitors [55]

Non-steroidal anti-inflammatory drugs [58]

Reduce plasma AR significantly, Under
phase-lll clinical trial [62]

Trial halted because the drug failed to
stop disease progression, associated
with worsening cognitive function

and increased risk of skin cancer [63]
No benefit, trial discontinued [62]
Approved for AD

Negative results [65]

No cognitive benefit [66]

No efficacy [67]

Together with Rifampin. Some positive
effect on cognitive performance [68]

In Phase-Il [4]
Marginal benefits, larger trial ongoing [71]

?PDAPP mice: Mutation of human APP with valine at residue 717 substituted by phenylalanine under the control of human platelet derived growth factor promoter. APP mice:
Mutation of three isoforms [695, 751 and 770] of human APP under the control of various promoters. Tg2576 mice: Swedish double mutation [K670N/M671L] on the 695 human
APP under the control of hamster prion protein promoter. PSAPP mice: Swedish double mutation [K670N/M671L] plus Presenilin 1 exon 9 deleted. Tg-tau mice: Human
normal shortest 3R tau isoform inserted into the mouse genome under the promoter. Ttpa~'~ APPsw mice: Tg2576 mice crossed with a-tocopherol transfer protein knockout

mice [31,60].
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Among the non-human primate models, mouse lemurs
seem to be a potential animal model that exhibit amyloid
plaque, NFTs and some other AD related neuropathology [6].
This small prosimian primate lives 8-10 years in captivity and
shows age-related changes similar to those of aging humans
[6]. About 20% of mouse lemurs aged five years or older show
significant brain atrophy [7], extensive accumulation of amy-
loid plaques, neurodegeneration [8] and/or loss of cholinergic
neurons [9]. The genes responsible for the formation of senile
plaques are highly similar between mouse lemurs and
humans [8]. The presence of amyloid deposition has been
recently linked to cerebral atrophy in aged individuals, giving
new insight into the understanding of pathological aging in
this non-human primate species [10]. Moreover, a compar-
able decline in declarative memory and executive function
has been reported in both aged human and aged mouse lemur
whereas procedural memory appears to be conserved in both
species [11]. In a recent study it has been shown that cogni-
tively impaired aged mouse lemurs have cerebral atrophy
especially those brain regions that are responsible for cogni-
tive functions [12]. It should be noted that there is a differ-
ence in distribution of AR deposits and plaques between
human and mouse lemur. In humans the AR depositions
usually start in the hippocampus but in mouse lemur they
appear first in cortical regions [13]. As with human AD,
currently no diagnostic tools are available that can predict
which adult mouse lemur will develop AD-like symptoms.
However, this model provides an opportunity to search for
these predictors.

Rhesus monkeys and humans share many diseases of aging
and probably are the most successful models to identify
diagnostic markers and the development of safe and effective
treatments for human brain disorders. Monkeys of over 19
years old showed significant amyloid-plaque-like lesions in
areas of brain responsible for cognitive function. However,
most of the aged monkeys do not show an Alzheimer’s-like
syndrome and age-related rapid cognitive decline commonly
found in AD patients is not usually found in them either [14].
Moreover, their long developmental period, low reproductive
output, long captive life and risk of serious zoonotic disease
transmission are major disadvantages for using these animals
in a wider range of AD research [15].

Octodon degu, a rodent of South American origin has
recently been found to have spontaneous development of
AD-related neuropathology at older age. Localisation of both
intracellular and extracellular amyloid deposits and NFTs-like
intracellular deposition has been detected in different layers
of cortex and hippocampus of old animals. Adult octodon
cortex shows the presence of cholinergic neurons as in
humans but with a different distribution. They also demon-
strate age-associated cognitive impairment but whether these
cognitive deficits are also associated with cholinergic neuro-
degeneration similar to AD patients is not known yet.

Another interesting finding is the presence of extensive astro-
gliosis in the aged octodon brain, which is a characteristic
feature of human AD brain. It has been hypothesized that
high homology (97.5%) of octodon A and human AR might
be an important factor in the appearance of AD markers in
this rodent. Breeding difficulty and comparatively longer life-
span are limitations of this rodent model [16,17].

Genetic models

Transgenic technology provides unique opportunity to repro-
duce the cause of familial AD by transfecting a mutant human
amyloid precursor protein (APP). Mice have extensively been
used as transgenic models and facilitated our understanding of
the molecular mechanisms associated with AB-production,
deposition and clearance and the effects of AR on neuronal
network and synapses that play important role in cognitive
function. The APP mouse model successfully produced a wide
range of parenchymal and vascular amyloid deposits similar to
those of human AD [18]. Although morphological similarity
does exist, there is a difference in biochemical composition of
deposited AR between mouse models and AD brain [19]. More-
over, these transgenic mouse models failed to develop neuro-
fibrillary tangles (NFTs), an important histopathological
hallmark of AD result from intraneuronal aggregation of
hyperphosphorylated tau protein [20]. Oddo and colleagues
[21] presented for the first time a triple transgenic mouse model
where both plaques and NFTs were found in AD-relevant brain
regions. These mice also developed extracellular amyloid beta
deposits before the formation of NFTs and exhibited impaired
synaptic plasticity including long-term potentiation, the key
basis for cognitive function. Furthermore, transgenic mouse
models also provided valuable information regarding the role
of inflammation, oxidative stress and mitochondrial dysfunc-
tion in the pathogenesis of AD [22,23]. However, progressive
neuronal loss in hippocampus and specific neocortical regions
of the human AD brain [24] is not evident in most of the
transgenic mouse models, and this is a major limitation of
these murine models. In addition, these transgenic mice repre-
sent only those who are suffering from familial AD, which is
<1% of all AD patients. There is no mouse model that can fully
reproduce the features of disease progression of vast majority of
AD cases that is sporadic/late-onset AD.

The fruit-fly Drosophila melanogaster is a widely used and
well-appreciated animal model of neurodegeneration includ-
ing AD [25]. The fruit-fly is small in size, has a simple well-
studied anatomy and possesses a well-organized brain.
Although the fruit-fly brain has only a fraction of the cells
of the human brain and a different neuroanatomical organi-
zation, it is similar in the fundamental aspects of cell biology,
in terms of regulation of gene expression, membrane traffick-
ing, neuronal connectivity, cell signalling, synaptogenesis
and cell death [26,27]. Moreover, its short life cycle and
completely sequenced genomes are added experimental
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advantages of this model. Importantly, the transparent cuti-
cle of the larvae of fruit-fly allows the study of the disease
progression in living intact animals which is rather difficult
in vertebrates [28]. The task for associative learning and
memory such as Pavlovian olfactory conditioning can be
measured in this model, which is homologous to the classical
conditioning of the eyeblink response found to be impaired
in patients diagnosed with AD [26]. The fact that hippocam-
pal-dependant cognitive functions, which are impaired early
in human AD, cannot be tested in invertebrates due to the
lack of these brain structures is a major limitation of this
animal model. In spite of the lack in homology between fruit-
fly and human brain, this simple invertebrate animal pro-
vided insight in the disease mechanism ranging from genetics
to some cognitive functions that could be followed in living
intact animals.

Interventional models

Introduction of pharmacological or chemical substances into
the brain or the induction of lesions in specific brain regions
may replicate some of the characteristic features of AD. Many
models involve the introduction of AR peptide into the brain
of, for example, the rat [29] or rthesus monkey [30]. Although
these models induce some of the clinical signs, they do not
directly resemble AD pathology [31]. Other chemical inter-
ventional models include scopolamine-induced amnesia,
introduction of inflammation with endotoxins or interfer-
ence with brain metabolism [4].

The lesion models involve the chemical or physical
destruction of specific brain areas, which are generally either
cholinergic (i.e. the nucleus basalis magnocellularis in
rodents, e.g. [32]) or involved in cognition (i.e. hippocampus,
striatal and cortical brain regions). Major disadvantages of the
lesion models include non-specificity of the lesion, and their
failure to capture the disease progression and the more global
aspects of the disease (too specific) [4].

As a model of disease, interventional models would gen-
erally be better at identifying symptomatic or corrective
treatments, rather than disease modifying therapies that halt
or slow down progression, unless the ‘intervention’ repre-
sents a damage early in the disease progression.

Furthermore, a wide range of variability including species,
animal husbandry, site of injection or induction, model
protocol and concentration and volume of substances may
influence the experimental outcome. However, these models
can provide important insights such as scopolamine-induced
amnesia model contributed to the role of cholinergic system
in cognition [33], specific brain lesions induced memory
deficit models and the neuronal mechanism underlying
memory dysfunction [34] and the AB/pharmaco-chemical
substance induced model and the understanding of inflam-
mation, neurotoxicity, neurodegeneration and synaptic
function [35].
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Animal models of disease

It is obvious that many of the animal models of AD have
contributed, and continue to contribute, to our understand-
ing of the processes that may or may not underlie human AD.
But can they really be called animal models of AD, and can
they therefore be used as such?

The perfect animal model of a disease would be a scaled
down replica of the human disease, representing all impor-
tant components from cause via structural damage to symp-
toms (Fig. 1). It would be structurally and quantitatively
identical to the human. For this, both the animal model
and the human disease need to be very well understood.
Such a model would have face-, predictive- and construct
validity [36] (see Box 1). None of the models above satisfy this
criterion and no animal model probably ever will, especially
for a disease such as AD, given its complexity [36,37]. It could
be argued, therefore, that such a model should not even be an
objective.

Even predictive validity, although very useful, is not trivial
to establish. It requires effective drugs in the clinic, ideally
with different mechanisms, and a good understanding of the
false positives and false negatives. The latter is particularly
hard to evaluate because compounds that do not work in the
animal model are often not tested in the clinic (or reported).
In a way, one could say that the availability of an animal
model with established good predictive validity is unfortu-
nately inversely correlated with the unmet medical need.

All the disease models for AD listed have at best face
validity, where the animal model merely shares phenomen-
ological similarities with the disorder under study. Hence the
problem of ‘translation’ and recent interest in ‘translational
sciences’.

The schematic in Fig. 1 illustrates the complexity and the
many possible pitfalls in trying to create an animal analogue
for human disease. A single relevant difference, whether
structural or quantitative, can ‘invalidate’ the model. This
is, when it is not understood and considered in the transla-
tion to the human condition.

By contrast, many of the single components of the sche-
matic in Fig. 1 will be preserved across species (normal
physiology). Thus, whereas it is probably impossible to repli-
cate the full sequence from cause to symptoms in animals, the
study of components of the hypothesized sequence could

Box |. Validation criteria for animal models [36]

Face validity: The animal model resembles the human disease condition
on a superficial level, for example, biochemistry or symptomatology.
Predictive validity: The animal model can successfully discriminate
between successful and unsuccessful treatments for the human disease
condition.

Construct validity: The animal model is based on a sound theoretical
rationale, requiring good understanding of the human disease condition.
Notably, construct validity does not require superficial similarity.
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Figure |. A theoretical framework for a disease model. The disease cause, which can be an event or a continuous process, would result in some primary
damage, followed possibly by a downstream damage cascade, the result of which may be the disruption of function, observed as a symptom. For AD this could be
a genetic defect generating an excess of A3, downstream resulting in death of cholinergic neurons causing memory impairment, observed as a poor ADAScog
score. The diagnosis of the disease may involve some or all of these components.There may be parallel paths, interacting at different stages. A different cause may
either generate the same secondary damage, or independently show the same symptoms. Depending on how the disease is defined this may represent
heterogeneity. Also, the same cause and primary damage can have multiple secondary damages (in multiple anatomical locations) and subsequently, multiple
dysfunctions and symptoms. Importantly, these cascades are part of a system, which defines such elements as the turnover rates of components, repair (i.e.
reversibility) and response (i.e. immune system), and robustness (i.e. feedback loops, collateral pathways, compensatory mechanisms). All the elements of sucha
model have anatomical locations, and can be described quantitatively in terms of capacity, sensitivity and rate constants. In addition, the cause has an intensity and
time course associated with it. Furthermore, most if not all relationships between elements are non-linear.
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identify potential rate-limiting steps, suggest possible inter-
ventions and provide a rationale for the translation to
humans.

Reasons animal models of disease can fail

So far the animal models for AD have not been very successful
in identifying effective treatments (see Table 1 and [38]).
Why? It is possible to highlight specific weaknesses (and
strengths) for each animal model (e.g. [4,38]). Some of the
issues have been raised in the previous sections. More gen-
erally, one can identify three categories of reasons why
clinical trial results do not match the animal model results,
and not only because of the animal model per se. In our
discussion it is assumed that the animal experimentation is
technically sound, potential issues with that being discussed
elsewhere [39].

1. The animal disease model does not truly reflect the disease
or represents an incorrect hypothesis. Hence the drug
target is not relevant to human disease. This can ulti-
mately only be addressed in patients, and failures like this

are an unavoidable part of drug development. A properly

conducted negative clinical trial would suggest that a

revision of the hypothesis is necessary. Appropriate bio-

markers can help to understand the nature of the required
revision. Some possible reasons are:

a. Incorrect basic structure of the model. Key elements of
the animal model are not major players on the causal
path in humans. There is some similarity with reasons
why biomarkers fail [40]. In addition, a key element
could be regulated differently in the model species.

. The model is quantitatively wrong. Critical species
differences in the capacity, sensitivity or rate constants
governing the relationship between elements are not
captured.

. Incorrect (quantitative) translation of the intervention to

the patient. Thus the target is relevant but not appropri-
ately engaged. Without the appropriate pharmacological
biomarkers this is difficult to identify, and very little useful
inferences can be made after a negative clinical trial. One
cannot distinguish between wrong target and wrong dose.
Possible explanations are:
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a. Incorrect dosing regimen because of species differences
in pharmacokinetics, distribution to target site and/or
target affinity, duration of treatment required.

b. Physiology of the primary target is different between
species, or altered in human disease (not captured in
the animal model), for example, interventions that
significantly lower brain AB in mice can fail to do so
in AD patients because of species differences in AR
homeostasis.

3. Clinical trial design not appropriate to test the interven-
tion under investigation. A negative clinical trial risks
abandoning a correct hypothesis and a beneficial inter-
vention. Although not the objective of this review, some
reasons may be:

a. Wrong dosing regimen. For example, the translation
may be adequate, but target engagement is limited by
safety and tolerability.

b. Study too short to be able to notice effects

c. Wrong patient population. The patients are too
advanced to allow significant benefit of the interven-
tion [41], or only a subpopulation would benefit.

d. Insensitive or not relevant endpoints. The modality
affected by the treatment may not, or poorly so, be
captured by the study endpoints.

e. Other factors such as placebo response and data ana-
lysis.

The first two categories are failures to translate animal
results to human patients. One cannot translate if the crucial
components leading up to a particular endpoint are not
identified. This is where a conceptual framework such as
shown in Fig. 1 would help by capturing the current state
of knowledge and assumptions explicitly. One could argue
that this understanding could also contribute to avoid some
failures of the third category, for example, timing of the
intervention, identification of surrogate or biomarkers or
the modality monitored for treatment effect.

Animal experimentation and Alzheimer’s disease
How can animal experimentation contribute to some of the
challenges facing drug development in general and our
search for a cure for AD in particular? Three major challenges
mirror the reasons for failure listed above and they are: first,
target selection, second, the (pharmacological) intervention
and third, the clinical patient trials.

Target selection is probably the most difficult challenge in
AD and is directly related to our, limited, understanding of
the disease. An obvious role of animal experiments is to
increase this understanding, as they already greatly have,
and to generate hypotheses. However, the correctness of
the hypothesis can only be addressed in human patients with
the right tool. Some have suggested to focus more on research
in human patients [37] and the need to simultaneously
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engage multiple targets to treat complex disorders [38]. Multi-
ple targets may be required to significantly affect one aspect
of the disease, or to address the multidimensionality of the
disorder. In addition, animal models can be used to screen
series of compounds, and identify potential targets by their
ability to modulate an aspect of the hypothesized disease
model.

The main objective for the pharmacological intervention is
to ensure that the dose regimen that will be tested in the
human patient does what it pharmacologically is meant to
do: sufficiently, long enough and at the right place. Animal
experimentation can contribute to our understanding of the
pharmacokinetics of the compound and the target pharma-
cology, as long as properly scaled between species, and pro-
vide guidance on what may be the required target
engagement. One objective is to verify this in humans early
on in clinical development, as is done for pharmacokinetics
and, if possible, with biomarkers of pharmacology.

Animal experimentation does not seem to contribute
directly to the clinical trial design. However, as mentioned
above, the right experiments can provide guidance regarding
the timing of treatment and regarding which modalities
would be consistent with the target pharmacology.

Thus, animal experimentation remains part of the scien-
tific method that iterates between hypothesis generation,
predictions and experimentation. The hypothesis is in fact
conceptual and should be a human disease model, attempt-
ing to address the components mentioned in Fig. 1. Given the
complexity, describing and connecting parts of the model
quantitatively is an important part of this process [41-45].
Among other benefits, modelling and simulation provide a
way of integrating currently available facts and beliefs, iden-
tifying gaps and raising questions [45] and, for drug devel-
opment, ultimately some sense of the uncertainties of a
particular development program.

For drug development some specific quantitative aspects of
a theoretical human model to consider are suggested below,
all of which are a potential source of critical species differ-
ences.

Target selection:

e Relationship between target modulation and subsequent
events. How much ‘change’ of the target is required to
cause changes downstream (sensitivity) and when can
these changes be observed? What is the relative contribu-
tion of the target pathway to the endpoint of interest? Is
there a rationale for multiple targets?

e The homeostasis of the target and/or critical downstream
elements, for example, AB, or memory function. How is it
maintained and can it be modulated?

e Related to the above, robustness and redundancies in the
system.
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Evaluation of the intervention:

Pharmacokinetics

Can the intervention modulate the component(s) of inter-
est (target engagement), and if so, what is the required
timing of the intervention? And, again, how long does it
take before these changes can be observed, which also
depends on the endpoint? In other words, pharmacoki-
netic-pharmacodynamic relationships for the target phar-
macology.

Are there bio- or surrogate markers that can inform on the
target pharmacology, and, if so, what is the relationship
between target function and biomarker level? Again, con-
sidering relative contributions and time courses. A recent

Drug Discovery Today: Technologies | Translational pharmacology

example is some modelling and simulation of brain atro-
phy as biomarker [46]. Multiple competing factors contri-
buting to brain volume loss measurements were identified
and incorporated in a model. These included, for example,
normal aging, disease, volume of amyloid deposits and
inflammation. The model could explain why treatment
with an anti-amyloid vaccine would result in a temporary
acceleration of brain volume loss, as was observed in clin-
ical trials.

Another example is the complexity underlying interven-
tions attempting to lower soluble AB in the CNS of patients,
suggested as potentially beneficial by the AR hypothesis (e.g.
[1]). The relationships between the different forms of AB
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Figure 2. A model of the AR system in the presence of an antibody restricted to the peripheral circulation. The model describes the relationships between
free soluble A in the brain (BS), in the CSF (CSF) and in the plasma (P), separated by the blood brain and blood CSF barrier. An anti-Af antibody (D) can forma
complex with the plasma AB (Cx). The relationships were parameterised by rate constants (K and U) and between compartmental clearances (Q). The Kon and
Koff represent the association and dissociation rate constants for the antibody with AB.The inset shows the simulation results for a normal rat after once weekly
dosing with the antibody with the fraction of basal AR levels in the brain (dashed) and plasma (solid). The distribution of lines represents the impact of varying the
value of the (unknown) parameter Qpg, which is the clearance from plasma to brain. Although the impact of this parameter value is significant (between 10% and
40% reduction of brain ARB), it suggests that nearly 90% reduction in plasma is matched by only about 20% reduction in the brain.

Reproduced with permission from [48].

Total Plasma A = P + Cx
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across the different compartments of interest, for example,
brain, CSF and plasma, are not immediately obvious. This
issue was highlighted for the rational selection of biomarkers
by Thompson and Lockhart [47], for example AR concentra-
tions in the CSF as marker for CNS concentrations, but is
equally important for the rationalization of interventions.
Preliminary work attempting to address this was presented by
Simeoni et al. [48], and an example of the model, with an
intervention included, is shown in Fig. 2. Interestingly, the
preliminary simulations with the model suggest that an anti-
body against AB, restricted to the systemic circulation, would
only modestly lower CNS levels of AB, even if plasma levels
were greatly reduced (Fig. 2). This is clearly a red flag when in
the process of developing such an antibody, and merits
further investigation of the system and assumptions. The
model made specific assumptions about the structure of
the model and some of the parameters and ignored some
non-linearities that must be present in the system. Never-
theless, this work could guide specific future experiments and
the impact of parameter assumptions can be explored by
sensitivity analysis (as was done for this presentation).

Thus, even if animal models of AD cannot be considered
models of disease with construct (or even predictive) validity,
it is not to so that animal experiments have not been or will
not be useful in understanding of the disease or that the
hypotheses they aim to reflect are incorrect. The challenge is
to identify which part of the overall human disease model a
particular animal experiment addresses.

Lastly, although not specifically addressed here, anticipat-
ing safety issues of the intervention under study is obviously
important. In particular, adverse pharmacology associated
with the primary and/or secondary targets of the compound
can, should, be addressed applying similar principles as for
efficacy.

Conclusions
The value of many of the so-called animal models for AD lies
not in the fact that they attempt to replicate the full spectrum
of the human disease, but in that they could help us, together
with clinical data, to generate hypotheses and understand the
complex physiology relevant to the human disease. In that
sense, they are not really animal models of disease but ‘just’
animal experiments. These experiments, then, need to
address specific questions that allow the construction of
the hypotheses for the whole or parts of a quantitative human
disease model. The conceptual human model is where inter-
ventions should be evaluated: for example, target selection,
dosing regimen and timing, biomarker and clinical endpoint
selection and safety. Integration of information and ideas
into a quantitative conceptual (sub) model of human disease
and pharmacology is therefore considered essential.

For drug development, whereas there is likely to remain
great uncertainty around target selection and the associated
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hypotheses, it is crucial to identify a pharmacologically active
dosing regimen to test in patients. Then a negative clinical
patient study, although disappointing, will at least increase
our knowledge regarding the disease.
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