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Abstract: CNS drug development is characterized by an especially high attrition rate, despite clear unmet medical needs 
in the field of neuro-pharmacology and significant investment in R&D of novel CNS drug treatments. Here, we overview 
the issues underlying the intrinsic difficulty of CNS drugs development, including obstacles of pharmacokinetic nature 
and lack of predictivity of preclinical tests. We highlight current efforts to overcome these limitations, with an emphasis 
on modeling opportunities towards early recognition of CNS candidates (stressing the possibilities of multi-target directed 
ligands or “magic shotguns”) and different approaches to improve CNS bioavailability.  
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1. INTRODUCTION 

 Drug development is a costly, risky and time-demanding 
activity. Recent analysis reports an out-of-pocket cost of 
more than USD 850 million, a capitalized cost of USD 1.8 
billion [1], and around 13.5 years in average from patent 
filing to market launch  [2, 3]. Despite investment in drug 
development has been growing steadily (averaging 12% per 
year) between 1970 and 2007 [4], the number of new drug 
applications (NDA) has been generally declining after 1999 
and most of them represented variations of existing drugs 
instead of new molecular entities (i.e. truly innovative drugs) 
[5]. Current estimates indicate that around 1 out of every 
10,000 chemicals tested as potential new medicines makes it 
to the market [5]. Only 9-11% of candidates that make it to 
clinical stage survive to lunch; however, the proportion of 
candidates which become marketed therapeutics is even 
lower among central nervous system (CNS) agents, reaching 
only 3-7% [6, 7].  

 In other words, we are experiencing a translational 
problem (i.e. to transform drug discovery in animal models 
into drug development in human patients) [6], which is a 
general issue in the drug discovery environment (as well as 
in many others fields of knowledge) but poses a particular 
challenge in drug development for certain therapeutic 
categories. Noteworthy, CNS disorders include a 
considerable number of unmet medical needs and have been 
the target of substantial research efforts [8]. It should be 
added that due to growing aging population, CNS may 
tomorrow be to improvement of life quality and life 
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expectancy what cardiovascular drugs were in the second 
half of the XXth Century. 

 Many possible reasons are invoked to explain this drop of 
innovation. One determinant seems to be the increased 
regulatory scrutiny and the necessity of demonstrating a 
greater benefit-to-risk ratio for new medicines [5, 9-11], with 
some actors and experts suggesting unbalanced benefit-risk 
assessments. On the other hand, drug developers have been 
increasingly focusing on “difficult” targets, such as CNS 
disorders or oncology [12]. There are many factors which 
contribute to make the development of novel therapies for 
brain disorders a difficult task. To begin with, CNS disorders 
encompass both neurological and psychiatric disorders. The 
etiology of psychiatric and some neurological disorders 
includes a complex combination of multiple genes, 
environmental and neuro-developmental factors, which may 
demand either single drugs capable of modulating multiple 
targets (selectively non-selective drugs or multi-target-
directed-ligands) [7, 13-14] or, alternatively, many highly 
selective (“magic bullet”) drugs simultaneously attacking 
different aspects of a given disease [7]. On the other hand, 
CNS drugs are likely to present safety (e.g. CNS-mediated 
side-effects) and pharmacokinetic issues. Unbound brain 
concentration is a critical parameter for a compound to elicit 
its effect on its CNS target [8, 15]; however, the ability of a 
drug to achieve adequate unbound concentrations in the 
brain is greatly challenged by the physical and biochemical 
barrier posed by the blood-brain barrier (BBB). Finally, the 
development of CNS agents has been hindered by the 
difficulties to develop appropriate, validated biomarkers and 
surrogate endpoints to estimate receptor-occupancy and 
efficacy [6, 7] and the lack of predictive power of preclinical 
(in vitro and in vivo) models [6].  

 In this mini-review we will analyze the aforementioned 
issues inherent to the development of CNS drugs. We will 
focus on the ADMET-related issues and the limitations of 
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preclinical models.  We will also analyze emerging 
solutions, with a focus on the potential role that refined and 
integrated in silico and in vitro models may play in limiting 
the ADMET-related attrition. 

2. ADMET-RELATED ISSUES  

 The BBB is situated at the interface between blood and 
the brain, i.e. at the endothelial cells that constitute the 
micro-vessels which form brain capillary bed. It protects the 
brain from fluctuations in plasma concentrations of 
physiological compounds and xenobiotics (e.g. drugs), it 
provides mechanisms for the exchange of nutrients, signaling 
molecules and ions and for the elimination of waste products 
[16]. Essentially, it comprises two basic elements [17-19]: a) 
a physical barrier defined by particularly tight tight junctions 
(TJ) with no fenestrations, which eliminates the ultra-filtrate 
characteristic of peripheral capillary beds, posing a size- and 
charge-selective barrier that limits the para-cellular transport 
and; b) a biochemical barrier, composed by a number of 
efflux transporters that actively limit the entrance of 
potentially toxic compounds  and facilitate the elimination of 
waste material, plus the metabolic enzymes that are present 
at the endothelial cells [20].  Remarkably, the BBB is a 
dynamic structure highly dependent on environmental 
factors and health condition. What is more, its composition 
is regulated by other elements of the neurovascular unit, such 
as neighboring glial cells and neurons [16, 21]. The dynamic 
nature of the BBB plus the incidence of neighboring 
elements on its barrier properties are important challenges to 
the development of suitable in vitro models to assist CNS 
drug development campaigns, as will be discussed later. 

 In the past, the ratio between brain and blood or plasma 
concentrations in steady state (Cb:Cp) and BBB permeability 
per surface area have been used as criteria to guide lead 
selection in CNS drug discovery settings [8, 15]. 
Nevertheless, it is now accepted that these parameters may 
well be insufficient to guide the development of new 
therapies for brain disorders. For instance, a large variability 
has been observed among the Cb:Cp ratios of structurally 
heterogeneous CNS marketed drugs [22, 23]. There is a 
simple explanation to this result: total brain concentration of 
a given drug includes both the amounts of bound and 
unbound drug and, due to their physicochemical properties, 
some CNS agents tend to present  extensive non-specific 
tissue binding (in particular, basic drugs) [15]. It has been 
stated that Cb:Cp only represents the inert partitioning 
process of drug into lipid material [24], while the free drug 
concentration is responsible for drug action. Consistently, 
the concentration ratio of free drug in the brain to free drug 
in blood seems to be far less variable for CNS agents and 
should replace Cb:Cp as lead selection criteria [22]. What is 
more, measuring the unbound brain concentration of the 
drug may increase the probability of conclusively testing 
pharmacological hypothesis in clinical studies [8]. 

 A number of processes have a role in drug delivery and 
clearance within the various compartments of the CNS, 
among them: passive transport, uptake and efflux transport, 
bulk flow of brain interstitial and cerebrospinal fluid (CSF), 
metabolism and tissue binding [15, 25]. Passive membrane 
permeability, facilitated transport and tissue-binding have 

been referred at the major determinants of drug disposition 
in the brain [15]. 

 TJs block the para-cellular diffusion pathway, abolishing 
leakage of water-soluble non-electrolytes, ions and plasma 
proteins, which are likely to permeate through leaky 
interendothelial spaces at peripheral capillaries. Instead, 
passive diffusion at the BBB level takes place through the 
transcellular pathway; therefore, CNS drugs which are 
delivered passively into the brain are frequently small, 
lipophilic compounds. Thus, some molecular properties and 
features such as octanol-water partition coefficients, polar 
surface area (PSA), number of hydrogen-bond donors (HBD) 
and molecular mass (MM) are important predictors of 
passive permeability through the BBB [8]. For instance, a 
recent analysis of the distribution of six ADMET-related 
properties among 119 marketed CNS drugs and 108 Pfizer's 
candidate CNS drugs reveals median values of ClogP = 2.8, 
topological PSA = 44.8 Å2, molecular mass = 305 Da and 
HBD = 1 for the marketed drugs Fig. (1) [26]. It is worth 
mentioning that the physicochemical properties analyzed by 
these authors have a simultaneous impact on a variety of end 
points (passive permeability, Pgp-mediated efflux, metabolic 
stability, safety) [26]. For example, the same features that 
improve passive permeability and thus drug delivery to the 
CNS raise potential safety issues.  There is, for instance, a 
well-established relationship between logP and toxicity. Log 
P correlates with carcinogenicity and mutagenicity [27, 28]. 
It also influences metabolic fate: most metabolic pathways 
tend to convert hydrophobic compounds into hydrophilic 
species; occasionally, this detoxification attempt leads to 
highly reactive electrophilic products that can form adducts 
with DNA and proteins [29]. Compounds with high log P 
value tend to bio-accumulate and cause long-term adverse 
effects and to induce cytochrome P450 enzymes, leading to 
potential drug interactions [30]. Therefore, a clever strategy 
in the design of novel CNS agents would be to explore those 
regions of chemical space linked to a better safety profile. 
For example, we have mentioned that basic drugs tend to 
bind unspecifically to brain tissue, thus leading to a high 
distribution volume, which should be compensated by 
administration of higher doses to achieve the desired free 
drug concentration, and which in turn may also lead to drug-
drug interactions whenever concomitantly administered 
drugs compete for a given tissue. A possible strategy to 
reduce these effects may be to focus on neutral and acidic 
drug candidates. In this sense, Wager et al. have proposed an 
elegant CNS multiparameter optimization approach to 
balance multiple variables influencing CNS drug-likeness 
(holistic alignment of attributes) without the penalty of strict 
cutoffs for single properties: since multiple parameters are 
considered concurrently, many possible ways to achieve the 
same result (a desired score of the multiparameter algorithm) 
may be visualized [31]. A series of novel anticonvulsants 
was discovered by Talevi et. al by joint application of in 
silico models and rule-based ADME filters in VS campaigns 
Fig. (2) [32-34]. Note that all of them occupy the optimal 
chemical space for CNS drugs recently defined by Wager et 
al., having a CNS desirability score above 4. All of them but 
abietic acid survived a recently developed ensemble of 
topological models to identify Pgp-substrates defined by our 
group [35]. 
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Fig. (1). Distribution of physicochemical properties and features related to distribution, safety and efficacy of CNS drugs. 119 marketed CNS 
drugs are compared to 108 CNS candidates. Extracted from Reference [26]. Reproduced under permission of the American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Relevant properties to define CNS drug-likeness, for a set of novel anticonvulsants identified through virtual screening. Note that all 
of them have a CNS desirability score above 4, as defined by the recent work of Wager et al. 

 Another central aspect to be taken into account in modern 
CNS drug discovery is the interaction of CNS candidates 
with uptake and efflux transporters expressed in the BBB 
and CNS cells. Regarding uptake transporters, since they are 
involved in the facilitated penetration of physiological 
compounds (e.g. aminoacids and sugars) into the brain, they 
can be exploited by designing drugs which mimic their 
natural substrates, as it has already been proved by the 
experience with L-dopa and gabapentin, which take 
advantage of the large neutral aminoacid transporter 1 [25]. 
In this respect, the preparation of esters of antiepileptic agent 
valproic acid and myo-inositol has been reported Fig. (3) 
[36-38], aiming to capitalize the active influx of inositol 
stereoisomers, which conducts to brain levels of these sugars 
100-fold greater than those found in the periphery [39]. 

 In relation to efflux transporter expression, recent studies 
demonstrate that Breast Cancer Resistance Protein (BCRP) 
is surprisingly the most expressed ABC transporter at the 
BBB, at both protein and RNA levels, followed by P-
glycoprotein (Pgp) (previously, it was believed that Pgp was 
the most expressed efflux transporter at the BBB) [40-42]. 
ABC efflux transporters are not only an obstacle in 
achieving therapeutic concentrations of free drug in the 
brain, but also a source of potential drug to drug interactions 
whenever two good Pgp-substrates are administered 
together. In fact, regulatory agencies have recognized the 
need of more complex pre-clinical trials to predict potential 

drug interactions, with an emphasis on in vitro assessment of 
Pgp- and CYP450-mediated interactions [43-45], while some 
researchers have recently begun to address the necessity of in 
vitro studies to assess potential interactions comprising other 
important drug transporters and support regulatory 
submissions and drug registration [46]. On the other hand, 
cumulative evidence indicates the inter-relation between the 
expression levels of different ABC transporters. Cisternino et 
al. reported that the expression of abcg2 mRNA was three 
times higher in Pgp-deficient mice than in wild-type mice 
[47]. Bark et al. proved that BCRP expression was 
significantly down-regulated (in drug-free state) in a 
doxorubicin-resistant lung cancer cell line which over-
expresses Pgp (compared to the wild-type); what is more, the 
BCRP expression was restored in the presence of Pgp 
inhibitors and ABCB1 siRNA, and down-regulation was not 
observed in the presence of doxorubicin [48]. Similar 
observations between the expression levels of Pgp and 
members of the ABCC family had been previously observed 
in acute myelogenus leukemia sublines and childhood 
neuroblastoma [49, 50]. These data suggest that the altered 
expression of a given ABC transporter can be compensated 
by other ABC transporters [51], and that co-expression 
patterns depend on environmental factors (e.g. drug 
exposure). A second source of complexity comes from the 
fact that the effect of ABC transporters is synergic rather 
than additive when a given compounds is transported by 
more than one transporter [52]. Polli et al. observed that 
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lapatinib brain-to-plasma ratio was 3- to 4- times higher in 
Mdr1a/b knockout mice compared to wild type mice; 
however, although Bcrp1 knockout mice showed no 
difference in the lapatinib brain-to-plasma ratio, triple 
knockout mice (Mdr1a/b-/-Bcrp-/-) presented a surprising 40-
fold higher brain-to-plasma ratio than wild-type [53]. Similar 
results were obtained with topotecan by de Vries et al. [54]. 
The general strategies explored in the last fifteen years 
aiming to circumvent ABC efflux transporters can be 
synthesized in the following three approaches: a) modulation 
of ABC transporters function or expression; b) design of 
novel drugs which are not recognized by ABC transporters 
(disregarding early good Pgp- and BCRP- substrates in drug 
discovery screens) and; c) carrier-mediated transport (a 
“Trojan horse” approach, using different vehicles, e.g. 
nanosystems, to hide a substrate from its transporter). 

 Regarding transporters modulation, the most explored 
approach points to the development of transporter inhibitors. 
Although pre-clinical and initial clinical results of first- and 
second-generation Pgp-inhibitors as adjunct anticancer 
therapies have been encouraging, some trials stopped at 
phase III due to serious side effects [55-57], even though 
trials continue in order to find more effective and safe 
inhibitors for Pgp and other transporters [55, 58]. It should 
be remembered that substrates of ABC transporters do not 
only include drugs but also endogenous compounds (e.g. 
waste products) and general toxins; furthermore, the 
ubiquitous presence of Pgp and BCRP in the body should be 
taken into consideration: it is unlikely that inhibition of these 
transporters will be CNS-specific. Inhibition of these 

transporters would result in alteration of the whole body 
pharmacokinetics. Pgp also seems to play an important role 
in the inflammatory response to several stress and harmful 
stimuli, and, apparently, in neurodegenerative diseases such 
as Alzheimer’s and Parkinson’s disease [59]. Permanent 
impairment or disruption of the BBB biochemical barrier and 
exchange functions is likely to result in severe side effects 
(especially thinking of chronic brain disorders which 
demand long-term treatment). What is more, direct 
transporter inhibition is a one-way road, and apparently, 
certain conditions (e.g. Alzheimer’s disease) may improve 
through the improvement (and not impairment) of 
transporter activity. Recent research has then focused on 
elucidating intracellular signaling pathways that control 
ABC transporters (their expression, intra-cellular trafficking, 
activation and inactivation). It is proposed that finding the 
molecular switches of these transporters will allow selective 
modulation of their activity and/or expression for therapeutic 
purposes in different clinical scenarios [59], which includes 
turning the efflux mechanisms off for short, controlled 
periods of time or increase the efflux activity when needed. 

 In contrast, the virtual screening or computer-aided 
design of novel drugs which are not recognized by ABC 
transporters may provide delivery of a drug to the brain 
without the toxic issues associated to the impairment of the 
biochemical barrier component of the BBB [60, 61]. It was 
not until lately that a 3.8 A° crystal structure of Pgp was 
reported [62]. Most of the computational models to 
recognize Pgp substrates are thus ligand-based models, with 
recent exceptions based on homology modeling [63]. Most 
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Fig. (3). Prodrugs of valproic acid and myo-inositol. 
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of them are descriptor-based 3D QSAR models or 
pharmacophoric hypothesis [64-75] which can be used in 
computer-assisted drug design but might pose efficiency 
problems to explore large chemical databases through virtual 
screening. However, more simple models capable of fast 
exploration of large chemical repositories, such as “simple-
rule”-based methods and conformational-independent 
models have also been developed [35, 76, 77]. Remarkably, 
the modeling efforts aimed to early identification of BCRP 
substrates and non-substrates remain sparse. 

 Finally, different carrier systems aimed to brain delivery 
have been tested, among them nanosystems (nanoparticulate 
systems, nanogels, lipid nanocapsules, microgels, hydrogels, 
liposomes, prodrugs and inclusion complexes) [78-80]. 
Given the complexity of the CNS, a conservative choice of 
materials must be performed when targeting brain diseases, 
especially those which require long therapies [81]. Carriers 
must then be particularly safe and fully biodegradable, 
producing well-characterized, harmless degradation 
products. An exhaustive review of all the carriers that have 
been tested in brain drug targeting would deserve at least an 
entire article, so we will include some examples just to 
illustrate the concept, although many more can be found in 
literature. Using solid lipid nanoparticles, Chattopadhyay et 
al. improved cellular accumulation of atazanavir and 
rhodamine-123 (a well-established Pgp-substrate) in a 
human endothelial cell line, demonstrating that Pgp activity 
can be bypassed by formulations based on solid lipid 
nanoparticles [82]. Pluronic micelles increased drug 
permeability in bovine brain microvessel endothelial cells 
and Caco-2 cells of a series of diverse compounds, among 
them well-known Pgp substrates such as rhodamine-123, 
doxorubicin, etoposide and taxol [83, 84]. The effect of 
pluronics in drug disposition was more pronounced in Pgp-
substrates. It was also shown that, while pluronics increased 
the drug delivery to the brain in wild-type mice, this benefit 
was not observed in mdr1a/b knockout mice [85].  It should 
be highlighted that in the last few years several studies show 
that, besides helping bypassing Pgp, many pharmaceutical 
excipients which are usually incorporated into carrier-
systems can inhibit or modulate Pgp function by different 
mechanisms [78]. For example, it has been proposed that 
surfactans such as Span 80, Tween 20 and Tween 80 can 
disrupt the lipid arrangement of the cellular membrane, 
which could explain their modulatory effect on Pgp activity 
[86]. Pluronics effects seem to be related to ATP depletion 
[87]. This kind of modulation is interesting since it may 
transiently increase drug permeability without the undesired 
effects of direct inhibition. 

3. LIMITATIONS OF CURRENT PRECLINICAL 

MODELS  

 The Innovative Medicines Initiative strategic research 
agenda draws attention to brain disorders as one of the areas 
which currently needs better predictivity in efficacy 
evaluation [88]. Current treatments for brain disorders are 
largely symptomatic and there is an urgent need of disease-
modifying therapies and to increase efficacy and tolerability 
of symptomatic treatments. The agenda underlines the 
development of model systems that translate to human 
pathology as one of the priority research areas and, as a 

matter of fact, it recommends using tissue of human origin 
whenever possible. 

 One of the biggest concerns within CNS drug discovery 
environment is that in vitro studies are frequently conducted 
using healthy tissues [15], while dysfunctional or modified 
BBB features are implicated (either as determinants or 
consequence) in brain disorders and in multi-drug resistance 
issues linked to brain pathologies. There are many examples 
of such alterations throughout different conditions. 
Cumulative evidence shows, for instance, that P-gp. BCRP 
and members of the ABCC family are over-expressed in 
brain microvessels and brain cells from epileptic patients 
with refractory epilepsy [89-94].  Alzheimer’s disease (AD) 
is characterized by neuronal loss, senile plaques and 
cerebrovascular deposits. Compromised BBB has been 
described in AD brain, transgenic AD animal models and 
cellular cultures [95]. Marco and Skaper showed that the 
amyloid-  peptide (the major component of senile plaques 
and cerebrovascular deposits) alters the expression patterns 
of TJ proteins in endothelial cells isolated from rat brain 
microvessels [96]. Alterations in the BBB amyloid-  
transporters may also contribute to AD pathogenesis [97]. 
Gonzalez-Velásquez et al. demonstrated that small soluble 
amyloid-  aggregates are potent stimulators of endothelial 
permeability [95]. Up-regulation of several ABC transporters 
at brain micro-vessels has been found in different models of 
stroke [98-100] and altered expression and localization of 
TJs proteins has also been observed in both in vitro and in 
vivo models after hypoxia [101-103]. 

 A similar point could be raised regarding the limitations 
of animal models of chronic or degenerative brain conditions 
which are based on mimicking symptoms of the disease in 
healthy animals.  Antiepileptic drugs are again a good 
example of this subject. Most marketed anticonvulsants have 
been identified in animal models of epileptic seizures rather 
than animal models of epilepsy (which is defined by 
spontaneous, recurrent seizures) [104-106]. Thus, it should 
not be surprising that current pharmacological therapies fail 
to modify the progression of the disease, and only provide 
symptomatic control. The use of chronic animal models of 
epilepsy (e.g. kindling) in the early stages of antiepileptic 
drugs screening has been suggested to develop disease-
modifying therapies [104]. It has also been commented that 
definition of experimental seizures has focused on specific 
types of motor seizures, ignoring short non-convulsive 
seizures which resemble some types of human epilepsy 
[105]. 

 We may finally mention two additional reasons that may 
limit the predictivity of animal models of CNS disorders. 
The first of them relates to the inability of animals to 
communicate, i.e. the difficulty to accurately translate certain 
animal behaviors into symptoms or side-effects. Symptoms 
such as guilt or suicidality are practically impossible to 
model [7], as well as subjective neurological toxic reactions 
such as headache, dizziness and hallucinations [107]. The 
other cause of lack of predictivity relates to inter-species 
variability. For example, a quantitative proteomic analysis 
revealed that Pgp is the most expressed efflux transporter at 
mouse brain microvessels, with expression levels 3-fold 
above those of bcrp [108]. Nevertheless, as we have already 
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mentioned, a similar study reported that BCRP was the most 
expressed ABC transporter at human BBB (Table 1) [41, 
42]. Another good example of inter-species variability is the 
pregnane X receptor (PXR). This nuclear receptor is a 
transcription factor activated by a wide diversity of 
endogenous and exogenous compounds, including steroids, 
anticonvulsants, HIV protease inhibitors, dietary compounds, 
antibiotics and many others [51]. PXR targets genes that are 
responsible for phase I and phase II metabolic enzymes and 
efflux transporters, being considered a master regulator of 
defenses against xenobiotics [51, 109]. Although the DNA 
binding domain of PXR is highly conserved across species, 
the ligand binding domain is not, resulting in substantial 
species differences in ligand affinities for rodent vs. human 
PXR [51, 110]. Moreover, inter-species variability may not 
only occur at the expression level but also at the activity 
level. Even though, in general, a good correlation was 
observed between the Pgp-mediated transport in MDCK 
cells expressing human and mouse mdr1 [111], some 
compounds such as diltiazem exhibit important differences 
across species [112]. Using various models, animal ages, 
multiple efficacy end-points and diverse species has been 
suggested as a strategy to minimize the effect of inter-
species variability [7]; the use of non-human primates might 
be useful to reproduce neuropathological and subjective 
responses.  

4. BIOMARKERS 

 An important note should be made regarding the 
development of biomarkers in brain diseases [88], with 
special interest in pre-symptomatic and surrogate markers of 
disease progression which –by replacing or anticipating 
clinical outcome- would be especially helpful to establish 
early proof-of-concept in those diseases with long natural 
history and silent, asymptomatic periods. Biomarkers of 
receptor occupancy are also important in the case of CNS 
disorders, where the molecular targets are located in one of 
the most unreachable compartments in the body due to the 
multifaceted barrier created by BBB. The most direct 
(although expensive and laborious) estimate of receptor 
occupancy is the use of positron emission tomography (PET) 

scanning using high-specific radio-labeled ligands [6, 113], 
which can be used whenever suitable PET tracers are 
available. CSF sampling constitutes a less direct, but also 
less expensive approach [6]. Examples of efficacy markers 
are the use of magnetic resonance imaging (MRI) to evaluate 
the periodic appearance of demyelinating lesions during 
relapsing-remitting multiple sclerosis [114], quantification of 
brain amyloid burden by PET imaging and volumetric MRI 
in AD [115, 116], among many others. A much more 
detailed analysis on CNS biomarkers perspectives can be 
found in a number of recent reviews [6, 117, 119-121]. Table 
2 presents a summary of advantages and disadvantages of 
some biomarker technologies as well as examples of some 
applications. Most of the information in the table has been 
gathered from refs 6 and 117, and from Tarawneh & 
Holtzman and Bieck & Potter [121, 122]. 

5. VIRTUAL SCREENING AND COMPUTER-ASSIS-

TED DESIGN OF MULTI-TARGET-DIRECTED-CNS 

DRUGS 

 As it has been already mentioned, the multi-target-
directed ligands have been regarded as magic shotguns [14], 
in contrast to the previously dominant paradigm of “magic 
bullets”. Another way of conceiving this strategy is to resort 
to the traditional key and lock paradigm and think of a 
“master key” capable of eliciting the correspondent response 
in a number of different locks. The use of this strategy makes 
sense in those therapeutic categories where the target may be 
subject to compensatory or neutralizing actions or when the 
target disorder emerges from a complex combination of 
multiple factors. We may mention several examples of 
therapeutic categories where multi-target drugs have proven 
or might prove successful, among them antiinfectives, 
anticancerigens and, interestingly to the scope of this review, 
several compounds for the treatment of CNS disorders of 
complex pathophysiology, such as Alzheimer and Parkinson 
diseases [122-125]; epilepsy [126]; depression, psychosis 
and bipolar disorder [7, 127-130]. In epilepsy, for instance, it 
has been observed that therapies combining multiple drugs 
acting through different mechanisms may be beneficial 
[131]. Development of multi-target antiepileptic drugs may 

Table 1. Comparison Between Expressed ABC Transporters (at Protein level) in Human- and Mouse-Isolated Brain microvessels 

(Taken from data from Kamiie et al. and Uchida et al.) 

mol/ g Protein 

Transporter 

Human Mouse 

Fold Difference Human/Mouse 

ABCA8/abca8b 1.21 < 0.0324 > 37.40 

ABCA8/abca8a 1.21 < 0.144 > 8.40 

ABCA8/abca9 1.21 < 0.752 > 1.61 

BCRP/bcrp 8.14* 4.41 1.85 

MDR1/mdr1a 6.06** 14.1 0.43 

MRP4/mrp4 0.195** 1.59 0.12 

Note that human homologs are written in capital letters, whereas mouse homologs are written in lower-case letters. The data represent the mean of 5-7 human donors and 6 mice. 
*Indicates a significant difference between protein expression in humans and mice, at a 0.01 level. **Indicates significant difference at a 0.001 level. Extracted from the original 
Table published by Uchida et al. With permission from Wiley. 
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then prove to be a good alternative to polypharmacy, 
covering diverse targets through monotherapy. 

 Polivalent drugs can be directed to different binding sites 
of a single protein, to different targets belonging to the same 
family or even to different targets from different protein 
families [132]. Most of the multi-target drugs approved or in 
advanced stage of development aim to members of a single 
family: there are of course better chances of finding or 
designing a multi-target agent when binding sites are 
conserved through the intended targets, which is often 
observed among members of a protein family.  Stephenson et 
al., however, have searched for common peptide motifs 
among key components of multiple biochemical pathways 
involved in AD pathophysiology, identifying common 
potential binding sites among more than 40 of those proteins, 
which may then (in theory) be targeted by a single agent 
[133]. Whenever multiple members of a single family are 
being targeted, it may be convenient to check the selectivity 
of the drug in relation to other non-targeted family members 
[132]. 

 In silico approaches to develop multifunctional agents 
can be classified in two strategies [132]. On the one hand, 
the combinatorial approach, in which parallel VS searches 
against each target of interest are conducted, retaining those 
hits that simultaneously gather all the structural requisites 

needed to interact with each individual target. In other 
words, the common hits from parallel VS searches (one for 
every model associated to a particular target) are retained. In 
the background of multi-target drug discovery, the virtual 
screening for ligands for each individual target must be 
highly-sensitive  (i.e., a reduced number of false negatives 
should be observed) since the collective retrieval rate for 
multiple targets will tend to be relatively low than when 
aiming to individual targets (one might speculate that, 
naturally, it is more difficult to find compounds that 
selectively interact with different targets without being 
excessively promiscuous). In contrast, when drugs that 
selectively interact with a single target are being searched, in 
some contexts one might sacrifice sensitivity in order to gain 
specificity. The second strategy is the fragment-based 
approach. Here, multiple elements or scaffolds that bind to 
each of the targeted targets are combined (usually through a 
linker) into a single, often larger molecule. The main 
drawback of this later approach relates to the poorer 
pharmacokinetic and toxicological profile of the final drug. 
Unless small, highly specific blocks/fragments are 
combined, it is unlikely that a given compound will gathered 
the already discussed features for a CNS drug-like drug 
(which can be translated into a CNS desirability score above 
4). While the application of VS seems suitable in the case of 
the combinatorial approach, computer-aided design based on 

Table 2. Summary of Advantages and Disadvantages of Some CNS Biomarkers 

Biomarker Advantages Disadvantages Examples of Applications 

Electroencephalography 
Non-invasive, 

safe, cost-effective 

Prone to artifacts, not fully 
standardized, difficult to establish 

associations to specific mechanisms 

(though rencently developed 

acquisition and processing tools 
raise interesting possibilities such 

as source-localization analysis and 

topographical images) 

Increased delta-power of the 
centrotemporal and posterior fields has 

been observed in patients with mild 

cognitive impariment; increased theta 

activity is observed in very early 
dementia; decreased beta power has 

been dsecribed in individuals with 

mild AD 

Measurement of concentrations in 
CSF 

Biochemical changes in the brain 
extracellular fluid are reflected in the 

CSF, assessment of drug concentrations 

in central compartment provides 

valuable pharmacokinetical data and 
allows differentiation of 

pharmacokinetic and pharmacodynamic 

issues. Inexpensive 

Invasive, sampling requires lumbar 
puncture 

AD patients with dementia show 
increases in P- and T-tau and decrease 

in Abeta-42. 

Functional and 

structural MRI 

Safe, generally available, 

non-invasive 

Expensive. Motion artifacts in 

agitated patients 

Evaluation of cerebral atrophy, 

cortical thinning and mapping of 

cerebral perfusion in 
neurodegenerative disorders 

PET imaging 

Non-invasive, direct measure of 
availability of a drug in its site of action 

and receptor occupancy, high 

sensitivity, 

Exposure to significant radiation 
levels, very expensive, limited 

number of radiotracers 

High retention of amyloid PET ligand 
was observed in patients with mild 

cognitive impairment that evolves into 

AD 
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docking and/or pharmacophores may be more adequate in 
the case of the fragment-based approach. 

 For example, memoquin is a multi-target directed ligand 
intended to treat AD”, designed on the basis of caproctamine 
[134]. Caproctamine can act, simultaneously, as an 
acetylcholinesterase inhibitor (AChEI) and a muscarinic M2 

receptor antagonist. It therefore elevates acetylcholine (ACh) 
levels by inhibiting its catabolism and inducing their release 
in the synapse.  What is more, molecular modeling studies 
suggested that due to its dimeric flexible structure it can 
interact with both active and peripheral AChEI sites [135]. 
Since it has been observed that AChE promotes formation of 
the senile plaque [136] and that the interaction between the 
enzyme and amyloid  seems to occur at a peripheral site of 
the enzyme [137], caproctamine may then alleviate the 
cognitive impairment and also alter the progression of the 
disease.  Memoquin was obtained by the replacement of 
polymehtylene chain by a benzoquinone nucleous, with the 
intention of conferring antioxidative properties to the drug 
(see Fig. 4). A similar strategy has been used to generate 
trifunctional bis-tacrines capable of inhibiting AChE, 
reversing AChE-induced amyloid fibrillogenesis and  
chelating metals [138] Fig. (4), whose homeostasis is altered 
in neurodegenerative disorders and may play a role in the 
aetiology of the AD  [139].  

6. CONCLUSIONS 

 CNS drug discovery is characterized by a particularly 
high attrition rate compared to drugs targeting peripheral 
disorders. A number of explanations to this fact may be 
presented, among them the particular complexity of 
neurological and psychiatric disorders (whose etiology often 
involves the concerted action of multiple interrelated factors, 
both intrinsic and environmental). The highly selective 
barrier posed by the BBB, which restricts the rate and 
amount of drug reaching its molecular target/s, is also a 
critical matter that should be and is being considered at early 
stages of development (i.e. lead selection), with emphasis on 
passive permeability of the drug, interaction with influx and 
efflux transporters and propensity to unspecific tissue-
binding. Interestingly, a natural association exists between 
certain physicochemical features and different aspects of an 

ideal CNS drug. For instance, some properties linked to 
recognition by the most expressed transporters at the BBB 
(high lipophilicity, high molecular weight) are also 
associated to unfavorable safety events: long residence time 
within the body, adduct formation following phase I 
metabolic reactions, mutagenicity and carcinogenicity. The 
recent work from Wager et al. defines an optimal region of 
the chemical space for CNS compounds. This region can be 
reached in different ways by simultaneously optimizing 
some of the physicochemical properties associated to CNS 
drug issues. 

 Back in the 1990s, around one third of the attrition causes 
(considering both CNS and non-CNS candidates) were 
linked to pharmacokinetic issues. By applying in vitro and in 
silico ADME filters (e.g. Lipinski’s rules), the ADME-
related project terminations were reduced to only 10%. At 
present, more specific rules and models for the selection of 
CNS candidates can be applied to reduce CNS candidates’ 
late-attrition rates. These include cell cultures of human 
brain endothelial tissue that include other elements from the 
neurovascular unit, transport assays to assess BCRP- and 
Pgp-mediated transport, in silico models to recognize Pgp-
substrates and the aforementioned Wager CNS desirability 
score. Recent studies underline the importance of the BCRP 
at the BBB and the interrelation between expression levels of 
different ABC transporters. Therefore, prediction and 
evaluation of Pgp-mediated transport should be always 
complemented by prediction and evaluation of BCRP-
mediated efflux. 

 Regarding limitations of preclinical models that acquaint 
for part of the translational issues in CNS development, we 
may highlight the use of healthy tissue in many in vitro 
assays (whose features are remarkably different from those 
of pathologic tissues throughout many CNS disorders), inter-
species variability and the inability of animals to express 
certain subjective symptoms and side-effects. The use of 
human tissue and multiple species at preclinical stage is 
recommended whenever possible. The development and 
application of receptor occupancy- and efficacy-biomarkers 
are fundamental to gather early proof-of-concept, especially 
for the many CNS diseases which are characterized by long 
natural history and asymptomatic periods. The joint use of 
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Fig. (4). Trifunctional drug candidates for the tratment of Alzheimer´s disease. 
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such biomarkers and chronic animal models may be valuable 
to shift the marketed drugs from symptomatic drugs to 
disease-modifying therapies. 

 At last, the multifactorial aetiology of many CNS 
disorders (for instance, neurodegenerative and psychiatric 
conditions) has determined a shift of paradigm from “magic 
bullet”, single-mechanism-drugs to multi-target-directed 
ligands capable of dealing simultaneously with two or more 
determinants of the symptoms and progression of CNS 
diseases, a strategy that has already proven successful in the 
treatment of psychiatric disorders.  When virtual screening 
approaches are applied in the search of multi-target agents, 
the different models linked to single mechanisms of action 
should be highly sensitive. If specific members of a protein 
family are being targeted, the candidates should be tested 
against other members of the same family in order to assure 
the desired selectivity. 
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