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Abstract: Antipsychotic medications have a diverse pharmacology with affinity for serotonergic, dopaminergic, adrener-
gic, histaminergic and cholinergic receptors. Their clinical use now also includes the treatment of mood disorders, thought 
to be mediated by serotonergic receptor activity. The aim of our study was to characterise the molecular properties of an-
tipsychotic agents, and to develop a model that would indicate molecular specificity for the dopamine (D2) receptor and 
the serotonin (5-HT) transporter.  

Back-propagation artificial neural networks (ANNs) were trained on a dataset of 47 ligands categorically assigned antide-
pressant or antipsychotic utility. The structure of each compound was encoded with 63 calculated molecular descriptors. 
ANN parameters including hidden neurons and input descriptors were optimised based on sensitivity analyses, with opti-
mum models containing between four and 14 descriptors.  

Predicted binding preferences were in excellent agreement with clinical antipsychotic or antidepressant utility. Validated 
models were further tested by use of an external prediction set of five drugs with unknown mechanism of action. The SAR 
models developed revealed the importance of simple molecular characteristics for differential binding to the D2 receptor 
and the 5-HT transporter. These included molecular size and shape, solubility parameters, hydrogen donating potential, 
electrostatic parameters, stereochemistry and presence of nitrogen.  

The developed models and techniques employed are expected to be useful in the rational design of future therapeutic 
agents. 
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INTRODUCTION 

 The Global Burden of Disease study found that depres-
sion was the fourth leading cause of disease burden in the 
world [1, 2] representing a major public health problem af-
fecting individuals and society. Over the past number of dec-
ades large advances have been made in both our understand-
ing of the central nervous system and in the pathophysiology 
of major psychiatric disorders. It is generally accepted that 
the monoamine neurotransmitters play a critical role in de-
pression and, as such, have been the primary target for anti-
depressant medication. However, since the exact patho-
physiology of depression remains as yet unclear, several 
antidepressant treatments have been developed which target 
one neurotransmitter system over another.  

 The neurotransmitter dopamine is strongly implicated in 
the pathophysiology of schizophrenia and it has been dem-
onstrated that dopamine agonists cause worsening of symp-
toms [3]. Since the discovery of the antipsychotic action of 
chlorpromazine, many effective antipsychotic drugs have  

*Address correspondence to this author at the School of Medicine – Rural 
Clinical Division, The University of Queensland, Locked Bag 9009 , 
Toowoomba QLD 4350, Australia; Tel: 61-7-4633 9700; Fax: 61-7-4633 
9701; E-mail: josephvturner@ausdoctors.net 

been developed. Today, antipsychotics are divided into two 
major groups. The typical antipsychotics, also known as the 
first generation, include a variety of phenothiazine and buty-
rophenone compounds. The principal pharmacological action 
of both groups is antagonism at the dopamine D2 receptor. 
However, extrapyramidal side effects (EPS), autonomic and 
endocrine side effects, and poor efficacy against negative 
symptoms and cognitive disturbances have considerably lim-
ited the therapeutic usefulness of the typical antipsychotics. 
The increased understanding of the pathophysiology of psy-
chotic illness has resulted in a change of focus from the tra-
ditional D2 antagonism of the butyrophenone and phenothi-
azine groups, to the “atypical” antipsychotics, typified by 
clozapine. Newer, atypical antipsychotics have a more di-
verse pharmacology, with no or little EPS at doses showing 
antipsychotic activity [4-7].  

 The role of serotonin in depression has also been well 
documented, and the affinity of atypical antipsychotics for 
the serotonin transporter as well as post-synaptic serotonin 
receptors suggests a role for this neurotransmitter [8]. The 
neurotransmitter transporters have proved to be very impor-
tant targets for CNS drug discovery, particularly for antide-
pressant drugs. Virtually all of the modern generations of 
antidepressants act as inhibitors of one or other of the mono-
amine transporters. 
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 It is likely that atypicality of a neuroleptic drug is ex-
plained by its affinity for more than one receptor subtype. 
However, no single hypothesis effectively explains atypical 
character. Clozapine is arguably the most effective atypical 
antipsychotic agent and the only drug that has demonstrated 
clinical effectiveness in refractory schizophrenia [9]. The 
pharmacology of clozapine is complex, having affinity for 
serotonergic, dopaminergic, adrenergic, histaminergic and 
cholinergic receptors [10]. The varied pharmacology of the 
atypical antipsychotics has led to their use in non-psychotic 
illnesses such as depression and bipolar disorder. More re-
cently anti-epileptic drugs have been used in the treatment of 
mood disorders, despite the lack of detailed pharmacological 
knowledge of their mode of action. 

 The aim of our study was to characterize the molecular 
properties of antipsychotic agents, and to develop a model 
that would indicate molecular specificity for the D2 receptor 
and serotonin transporter. We then wished to test several 
anti-epileptic drugs that are currently being used in mood 
disorders using this model to evaluate theoretical affinity for 
either the D2 receptor or the serotonin transporter.  

METHOD 

 The affinity values (dissociation constants, Ki) of 41 
compounds at the human cloned D2 receptor or 5-HT trans-
porter were taken from the literature [11] and are given in 
Table 1. The 3D structures of all compounds were generated 
and optimised using the MM2 (full molecular mechanics) 
procedure in Molecular Modeling Pro 5.1 [12]. MM2 is the 
standard geometry minimization procedure that ascribes op-
timum values for bond lengths, bond angles and torsional 
bond angles. Full MM2 preserves the stereochemistry of the 
molecule while calculating the local minimum for the current 
conformation. From the optimised structures 63 calculated 
molecular descriptors were then generated for each com-
pound that described 2D and 3D structural information as 
well as molecular physicochemical properties. These in-
cluded size and shape parameters (molecular weight, surface 
area, volume, kappa shape, connectivity indices), electro-
static parameters (dipole moment, valence indices 0-3, CIM 
indices), lipophilicity parameters (water solubility, polarity, 
percent hydrophilic surface, hydrophilic-lipophilic balance), 
hydrogen bonding potential, cyclic components, and specific 
substitution. Molecular descriptors were used as inputs and 
relative binding affinities as the outputs to build the ANN 
model.  

 The total number of compounds in the present study was 
46. Of these, 41 compounds were used either as antipsychot-
ics or antidepressants, and had defined Ki values for the D2

receptor or 5-HT transporter. All 41 compounds were ran-
domly divided into training (27 compounds), testing (7 com-
pounds) and validation (7 compounds) subsets before each 
training cycle. The remaining five compounds, carbamaze-
pine, gabapentin, lamotrigine, valproic acid and vigabatrin 
are licensed anti-epileptic drugs, and did not have binding 
data available for D2 or 5-HT. We tested this additional in-
dependent set of compounds using the QSAR models devel-
oped for prediction of 5-HT transporter and D2 receptor rela-
tive binding preference.  

 Back-propagation artificial neural networks (ANNs) were 
trained using commercial software [13] on a dataset of 41 
ligands. These compounds were assigned categorical values 
of 1 or -1 depending on their use as an antipsychotic or anti-
depressant and their preferential binding to 5-HT or D2 re-
ceptors. An antidepressant would therefore be coded as +1 
(5-HT) and -1 (D2). The number of inputs, transfer function 
and the number of hidden neurons were optimized using the 
ANN program internal algorithms. Connections or units 
were eliminated during training based on a sensitivity report. 
Following a sensitivity analysis [14] the number of inputs 
was reduced from 63 to between 14, 13, and 4.  

RESULTS AND DISCUSSION 

 The QSAR models developed revealed the importance of 
simple molecular characteristics essential for antidepressant 
or antipsychotic activity and their differential binding to the 
D2 receptor and the 5-HT transporter. These included mo-
lecular size and shape (bulkiness), lipophilicity (solubility 
parameters, hydrogen donating potential, clogP, Crippen), 
electrostatic parameters, stereochemistry and presence of 
nitrogen. Once the network was established during training 
and testing, the QSAR model was validated. The validated 
model was then used to evaluate categorical binding affini-
ties for selected anti-epileptic drugs currently used in the 
treatment of mood disorders (carbamazepine, gabapentin, 
lamotrigine, valproic acid and vigabatrin,).  

 Three models with 100% accuracy in classifying training, 
internal testing, and validation with the external set of com-
pounds (Table 2). They all categorized the external set of 
compounds (carbamazepine, gabapentin, lamotrigine, val-
proic acid and vigabatrin) as antidepressants. The simplest of 
these was a 3-layer ANN with only four descriptors as inputs 
and four hidden neurons (Table 3). All models had calcu-
lated log P (clogP) and valence connectivity index 2 (2 v) in 
common, while substituted double (R=CR2) bond was pre-
sent in the first and third model, and the number of nitrogens 
next to another nitrogen (NN) was common for the second 
and third model. It has been shown that introduction of a 
double bond specifically influences D2 receptor affinity [15], 
while NN influences binding to 5-HT [16].  

 Log P, the octanol–water partition coefficient, is a well 
established parameter describing lipophilicity in biological 
systems and has been frequently used in quantitative struc-
ture–activity/property relationships [17]. However, P is a 
ratio and a compound with low solubility in both octanol and 
water could have the same log P as a compound with solubil-
ities 100 times higher in both solvents. Additional descrip-
tors are therefore required in QSAR to account for other 
binding and transport properties [18].  

 Molecular connectivity ( ) is a method of quantitatively 
characterizing skeletal variation in a molecule, in which 
weighted counts of substructure fragments are incorporated 
into numerical indices. The second order index encodes 
specific information about skeletal branching which may 
indicate the amount of structural flexibility. Inclusion of sec-
ond order valence connectivity index (2 v) in the optimum 
models may be necessary to account for heteroatom substitu-
tion and positioning at the receptor binding site. The aim of 
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Table 1. Dataset of 5-HT Transporter and D2 Receptor Ligands with Experimental Binding Affinities and Categorical Values [11] 

Ki Values (nM) Categorical Values 
Compound 

5-HT Transporter D2 Antidepressant Antipsychotic 

amoxapine 58 - 1 -1 

amitriptyline 22.71 - 1 -1 

aripiprazole - 2.33 -1 1 

chlorpromazine - 3.53 -1 1 

citalopram 5.95 - 1 -1 

clomipramine 0.28 - 1 -1 

clozapine - 140.75 -1 1 

cocaine 236.5 - 1 -1 

desipramine 112.12 - 1 -1 

domperidone - 0.94 -1 1 

doxepin 68 - 1 -1 

duloxetine 1.22 - 1 -1 

escitalopram 1.8 - 1 -1 

fenfluramine 667 - 1 -1 

fluoxetine 5.92 - 1 -1 

flupenthixol - 0.77 -1 1 

fluphenazine - 0.65 -1 1 

fluvoxamine 6.22 - 1 -1 

haloperidol - 1.86 -1 1 

imipramine 10.43 - 1 -1 

metoclopramide - 64 -1 1 

mirtazepine 100 000 - 1 -1 

nefazodone 402.67 - 1 -1 

olanzapine - 36.72 -1 1 

paroxetine 0.29 - 1 -1 

perphenazine - 0.56 -1 1 

pimozide - 2.47 -1 1 

prochlorperazine - 1.89 -1 1 

promazine - 300 -1 1 

quetiapine - 429.7 -1 1 

reboxetine 273.5 - 1 -1 

reserpine - 586 -1 1 

risperidone - 3.86 -1 1 

sertraline 1.28 - 1 -1 

sulpiride - 57.45 -1 1 

thioridazine - 8.75 -1 1 
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(Table 1. Cond….) 

Ki Values (nM) Categorical Values 
Compound 

5-HT Transporter D2 Antidepressant Antipsychotic 

trazodone 367.33 - 1 -1 

trifluoperazine - 2.83 -1 1 

trimipramine 149 - 1 -1 

venlafaxine 63.89 - 1 -1 

ziprasidone - 5.35 -1 1 

Model predictions for the data set with unknown binding affinities 

carbamazepine - - 1 -1 

gabapentin - - 1 -1 

lamotrigine - - 1 -1 

valproic acid - - 1 -1 

vigabatrin - - 1 -1 

Table 2. Models Performance and Predictions 

MLP Profile 4-4-2 13-5-8-2 14-18-13-2 

Train Error 0.00005 0.068 0.0022 

Select Error 0.00004 0.057 0.1381 

Test Error 0.00004 0.003 0.0020 

Table 3. Descriptors in Optimum ANN Models [14] 

Model Profile
a

14-18-13-1 13-5-8-1 4-4-1
c

Descriptorsb CHRRR NN
2 v

0 2 v
clogP 

 dipole moment from  solubility parameter R=CRR

clogP
3 v

NN

 molecular width clogP

 N–aromatic 1 v

 parachor CHRRR  

R=CRR R=N  

 surface area LUMO  

0 v Hansen H-bond  

2 v H-bond donor from   

3 v Hansen dispersion  

 water solubility Hansen polarity  

 CHRRR   
anumber of artificial neurons in input-hidden1-hiddens-output layer. 
brank order according to external validation. 
c descriptors in common are given in bold. 
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this study was not to extensively analyze the importance of 
individual descriptors, however further information is avail-
able elsewhere [14, 19]. 

 Stereochemistry and other geometrical factors (shape of 
the molecule) are significant in determining the type of psy-
chotic activity. The structures of typical tricyclic antidepres-
sants (TCA) contain rigid ring systems with a conformation-
ally restrained dopamine moiety fused within. A rigid tri-
cyclic system yields optimal D2 activity. This suggests that 
D2 receptor pocket more readily accommodates a flatter 
molecule. Three main types of internal conformational mo-
bility are possible for TCA drugs. These include ring inver-
sion of the tricyclic moiety, flexing bridge (-CH2-CH2 or 
CH2-X-) in the central seven-membered ring, and flexibility 
of the alkyl side chain [20]. All of these types can result in 
substantial changes in either the overall shape of the mole-
cules or in the local environments of individual sites within 
them. One of the structural differences between the TCAs 
and other central nervous system active drugs is the lack of 
coplanarity in the TCA structures due to the twisted central 
seven-membered ring system and greater deal of flexibility. 
Consequently, the angle between the two phenyl planes is 
different when compared with antipsychotic drugs. This lack 
of coplanarity contrasts to the limited degree of internal mo-
bility of the two aromatic rings in antipsychotic drugs where 
a central six-membered ring is present. Thus, molecular dy-
namics should be an additional factor considered when try-
ing to understand the mode of action of this clinically impor-
tant family of molecules. Modification of the tricyclic moiety 
has major functional implications. For instance, modifica-
tions in amitriptyline are marked by changes in neuronal 
specificity and side effects. Inclusion of an oxygen heteroa-
tom gives rise to doxepin, a drug with less selectivity for 
serotonin uptake and fewer cardiotoxic effects, whereas ad-
dition of a chlorine substituent on the aromatic ring of imi-
pramine gives clomipramine, a drug useful in the treatment 
of obsessional neurosis. Studies relating the effects of altera-
tion of the sidechain or tricyclic nucleus structure on the 
pharmacological activity of the TCA drugs have been re-
viewed [21]. 

 A large number of dopamine antagonists have been de-
veloped, with greater structural variety present than for do-
pamine agonists. A pharmacophoric model for D2 antago-
nism can be summarized as a lipophilic aromatic area located 

about 6Å from a basic nitrogen atom [22, 23]. Further away 
(7.5Å) from this centre, there is a flat aromatic region with a 
lipophilic substituent. The ethylamino side chain is structur-
ally flexible which lends to small variations in the in-
tramolecular distance between the center of the aromatic ring 
and the nitrogen atom (5.091Å – 5.166Å). The region near 
the nitrogen favours the presence of bulky substituents yield-
ing high affinity for the D2 receptor.  

 Only a small number of pharmacophoric models of sero-
tonin transporter (SERT) ligands have been published [24-
26]. In most cases only one aromatic ring had been included 
in the pharmacophore and placed at a distance from the basic 
nitrogen, comparable to the distance in serotonin itself [27-
32]. One study described a secondary phenyl ring as an addi-
tional pharmacophoric feature [25]. The central rings in 
molecules showing preferential affinity for the 5-HT2 sub-
type of serotonin receptor are more flexible, comprising a 
twisted structure that holds two aromatic rings in a skewed 
arrangement (Fig. 1). As pharmacophoric features, the cen-
ters of the two aromatic rings and a side chain with nitrogen 
at a distance of 2.8Å from the basic nitrogen in the direction 
of the lone pair have been defined [25]. The distance be-
tween the two aromatic rings is approximately 4.6Å – 5.2Å. 
The distance between the first aromatic ring and nitrogen in 
the side chain is in the range of 7.4Å – 8.3Å, and the dis-
tance between the second aromatic ring and nitrogen in the 
side chain is in the range of 6.2Å – 6.9Å. The two pharma-
cophoric aromatic rings are perpendicular to each other. 

 The SERT pharmacophore, reported recently [33], is 
characterized by a basic nitrogen atom, a lipophilic aromatic 
region at 6.1Å, and a second lipophilic part (second aromatic 
ring). The space around the basic nitrogen atom is sterically 
restricted. The presence of the same features in both pharma-
cophores for D2 and SERT may account for the possibility 
and existence of bifunctional molecules, although none of 
the features appeared to overlap properly in three-dimen-
sional space. 

 Binding of serotonin to the 5-HT receptor occupies two 
subpockets within the active site: a relatively wide lipophilic 
part into which the indole skeleton is located, and a narrow 
channel occupied by the ethylamino group. Binding of a 
ligand, such as escitalopram, occupies three separate sub-
pockets in the receptor protein by fitting the dimethylamino-

Fig. (1). Flexibility of the central ring; molecular structures of (a) amitriptyline and (b) clozapine. 
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propyl chain (side chain), the fluorophenyl group (aromatic 
ring), and the cyanophthalane skeleton (aromatic ring with 
substituent) (Fig. 2). Thus, the subpocket occupied by the 
indole skeleton of 5-HT corresponds to the subpocket occu-
pied by the cyanophthalane skeleton, whereas the narrow 
channel-like pocket occupied by the ethylamine side chain 
 of 5-HT shares similarities with the dimethylaminopropyl 
pocket.  

Fig. (2). (S)-citalopram pharmacophore.

 Most neuroleptic drugs are extremely lipophilic mole-
cules, bind extensively to proteins, and tend to accumulate in 
highly perfused tissues. After long-term treatment and drug 
administration is stopped, therapeutic effects may outlast 
significant blood concentrations by days or weeks. This may 
result from tight binding of parent drug or its active metabo-
lites in the brain. It has been found that the chromatpgraphic 
retention of antidepressants measured by micellar chromato-
graphy can describe the inhibitory activity of antidepressants 
[34]. In micellar liquid chromatography solutes are separated 
mainly on the basis of differences in their polarities. Chro-
matographic retention generally depends on the same inter-
actions that influence drug activity (lipophilic, electronic and 
steric contributions). Since most antidepressants possess 
similar electronic features, differences observed in retention 
are explained by means of molecular shape and overall lipo-
philic contributions.  

 Many currently used antidepressants are chiral drugs, 
some of which are administered as racemates (mianserin, 
mirtazepine, fluoxetine, reboxetine, venlafaxine, citalopram) 
while others are given as single isomers (paroxetine and ser-
traline) [35, 36]. Current evidence suggests that functional 
differences between the enantiomers and the racemate could 
have important clinical implications [37]. The relative bene-
fits of the enantiomers of antidepressants vary greatly. When 
the therapeutic properties of the enantiomers are complemen-
tary (for example, mianserin) then use of the racemate is an 
advantage. However, if there are qualitative, but not quanti-
tative, similarities, then it would be beneficial to develop the 
active isomer. For instance, the S-enantiomer of citalopram 
(escitalopram) is over 100 times more potent in inhibiting the 
5-HT transporter than the R-form, and lacks significant activ-
ity at other neurotransmitter receptors. Racemic citalopram 

shows additional affinity for histamine receptors and causes 
sedation. Knowledge of the stereochemistry of psychotropic 
drugs will thus help in the development of new and more 
effective molecules in the near future. 

 Although carbamazepine, valproate, and, most recently, 
lamotrigine [38, 39] are the only antiepileptic drugs with a 
Food and Drug Administration (FDA) indication for the 
treatment of a psychiatric disorder, virtually every other new 
antiepileptic drug has received claims of efficacy for a range 
of psychiatric illnesses. The use of antiepileptic drugs in 
psychiatric illness is also based on the belief that there are 
shared biological mechanisms involved in epilepsy and these 
disorders. 

 The antiepileptic drugs with established psychotropic 
effects (carbamazepine, valproate, and lamotrigine) have 
been found to cause an increase in synaptic 5-HT [40-42]. 
One of the most recognized hypothesis of depression focuses 
on alteration of the serotonergic function. Recent evidence 
suggests that serotonergic involvement in depression may be 
modulated by the action of gamma-hydroxybutyric acid 
(GABA). The GABA system regulates many physiological 
and psychological processes and its dysfunction is implicated 
in the pathophysiology of several neuropsychiatric disorders, 
including anxiety and depression [43]. There is strong evi-
dence for interactions between the GABAergic system and 
the serotonergic system. Experimental data suggest that 
GABAB receptor antagonists display antidepressant-like 
properties via an interaction with the serotonergic system 
[44]. GABAB receptors play a major role in the modulation 
of behaviours relevant to anxiety and suggest that positive 
modulation is a novel approach to probe a role for GABAB

receptors in behavioral processes. 

 Gabapentin, designed as a precursor of GABA, easily 
crosses the blood-brain barrier, increasing synaptic levels of 
GABA [45]. Preclinical studies have suggested that gabapen-
tin increases brain and intracellular GABA by an amino acid 
active transporter at the blood-brain barrier and multiple en-
zymatic regulatory mechanisms, respectively. Vigabatrin is 
an anticonvulsant that inhibits the catabolism of GABA, 
thereby increasing the amount of GABA available synapti-
cally. Vigabatrin exerts its effects by irreversible inhibition 
of GABA transaminase [46].  

 All predictions of activity of these antiepileptic drugs 
were for binding at the 5-HT transporter rather than the D2

receptor, in keeping with the above discussion. The lack of 
knowledge of the precise mechanism of action has not pre-
vented their use in an increasing range of psychiatric condi-
tions.  

CONCLUSION 

 It is apparent that the molecules, pathways, and systems 
thought to be involved in anxiety and depression are inter-
connected. The pharmacological profiles of psychoactive 
drugs are complex and, since they interact with many recep-
tor sites, they often result in numerous side effects. There is a 
lack of understanding of the pharmacological mode of action 
of most psychoactive drugs. Many have similar 3D structures 
which make it difficult to rationalize their differing relative 
potency in different clinical settings. However, significantly 
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different degrees of internal mobility suggests that molecular 
dynamics should be an additional factor considered when 
trying to understand the mode of action of this clinically im-
portant family of molecules. 
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