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Animal Pharmacology
In chronic diseases such as Alzheimer’s disease (AD),

the arsenal of biomarkers available to determine the

effectiveness of symptomatic treatment is very limited.

Interpretation of the results provided in literature is

cumbersome and it becomes difficult to predict their

standardization to a larger patient population. Indeed,

cognitive assessment alone does not appear to have

sufficient predictive value of drug efficacy in early

clinical development of AD treatment. In recent years,

research has contributed to the emergence of new
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tools to assess brain activity relying on innovative

technologies of imaging and electrophysiology. How-

ever, the relevance of the use of these newer markers

in treatment response assessment is waiting for valida-

tion. This review shows how the early clinical assess-

ment of symptomatic drugs could benefit from the

inclusion of suitable pharmacodynamic markers. This

review also emphasizes the importance of re-evaluat-

ing a step-by-step strategy in drug development.
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Introduction function based on task categories may be associated with
Process optimization in drug discovery is a laborious chal-

lenge that depends primarily on the acceptance that a para-

digm shift is needed. Despite scientific progress in the

development program of drugs for AD, some persisting meth-

odological issues highlight the necessity to develop innova-

tive strategies that assess the therapeutic potential of a drug-

candidate before initiating phase II/III studies. A key problem

in Alzheimer’s and other neurodegenerative diseases is that

cognitive tests (Alzheimer’s Disease Assessment Scale-Cogni-

tive subscale (ADASCog) and Mini Mental State Examination

(MMSE) scores) currently used to assess the clinical benefit of

symptomatic drugs might suffer from subjectivity and little

sensitivity to subtle changes with extended evaluation time

(over six months). Furthermore, there is no equivalent task

for animals in particular because a verbal component is

predominantly used in these tests. This fact emphasizes the

need to develop new markers sensitive to pharmacological

intervention of utility both in patients and in healthy volun-

teers (HVT) to establish the pharmacologically active range

(for efficacy) before testing on larger groups of patients.

Validation of these predictive markers could reduce delays

and decrease the sample size required to demonstrate benefit

from new therapeutic agents.

In this context, adding physiological and functional ima-

ging markers to the current battery of neurocognitive and

neurophysiological measures in the drug discovery process

would seem pertinent. Indeed, the assessment of cognitive
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Figure 1. Integration of new pharmacodynamic markers in the symptomatic 
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brain activity which can be more directly linked to biomar-

kers (electrophysiology and functional imaging) currently

applied to the clinical diagnosis of AD.

Nevertheless, to reliably determine the predictive value of

these new tools, an extensive study should be undertaken in

both AD and HVT populations to assess their sensitivity to

current symptomatic drugs, specific to the cholinergic path-

way or not. The complementary information provided by

the intrinsic specificities of these techniques, that is high

spatial resolution for functional imaging versus high tem-

poral resolution for EEG, suggests the need for combined

biomarkers rather than a single one. In addition, these non-

invasive markers reflect basic mechanisms of brain func-

tioning rather than species-dependent cognitive tasks. This

promotes their use across species and may contribute to

enhance the predictive value of pre-clinical studies and

facilitate the translation of research evidence from animal

to human. It is worth noting that great strides are being

made to implement these techniques in the preclinical field

to expand their use as modern translational tool in drug

discovery. These new tools may compensate for the lack

of translatability of the neuropsychological assessment

applied to patients.

Incorporation of reliable biomarker combination early in

the process of development might improve the decision-

making power at the early stages particularly in terms of

clinical efficacy of drug candidates (Fig. 1).
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Figure 2. Use of a biomarker battery at early stage of clinical development to assess effect of symptomatic drugs alone or in combination with a challenge

test.
It is worth keeping in mind that these biomarkers may not

be sensitive enough to detect changes in HVT, so their

sensitivity in response to a challenge test may be useful. This,

however, leads to a further barrier regarding the emergence of

novel AD drugs. In fact, as of today, the most commonly used

pharmacological challenge is with scopolamine, a non-selec-

tive muscarinic receptor antagonist. Novel cognitive enhan-

cing therapies have been assessed with scopolamine both pre-

clinically and clinically with varying degrees of success. The

weakness of this ‘pharmacological’ model might be related to:

(a) its targeted action on a single neurotransmitter system

whereas AD is a multifocal disease in which cognitive impair-

ment results from alteration of multiple systems, compromis-

ing its use to test drugs that are not exclusively targeting the

cholinergic system; (b) the potential pharmacological inter-

action with therapeutic drugs could compromise the inter-

pretation of the data.

To provide a ‘non pharmacological’ alternative to the

commonly used scopolamine model, we suggest investigat-

ing three potential models with different approaches: sleep

deprivation; hypoxia; repetitive Transcranial Magnetic Sti-

mulation (rTMS) to induce transient cognitive impairment in

HVTs and rodents. The basic requirement of these challenge

models is to (i) be able to induce cognitive impairment

and modify electrophysiological and imaging parameters

and (ii) be sensitive to current therapy for AD with different
mechanisms of action to provide a basis for new potential

drugs assessment (Fig. 2).

In this review, we seek to identify the most accurate

markers to assess drug effect (of commercially available AD

symptomatic drugs) among neuropsycological, neurophysio-

logical and imaging tools (PET/MRI), based on literature data.

Our investigation includes clinical and pre-clinical popula-

tions: (i) healthy versus AD subjects in humans and rodents

and (ii) translational physiological challenge models in

humans and rodents.

Evaluation of symptomatic drug effect on biomarker

battery

Currently, the field of AD drug discovery research is lacking

in pharmacodynamic biomarkers capable of (i) rapidly

detecting central activity (cognitive changes) in response

to treatment, in healthy groups of animals and humans

and (ii) predicting early therapeutic efficacy in AD clinical

and pre-clinical populations.

The following paragraph summarizes the current situation.

Insights on biomarkers in the clinical field

ADAS-Cog is the most used cognitive scale to evaluate dis-

turbances of memory, language, praxis, attention and other

cognitive abilities often referred to as the core symptoms

of AD. Several systematic reviews reported significant
www.drugdiscoverytoday.com e331
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improvement in ADAS-Cog score in mild cognitive impair-

ment (MCI) or AD subjects treated with donepezil, reflecting

beneficial effects on cognitive status. In HVT, donepezil

induces a slight improvement in the retention of training

on complex aviation tasks [1], verbal memory for semanti-

cally processed words [2] and might improve long term visual

memory [3]. Nevertheless, some studies reported transient

negative effects on episodic memory [4,5] and no improve-

ment in the Cambridge Neuropsychological Test Automated

Battery (CANTAB), a computer-based cognitive assessment

system consisting of a battery of neuropsychological tests. In

a recent study conducted in healthy older individuals, done-

pezil has been shown to impair cognitive function associated

with alteration in additional neural markers including EEG

and fMRI markers [6]. Moreover anticholinesterase treatment

also improved attention in MCI and AD patients [7–13].

Evaluation of the effect of symptomatic drugs through the

measurement of electroencephalogram variables considered

as indices of cognitive processing has been extensively stu-

died in AD patients. Data available in the literature on resting

state EEG indicated that long- and short-term treatment with

donepezil reduced significantly the deterioration of EEG

spectral activity and correlated with cognitive improvement

rate on the ADAS-cog. This improvement is mainly charac-

terized by a reduction of the slow-wave activity (theta and

delta power) in frontal and temporo-parietal areas [14–17]. In

a small study, Sneddon and his colleagues demonstrated the

ability of a qEEG variance combined with a delayed recogni-

tion memory task to measure accurately treatment effects on

patients with AD [18]. In healthy elderly subjects, a single

dose of memantine has been shown to compensate diurnal

vigilance fluctuation measured by EEG recording [19].

Another EEG component, the P300 is of special interest as

it is related to brain functions such as cognition and atten-

tion, which are severely impaired in patients with dementia

[20]. In AD patients performing auditory and visual oddball

tasks, significant changes expressed by a reduction of the

P300 latency were observed already during the first month

of donepezil administration [21,22] and were significantly

correlated with various neuropsychological score changes

[22–24].

With regards to the MR technique, various studies have

undertaken anatomical analysis of hippocampal volume.

They indicated a decrease in hippocampal volume loss/in

the rate of hippocampal atrophy following treatment with

donepezil or memantine that closely relates to neuropatho-

logic and clinical data [25–27]. Functional MRI is uniquely

suited for evaluation of cognitive-enhancing agents. In 2

cognitive paradigms of visual memory, donepezil has been

reported to produce activation in the ventrolateral prefrontal

cortex (PFC) and in the fusiform gyrus in patients with MCI or

AD [28,29]. Another study demonstrated that donepezil

reversed the deficit of activation in fronto parietal region
e332 www.drugdiscoverytoday.com
during a working memory task in MCI patients [30]. Finally, a

reduced activation in the PFC and anterior cingulate cortex

was observed after memantine administration during an

auditory attention control task [31]. Using [18F]fluorodeox-

yglucose (FDG-PET) imaging, a study under resting condi-

tions demonstrated that treatment with donepezil in AD

patients may slow the decline in functional brain activity

in the right parietal lobe, left temporal lobe and right and left

frontal lobes [32]. In addition, Teipel et al. showed that the

metabolic changes induced by donepezil, during a passive

audio-visual stimulation, were limited to the right hippocam-

pus and the left PFC and independent of the effects on

cognitive performance [33]. Finally, in patients treated with

memantine for 52 weeks, glucose metabolism in all brain

areas was preserved [27].

These insights support the potential suitability of electro-

physiological and imaging measurements to monitor the

effects of symptomatic AD drugs in a context of disturbed

(in AD patients) or non-disturbed (in HVT) subjects.

Insights on biomarkers in the pre-clinical field

To bridge the gap between pre-clinical and clinical research

studies, great progress has been made in the development of a

wide range of pathological models of AD and improvement of

functional analysis techniques very similar to those per-

formed in the clinical setting (micro PET, wireless microchip

technologies for EEG).

The disease models attempt to reproduce most of the

neuropathology including neurophysiological and beha-

vioral hallmarks of AD pathology [34,35]. Since the promi-

nent feature of AD is the loss of neurons and synapses in the

hippocampal formation and related areas, neurobehavioral

phenotyping of mouse models of AD have focused on the

evaluation of hippocampal-related cognitive areas including

spatial-, contextual-, working-and recognition memory.

These cognitive functions have been extensively explored

through a classical battery of experimental tasks that con-

tributed to the characterization of cognitive profile associated

with each transgenic line [35]. Despite their limitations, the

comprehensive study of these transgenic mouse models pro-

vided a good opportunity to evaluate their translational and

predictive value of drug efficacy. The next section sum-

marizes the data on the sensitivity of cognitive tests and of

new technological biomarkers that aim to measure the

response to AD drugs in genetically modified and wild type

mice.

In a substantial work, Van Dam and colleagues attempted

to validate the APP23 model [36] by studying the reversibility

of spatial learning and memory impairment in response to

therapeutically relevant doses of three acetylcholinesterase

(AChE) inhibitors and memantine. They reported that

the lowest dose of Donepezil, rivastigmine and to a lesser

extent galantamine, elicited beneficial effects on learning and
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memory performance measured in the Morris Water Maze

(MWM) task [37]. As for memantine, modest effects have

been noted with only partial improvement of spatial learning

abilities [37]. However, in a subsequent report, the authors

demonstrated that longer administration of memantine (8

weeks) improved the effect [38]. In the Tg2576 mouse model

of [39] AD, Dong and colleagues also demonstrated beneficial

effects of donepezil on spatial learning/memory with regards

to improvement of acquisition in the water T-maze and in

contextual memory in a conditioned fear test [40]. Further-

more, administration of memantine through drinking water

for 3 weeks to APP/PS1 transgenic mice [41] improved acqui-

sition but no retention abilities in the water maze task [42].

Romberg and colleagues demonstrated that Donepezil res-

cues the attention deficit by improving response accuracy on

the 5-CSRTT adversely affected in the 3xTgAD mice model

[43,44].

With respect to investigations of electrophysiological and

imaging markers in experimental AD models, there is limited

data. An interesting paper reviewed the findings obtained to

date from studies using PET imaging and EEG to monitor

pathological changes in rodent AD models. They compared

FDG-PET phenotypes in 3 cohorts of transgenic strains and

indicated that metabolic activity was reliably compromised

in PSAPP and PLB1triple transgenic mice [45,46] but not in

APP/PS1 mice [41] which carry a different mutation in the PS1

transgene [47]. In addition, with FDG-based autoradiogra-

phy, metabolic changes have also been reported in the 3xTg

mouse [48]. However the AD-relevant brain region specificity

is discussed. Furthermore, a comprehensive analysis of sleep

patterns, vigilance staging and qEEG conducted in APP/PS1-

overexpressing mice highlighted a decreased in low and an

increased in high frequency spectral EEG power [49]. Simi-

larly, AD-like shifts in spectral power recorded in the parietal

cortex area, have been reported in the triple transgenic mice

(PLB1 triple), in agreement with FDG hypometabolism maps

[50]. Moreover the authors suggested that these changes

might precede the cognitive decline onset [44]. Although

the method to evoke a P300 in rodent is now well established,

data are missing in the field of transgenic animals of AD.

Thus, many of these technological tools are so recent that

their sensitivity to therapeutic intervention has not yet been

fully investigated. Only Scholtzova and colleagues followed

up the therapeutic response to memantine in APP/PS1 trans-

genic mice regarding amyloid deposition by micromagnetoc

MRI. Despite modest changes between control and treated

groups this tool was able to detect reduction in amyloid

burden, which correlates with cognitive improvement [51].

Fortunately, the good correlation between the preclinical

preliminary results on transgenic strains and human out-

comes encourages the analysis of the modulation of these

markers in a therapeutic context. Nevertheless, it is interest-

ing to underline that no change in acquisition or retention
performance was observed in wild type (WT) mice among

treated groups [37], contrasting with some results obtained in

HVT. However, Spowart-Manning and co-workers reported

that the T-maze continuous alternation task assessing the

spatial exploratory performances developed by Gerlai [52,53]

was sensitive enough to respond to donepezil administration

by improving the spontaneous alternation rate in control

mice [54]. Overall, studies on healthy animals cannot be

discussed since the differences of performance between

strains are too heterogeneous and the majority of tasks are

sensitive to genetic differences. The sensitivity of a particular

experiment depends at least partially, upon the value of the

control group.

This literature overview highlights the heterogeneity of the

cognitive assessment performed in the preclinical studies

with various different stimuli and some methodological issue

(confounding factors). These data cannot yet conclude which

biomarker array is most pertinent.

Evaluation of the effect of a cognitive challenge on the

biomarker battery - combined effect with

symptomatic drugs

Due to the inherent difficulty of detecting significant

improvements in cognitive performance in normal healthy

subjects, pre-clinical and clinical scientists have developed a

number of experimental paradigms to artificially induce

cognitive impairments akin to those observed in AD. The

identification and validation of HVT challenge models sui-

table for use in early clinical development might support

‘hint of efficacy’ studies that can be back translated to pre-

clinical studies. The complexity of AD prevents recapitulating

both the pathophysiology and symptoms in one animal

model. Currently, each animal model only partially reflects

the underlying pathology, for example, the amyloid aggre-

gates. Conversely, pharmacodynamic models are more

straightforward than disease models and should exhibit

one or more transient cognitive impairments (also typical

of AD) that are sensitive to the pharmacological active range

of the compound in question. Validation of such models

will rely on (a) the characterization of the cognitive and

neurofunctional deficits induced, (b) their sensitivity to cur-

rent symptomatic treatment and (c) their bidirectional trans-

latability. The nature of these challenge models is very

important. We propose to study three distinct non-pharma-

cological models that develop a transient cognitive impair-

ment in HVT or rodents following sleep deprivation, hypoxia

and rTMS challenges. Thus, in the next section, we will review

studies that have examined the effects of provocation chal-

lenges and how these dynamically alter cognitive, electro-

physiological and neuroimaging markers and how these

markers respond to symptomatic treatment. To highlight

the translational properties of each challenge model,

clinical and preclinical findings will be discussed in parallel.
www.drugdiscoverytoday.com e333
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Beyond identifying the most appropriate model, the second

objective, in this context of challenge models, is to select the

most relevant biomarkers for the assessment of treatment

efficacy.

Sleep deprivation challenge

Sleep deprivation (SD) has been largely investigated in clin-

ical trials due to its association with deficits in the memory

process. Many behavioral adverse effects of SD including the

degradation of a wide range of cognitive functions have been

fully described (for review [55]). On the basis of studies that

have focussed on total sleep deprivation (TSD) protocols,

there is extensive literature reporting the deterioration of

executive functioning including decision making, flexible

thoughts, semantic processing and inhibition as well as work-

ing memory [56–59]. Episodic memory was also impaired in

verbal and visual domains and simple and complex attention

processes have been shown to be disrupted [60–62]. Interest-

ingly, the duration of TSD is not correlated with the magni-

tude of cognitive impairments in that under prolonged TSD

performance remains stable [63–65]. In addition, cognitive

deficits are inversely correlated with cerebral activity as mea-

sured by functional imaging investigations. In a PET study,

Thomas and colleagues noted a decreased glucose metabo-

lism in fronto-parietal and thalamic areas [66]. Other authors

demonstrated a hypometabolism in the frontal regions that

correlated with disturbances in working memory perfor-

mances [67–69]. Furthermore, metabolic decreases in poster-

ior parietal cortices have been associated with deficits of

verbal working memory [70]. More recently, the modulation

of blood-oxygen-level-dependent (BOLD) fMRI signal inten-

sity has been assessed in sleep-deprived subjects performing a

divided attention task and the vulnerability of pre-frontal

cortex to sleep deprivation previously observed has been

confirmed [71,72]. However some inconsistent findings

may be noticed between clinical trials. These differences

may be partly explained by the inter-individual heterogene-

ity in the subjects’ sensitivity to SD. Studies of SD on EEG

power spectra have revealed an increase in low-frequency

EEG power (delta and theta frequencies) after TSD [73–75].

Similarly, significant reduction of alpha power in rapid eye

movement (REM) sleep has been detected after total and

partial SD [73,76]. Topographical analysis combining EEG

to PET has been suggested to access the spatio-temporal

changes of EEG signal in pharmacological studies [75]. Simi-

larly, there is evidence of a negative impact of sleep depriva-

tion on the auditory event related potential (ERP). SD has

been shown to induce a delay of P300 latency and a reduction

of its amplitude [77–79]. Other ERP components seem sensi-

tive to SD to a lesser extent [77,79].

On the basis of this core feature of sleep deprivation

some authors have investigated whether such read-outs are

reversed in response to treatment with symptomatic drugs. In
e334 www.drugdiscoverytoday.com
two consecutive studies, Chuah and colleagues have explored

the effects of donepezil on cognitive and neuroimaging

deficits that developed in a cohort of total sleep-deprived

subjects. The first study conducted on 28 HVT showed that

donepezil administered for 17 days enhanced both visual

short-term memory and visual attention in sleep-deprived

HVT. This behavioral benefit, observed in individuals vulner-

able to the effects of sleep deprivation, primarily correlates

with an increase in neural activation in the parieto-occipital

regions that mediate attention and visual sensory processing

[80]. The second study performed on the same subjects

showed that donepezil could improve performance in an

episodic memory task. They also demonstrated a significant

correlation between left inferior prefrontal activation at

encoding, and performances in recognition memory that

may relate specifically to episodic memory [81]. This relation-

ship between fMRI pattern and behavioral drug effects

emphasize the value of combining these two measures for

future drug candidate assessment. Furthermore, in the con-

text of sleep deprivation-induced episodic memory deficit,

donepezil enhanced activation of cerebral regions involved

in attention and memory encoding processing during a

semantic judgement task [81]. A recent work failed to find

any donepezil-induced improvement of memory or non-

memory cognitive tasks impaired by sleep deprivation [82].

Many analogies have been proven in pre-clinical studies

challenging TSD (REM sleep deprivation has not been taken

into account). In terms of cognition, long-term and short-

term SD has been shown to alter hippocampal-dependent

spatial learning and memory in the MWM task [83,84].

Repetition of brief epochs of SD over a long period of time

[85] or protocols of sleep fragmentation [86–88] lead to

similar effects. Nevertheless, in light of these studies, the

consolidation process of spatial information seems to be most

vulnerable to sleep deprivation. Furthermore, in an alterna-

tion paradigm measuring working memory ability, where SD

was given after training, disturbed the alternation rate

[89,90]. The fear conditioning paradigm has also been used

to assess declarative-like memory in sleep-deprived animals.

Findings revealed that SD negatively affects the acquisition

and consolidation phase of contextual fear conditioning

related to the hippocampus [91–94] whereas performance

of cued fear conditioning related to the amygdala is spared

[91]. Using the Novel Object Recognition (NOR) task, con-

sidered to measure episodic memory as that in human [95],

researchers indicated that SD administered after the acquisi-

tion phase severely impairs object recognition during the

retention test [96,97]. Finally, attention processes have also

been explored in the SD context in rodents. SD was shown to

impair animals’ speed and accuracy in the five choice reaction

time task however no deficit in the executive control of the

task was observed [98]. These findings are in agreement with

another study using a sleep fragmentation protocol [99].
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In terms of electrophysiology, studies in rats and mice have

shown an overall increase in slow wave activity after SD [100–

102]. ERP parameters have not been explored in the SD

preclinical challenge. Effect of SD on modulation of neural

activity measured by functional imaging in rodents has yet to

be reported. Similarly, the reversal effect of symptomatic

drugs on modification of markers induced by sleep depriva-

tion has not been probed.

rTMS challenge

Transcranial magnetic stimulation is a painless method based

on the induction of a small electrical current in the brain by a

magnetic field applied to a small area of the skull. This

technique has been described as a non-invasive transient

way to interfere with cognitive functions by the stimulation

of specific areas of interest [103,104]. Despite the incontest-

able interest of this method as a ‘virtual lesion technique’ to

study cognitive functions, its application remains limited due

to its limited depth of penetration [105]. At present, deep

areas of the brain located many centimeters below the scalp

such as hippocampus, amygdala or mammillary bodies can-

not be directly reached. However, combination of TMS with

fMRI seems to demonstrate that the activity of these areas can

be actually modulated by TMS, presumably due to transy-

naptic effects. Thus, research is mainly focused on stimula-

tion of frontoparietal networks involved in working memory

as well as the encoding and retrieval of novel items. In

particular several studies targeted the role of the PFC in

episodic memory. These works, using different experimental

tasks requiring wording, demonstrated that recall perfor-

mances were impaired following rTMS over the left dorso-

lateral PFC during the encoding process [106–111]. A similar

effect was observed, for some of these works, following rTMS

over the right dorsolateral PFC during retrieval suggesting

that there is a left encoding, right recognition PFC asymetry

for memory processes [108–111]. These findings were in

agreement with a recent study demonstrating that paired-

pulse TMS applied over the left or right dorsolateral PFC

interfered with episodic encoding and retrieval, irrespective

of the type of material used (verbal versus non-verbal) [112].

In addition, TMS over the left antero-ventral inferior PFC

region has been shown to disrupt episodic encoding of non-

verbal material [113]. Regarding working memory, many

investigations highlighted the negative impact of rTMS in

various brain areas on this cognitive function (for review

[114]). Mottaghy and colleagues reported disruption in work-

ing memory for faces (face recognition delayed response task)

when rTMS was applied to ventral PFC and dorsolateral PFC

while spatial working memory was affected following rTMS

over the dorsolateral PFC and dorsomedial PFC [115]. Impair-

ment of visual working memory after left dorsolateral PFC

stimulation has also been described [116–118]. Moreover

Wagner and colleagues provided evidence for delayed rTMS
effects on divided attention task performances since visual

reaction time is slowed over 30 min after rTMS session at the

dorsolateral PFC [119]. Other studies report that applying

rTMS to the superior parietal lobule produces a disruption of

cognitive behavior [120–122]. Kessel and colleagues also

indicated that the reaction times measured in a spatial work-

ing memory task were slower during right-parietal rTMS than

during left-parietal rTMS [123]. However discrepant findings

were observed for the effect of rTMS on attentional processes

[124]. Finally, cerebellar TMS is able to influence memory

abilities including working memory [125,126]. Multimodal

approaches have also been conducted by combining TMS

with neuroimaging or electrophysiological methods to assess

spatial distribution of TMS-evoked activity and brain con-

nectivity [127]. These investigations suggested an activation

of brain structures distant from the TMS-stimulated area

[128–135]. Other studies assessed the brain–behavior rela-

tionship, that is the modulation of brain function during a

cognitive task, by combination of TMS with PET during

cognitive performances. Mottaghy and co-workers empha-

sized the concomitant alteration of working memory task

performance with a change in the activation pattern as

revealed by PET, in the condition with rTMS of the left or

right dorsolateral PFC [136]. The same team demonstrated a

positive correlation between the regional cerebral blood flow

changes in the superior frontal gyrus functionally connected

to the stimulation site and performances in the working

memory task [137] reviewed in [114].

The emergence of a new method to avoid the artefact

problem caused by the magnetic pulse proposed by Thut

and colleagues have provided a means for studying the

impact of TMS on the functional electrophysiological signals

associated with (cognitive) task performance, such as ERPs

[138]. An equivalent procedure has also been developed in

animals [139]. Effect of rTMS on auditory oddball task has

been investigated after stimulation over dorsolateral PFC.

Using an auditory oddball task, the authors demonstrated

a widespread significantly reduced alphe desynchronisation

post-TMS while the P300 component (amplitudes or laten-

cies) was not affected [140]. In contrast, stimulation of the

supramarginal gyrus by TMS applied at 200ms after the odd-

ball sounds presentation delayed the peak response of P300

[141]. Moreover, EEG power spectrum has also been exam-

ined immediately following rTMS. Studies reported a tem-

poral increase in frequency and amplitude of EEG within the

first 2 min after high frequency rTMS over left frontal cortex

[142]. Schutter and colleagues also indicated that medial

cerebellar rTMS affected the high frequency band (gamma

band) of EEG spectrum [143].

The effect of acetylcholinesterase inhibitors or meman-

tine on neurophysiological parameters, fMRI or cerebral

glucose metabolism has not been yet studied in the context

of rTMS.
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Compared to the large number of studies in humans, there

a few studies describing the effects of rTMS on memory and

learning in animal models have been little studied. This could

be related to the difficulty of precisely stimulating a specific

brain area with this technique in animals. Moreover, many

stimulation parameters such as frequency, intensity, dura-

tion and number of pulse can modulate the behavioral

response. An interesting study has investigated the impact

of the modulation of stimulation frequency (chronic versus

acute) on memory performance in rats [144]. The findings

indicated that chronic low frequency stimulation could

impair the retrieval of both short- and long-term spatial

reference memory sparing the acquisition process; while after

acute rTMS only the long-term reference memory was

impaired. In another study Ahmed and Wieraszko high-

lighted the importance of the magnetic field properties

applied. They demonstrated a temporary deterioration of

performances in the NOR test performed immediately after

stimulation at lower frequencies (1 and 8 Hz) while perfor-

mance was improved after stimulation at higher frequency

(15 Hz). However, when the test is performed 1 h or 3 days

after high frequency rTMS, performances in NOR test are also

impaired [145]. Other researchers concluded that 50 brief

pulse transcranial magnetic stimulations may cause a disrup-

tion of retrograde memory for conditioned taste aversions

[146]. Regarding cortical electrical activity, rats subjected to

low frequency rTMS display a reduction in amplitude of the

power spectra in the high frequency bands (beta and gamma)

[147] consistent with clinical findings [142,143].

Hypoxia challenge

The interest in hypoxia as a potential inducer of cognitive

disorder results from studies conducted in the context of

aviation and mountain ascent. Nevertheless the role of

hypoxia on cognitive domains remains relatively unex-

plored. Overall, studies in the literature indicated that cog-

nitive impairment caused by hypoxia is modulated by the

severity of hypoxic level and the population considered

(experienced versus non experienced participants). To accu-

rately compare clinical and preclinical data, we focused our

interest on behavioral and neurophysiological effects of

hypoxia on non-experienced subjects (naı̈ve from hypoxic

environment). Cognitive functions including executive func-

tioning, working memory and attention have been reported

to be affected by hypoxia. Unfortunately, results seem some-

what contradictory due to a lack of methodological consis-

tency among studies. Nevertheless a core of findings seems to

demonstrate alteration of performance in serial recognition

of words, the binary choice task and auditory and visual

reaction time [148]. Noble and co-workers also reported an

overall slowing on task measuring executive functioning

[149] that was not confirmed by others [148,150]. Studies

have provided evidence of an impairment in executive
e336 www.drugdiscoverytoday.com
processes indicated by a decline in the Grammatical Logical

Reasoning task [151,152] associated to an inability to learn a

novel task [152]. Working memory is also affected following

short-term exposure to hypoxia shown by alteration of per-

formances in a go/no-go discrimination task [153]. These

disturbances were not observed in the rapid visual categorical

task [154]. In addition, many studies showed disruption of

some aspect of attentional processes through various tests

[56,155–159]. Episodic memory has not been studied.

Although neuropsychological results are highly controver-

sial, more consistent results come from electrophysiological

investigations. Most studies have shown EEG changes char-

acterized by increases in delta and theta power and a decrease

in alpha activity under hypoxia [158,160–162]. Moreover an

identical trend, with regards to ERP P300 assessment, emerges

from the literature. Indeed, long- and short-term exposures to

hypoxia have induced an increase of P300 latency with

minimal effects on P300 amplitude [163–165]. Other para-

meters such as N100, P200 and N200 seem less sensitive to

hypoxia [164].

Using neuroimaging techniques various clinical studies

have investigated the cerebrovascular response to hypoxia

analyzing regional cerebral blood flow distribution [166–

168]. Data demonstrated differential physiological sensitivity

of various brain regions. Functional neuroimaging data

demonstrated specific sensitivity of frontal lobes [169] sup-

ported by the metabolic reduction observed in this region

[170]. Thus, hypoxia seems to affect the cerebral network

involved in the attention process, which is consistent with

neuropsychological deterioration. As for the challenge of

rTMS, the effect of symptomatic treatment has not been

tested under hypoxia challenge.

Studies of hypoxia in rodents have experienced identical

discrepancies regarding cognitive deficits since intensity,

frequency and duration of hypoxia exposure modulate the

magnitude of cognitive alteration in rodents [171,172]. Find-

ings demonstrated detrimental effects of hypoxia on both

acquisition and consolidation processes in different para-

digms of cognitive tests. Chronic exposure to hypoxia can

alter working and reference spatial memory assessed in MWM

task [173–180]. These spatial memory dysfunctions have also

been noted after acute exposure of hypoxia beyond a thresh-

old level [172,181]. Using place-discrimination task in a radial

arm maze, Titus confirmed these spatial impairments that

occur following several days of hypoxia [182]. In addition,

Zhang reported dysfunction in acquisition and retention

processes in a shuttle box paradigm which models non-

declarative memory [183]. In the passive avoidance task,

Udayabanu and co-workers revealed that hypoxia could only

disrupt retrograde memory suggesting an effect of hypoxia on

consolidation [184]. Finally brief exposure to hypoxia led to

milder and more transient cognitive alteration in spatial

working memory assessed in the Y maze task and in the
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NOR task [185–187]. In addition acute exposure interfered

with consolidation of memory in the step-through avoidance

task [188]. The sensitivity of other markers to hypoxia has not

been studied in rodents. The effect of symptomatic drugs on

cognitive impairment induced by hypoxia has been explored.

For example, Physostigmine and Galantamine has been

tested to improve spatial learning and working memory

induced by chronic hypoxia [180]. In addition, administra-

tion of physostigmine prior to hypoxic exposure was shown

to preserve recognition memory sensitive to hypoxia [185].

Strengths and weaknesses of current strategies and identification of

translational requirements

Currently, the majority of symptomatic treatments fail due to

a lack of efficacy in patients detected during phase II/III

clinical studies. This suggests that current preclinical and

clinical methods to test drug efficacy are not effective. To

improve the current process of drug development, we pro-

posed to introduce new pharmacodynamic biomarkers at

each stage of preclinical and clinical development, in addi-

tion to current clinical and neuropsychological assessments.

These markers are based on neurophysiological and neuroi-

maging measurements already commonly used in the clinical

field (for diagnosis and better understanding of the patho-

physiology). They are a direct reflection of cerebral activity

patterns and may overcome the frequenly criticized neurop-

sychological evaluation, which lacks objectivity. Moreover,

unlike cognitive enhancement that must be evaluated over a

period of six months, drug effects on physiological biomar-

kers might be detectable over a shorter time. Our detailed

review of the literature indicates that these alternative bio-

markers display a good sensitivity to symptomatic treatment

in AD or MCI patients since in most cases improvement in the

pharmacodynamic markers correlates with cognitive gain. In

HVT, studies are scarce and do not allow an assessment of the

contribution of these biomarkers as predictive tools. How-

ever, further studies to assess if their use is pertinent may

clarify this issue.

From a preclinical point of view, the development of these

biomarkers reflecting brain activity in a physiological resting

state might reduce the gap between preclinical and clinical

phases. Indeed, some evidence suggests that the limited

translatability of animal cognitive tests might explain dis-

appointing results in the development of successful treat-

ments for AD. The use of EEG, PET and MRI in the preclinical

assessment protocol of new pharmacological compounds

should facilitate the extrapolation of preclinical outcomes

to the clinical field. Results obtained from studies on geneti-

cally engineered animal models indicate a great sensitivity of

these markers to AD pathogenesis supporting their use as

translational tools. However their sensitivity to clinically

approved symptomatic treatments has not yet been

explored. Nevertheless, we cannot overlook the importance
of cognitive endpoints in the predictive validity of preclinical

models. As evidenced by the review, cognitive tests used

today are disparate and poorly comparable to those per-

formed in humans. These limitations are reinforced by the

fact that the neuropsychological battery used as a reference

standard to assess clinical drug efficacy, the ADAS-Cog, is

almost impossible to model in rodents as this specific scale

mainly explores unavailable functions in rodents, that is

verbal memory, language and praxis. Over the past decade,

a new technological instrument specifically designed to facil-

itate cross-species has emerged. The touchscreen technology

relies on a set of straightforward cognitive tasks procedurally

similar to clinical neuropsychological tests belonging to the

CANTAB battery (computer-based cognitive test procedures

becoming more prevalent in the clinical cognitive testing

domain). They explore through computer-automated cogni-

tive tests a range of cognitive domains (memory, attention,

executive functions) thought to be affected in AD. In addi-

tion, this standardized cognitive exploration tool uses the

same types of visual stimuli used in the CANTAB tasks. The

predictive validity remains to be demonstrated by extensive

studies. Validation of translational cognitive tasks may

potentially expand the role of EEG and PET in the preclinical

models whereby these markers can be measured under spe-

cific tasks [189,190]. MRI performed in rodents under

anesthesia, cannot benefit from such studies.

In light of these preliminary results and observations, it

appears that these alternative markers – combined with

appropriate cognitive assessment- would contribute to

improve the predictive and translational value of drug devel-

opment stages preceding Phase II/III studies. However, the

drug discovery process may still suffer from a lack of predict-

ability in early stage experimental medicine studies due to the

difficulties in identifying benefits of cognition enhancer

compounds in HVT without cognitive impairment. It might

be easier to reverse existing deficits than improve normal

functioning. In this view, our strategy to improve predictive

capacity is to include, in preclinical and clinical (phase 1)

trials translational pharmacodynamic models that exhibit

cognitive impairment reminiscent of that observed in

patients with AD. The choice of non-pharmacological pro-

vocation challenge – sleep deprivation, rTMS and hypoxia –

with a broader action in the CNS might provide an alternative

model to the scopolamine one, limited by its pharmacologi-

cal nature.

Overall, this review confirms the feasibility of inducing a

transient cognitive disorder in human and rodent models.

The cognitive deficits relate to multiple functions such as

executive functions, working memory and attention. Inves-

tigations on neurophysiological and imaging biomarkers are

less extensive but seem to show modulations of these para-

meters in response to the challenges. However, methodolo-

gical issues and lack of harmonization of clinical assessment
www.drugdiscoverytoday.com e337



Drug Discovery Today: Technologies | Animal Pharmacology Vol. 10, No. 3 2013

Cognition

EEG

MRI

PET

W
T 

m
ic

e

An
im

al
 c

ha
lle

ng
e 

m
od

el

AD
 m

od
el

AD
 p

at
ie

nt
s

H
VT

H
um

an
 c

ha
lle

ng
e 

m
od

elPOSITIVE EFFECT

NEGATIVE EFFECT Phase I/II
GO / NO GO

Phase III

Drug Discovery Today: Technologies

Figure 3. Simulation of an AD drug development using a matrix battery.
tools make it difficult to compare these challenges. It would

be interesting to evaluate the intrinsic limits of each model by

performing parallel studies with standardized assessment

protocols based on a biomarker battery including cognitive,

neurophysiological and imaging endpoints. The reversibility

of changes in response to symptomatic drug exposure will

define their predictability and consequently their own ability

to support ‘hint of efficacy studies’ in early clinical stages as

well as in preclinical studies.

The identification of the most sensitive combination of

pharmacodynamic markers (as clinical efficacy indices)

and pharmacodynamic models (for early prediction of effi-

cacy) will increase the effectiveness of the drug discovery

process in AD through a multidimensional matrix approach

(Fig. 3).

Conclusion

A fairly abundant literature is now available on: (i) the effect

of AD symptomatic drugs on different biomarkers assessing

brain activity; (ii) the effect of challenge tests on cognitive

function and these similar biomarkers of brain activity. In

contrast, the data on the combination of symptomatic drug

and challenge test remain poor and with controversial results.

We feel that this combination coupled with biomarker assess-

ment could be a new and stringent paradigm to test new

symptomatic drugs in the context of AD, in particular at the

early stage of disease (Fig. 3). A systematic evaluation and

validation of such an approach remains necessary and it is

one of the goals of the IMI Pharmacog consortium, which

aims to further explore the preclinical ans clinical studies in

the context of gold standard symptomatic treatments for AD.
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