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A B S T R A C T

The pharmacology of antipsychotic drugs (APDs) is exceedingly complex with many of them showing a broad 
receptor interaction spectrum. We aimed to provide a reference work on receptor binding affinity, to quantify the 
breadth of receptor interaction of APDs and to analyze implications on clinical efficacy and classification. 
Binding affinity data were obtained from an open-source database and normalized to allow for direct comparison 
of affinity profiles across compounds and quantification of the receptor interaction breadth at the level of (1) 
individual drugs and (2) defined receptor groups. Breadth data were correlated with clinical efficacy data taken 
from the literature and analyzed in relation to chemical structure and taxonomy, particularly the Neuroscience- 
based Nomenclature (NbN). Normalized affinity profiles of 35 worldwide used APDs for 25 receptors and re
ceptor interaction breadth for drugs and defined receptor groups were calculated and presented in graphical and 
tabular form. High breadth values were associated with tricyclic basic structure but were not associated with 
clinical efficacy. The NbN classification did not show full correspondence with our in-depth statistical analysis of 
receptor group-related breadth values. In sum, our study provides a representative multireceptor profiling of the 
worldwide most frequently used APDs and offers a way to quantify and compare the breadth of receptor 
interaction at the level of individual compounds as well as receptor groups within compounds.

1. Introduction

Schizophrenia spectrum disorders (SSDs) form a group of chronic, 
debilitating diseases of complex etiology affecting over 1% of the pop
ulation worldwide and causing considerable distress to the individual 
and society. Included are positive (delusions, hallucinations, disorga
nized speech and thought), negative (affective flattening, avolition, 
anhedonia, social withdrawal), and dyscognitive symptoms (impair
ment in attention, learning, and working memory) (Marder and Cannon, 
2019).

Antipsychotic drugs (APDs) are the mainstay of treatment and have 
traditionally been classified based on chemical structure, broad mech
anism of action (MoA) and side effect profile (typical vs. atypical) or 
epoch of introduction: first (FGAs), second (SGAs) and third generation 
APDs (TGAs) (McCutcheon et al., 2024). More recently, the 
Neuroscience-based Nomenclature (NbN; currently 2nd revision: NbN2r) 
has been implemented in the scientific context as a pharmacologically 
more precise approach (https://nbn2r.com) (Zemach & Zohar, 2025; 
Zohar et al., 2015). However, while relying basically on expert 

judgement, at present it lacks validation and is yet to be widely adopted 
in clinical settings (McCutcheon et al., 2024).

Several receptor systems have been implicated in the MoA of APDs, 
above all dopamine and serotonin (5-HT) receptors. However, some 
potent compounds such as the ‘gold standard’ atypical APD clozapine 
and, more recently, xanomeline, a muscarinic agent recently approved 
in the United States (Meyer et al., 2025), lack significant (at least D2 
receptor-specific) dopaminergic binding affinity. Antipsychotic drugs 
are also heterogeneous regarding the breadth of their receptor interac
tion spectrum. Some compounds, such as the benzamide amisulpride are 
fairly selective dopamine D2 receptor antagonists while others, such as 
olanzapine, show broad binding profiles. As SSDs appear to be polygenic 
disorders and many APDs act on a multitude of molecular targets, it has 
been contended that non-selectivity might be a criterion for higher 
effectiveness (Roth et al., 2004).

Aim of the present paper is, first, to provide a reference work of re
ceptor binding affinity data (‘fingerprints’) for a large panel of APDs, 
using an open-source database of in vitro receptor binding studies. Sec
ond, we aimed to quantify the breadth of receptor interaction of the 
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individual APDs by normalizing binding data according to a calculation 
established by Ray (2010). Third, we investigated whether the calcu
lated receptor breadth was associated with (1) clinical efficacy and (2) 
basic chemical structure (tricyclicity). Fourth, we were interested if the 
breadth of interaction of salient receptor groups (i.e., serotonin, dopa
mine, norepinephrine etc.) were matched by the current NbN 
classification.

2. Methods

2.1. Receptor affinities

Receptor binding affinity data (Ki values in nM) of APDs listed in the 
National Institute of Mental Health Psychoactive Drug Screening Pro
gram (NIMH-PDSP) Ki database (https://pdsp.unc.edu/ databases/ 
kiDownload/; date of last retrieval: October 15, 2024) (Jensen & Roth, 
2008). This comprehensive database provides a large amount of data 
collected from studies in the literature and is continuously updated. 
Median Ki values of binding assays with human cloned receptors were 
considered.

2.2. Data normalization

The method of Ray (2010) was used for data normalization. Our goal 
was to obtain relative binding affinity data for APDs so that 
multi-receptor affinity profiles of the studied drugs could be directly 
compared by factoring out absolute potencies. Thus, in the first step, raw 
Ki values were log-transformed to pKi = -log10 Ki. Raw Ki values spanned 
5 orders of magnitude, thus, a normalized pKi value (npKi) for a given 
drug at a defined receptor was calculated as 

npKi = 5 + pKi − pKimax 

with pKimax representing the maximum pKi value for each drug within 
the panel of receptors under study. If a binding affinity in an assay is too 
low to be measured, Ki > 10,000 nM is reported in the NIMH-PDSP 
database (at this value, no specific binding takes place any more). As 
part of the normalization process, npKi was set to zero in such cases.

Thus, high affinities have high values and for each drug, the highest 
affinity at any receptor of a given drug will be npKi = 5 (regardless of the 
absolute affinity). An npKi = 4 at another receptor for this drug would 
mean ten-fold lower binding affinity and so on, so each unit of npKi 
represents one order of magnitude of the Ki value. Table S1 provides two 
exemplary calculations of npKi values.

2.3. Breadth statistics

Ray (2010) also introduced an index of breadth (B) as a quantitative 
parameter to compare the interaction of individual drugs with multiple 
target structures of psychoactive drugs. For any given drug, this value is 
obtained by simply summing up the npKi values of all target structures 
(receptors): 

B =
∑

npKi 

The higher the B value, the more target structures are bound by the 
drug. Thus, this value may be viewed as a measure of receptor binding 
diversity (or inverse selectivity). To give greater weight to lower Ki 
values we used the modified breadth statistics: 

Bsq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
(npKi)

2
√

The Bsq value can also be used to quantify the breadth not only at the 
whole compound level but also at the level of groups of receptors within 
a given compound. We term this value the group related breadth BsqG. For 
example, BsqG(D1/5) for an individual APD is calculated from the sum
med npKi values of the D1 and D5 receptor (instead of the whole set of 25 

receptors) of this compound. This is performed to determine the weight 
of a group of related receptors (or a single receptor) in an individual 
compound in comparison with other compounds. For example, a high 
BsqG(D2/3/4) value for a given drug indicates a broad interaction, i. e., a 
high weight of these dopaminergic receptors in this respective drug. 
Table S1 shows an example of a BsqG calculation.

2.4. Inferential statistics

Student’s t-test was used to measure statistically significant differ
ences in Bsq between tricyclic and non-tricyclic APDs. To assess possible 
relationships of Bsq and clinical efficacy of APDs, standardized mean 
difference (SMD) values were taken from the meta-analysis of Huhn 
et al. (2019) and Spearman’s correlation coefficient rho was calculated 
on a scale of − 1 to 1. Possible differences in BsqG of various recep
tors/receptor groups were analyzed among the four NbN2r classes (1) 
dopamine D2 receptor antagonists (D2-RAnt), (2) dopamine D2 and se
rotonin 5-HT1A receptor partial agonists/antagonists (D2/5-HT1A-R
PAnt), (3) dopamine D2, serotonin 5-HT2 receptor and α adrenoceptor 
antagonists (D2/5-HT2/α2-RAnt), and (4) dopamine D2, serotonin 5-HT2 
receptor antagonists (D2/5-HT2-RAnt), using one-way ANOVA followed 
by Tukey’s post-hoc test to test for multiple comparisons. We note here 
that quetiapine, an original dopamine D2, serotonin 5-HT2 receptor and 
α adrenoceptor antagonist and norepinephrine uptake inhibitor 
(D2/5-HT2/α2-RAnt + NERI), which represents a group of its own in the 
NbN2r, was assigned to the group of D2/5-HT2/α2-RAnts. The signifi
cance of all tests during testing was set at 5 % (p < 0.05), representing a 
confidence level of 95%. GraphPad Prism 10 was used for statistical 
processing.

3. Results

3.1. Normalized receptor binding affinity

Data were collected for 35 APDs which are listed together with their 
NbN classification in Table 1. Median raw Ki values of these compounds 
at 25 receptors are provided in Table S2. After log-transformation, data 
were normalized to npKi values (Table S3). Normalized receptor binding 
profiles of the different APDs are depicted in Figs. 1 to 5. Herein, APDs 
are organized according to their chemical classes in order to visualize 
the connection between chemical structure and receptor binding simi
larities. Compounds were roughly categorized in tricyclic vs. non- 
tricyclic drugs. In the diagrams, npKi values for individual drugs are 
arranged in decreasing order. According to Ray (2010), an approxi
mately more than 100-fold drop in affinity relative to the receptor with 
the highest affinity for each compound (npKi = 3 in our data set, dashed 
line in the diagrams) marks the limit of perceptible (i. e., potentially 
relevant) receptor interaction.

Tricyclic antipsychotic drugs (APDs)
Figs. 1 and 2 demonstrate the receptor interaction profiles of APDs 

with a tricyclic structure. Particularly the phenothiazines with aliphatic 
and piperidine residues display a broad (diverse) receptor interaction 
spectrum including considerable adrenergic and muscarinic affinitiy 
(Fig. 1A). Compounds with a piperazine residue – including the thio
xanthine derivatives flupenthixol and thiothixene (Fig. 1B) – show a 
more pronounced normalized binding affinity for D2-like dopamine re
ceptors which represent the highest npKi values (D3 > D2 in all drugs 
except chlorprothixene). A distinguished group within the tricyclic APDs 
is formed by compounds with a seven-membered heterocyclic core 
structure, the sometimes so called “epines”, depicted in Fig. 2. As be
comes clearly visible, these drugs display higher affinites at serotonin 
(specifically the 5-HT2A receptor followed by the 5-HT2C, the 5-HT6, and 
the 5-HT7 receptors) than dopamine receptors, exhibiting an ‘atypical’ 
profile. In addition, in this latter group, npKi values are in the func
tionally relevant range also for the α1A and α2C adrenoceptors. A marked 
affinity at muscarinic M1 and M4 receptors characterize the binding 

C. Lange-Asschenfeldt et al.                                                                                                                                                                                                                   European Neuropsychopharmacology 99 (2025) 31–40 

32 

https://pdsp.unc.edu/


profile of phenothiazines with piperidine residues and the “epines” 
clozapine, olanzapine, and quetiapine.

Non-tricyclic antipsychotic drugs (APDs)
As evidenced by Fig. 3, butyrophenones, diphenylbutylpiperidines, and 

the phenylpiperazines share in common a relatively high selectivity for 
D2-like dopamine receptor binding. Of note, also 5-HT2A receptor 
binding is functionally relevant in almost all of these drugs, albeit to a 
lesser extent. Other serotonin receptors such as the 5-HT2C, the 5-HT6 
and the 5-HT7 receptor may also contribute to the compounds’ MoA.

A relatively high binding affinity to D2-like dopamine receptors with 
at least equal to higher affinity to serotonin 5-HT2A receptors charac
terizes the group of benzisoxazoles and benzisothiazoles (Fig. 4A and B). In 
addition, npKi values are in the functionally relevant range also for the 
α1A and α2C adrenoceptors here. Benzamides show a high selectivity for 
D2-like dopamine receptor binding. Besides this circumstance, 5-HT7 
receptor binding is in the functionally relevant range for amisulpride 
and remoxipride and just so the other serotonin receptor subtypes in 
remoxipride (Fig. 5). Muscarinic activity is negligible in all of the three 
last mentioned groups.

Normalized binding affinity profiles of the remaining APDs that do 
not fall in any of the abovementioned structural groups, are depicted in 
Fig. 5. It emerges that blonanserin is highly selective for D2 and D3 re
ceptor binding and the phenylindole sertindole shows a profile similar to 
the compounds shown in Figs. 2, 4A and B. Xanomeline is a unique 
substance with a predominant muscarinic receptor profile. However, its 
affinity profile is not selective as there is considerable binding affinity at 
all analyzed 5-HT receptors, α1 adrenoceptors and even D2-like receptor 
binding is not negligible.

3.2. Breadth statistics

Compound-related breadth Bsq
Based on the work of Ray (2010), the index of breadth Bsq was used 

to quantify receptor (non-)selectivity of APDs. Data are provided in 
Table S4 and presented graphically in Fig. 6A. As evidenced by Fig. 6B, 
Bsq is significantly higher in tricyclic versus non-tricyclic APDs (t = 3.74, 
df = 33, p = 0.0007). To determine a possible association between 
breadth and clinical efficacy in APDs, we correlated Bsq with the SMDs of 
APDs with data taken from the meta-analysis of Huhn et al. (2019). We 
found no significant correlation for positive (Spearman’s rho = -0.083, p 
= 0.73, n = 19), negative (Spearman’s rho = -0.36, p = 0.13, n = 19), or 
overall (Spearman’s rho = -0.30, p = 0.13, n = 27) symptoms (Fig. S1).

Receptor group-related breadth BsqG
As described above, the Bsq value may also be calculated based on 

receptor groups for individual drugs (BsqG, Table S5). The data 
demonstrate for example the primary significance of 5-HT2A/C and 
hardly less 5-HT6 and 5-HT7 receptor binding affinity in atypical in 
contrast to typical APDs (even when classified in the same NbN2r class, 
e. g., ziprasidone vs. trifluoperazine). Serotonin 5-HT1A receptor binding 
dominates in aripiprazole, brexpiprazole, and cariprazine (D2/5-HT1A- 
RPAnts). It is least pronounced in the NbN2r class of D2-RAnts which for 
their part fall into the top half of the BsqG(D2/3/4) column. Binding at the 
α2A/2C receptor is most pronounced in aripiprazole and brexpiprazole 
and the D2/5-HT2/NE-RAnts paliperidone, risperidone and clozapine as 
well as quetiapine. Antipsychotic drugs with high BsqG(M1/4) and BsqG 
(H) values are almost all tricyclic (with the exception of xanomeline) 
irrespective of their classification according to NbN2r or typical vs. 
atypical.

Table 1 
Overview of antipsychotic drugs (APDs) analyzed in this study.

Drug Neuroscience-based Nomenclature (NbN2r) Chemical class typical / atypical

Pharmacological domain (Receptor) Mode of action (abbreviation)

Amisulpride Dopamine D2-RAnt Benzamide atypical
Aripiprazole Dopamine, serotonin D2/5-HT1A-RPAnt Phenylpiperazine atypical
Asenapine Dopamine, serotonin, norepiphrenine D2/5-HT2/α2-RAnt Dibenzoxepin(o)pyrrol atypical
Blonanserin Dopamine, serotonin D2/5-HT2-RAnt Cyclooctapyridine atypical
Brexpiprazole Dopamine, serotonin D2/5-HT1A-RPAnt Phenylpiperazine atypical
Cariprazine Dopamine, serotonin D2/5-HT1A-RPAnt Phenylpiperazine atypical
Chlorpromazine Dopamine, serotonin D2/5-HT2-RAnt Phenothiazine (aliphatic) typical
Chlorprothixene Dopamine, serotonin D2/5-HT2-RAnt Thioxanthine typical
Clozapine Dopamine, serotonin, norepiphrenine D2/5-HT2/α2-RAnt Dibenzodiazepine atypical
Flupenthixol Dopamine, serotonin D2/5-HT2-RAnt Thioxanthine typical
Fluphenazine Dopamine D2-RAnt Phenothiazine (piperazine) typical
Fluspirilene N/C ​ Diphenylbutylpiperidine typical
Haloperidol Dopamine D2-RAnt Butyrophenone typical
Iloperidone Dopamine, serotonin D2/5-HT2-RAnt Benzisoxazole atypical
Loxapine Dopamine, serotonin D2/5-HT2-RAnt Dibenzoxazepine typical
Lurasidone Dopamine, serotonin D2/5-HT2-RAnt Benzisothiazole atypical
Melperone N/C ​ Butyrophenone typical
Mesoridazine N/C ​ Phenothiazine (piperidine) typical
Molindone N/C ​ Dihydroindolone typical
Olanzapine Dopamine, serotonin D2/5-HT2-RAnt Thienobenzodiazepine atypical
Paliperidone Dopamine, serotonin, norepiphrenine D2/5-HT2/α2-RAnt Benzisoxazole atypical
Perphenazine Dopamine D2-RAnt Phenothiazine (piperazine) typical
Pimozide Dopamine D2-RAnt Diphenylbutylpiperidine typical
Pipamperone N/C ​ Butyrophenone typical
Quetiapine Dopamine, serotonin, norepiphrenine D2/5-HT2/ 

α2-RAnt + NERI
Dibenzothiazepine atypical

Remoxipride N/C ​ Benzamide atypical
Risperidone Dopamine, serotonin, norepiphrenine D2/5-HT2/α2-RAnt Benzisoxazole atypical
Sertindole Dopamine, serotonin D2/5-HT2-RAnt Phenylindole atypical
Sulpiride Dopamine D2-RAnt Benzamide atypical
Thioridazine Dopamine, serotonin D2/5-HT2-RAnt Phenothiazine (piperidine) typical
Thiothixene N/C ​ Thioxanthine typical
Trifluoperazine Dopamine, serotonin D2/5-HT2-RAnt Phenothiazine (piperazine) typical
Xanomeline N/C ​ Thiadiazol-tetrahydropyridine atypical
Ziprasidone Dopamine, serotonin D2/5-HT2-RAnt Benzisothiazole atypical
Zotepine Dopamine, serotonin D2/5-HT2-RAnt Dibenzothiepine atypical

RAnt, receptor antagonist; RPAnt, receptor partial agonist/antagonist; NERI, norepinephrine reuptake inhibitor; N/C, not classified in the NbN2r
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To evaluate the NbN classification of APDs, we aimed to determine 
statistical differences between breadth values of salient receptors/re
ceptor groups among the four NbN2r classes of APDs. Fig. 7 illustrates 
the results of the one-way ANOVA tests. A significant difference was 
found for BsqG(D2/3/4) (F = 5.24, p< 0.01, Fig. 7A). Testing for multiple 
comparisons with Tukey’s test revealed a statistical significance only 
between the D2-RAnt and the D2/5-HT2-RAnt groups (p < 0.01). BsqG(5- 
HT2A/C) also significantly differed among the groups (F = 8.88, p <

0.001, Fig. 7B) with group differences between the D2-RAnt and the D2/ 
5-HT2-RAnt (p < 0.001) and the D2-RAnt and D2/5-HT2/α2-RAnt (p <
0.01) groups. BsqG(5-HT1A) showed a marked overall statistical signifi
cance (F = 12.13, p < 0.0001, Fig. 7C); intergroup differences were 
obtained for the D2/5-HT1A-RPAnt vs. D2-RAnt (p < 0.0001), D2/5- 
HT1A-RPAnt vs. D2/5-HT2/α2-RAnt (p < 0.01) and the D2/5-HT1A-RPAnt 
vs. D2/5-HT2-RAnt (p < 0.001) groups. Finally, the analysis revealed a 
statistical significance for BsqG(α2A/C) (F = 7.35, p < 0.01, Fig. 7E) with 

Fig. 1. Normalized receptor affinity profiles: Tricyclic antipsychotic drugs (APDs) I: 
(A) Phenothiazine and (B) thioxanthene derivatives. Vertical axes represent normalized pKi (npKi), horizontal axes represent target receptors, arranged in the order of 
decreasing affinity for each individual drug. npKi = 5 is assigned to the receptor with the highest affinity, npKi = 0 means no specific affinity of the drug at the 
corresponding receptor. Different classes of receptors are labeled with colors: red: dopamine, yellow: serotonin, green: norepinephrine (α), dark blue: norepinephrine 
(β), brown: muscarine, violet: histamine receptors. Dashed line represents a 100-fold drop in affinity relative to the receptor with maximum affinity.

Fig. 2. Normalized receptor affinity profiles: Tricyclic antipsychotic drugs (APDs) II: 
Compounds with 7-membered heterocyclic core structure („epines“). Vertical axes represent normalized pKi (npKi), horizontal axes represent target receptors, ar
ranged in the order of decreasing affinity for each individual drug. npKi = 5 is assigned to the receptor with the highest affinity, npKi = 0 means no specific affinity of 
the drug at the corresponding receptor. Different classes of receptors are labeled with colors: red: dopamine, yellow: serotonin, green: norepinephrine (α), dark blue: 
norepinephrine (β), brown: muscarine, violet: histamine receptors. Dashed line represents a 100-fold drop in affinity relative to the receptor with maximum affinity.
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intergroup differences between the D2-RAnt vs. D2/5-HT1A-RPAnt (p <
0.05) and the D2-RAnt vs. D2/5-HT2-RAnt (p < 0.01) groups. No sta
tistical significance was seen for BsqG(5-HT6/7), and BsqG(M1/4) among 
the four groups, respectively.

4. Discussion

In this article, we present normalized receptor binding affinity pro
files of APDs and provide an approach to quantify the breadth of the 
binding spectrum. We propose it as a reference work on their multi
receptor affinity pharmacology. In the following sections, implications 
for the importance of individual receptor groups as well as clinical ef
ficacy and, last but not least, the current APD classification will be 
discussed.

4.1. Dopamine receptors

According to the dopamine hypothesis of schizophrenia, striatal 
dopamine D2-like receptor blockade plays an essential role for the MoA 
of APDs (Grace & Uliana, 2023). This MoA applies to most APDs (Kaar 
et al., 2020), however, important exceptions are: clozapine (Remington 
et al., 2016), (more or less) xanomeline (Meyer et al., 2025) and the 
phenylpiperazine derivatives aripiprazol, brexpiprazol, and cariprazine 
which act as D2/5-HT1A-RPAnts (Partial agonism is characterized by 
only partial efficacy or reduced intrinsic activity inspite of full receptor 
binding); these partial agonists stabilize against variable activities of the 
natural ligand by enhancing receptor activity in case of low levels of the 
endogenous ligand and blocking it at high levels (Meyer, 2024).

In the present study, D2-like receptor npKi values were in the sig
nificant range for all compounds (including clozapine and xanomeline). 
Exceptions for the D4 receptor were: perphenazine, fluphenazine, 
molindone, quetiapine, and blonanserine. On the contrary, in clozapine, 

the latter receptor displayed the highest relative binding affinity of all 
dopamine receptors. This receptor actually has been related to this 
drug’s unique MoA and a research target of novel therapeutic agents 
(Lindsley and Hopkins, 2017). Not surprisingly, values for Bsq(D2/3/4) 
were highest in typical APDs. In contrast, the D1-like receptors (D1, D5) 
fell outside this range in a clear majority of compounds indicating a 
subordinate role in antipsychotic MoA.

4.2. Serotonin receptors

A more favorable side effect profile (mainly regarding EPS including 
tardive dyskinesia) and clinical efficacy against cognitive and negative 
symptoms of SSDs are defining characteristics of atypical APDs. Most 
importantly, the higher affinity at the 5-HT2A compared to the D2 re
ceptor has been considered relevant for ‘atypicality’ (Meltzer, 2013). 
Moreover, this receptor appears to be involved in the pathophysiology of 
SSDs as its blockade leads to decreased dopamine transmission in the 
mesolimbic system (Aringhieri et al., 2018) and dysregulated 5-HT2A 
receptor binding was found in post mortem frontal cortex of schizo
phrenia patients (Muguruza et al., 2013). Our presentation of normal
ized binding affinities facilitates the identification of ‘atypical’ profiles 
(= npKi 5-HT2A > D2) at a glance as follows: asenapine, clozapine, ilo
peridone, lurasidone, olanzapine, quetiapine, risperidone, xanomeline, 
ziprasidone, and zotepine. However, the typical APDs chlorprothixene, 
loxapine, and pipamperone share this profile as well. All of the afore
mentioned compounds listed so far in the NbN2r system are either 
classified as dopamine/serotonin or dopamine/serotonin/nor
epinephrine antagonists.

5-HT2C receptors tonically inhibit prefrontal dopamine (and 
norepinephrine) release (Millan et al., 1998) and thus, antagonism at 
this receptor along with 5-HT2A receptor blockade may contribute to 
improve negative symptoms and cognition in SSDs. Another important 

Fig. 3. Normalized receptor affinity profiles: Non-tricyclic antipsychotic drugs (APDs) I: 
(A) Butyrophenone, (B) diphenylbutylpiperidine, and (C) phenylpiperazine derivatives. Vertical axes represent normalized pKi (npKi), horizontal axes represent 
target receptors, arranged in the order of decreasing affinity for each individual drug. npKi = 5 is assigned to the receptor with the highest affinity, npKi = 0 means no 
specific affinity of the drug at the corresponding receptor. Different classes of receptors are labeled with colors: red: dopamine, yellow: serotonin, green: norepi
nephrine (α), dark blue: norepinephrine (β), brown: muscarine, violet: histamine receptors. Dashed line represents a 100-fold drop in affinity relative to the receptor 
with maximum affinity.

C. Lange-Asschenfeldt et al.                                                                                                                                                                                                                   European Neuropsychopharmacology 99 (2025) 31–40 

35 



Fig. 4. Normalized receptor affinity profiles: Non-tricyclic antipsychotic drugs (APDs) II: 
(A) Benzisoxazole, (B) benzisothiazole, and (C) benzamide derivatives. Vertical axes represent normalized pKi (npKi), horizontal axes represent target receptors, 
arranged in the order of decreasing affinity for each individual drug. npKi = 5 is assigned to the receptor with the highest affinity, npKi = 0 means no specific affinity 
of the drug at the corresponding receptor. Different classes of receptors are labeled with colors: red: dopamine, yellow: serotonin, green: norepinephrine (α), dark 
blue: norepinephrine (β), brown: muscarine, violet: histamine receptors. Dashed line represents a 100-fold drop in affinity relative to the receptor with 
maximum affinity.

Fig. 5. Normalized receptor affinity profiles: Non-tricyclic antipsychotic drugs (APDs) III: 
Other compounds. Vertical axes represent normalized pKi (npKi), horizontal axes represent target receptors, arranged in the order of decreasing affinity for each 
individual drug. npKi = 5 is assigned to the receptor with the highest affinity, npKi = 0 means no specific affinity of the drug at the corresponding receptor. Different 
classes of receptors are labeled with colors: red: dopamine, yellow: serotonin, green: norepinephrine (α), dark blue: norepinephrine (β), brown: muscarine, violet: 
histamine receptors. Dashed line represents a 100-fold drop in affinity relative to the receptor with maximum affinity.
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aspect is, of course, weight gain as a side effect (Kusumi et al., 2015; 
Meltzer & Massey, 2011). Our data show high values for Bsq(5-HT2A/C), 
particularly for dopamine/serotonin type APDs according to the NbN2r 
classification. This also included APDs formerly categorized as typical 

APDs.
Regarding the 5-HT1A receptor, our data illustrate significant binding 

for a large number of APDs (typical and atypical alike), but all of them 
falling either into the D2/5-HT2-RAnt or D2/5-HT2/α2-RAnt or (most 

Fig. 6. Breadth (Bsq) of receptor interaction and compared clinical efficacy of individual antipsychotic drugs (APDs) and drug classes. (A) Thirty-five APDs arranged 
in the order of decreasing breadth (increasing selectivity). Colors indicate group assignement according to the Neuroscience-based Nomenclature, 2nd revision 
(NbN2r), as follows: light blue: dopamine receptor antagonists (D2-RAnts), yellow: dopamine, serotonin receptor antagonists (D2/5-HT2-RAnts), magenta: dopamine, 
serotonin, norepinephrine receptor antagonists (D2/5-HT2/α2-RAnts), orange: dopamine, serotonin, norepinephrine receptor antagonists and norepinephrine re
uptake inhibitor (D2/5-HT2/α2-RAnt + NERI), light green: dopamine, serotonin receptor partial agonists (D2/5-HT1A-RPAnts). (B) Breadth Bsq of 35 APDs and basic 
chemical structure: tricyclic compounds are significantly less selective regarding the set of 25 receptors considered in this study (Student’s t-test).

Fig. 7. Comparison of receptor group-related breadth BsqG of salient receptor groups in four APD classes according to the Neuroscience-based Nomenclature, 2nd 
revision (NbN2r). BsqG is calculated as the root of the sum of squares of npKi values of the receptors indicated in brackets, as detailed in the Methods section, and is 
introduced here as a measure of the weight of a receptor group regarding a drug’s mechanism of action. (A) D2-like receptors, (B) 5-HT2 receptors, (C) 5-HT1A 
receptor, (D) 5-HT6 and 5-HT7 receptors, (E) α2 adrenoceptors, (F) muscarinic receptors. One-way ANOVA followed by Tukey’s post-hoc test (*p < 0.01, **p < 0.001, 
***p < 0.0001); values are means ± standard deviations. Color coding of APD classes according to NbN2r is the same as in Fig. 6A and Table S5. Abbreviations: RAnt, 
receptor antagonists; RPAnt, receptor partial agonists (antagonists); NERI, norepinephrine reuptake inhibitor. NB: Quetiapine which originally constitutes a group of 
its own (D2/5-HT2-RAnt and NERI) was assigned to the D2/5-HT2-RAnts.
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pronounced) the D2/5-HT1A-RPAnt categories in the NbN2r. An excep
tion is xanomeline, which has not been classified yet but displays 
considerable binding affinity at the 5-HT1A receptor. Partial 5-HT1A 
receptor agonism facilitates prefrontal dopamine release (Bortolozzi 
et al., 2010) and reduces the activity of γ-aminobutyric acid (GABA) 
interneurons, leading to disinhibition of glutamatergic neurons 
(Lladó-Pelfort et al., 2012). Moreover, clinical studies indicate that 
5-HT1A receptor agonism mediates procognitive effects in SSD (Kusumi 
et al., 2015). Thus, partial agonism at this receptor seems to be an 
important complement to 5-HT2A antagonism. A commonality of several 
(low potency) FGAs, many SGAs and all TGAs is a functionally relevant 
5-HT6 and 5-HT7 receptor binding. These receptors, too, play a role in 
improving cognition in preclinical and clinical studies of SSDs (Meneses, 
2014).

4.3. α Adrenoceptors

α Adrenoceptor blockade is thought to contribute to antipsychotic 
actions of APDs. Specifically, α1 adrenoceptor antagonism may suppress 
positive symptoms, while blocking α2 adrenoceptors relieve negative 
and cognitive symptoms via actions on prefrontal cortical noradrenaline 
and dopamine release, dopaminergic mesocorticolimbic circuitry and 
direct and indirect facilitation of serotonergic neurotransmission 
(Maletic et al., 2017). Accordingly, functionally relevant npKi values of 
α1A/B subtypes were calculated in the majority of all APDs in our study 
whereas α2A/C subtypes reached relevant orders of magnitude almost 
exclusively in atypical APDs. These receptors are also determinant for 
side effects: blockade of α2A adrenoceptors for weight gain and of α1 
subtypes for orthostatic hypotension.

4.4. Muscarinic receptors

Muscarinic cholinergic neurotransmission promotes cognitive pro
cesses, including memory, learning and sensory perception. Particularly 
M1 and M4 receptors have received significant attention in psychotropic 
drug development for their potential benefit in relieving psychosis and 
enhancing cognition as their (allosteric) activation robustly modulates 
dopamine signaling in the striatum and the prefrontal cortex in schizo
phrenia (Foster et al., 2021). Significant npKi values of both receptors 
were found for clozapine, olanzapine, and xanomeline (Figs. 3 and 5, 
Table S3). Xanomeline and clozapine had the highest values for 
Bsq(M1/4) of all APDs. Significant muscarinic receptor binding also oc
curs in other tricyclic compounds such as the phenothiazines. M1 and M4 
receptor binding has a strong impact on the side effect profile: on the one 
hand it mediates the typical central and peripheral anticholinergic side 
effects and on the other helps offset EPS induced by D2 receptor binding.

4.5. Histamine receptors

The histaminergic system plays a significant role in sleep-wake cycle 
and appetite regulation, cognition, and arousal and histamine receptors 
are widely distributed in the CNS. Originating from the tuber
omammillary nucleus of the posterior hypothalamus, histaminergic 
pathways project into almost all of the major regions in the brain. Hy
pothalamic blockade of the H1 receptor is responsible for APD-induced 
sedation and weight gain. The H3 receptor is involved in cortical 
arousal regulation and the modulation of learning and memory. It is an 
auto-receptor regulating histamine synthesis and release and its 
blockade promotes wakefulness and cognitive functions such as memory 
consolidation and retrieval (Kaita et al., 2024) and might provide 
benefit for the treatment of dyscognitive symptoms in SSD (Nishii et al., 
2025). Last but not least, histamine receptors have been implicated in 
SSD pathophysiology. For example, indirect evidence from post mortem 
studies of SSD patients suggests increased histaminergic signaling via 
these receptors (Cheng et al., 2021). Our data show significant H1 re
ceptor binding for tricyclic APDs with particularly high npKi values for 

the heterocyclic “epines”. Relevant H1 receptor binding also occurs in 
benzisoxazoles and the benzisothiazole ziprasidone. Binding affinities at 
other histamine receptor subtypes were of minor significance in this 
dataset.

4.6. Quantification of binding diversity: breadth Bsq, chemical structure, 
and clinical efficacy

Our data illustrate that APDs licensed around the world possess a 
spectrum of varying breadth of pharmacological properties. We applied 
a method introduced by Ray (2010), who studied the binding profiles of 
psychedelic drugs, to normalize affinity (Ki) data in a way that factors 
out potency so that the multireceptor affinity of different APDs can be 
directly compared. This method facilitates to quantify and compare the 
breadth of receptor interactions of different APDs/APD classes by using 
the value Bsq. As an example, we held the receptor breadth against the 
chemical structure of the APDs. These data show the significant influ
ence of a tricyclic basic structure on receptor breadth (Fig. 6B), irre
spective of their assignment to any class or characteristics such as 
atypicality or potency.

Based on the broad receptor action of clozapine, a highly potent and 
in several aspects unique APD, it has been argued that pleiotropic CNS 
drugs might be more effective than selective ones. Due to their complex 
pharmacology, the former are sometimes called ‘dirty drugs’ or ‘magic 
shotguns’ as opposed to the latter as ‘magic bullets’ (Roth et al., 2004). 
One rationale for this is the putatively polygenic etiology of major 
psychiatric diseases such as SSDs and a broad array of molecular targets 
implicated by genetic studies (Schizophrenia Working Group of the 
Psychiatric Genomics Consortium, 2014). Moreover, several rather un
successful attempts have been made to develop highly selective APDs 
such as D4 receptor selective drugs or compounds with 5-HT2A/D4 re
ceptor antagonism (Roth et al., 2004). However, we found no statisti
cally significant correlation between receptor breadth Bsq and APD 
clinical efficacy, neither regarding positive nor negative symptoms. 
Highly potent APDs can be both non-selective (high breadth) agents 
such as clozapine or olanzapine or selective drugs such as the 
benzamides.

4.7. Receptor group-specific breadth Bsq(G) as an approach to evaluate 
neuroscience-based nomenclature (NbN) of antipsychotic drugs (APDs)

With the introduction of the NbN 10 years ago, a pharmacologically 
driven classification system became available for the first time (Zohar 
et al., 2015). While it has become the standard in the scientific litera
ture, it has not yet become established in clinical practice, where the 
dichotomy of typical vs. atypical APDs still predominates (the histori
cally oriented FGA/SGA – and sometimes TGA – grouping is practically 
used synonymously) (McCutcheon et al., 2024). Atypicality was defined 
as a lower propensity to EPS, including tardive dyskinesia, and hyper
prolactinaemia as well as better therapeutic efficacy, particularly 
regarding negative and cognitive symptoms of schizophrenia (Kinon & 
Lieberman, 1996). However, the typical/atypical dichotomy has several 
shortcomings: First, the boundary is not clear-cut: several atypical drugs 
such as risperidone produce more EPS (and hyperprolactinaemia) than 
typical drugs such as chlorpromazine. In addition, it is in some way a 
dosing artefact with many atypical APDs adopting typical features at 
higher dosages (Leucht et al., 2024). Second, there is no clear distinction 
in terms of clinical efficacy, even at the level of negative or dyscognitive 
symptoms (Baldez et al., 2021). Third and most important to the clini
cian, the atypical group is extremely heterogeneous and MoAs are 
obscured with this terminology which complicates the development of 
treatment strategies (i. e., drug switch, combination). In these aspects, 
the pharmacologically driven NbN offers an improvement to researchers 
and clinicians alike. Of note, the NbN is rather descriptive and basically 
relies on expert judgement. However, constructing BsqG values from our 
normalized binding data enabled us to analyze the weight of selected 
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receptors/receptor groups within a specific drug’s binding spectrum. 
Our study included a test, whether these weights are reflected by the 
current NbN classification, with the following conclusions (see Fig. 7): 

(1) Consistent with the NbN, D2-RAnts form a separate group since 
BsqG(D2/3/4) differed significantly from the other groups: (I) 
against D2/5-HT2/α-RAnts regarding 5-HT2A/C (Fig. 7B) and α2A/ 

C (Fig. 7E), (II) against and D2/5-HT2-RAnts regarding 5-HT2A/C 
(Fig. 7B), and (III) against D2/5-HT1A-RPAnts regarding 5-HT1A 
(Fig. 2C) and α2A/C (Fig. 7E).

(2) The BsqG(5-HT1A) of the D2/5-HT1A-RPAnts differed significantly 
from that of all other NbN groups (Fig. 2C), suggesting a distinct 
MoA in consistence with the NbN.

(3) BsqG of the D2/5-HT2-RAnts showed statistical significance (I) 
against the D2-RAnts regarding D2/3/4 (Fig. 7A) and 5-HT2A/C 
(Fig. 7B), but not 5-HT1A and α2A/C (Fig. 7C and E), and (II) 
against the D2/5-HT1A-RPAnts regarding 5-HT1A (Fig. 7C), but 
not other receptors.

(4) Also less clear-cut, BsqG of D2/5-HT2/α-RAnts showed statistical 
significance (I) against D2-RAnts regarding 5-HT2A/C (Fig. 7B) 
and α2A/C (Fig. 7E) and (II) against D2/5-HT1A-RPAnts regarding 
5-HT1A (Fig. 7C), but not other receptors.

Taken together, APDs analyzed in this study display distinctive MoA 
profiles that only partially align with the NbN systematic. Thus, more 
research (probably using more complex methods such as tissue-based or 
in vivo models, see below) is needed to validate this current classification 
system.

4.8. Limitations

This study has several limitations that need to be addressed. First, 
our analysis is solely based on human cloned receptors. As opposed to 
native tissue, recombinant receptors do not represent the full spectrum 
of signaling pathways as one receptor subtype may, for example, acti
vate a range of different G-proteins (Gaitonde et al., 2024). In addition, 
more complex receptor interactions like receptor oligomerization or 
cross-talk between second messengers does not occur at this resricted 
level. Second, we analyzed affinity data without considering intrinsic 
activity or agonist / partial agonist dynamics, questions of functional 
selectivity or biased agonism. Third, in vitro data as in this and similar 
studies are of limited value in anticipating (beneficial or adverse) clin
ical effects since, for example, pharmacokinetic variables were not 
considered. Fourth, we would like to state the dynamic nature of the 
PDSP database which is continuously updated and individual receptor Ki 
values may be subject to change over time as new studies emerge.

5. Conclusion

In this work, we provide a reference work for binding affinity data of 
35 APDs licensed worldwide. By normalizing binding affinity data of 
APDs on the single drug level, it becomes possible to directly compare 
and visualize the multireceptor affinity profiles of the different com
pounds. We have shown that summing up normalized binding affinity 
values on the level of a) the whole set of receptors of an individual drug 
or b) a receptor group within this drug yields a simple quantitative 
measure of a) this drug’s receptor interaction breadth and b) the weight 
of a certain receptor group regarding the drug‘s binding spectrum. We 
also showed that the breadth of receptor interaction is significantly 
associated with a tricyclic chemical structure and did not per se correlate 
with clinical efficacy in APDs. Finally, statistical analysis of the group 
breadth of individual receptor systems revealed only partial corre
spondence with the NbN classification which has yet to be validated, 
probably using more complex, e.g., tissue-based or in vivo models.
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