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Abstract

In light of the multifactorial origin of neurodegenerative disorders and some body of 

evidence indicating that pharmacological blockade of serotonin 5-HT6 and dopamine D3 

receptors might be beneficial for cognitive decline, we envisioned (S)-1-[(3-

chlorophenyl)sulfonyl]-4-(pyrrolidine-3-yl-amino)-1H-pyrrolo[3,2-c]quinoline (CPPQ), a 

neutral antagonist of 5-HT6R, as a chemical template for designing dual antagonists of 5-

HT6/D3 receptors. As shown by in vitro experiments, supported by quantum chemical 

calculations and molecular dynamic simulations, introducing alkyl substituents at the 

pyrrolidine nitrogen of CPPQ, fulfilled structural requirements for simultaneous modulation of 

5-HT6 and D3 receptors.

The study identified compound 19 ((S)-1-((3-chlorophenyl)sulfonyl)-N-(1-

isobutylpyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-amine), which was classified as a dual 5-

HT6/D3Rs antagonist (Ki (5-HT6) = 27 nM, Ki (D3) = 30 nM). Compound 19 behaved as a neutral 

antagonist at Gs signaling and had no influence on receptor-operated, cyclin-dependent kinase 

5 (Cdk-5)-dependent neurite growth. In contrast to the well characterized 5-HT6R antagonist 

intepirdine, compound 19 displayed neuroprotective properties against astrocyte damage 

induced by doxorubicine, as shown using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

(MTT) staining to assess cell metabolic activity and lactate dehydrogenase (LDH) release as an 

index of cell membrane disruption. This feature is of particular importance considering the 

involvement of loss of homeostatic function of glial cells in the progress of neurodegeneration. 

Biological results obtained for 19 in in vitro tests, translated into pro-cognitive properties in 

phencyclidine (PCP)-induced memory decline in the novel object recognition (NOR) task in 

rats.

Key words:

5-HT6R antagonists, D3R antagonists, Cdk5 signaling pathway, multifunctional ligands, salt 

bridge, molecular dynamics, neuroprotection, astrocytes, novel object recognition test
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Introduction

Cognitive impairment is a common feature of neurodegenerative and psychiatric diseases. 

This type of decline involves a variety of cognitive domains, including memory, attention, 

language comprehension and problem-solving skills.1 Deficits in these functions contribute to 

a poor level of social interaction and decreased quality of life. Although various procognitive 

drug candidates have been investigated in clinical trials for cognitive dysfunctions in 

Alzheimer’s disease (AD) and schizophrenia, no disease modifying treatment has been 

clinically validated so far. Thus, development of new compounds for symptomatic 

pharmacotherapy still seems to be a valid strategy.

Because of the multifactorial etiology of neurodegenerative and psychiatric disorders, 

selective drugs have shown limited efficacy in clinical trials.2,3 One example is represented by 

serotonin 5-HT6R antagonists, which have been widely explored as potential therapy for 

memory decline in AD. According to recent clinical reports, the positive effects of idalopirdine 

and intepirdine on memory deficits have not been confirmed in phase III clinical trials. 

Nevertheless, the exact cause of these results remain unclear and 5-HT6R antagonism is still 

being investigated in both preclinical and clinical studies.4–6 

The constant interest in 5-HT6R ligands results from the unique properties of this protein. 

The 5-HT6R belongs to the G-protein coupled receptors (GPCRs) family and displays high level 

of constitutive activity at Gs signaling. It also engages additional signaling pathways, such as 

extracellular kinase 1/2 (ERK1/2)7 and cyclin dependent kinase 5 (Cdk5), the latter being 

involved in neurogenesis process.8,9 5-HT6R also recruits several proteins of the mechanistic 

Target Of Rapamycin (mTOR) pathway which accounts for the impact of the receptor in some 

cognition paradigms in rodents(Figure 1).10,11 An additional particular feature of the 5-HT6R is 

its exclusive localization in the central nervous system, especially in brain regions involved in 

learning and memory processes including the prefrontal cortex, hippocampus and stratium.12,13 

Because 5-HT6R blockade enhances cholinergic, glutamatergic and noradrenergic 

transmission, this mechanism has been involved in the improvement of cognitive performance 

induced by 5-HT6R antagonists (Figure 1).14–17

Another molecular target, which has emerged as promising for developing novel pro-

cognitive drugs, is dopamine D3R. This GPCR is localized in the limbic areas of the brain. In 

addition to coupling to Gi/0 protein, it engages other transduction pathways, including Cdk518 

and mTOR pathways.19 An additional value of this mechanism of action is the possibility of 
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enhancing the acetylcholine and glutamate signalling.20,21 Therefore, blockade of D3R may 

improve cognitive decline and also relieve the negative symptoms of psychosis (Figure 1).22

Figure 1. Schematic representation of the hypothetical influence of dual 5-HT6/D3Rs 

antagonists on cognitive functions.

Because cognitive decline is a common symptom of CNS diseases characterized by a 

loss of neuronal cells, neuroprotective properties may be a valuable add-on effect of 

pharmacotherapy. Among glial cells, astrocytes play a crucial role in the viability and 

physiological function of neurons by maintaining proper function of the CNS 

microenviroment.23 Astrocytes supply neurons with vital metabolites, initiate cell repair 

systems and release cytokines and growth factors that exert multidirectional effects. The 

supporting role of astrocytes in the CNS confers them with intrinsic neuroprotective 

properties.24

The aforementioned observation provided the impetus to design dual 5-HT6/D3Rs 

antagonists that display neuroprotective properties in cellular assays and ameliorate cognitive 

decline in animal models. Hence, we envisioned introducing various alkyl chains at the nitrogen 

atom of pyrrolidine in the CPPQ (a neutral 5-HT6R antagonist with pro-cognitive properties) 

scaffold (Figure 2).25 This approach involved the idea of merged ligands, in which alkyl chains, 

representing pharmacophore fragment of D3R antagonists, were combined with 5-HT6R 

antagonist template. 

N

N
SO

O

Cl

CPPQ

Ki 5-HT6 = 3 nM

Kb 5-HT6 = 0.41 nM

N
H

NH

N

N
SO

O

X

Y

N

Designed derivativesSelective 5-HT6R antagonist

Eticlopride

Selective D3 antagonists

Nafadotride

alkyl

N

O

N
H

O

Cl

OH

N

O

N
H

O

CN

Figure 2. A strategy for designing dually acting 5-HT6/D3Rs antagonists.
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5

In accordance to our previous work,25 chlorine atom in the meta position of arylsulfonyl 

fragment was the most favorable substituent for interaction with the 5-HT6R. Thus, in order to 

evaluate the impact of applied modifications on affinity for both receptors, investigations were 

limited to this substitution pattern. The choice also resulted from preferential role of chlorine 

atom in stabilization of the ligand-receptor complex by the halogen bonding.26–28 Finally, to 

investigate the stereochemical preference of designed derivatives, four pairs of enantiomers 

were tested. The influence of applied modifications on 5-HT6/D3Rs affinity was first tested in 

in vitro studies, supported by in silico analysis. The most promising compound 19 was further 

examined for its functional properties in 5-HT6R-operated constitutive activity at Gs and Cdk5 

signaling and D3R-operated cAMP signaling. Compound 19 and its active comparators – CPPQ 

and intepirdine, were subsequently evaluated for their neuroprotective properties in astrocyte 

cells. Finally, to confirm the presented concept, the ability of 19 to reverse drug-induced 

memory deficits was measured in the NOR test in rats. 

Chemistry

The designed compounds were synthesized using a multistep procedure (Scheme 1), 

starting from pyrroline 1 obtained following a flow-chemistry approach.29 

N
Ts

NO2

CO2Me

HN

NO2

CO2Me

HN

NH2

CO2Me
N
H

HN

O

N

HN

ClN

N

Y

SO

O

N

HN

N
H

1 2 3 4

NH N

N

N

Y

SO

O

N

X

X

X = H, Cl, F
Y = NH, O
R = H, Et, Pr, cPrMe

iso-But, 2-MetBu

11-21

56a, 6b10a-10e

iv

vvi

x

i ii iii

N

N

ClN

N

O

N

Boc

viii

N

HN

O

N

Boc

ix

vii

vi

789

R

Boc

Scheme 1. Reagents and conditions: (i) NaOt-Bu, DMF, RT, 2 h; (ii) H2, Pd/C, MeOH, RT, 2 h; 
(iii) AcOH, sec-BuOH, 60°C, 3 h; (iv) POCl3, 105°C, 4 h; (v) (R)-3-amino-1-Boc-pyrrolidine 
or (S)-3-amino-1-Boc-pyrrolidine, MeCN, MW 140°C, 7h (vi) 1. arylsulfonyl chloride, BTPP, 
DCM, 0°C – RT, 3 h, 2. 1M HCl/MeOH RT, 5h; (vii) benzyl bromide, Cs2CO3, DMF, RT, 
30 min; (viii) (S)-3-hydroxy-1-Boc-pyrrolidine, Pd2(dba)3, BINAP, KOt-Bu, toluene; MW 
114°C. (ix) O2, KOt-Bu, DMSO, 70°C, 1h; (x) aldehyde, NaBH3CN, EtOH, RT, 12 h. 
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6

Removal of the tosyl group in basic conditions (NaOt-Bu) allowed for simultaneous 

aromatization of the pyrroline moiety and generation of pyrrole derivative 2, which was further 

reduced using palladium on charcoal under hydrogen atmosphere to yield amino derivative 3. 

Heating of the latter with acetic acid in boiling sec-butanol allowed intramolecular cyclization 

to afford lactam derivative 4, which was submitted for the oxidative chlorination to yield 1H-

pyrrolo[3,2-c]quinoline 5. Treatment of the synthon 5 with pure enantiomers of 3-amino-1-

Boc-pyrrolidine in acetonitrile at 140°C, under microwave assisted conditions, yielded amine 

derivatives 6a and 6b. On the other hand, reaction with (S)-3-hydroxypyrrolidine, required prior 

introduction of benzyl protecting group at the N1 position of pyrroloquinoline  to obtain 

derivative 7. This route enabled O-arylation with a Boc-protected aminoalcohol under 

Buchwald-Hartwig conditions, yielding compound 8. The benzyl group in 8 was subsequently 

removed by bubbling compressed air into a DMSO solution of 8, in the presence of KOt-Bu at 

70°C for 1 h yielding 9.30 Coupling of compounds 6a, 6b and 9 with selected arylsulfonyl 

chlorides in the presence of a phosphazene base, P1-t-Bu-tris(tetramethylene) (BTPP), provided 

arylsulfonyl derivatives of Boc-protected N-4-(pyrrolidin-3-ylamino)-1H-pyrrolo[3,2-

c]quinolines (10a–d) and O-4-(pyrrolidin-3-ylamino)-1H-pyrrolo[3,2-c]quinoline (10e). 

Subsequent removal of the Boc group in acidic conditions furnished hydrochloride salts of the 

secondary amines. The obtained derivatives 10a–10e were further submitted to reductive 

amination using sodium cyanoborohydride in ethanol at room temperature, yielding final 

tertiary amines 11–21. 

Results and discussion 

Pharmacological in vitro evaluation and structure-activity relationship studies

Multifunctional drugs, combining several pharmacological effects in a single molecule, 

constitute a promising strategy for the treatment of multifactorial neurodegenerative and 

psychiatric diseases. Compounds reported in literature, which simultaneously bind to 5-HT6 

and D3Rs, display neither high affinity for both targets31 nor show activity in functional 

assays.32,33 In the present study, compound CPPQ, a neutral 5-HT6R antagonist, was structurally 

modified with various alkyl substituents at nitrogen atom of pyrrolidine, in order to obtain dual 

5-HT6/D3Rs ligands (Figure 2).
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7

Synthesized compounds 11–21 displayed moderate-to-high affinity for the 5-HT6R (Ki = 

4–106 nM) in [3H]-LSD binding assay. Derivatives selected on the basis of high 5-HT6R 

affinity, (Ki values below 30 nM), showed moderate-to-high affinity for D3R expressed as % 

inhibition of [3H]-methylspiperone specific binding (77 – 98 % at 1 μM) (Table 1). 

Table 1. Binding data of compounds 11–21 for 5-HT6 and D3 receptors.

N

N

Y

N

R

S
O

O

X

Ki [nM]a %inh binding
@ 1μMbCompd X Y R

R
Volume 

[cm3/mol]

R/S

5-HT6 D3

CPPQ 3-Cl NH H – S 3c 69

11 3-Cl NH Et 44.471 R 52 NT

12 3-Cl NH Et 44.471 S 11 77

13 3-Cl NH Pr 54.052 R 61 NT

14 3-Cl NH Pr 54.052 S 17 87

15 3-Cl O Pr 54.052 S 21 80

16 3-Cl NH cPrMe 92.791 R 106 NT

17 3-Cl NH cPrMe 92.791 S 41 NT

18 3-Cl NH isoBu 59.21 R 56 NT

19 3-Cl NH isoBu 59.21 S 27 98

20 3-Cl NH 2-MetBu 87.144 S 30 78

21 H NH Pr 54.052 S 51 NT

aMean Ki values, based on three independent binding experiments (SEM ≤ 18%)
bPercentage displacement values at 10−6 M; performed at Eurofins (www. eurofinsdiscoveryservices.com)
cData taken from ref. 25

These observations were consistent with results of in silico experiments, indicating that 

generally all obtained compounds (11–21) show coherent binding modes to the 5-HT6R. The 

protonated pyrrolidine moiety formed a salt bridge with D3.32, the 1H-pyrrolo[3,2-c]quinoline 

ring formed CH–π interaction with F6.52, and the terminal 3-substituted phenyl ring expanded 

into a hydrophobic cavity between transmembrane domains (TMs) 3–5 and the extracellular 

loop 2 (ECL2) (Figure 3A). 

Page 7 of 36

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



8

Figure 3. (A) Superposition of the binding mode of S enantiomers with different alkyl chains 
on the nitrogen atom of pyrrolidine in the 5-HT6 receptor binding site (CPPQ–green, 12–yellow, 
14–lime, 17–magenta and 19–cyan). (B) Binding mode of compound 19 in D3 receptor. (C) 
Binding mode of compound 18 (R enantiomer), and (D) Binding mode of compound 19 (S 
enantiomer), with its the most populated 5-HT6R conformations obtained by the clustering of 
the MD trajectories. The N(+)H∙∙∙(–)O cyclic-tertiary amine theoretical interaction sphere 
illustrates the projected qualities of the formed L−R salt bridge. Interaction energies are 
represented by bins for which spectrum colors (red to blue to purple) were assigned to denote 
the interaction energy level. 

Analysis of the binding mode of all synthesized derivatives to D3R indicated that the 

protonated pyrrolidine moiety created salt bridge with D3.32, the 1H-pyrrolo[3,2-c]quinoline 

ring formed CH–π interaction with F6.51, the sulfonamide group was hydrogen bonded with 

S5.43, and the terminal 3-substituted phenyl ring formed π–π interaction with H6.55 (Figure 

3B). 

We next focused on the influence of the kind of the alkyl substituent on the basic nitrogen 

atom of pyrrolidine of CPPQ on the receptors affinity. Introduction of an ethyl moiety, with 

substituent volume (R volume) equal 44.471 cm3/mol, slightly decreased affinity for the 5-

Page 8 of 36

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



9

HT6R compared to CPPQ, and maintained affinity the for the D3R (12 vs CPPQ). Elongation 

of the alkyl chain to three methylene units (R volume = 54.052 cm3/mol) decreased affinity for 

the 5-HT6R a bit more than 12, compared to the parent compound (14 vs 12 vs CPPQ), however 

it increased binding at D3R. 

Subsequently, functionalization of CPPQ with a sterically hindered methylenecyclopropyl 

fragment, which is the substituent of highest tested volume (R volume = 92.791 cm3/mol), 

further decreased affinity of the resulting compound for the 5-HT6R (17 vs CPPQ). On the other 

hand, the smallersubstituent volume obtained by replacement of methylenecyclopropyl with an 

iso-butyl chain (R volume = 59.21 cm3/mol) provided a compound with higher affinity for the 

5-HT6R than 17 (19, Ki = 27 nM). This compound displayed the highest affinity for D3R among 

the evaluated derivatives (19, 98.1% at 1 μM). Introduction of a 2-methylbutyl group, with a 

large substituent volume (R volume = 87.144 cm3/mol) did not distupt the affinity for the 5-

HT6R (20, Ki = 30 nM) compared to 19, but it slightly decreased affinity for the D3R.

The influence of the alkyl substituent size on affinity for 5-HT6R, was further confirmed 

by in silico analysis, which indicated the limitations of the receptor binding pocket. Indeed, 

closer inspection of the binding modes for all synthesized derivatives showed that the various 

alkyl chains on the nitrogen atom of pyrrolidine penetrated into the narrow hydrophobic 

subpocket formed by TM 2, 3, and 7 (Figure 3A). Thus, increased alkyl substituent volume 

(Table 1) induced potential steric hindrances with larger amino acid side chains (e.g. V2.53, 

I3.40, C3.36). On the other hand, introduction of alkyl substituent was favorable in terms of 

interaction with D3R.

Taking into account the important role of halogen bonding in the interaction with various 

GPCRs, and specifically the 5-HT6R,26–28 the chlorine atom was removed from the arylsulfonyl 

fragment. This modification confirmed the strong contribution of halogen bonding for binding 

to the 5-HT6R (21 vs 14).

To evaluate the impact of the amidine fragment on the receptor affinity,

3-aminopyrrolidine was replaced with its 3-hydroxy congener. This modification did not 

significantly affect the interaction in the binding pocket of either 5-HT6 and D3Rs (15 vs 14). 

Because the stereochemical properties influence binding of a molecule in the receptor 

pocket,34 four pairs of enantiomers were investigated. A strong preference for S enantiomers 

(12, 14, 17, 19) over the R counterparts (11, 13, 16, 18) was observed with respect to their 5-

HT6R affinity. In contrast, R enantiomers (11, 13, 16, 18) were more favorable for the 

interaction with the D3R binding pocket than S congeners (12, 14, 17, 19).
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10

As revealed by the analysis of the 100 ns-long molecular dynamics trajectories, performed 

for each pair of enantiomers, the higher 5-HT6R-binding activity observed for the S isomers 

(12, 14, 17, 19) than R (11, 13, 16, 18) originated from the quality of the salt bridge formed 

with D3.32. Comparison of the pair of R and S enantiomers (Figure 3C and 3D respectively) 

clearly indicated that only with the S counterpart did the salt bridge interaction point toward the 

most positive area of the sphere. The calculated interaction spheres can be used to determine 

the quality of salt bridge contact in a ligand–protein complex, where the salt bridge plays a 

crucial role. In all cases, the S enantiomers showed distance and angle of the salt bridge that 

were closer to the mean values reported recently in a multidimensional analysis of salt bridge 

L–R complexes found in the PDB.35

More detailed investigation confirmed high affinity of 19 for D3R (Ki = 30 nM), and its 

antagonistic properties (82% inhibition of control agonist at 1 μM, performed at Eurofins) in 

cAMP cellular assays. Furthermore, compound 19 did not bind to 5-HT1A, 5-HT2A, and or 5-

HT7 receptors and it displayed 10 fold selectivity over D2Rs (Table 2). Therefore, 19 might be 

potentially devoid of side effects associated with D2R blockade, such as extrapyramidal 

symptoms and prolactin release. 

Table 2. Binding data and functional activity of compound 19 for 5-HT6R and D3R and binding 

data for 5-HT1A, 5-HT2A, 5-HT7 and D2 receptors.

Ki [nM]a Ki [nM]b

Compound
5-HT6 D3

c 5-HT1A 5-HT2A 5-HT7 D2

19 27 30 6155 1378 1437 346
aMean Ki values, based on three independent binding experiments (SEM ≤ 37%). 
bMean Ki values (SEM ≤ 22%) cperformed at Eurofins.

Functional evaluation of 19 revealed antagonist properties in cAMP assay (Kb = 83 nM) 

(Figure 4A). In order to determine the influence of compound 19 on 5-HT6R constitutive 

activity at Gs signaling,8,9 derivative 19 was further tested in NG108-165 neuroblastoma cell 

line, transiently expressing 5-HT6Rs. Compound 19 did not significantly affect cAMP level, 

indicating neutral antagonist properties at this signaling path (IC50 = 143 μM). On the other 

hand, intepirdine, the reference 5-HT6R antagonist strongly decreased basal cAMP level in a 

concentration-dependent manner and thus behaved as inverse agonist in this model (Figure B).
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11

Figure 4A. Functional dose-response curve 
stimulation/inhibition of production of cAMP. 
Kb value was calculated from equation: Kb = 
IC50/(1+A/EC50) where A is the agonist (5-CT) 
concentration used (1000 nM), IC50 is the 
concentration of antagonist producing a 50% 
reduction in the response to agonist and EC50 (13 
nM) is 5-CT concentration which causes a 50% 
maximal response.

Figure 4B. Influence of compound 19 and 
intepirdine on the 5-HT6R constitutive activity at 
Gs signaling in NG108-15 cells. NG108-15 cells 
transiently expressing the 5-HT6R were exposed 
to incremental concentrations of either 
intepirdine or 19 for 5 min. Cyclic AMP levels 
were estimated by BRET using the cAMP sensor 
CAMYEL. Data are the means ± SEM of the 
values obtained in three independent 
experiments that were performed in 
quadruplicate using different sets of cultured 
cells. ***p < 0.001 vs vehicle (ANOVA 
followed by Student−Newman−Keuls test).

In addition to its acknowledged role in cognition, the 5-HT6R is involved in differentiation 

of neuronal cells through Cdk5-dependent mechanism. It was shown, that expression of the 5-

HT6R in NG108-15 cells induces neurite growth in an agonist-independent manner. Therefore, 

preventing 5-HT6R-operated Cdk5 signaling by inverse agonists can inhibit neurite growth. In 

fact intepirdine, which displayed inverse agonist properties at Gs signaling pathway, strongly 

reduced NG108-15 cell neurite length. In contrast, neurite length of cells treated with compound 

19 did not differ from control cells (Figure 5).
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Figure 5. NG108-15 cells were transfected with a plasmid encoding a GFP-tagged 5-HT6R and 
exposed to either DMSO (Control), intepirdine (1 µM) or compound 19 (1 µM) for 24 h. The 
histogram shows the means ±SEM of neurite length in each experimental condition measured 
from three independent experiments. ***p < 0.001 vs cells expressing 5-HT6R and treated with 
DMSO. Scale bar, 10 µm.

Evaluation of neuroprotective properties

Because the loss of homeostatic function of neuronal cells is an important feature of 

neurodegenerative diseases36 derivative 19 was evaluated for its protective properties in C8-

D1A astrocytes, a normal cell line derived from mouse cerebellum.

First, the cytotoxicity of 19, CPPQ and intepirdine was examined using the MTT assay 

(assess cell metabolic stability) in order to select the safe (nontoxic) concentrations for further 

analysis (Figure 6A). The results revealed that none of these compounds induced significant 

cytotoxicity at concentrations up to 1μM, while at larger concentrations, CPPQ and 19 induced 

a decrease in MTT staining. We next showed that a non-toxic concentration of compound 19, 

CPPQ and intepirdine (0.25 μM) protected C8-D1A astrocytes against doxorubicine (DOX) 

induced cytotoxicity (Figure 6B). These observations were further confirmed measuring LDH 

release as an index of cell membrane integrity (Figure 6C). Interestingly, the neuroprotective 

effect of 19 and CPPQ was more marked when the higher concentration of DOX was applied. 

In contrast, intepirdine did not produce any significant neuroprotective effect (Figure 6C). 

Given the neuroprotective properties of 1H-pyrrolo[3,2-c]quinoline derivatives (19, CPPQ) in 

DOX-induced damage of glial cells, this effect warrants more detailed exploration.
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Figure 6. Effect of CPPQ, 19 and intepirdine on DOX-induced astrocyte death (A) Viability of 
astrocytes treated for 24 h with the indicated compounds applied at 0.1–25 µM concentration 
range. (B) MTT and (C) LDH assays were performed on astrocytes co-treated with tested 
compounds in concentration 0.25 µM and DOX for 24 h. Graphs represent the number of viable 
cells expressed as percent of control (cells incubated with DOX alone). Results are presented 
as mean ± SD calculated from at least three independent experiments. The statistical 
significance was determined using non-parametric Mann-Whitney test, with p < 0.05 
considered to indicate significant differences.

Astrocytes morphology was also examined following exposure to these three 

compounds (Figure 7). After incubating cells with DOX, cells started to detach from the 

substrate, shrink and form fewer intracellular connections, effects that were abolished by the 

co-application of compound 19 and CPPQ (Figure 7).

Figure 7. Astrocytes morphology following treatment with either vehicle (control) or DOX in 

absence or presence of compound 19 (DOX + 19) or CPPQ (DOX + CPPQ). Pictures were 

taken using Leica DFC 3000G microscope and are representative of three independent 

experiments performed with different sets of cultured cells.

In vivo pharmacological evaluation
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In order to reveal the potential of obtained compounds for the amelioration of cognitive 

functions, we next evaluated the ability of compound 19 to reverse PCP-induced memory 

decline in the NOR task in rats. As expected, rats treated with vehicle but not PCP (5 mg/kg), 

spent significantly more time exploring the novel object than the familiar one, indicating that 

PCP abolished the ability to discriminate novel and familiar objects. Following a single 

administration, 19 significantly inhibited PCP-induced episodic memory decline at doses of 

1–3 mg/kg (ip) (Figure 8). This effect was comparable with the results obtained for CPPQ, as 

both compounds fully reversed PCP-induced memory decline at a dose of 3 mg/kg (i.p.) in 

rats,25 and confirmed the therapeutic potential of dual 5-HT6/D3R antagonists in the treatment 

of cognitive decline.

Figure 8. The effects of compound 19 on PCP-induced cognitive impairment in the novel-object 
recognition test in rats. The data are presented as the mean ± standard error of the mean of 
discrimination index (DI). N = 6–8 animals per group. Symbols: ** p < 0.01, *** p < 0.001 
significant reduction in DI compared with the vehicle-treated group; # p < 0.05, ### p < 0.001, 
significant increase in DI compared with the PCP-treated group.

Conclusions

Applying the concept of dually acting compounds, we designed a novel series of 5-

HT6/D3R ligands in a group of 1H-pyrrolo[3,2-c]quinoline. Structure-activity relationship 

studies, supported by molecular modeling, confirmed that introduction of alkyl chains on the 

nitrogen atom of pyrrolidine in CPPQ, a previously described 5-HT6R selective antagonist,25 

maintain high affinity for 5-HT6R and increase the affinity for D3 sites. Further analysis of 

molecular dynamic calculations revealed that stereochemical properties of the molecule 

strongly affect affinity for 5-HT6R due to the impact on salt bridge formation. The study 

identified compound 19 (PZ-1643), a new dual 5-HT6/D3R ligand, that behaved as a neutral 5-

HT6R antagonist in cAMP assay and did not affect Cdk5-dependent neurite growth. Moreover, 
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compound 19 was classified as a D3R antagonist in cAMP assay and displayed good selectivity 

over other related monoaminergic receptors tested including 5-HT2AR (being off-target for 

clinically tested intepirdine). In contrast to intepirdine, both compound 19 and CPPQ showed 

protective effect against astrocyte damage induced by doxorubicine treatment in tests assessing 

cell membrane integrity (LDH) and cell metabolic activity (MTT). This observation is of 

particular significance considering the involvement of glial cells in neurodegenerative 

processes.36 This protective effect is an important and interesting feature of evaluated 

compounds and thus warrants further investigation. Finally, pro-cognitive properties of the dual 

5-HT6/D3Rs antagonist were demonstrated in vivo, since derivative 19 reversed PCP-induced 

cognitive impairment in NOR test in rats. 
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Methods

General methods

The synthesis was carried out at ambient temperature, unless indicated otherwise. 

Organic solvents (from Aldrich and Chempur) were of reagent grade and were used without 

purification. The reagents were purchased from Sigma-Aldrich and Fluorochem.

1H NMR and 13C NMR spectra were obtained in a Varian BB 200 spectrometer using TMS 

(0.00 ppm) and were recorded at 300 MHz and 75 MHz respectively; J values are in hertz (Hz), 

and splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), m (multiplet).

UPLC/MS were carried out on a system consisting of a Waters Acquity UPLC, coupled to 

a Waters TQD mass spectrometer. All the analyses were carried out using an Acquity UPLC 

BEH C18, 100 × 2.1 mm column, at 40°C. A flow rate of 0.3 mL/min and a gradient of (0–

100)% B over 10 min was used. Eluent A: water/0.1% HCOOH; eluent B: acetonitrile/0.1% 

HCOOH. Retention times tR were given in minutes. The UPLC/MS purity of all the test 

compounds and key intermediates was determined to be >99%.

High-resolution MS measurements were performed on a Bruker Impact II mass 

spectrometer (Bruker Corporation, Billerica, USA). Electrospray ionization (ESI) was used in 

the positive ion mode. Mass accuracy was within 2 ppm error in full-scan mode. The optimized 

MS parameters were the following: ion spray voltage 4 kV; capillary temperature 240 ºC, dry 

gas flow rate 4 l/min. High-purity nitrogen as the nebulizing gas was used. Samples of 50 µM 

concentration were prepared from tested compounds using an eluent of acetonitrile + water 

(80:20) + 1% HCOOH.

Melting points were determined with Büchi apparatus and are uncorrected.

Elementar analyses for C, H and N were carried out using the elemental Vario El III 

elemental analyzer (Hanau, Germany). Elemental analyses were found within ±0.4% of the 

theoretical values.

The synthesis of compounds 2–5 was performed according to the previously described 

procedures.25

Compound 19 selected for functional evaluation at 5-HT6R and D3R, protection studies 

and behavioral evaluation was converted into the hydrochloride salt.

Page 16 of 36

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



17

General procedure for preparation of compounds 6a and 6b

Compound 5 (0.5 g, 2 mmol, 1 eq) was suspended in 12 ml of MeCN followed by addition of 

amine (1.3 g, 6.9 mmol, 4 eq). The reaction was performed in microwave at 140°C for 5 h. The 

solvent was subsequently evaporated and the mixture was purified on silica with DCM/MeOH 

9/1.5 (v/v) as a developing solvent.

(S)-4-(1-tert-Butoxycarbonyl-pyrrolidine-3-yl-amino)-1H-pyrrolo-[3,2-c]quinoline (6a)

Orange oil, 60%, yield, tR = 4.38, C20H25N4O2, MW 352.43. 1H NMR(300 MHz, DMSO-d6) δ 

(ppm) 1.35−1.49 (m, 9H), 1.98 (bs, 1H), 2.30 (bs, 1H), 3.27−3.56 (m, 4H), 3.71−3.81 (m, 1H), 

4.93 (bs, 1H), 6.55 (d, J =  3.08 Hz, 1H), 7.13 (d, J =  3.08 Hz, 1H), 7.16−7.23 (m, 1H), 

7.25−7.27 (m, 1H), 7.33−7.34 (t, J = 7.31 Hz, 1H), 7.71−7.81 (d, J = 8.46 Hz, 1H), 7.86 (dd, 

J = 7.95, 1.28 Hz, 1H). Monoiotopic mass 352.19, [M + H]+ 353.2. HRMS calcd for 

C20H25N4O2, 353.1978, found, 353.1978.

(R)-4-(1-tert-Butoxycarbonyl-pyrrolidine-3-yl-amino)-1H-pyrrolo-[3,2-c]quinoline (6b)

Orange oil, 62% yield, tR = 4.38, C20H24N4O2, MW 352.43. 1H NMR (300 MHz, DMSO-d6) δ 

(ppm) 1.37−1.50 (m, 9H), 2.00 (bs, 1H), 2.30 (bs, 1H), 3.28−3.56 (m, 4H), 3.70−3.85(m, 1H), 

4.92 (bs, 1H), 6.50−5.58 (d, J = 3.08 Hz, 1H), 7.10−7.15 (d, J = 3.08 Hz, 1H), 7.17−7.24 (m, 

1H), 7.25−7.28 (m, 1H), 7.34−7.43(t, J = 7.18 Hz, 1H), 7.72−7.82 (d, J = 7.95 Hz, 1H), 

7.83−7.90 (dd, J = 7.95, J = 1.03 Hz, 1H). Monoisotopic mass 352.19, [M + H]+ 353.2. HRMS 

calcd for C20H25N4O2 353.1978; found, 353.1978

tert-Butyl-(S)-3-((1H-pyrrolo[3,2-c]quinolin-4-yl)oxy)pyrrolidine-1-carboxylate (7)

To a solution of compound 5 (400 mg, 2 mmol, 1 eq) in DMF (7 ml) and added Cs2CO3 (775 

mg, 2.38 mmol, 1.2 eq). Benzyl bromide (270 µl, 2.18 mmol, 1.1 eq) was added dropwisely. 

The reaction was conducted at room temperature for 30 min. Then, the mixture was diluted 

with AcOEt (15 ml), washed with water (3×) and brine (1×), dried over Na2SO4, filtrated and 

concentrated under reduced pressure. The remaining crude was purified on chromatographic 

column with AcOEt/Hex 2/8 (v/v) as a developing solvent. 

Colorless oil, 80% yield, tR = 7.72, C18H13ClN2, MW 292.76, Monoisotopic Mass 292.08, 

[M+H]+ 293.20.1H NMR (300 MHz, CDCl3) δ (ppm) 5.79 (s, 2H), 6.89 (d, J = 3.08 Hz, 1H), 
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7.02–7.08(m, 2H), 7.20 (d, J = 3.08 Hz, 1H), 7.24–7.28 (m, 1H), 7.28–7.37 (m, 3H), 7.38–7.42 

(m, 1H), 7.52–7.58(m, 1H).

tert-Butyl (S)-3-((1-benzyl-1H-pyrrolo[3,2-c]quinolin-4-yl)oxy)pyrrolidine-1-carboxylate 

(8)

Derivative 7 (500 mg, 1.71 mmol, 1 eq) was mixed together with Pd2(dba)3 (31 mg, 0.03 mmol, 

0.02 eq), BINAP (42 mg, 0.07 mmol, 0.04 eq) and KOt-Bu (268 mg, 2.4 mmol, 1.4 eq). The 

mixture was suspended in toluene (10 ml) and 1-Boc-3-hydroxypyrrolidine (382 mg, 2.00 

mmol, 1.2 eq) was added. The reaction was irradiated by microwaves at 115°C for 1h. The 

resulting mixture was concentrated and purified on silica gel using AcOEt/Hex 3/7 (v/v) as a 

developing solvent. 

Colorless oil, 80% yield, tR = 9.16, C27H29N3O3, MW 443.54, Monoisotopic Mass 443.22, 

[M+H]+ 444.4. 1H NMR (300 MHz, CDCl3) δ (ppm) 1.47 (s, 9H), 2.22–2.36 (m, 2H), 3.53–

3.71 (m, 3H), 3.72–3.90 (m, 2H), 5.76 (s, 2H), 6.79 (d, J = 3.08, Hz, 1H), 7.01–7.11 (m, 3H), 

7.17–7.24 (m, 1H), 7.27–7.35 (m, 3H), 7.44 (t, J = 7.05 Hz, 1H), 7.90 (d, J = 7.95 Hz, 2H).

tert-Butyl (S)-3-((1H-pyrrolo[3,2-c]quinolin-4-yl)oxy)pyrrolidine-1-carboxylate (9)

Obtained colorless oil 8 (620 mg, 1.40 mmol, 1 eq) was suspended in DMSO, and KOt-Bu 

(1.25 g, 11.2 mmol, 8 eq) was added as a solid. The flask was placed in the oil bath and the air 

was bubbled into the mixture. The reaction was carried out at 70°C for 30 min. Next, the mixture 

was diluted with water and was extracted with AcOEt (3x). After drying over Na2SO4 it was 

concentrated and purified on the silica with AcOEt/Hex 4/6 (v/v) as a developing solvent.

Colorless oil, yield 90%, tR = 6.47, C20H23N3O3, MW 353.41, Monoisotopic Mass 353.17, 

[M+H]+ 354.3. 1H NMR (300 MHz, CDCl3) δ (ppm) 1.47 (s, 9H), 2.25–2.45 (m, 2H), 3.49–

3.71 (m, 3H), 3.73–3.90 (m, 2H), 6.70–6.78 (m, 1H), 7.15–7.22 (m, 1H), 7.33–7.43 (m, 1H), 

7.51 (t, J = 7.44 Hz, 1H), 7.85–7.96 (m, 2H), 9.28 (bs, 1H).

General procedure for preparation of compounds 10a–10e

Compunds 6a, 6b and 9 (0.28 mmol, 1 eq), were dissolved in DCM (5 ml) and BTPP (170 µl, 

0.56 mmol, 2 eq) was added. The mixture was placed in ice-bath, sulfonyl chloride (1.8 eq) was 

added, and the reaction mixture was stirred for 3 h. Subsequently, the mixture was evaporated 
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and the remaining crude product was purified on silica gel. The Boc-protected derivatives were 

treated with 1 N solution in MeOH to give HCl salts of secondary amines.

(R)-1-((3-Chlorophenyl)sulfonyl)-N-(pyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-amine 

hydrochloride (10a)

White solid, 91% yield, tR = 4.18, Mp 221-223 °C, C21H19ClN4O2S, MW 426.92, Monoisotopic 

Mass 426.09. [M+H]+ 427.2. 1H NMR (300 MHz, CDCl3) δ (ppm) 2.24–2.40 (m, 1H), 2.52–

2.69 (m, 1H), 3.27–3.44 (m, 2H), 3.56–3.79 (m, 3H), 5.46–5.68 (m, 1H), 7.32–7.64 (m, 5H), 

7.71 (t, J = 1.79 Hz, 1H), 7.85–8.01 (m, 2H), 8.48 (d, J = 8.25 Hz, 1H), 8.76 (dd, J = 8.53, 

J = 1.10 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ ppm 31.15, 44.21, 49.11, 52.73, 108.81, 

112.90, 115.89, 120.21, 123.67, 125.56, 126.40, 127.17, 130.19, 130.66, 132.77, 134.42, 

135.29, 136.14, 138.48, 148.45.

(S)-1-((3-Chlorophenyl)sulfonyl)-N-(pyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-amine 

hydrochloride (10b)

White solid, 92% yield, tR = 4.18, Mp 219-221 °C, C21H19ClN4O2S, MW 426.92, Monoisotopic 

Mass 426.09, [M+H]+ 427.2. 1H NMR (300 MHz, CDCl3) δ (ppm) 2.25–2.38 (m, 1H), 2.54–

2.68 (m, 1H), 3.23–3.35 (m, 1H), 3.38–3.43 (m, 1H), 3.57–3.76 (m, 3H), 5.50–5.64 (m, 1H), 

7.29–7.63 (m, 5H), 7.71 (t, J = 1.80 Hz, 1H), 7.84–7.98 (m, 2H), 8.46 (d, J = 8.46 Hz, 1H), 8.75 

(dd, J = 8.59, J = 1.15 Hz, 1H). 13C NMR (75 MHz, DMSO-d6) δ ppm 31.15, 44.21, 49.11, 

52.73, 108.81, 112.90, 115.89, 120.21, 123.67, 125.56, 126.40, 127.17, 130.19, 130.66, 132.77, 

134.42, 135.29, 136.14, 138.48, 148.45. HRMS found 427.0984.

(S)-1-(Phenylsulfonyl)-N-(pyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-amine 

hydrochloride (10c)

White solid, 80% yield, tR = 4.78, Mp 220–222 °C, C21H20N4O2S, MW 392.47, Monoisotopic 

Mass: 392.13, [M+H]+ 393.1. 1H NMR (300 MHz, DMSO-d6) δ (ppm) 2.21 (d, J = 4.98 Hz, 

1H), 2.31–2.45 (m, 1H), 3.56 (d, J = 4.98 Hz, 5H), 5.28 (bs, 1H), 7.44 (d, J = 7.04 Hz, 1H), 

7.55–7.65 (m, 3H), 7.68–7.77 (m, 1H), 7.92 (d, J = 7.62 Hz, 2H), 8.19 (d, J = 3.52 Hz, 1H), 

8.65 (d, J = 7.92 Hz, 1H), 9.50 (bs, 2H).
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(S)-1-((3-Fluorophenyl)sulfonyl)-N-(pyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-amine 

hydrochloride (10d)

White solid, 85% yield, tR = 3.95, Mp 197–199 °C, C21H19FN4O2S, MW 410.46, Monoisotopic 

Mass: 410.12, [M+H]+ 411.3. 1H NMR (300 MHz, DMSO-d6) δ (ppm) 2.21 (d, J = 4.69 Hz, 

1H), 2.40 (dd, J = 13.93, 6.89 Hz, 1H), 3.26–3.35 (m, 2H), 3.52–3.59 (m, 3H), 5.28 (bs, 1H), 

7.47 (d, J = 7.33 Hz, 1H), 7.58–7.69 (m, 3H), 7.77 (d, J = 7.04 Hz, 1H), 7.94 (d, J = 7.92 Hz, 

1H), 8.05 (bs, 1H), 8.18 (d, J = 3.52 Hz, 1H), 8.39 (bs, 1H), 8.63 (d, J = 8.21 Hz, 1 H), 9.51 

(bs, 2H). 

(S)-1-((3-Chlorophenyl)sulfonyl)-4-(pyrrolidin-3-yloxy)-1H-pyrrolo[3,2-c]quinoline 

hydrochloride (10e)

White solid, 87% yield, tR = 4.23, Mp 225-227 °C, C21H19ClN3O3S, MW 464.36, Monoisotopic 

Mass 463.05, [M+H]+ 464.0. 1H NMR (300 MHz, CDCl3) δ (ppm) 2.27–2.39 (m, 1H), 2.58–

2.70 (m, 1H), 3.20–3.38 (m, 1H), 3.41–3.45 (m, 1H), 3.59–3.79 (m, 3H), 5.52–5.68 (m, 1H), 

7.33–7.63 (m, 5H), 7.74 (m, 1H), 7.88–8.02 (m, 2H), 8.48 (d, J = 8.46 Hz, 1H), 8.78 (dd, 

J = 8.59, J = 1.15 Hz, 1H).

General procedure for preparation of final compounds 11–21.

Compounds 10a–10e (80 mg, 1eq) were dissolved in EtOH and respective aldehyde (1.8 eq) 

were added. The mixture was stirred for 30 min at room temperature and NaBH3CN (2 eq) was 

added portiowise. The reaction was performed for 3 hours. Subsequently the mixture was 

evaporated and the remaining crude product was purified by flash chromatography using 

water/MeCN as a developing solvent. Collected fractions were evaporated and lyophilized. 

Compound 19 was treated with 1N HCl in methanol to give final product as HCl salt.

(R)-1-((3-Chlorophenyl)sulfonyl)-N-(1-ethylpyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-

4-amine (11)

Colorless oil, 70% yield, tR = 1.34, C23H23ClN4O2S, MW 454.97. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 1.39 (t, J = 7.06 Hz, 3H), 2.36−2.50 (m, 1H), 2.61−2.89 (m, 1H), 3.36 (q, J = 6.84 Hz, 

2H), 3.43−3.74 (m, 2H), 3.75−4.07 (m, 2H), 5.14 (br.s., 1H), 7.43−7.55 (m, 3H), 7.60−7.67 (m, 

2H), 7.73−7.82 (m, 1H), 7.89 (t, J = 2.05 Hz, 1H), 7.98 (d, J = 8.81 Hz, 1H), 8.11 (d, J = 3.52 

Hz, 1H), 8.80 (dd, J = 8.19, 1.16 Hz, 1H). Monoisotopic Mass 454.12. [M+H]+  HRMS calcd 

for C23H23ClN4O2S, 454.1230; found, 455.1304. 
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(S)-1-((3-Chlorophenyl)sulfonyl)-N-(1-ethylpyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-

amine (12)

Colorless oil, 68% yield, tR = 1.34, C23H23ClN4O2S, MW 454.97. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 1.39 (t, J = 7.00 Hz, 3H), 2.35−2.50 (m, 1H), 2.59−2.91 (m, 1H), 3.36 (q, J = 6.84 Hz, 

2H), 3.43−3.75 (m, 2H), 3.76−4.07 (m, 2H), 5.14 (br. s., 1H), 7.43−7.56 (m, 3H), 7.59−7.68 

(m, 2H), 7.73−7.82 (m, 1H), 7.89 (t, J = 2.05 Hz, 1H), 7.98 (d, J = 8.79 Hz, 1H), 8.11 (d, J = 3.5 

Hz, 1H), 8.80 (dd, J = 8.21, 1.17 Hz, 1H) Monoisotopic Mass 454.12. [M+H]+ 455.4. HRMS 

calcd for C23H23ClN4O2S, 454.1230; found, 455.1311.

(R)-1-((3-Chlorophenyl)sulfonyl)-N-(1-propylpyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-

4 amine (13)

Colorless oil, 65% yield, tR = 1.36, C24H25ClN4O2S, MW 469.0. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 1.02 (t, J = 7.33 Hz, 3H), 1.36−1.45 (m, 1H), 1.70−1.88 (m, 2H), 2.26−2.48 (m, 1H), 

2.54−2.77 (m, 1H), 3.14−3.27 (m, 2H), 3.35−3.68 (m, 2H), 3.72−4.08 (m, 2H), 7.19−7.37 (m, 

2H), 7.42−7.57 (m, 2H), 7.62 (dd, J = 8.21, 1.17 Hz, 1H), 7.67−7.79 (m, 2H), 7.81 (t, J = 2.05 

Hz, 1H), 8.02 (d, J = 3.52 Hz, 1H), 8.80 (d, J = 8.21 Hz, 1H). Monoisotopic Mass 468.14. 

[M+H]+ 469.2. HRMS calcd for C24H25ClN4O2S, 468.1387; found, 469.1462.

(S)-1-((3-Chlorophenyl)sulfonyl)-N-(1-propylpyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-

4-amine (14)

Colorless oil, 57% yield, tR = 1.36, C24H25ClN4O2S, MW 469.0. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 1.03 (t, J = 7.33 Hz, 3H), 1.37−1.47 (m, 1H), 1.76−1.85 (m, 2H), 2.31−2.46 (m, 1H), 

2.61−2.79 (m, 1H), 3.12−3.26 (m, 2H), 3.43−3.67 (m, 2H), 3.77−4.07 (m, 2H), 7.37−7.46 (m, 

2H), 7.51 (t, J = 8.21 Hz, 1H), 7.55−7.73 (m, 3H), 7.79 (d, J = 8.21 Hz, 1H), 7.88 (t, J = 1.76 

Hz, 1H), 8.11 (d, J = 3.52 Hz, 1H), 8.85 (dd, J = 8.79, 1.17 Hz, 1H). Monoisotopic Mass 

468.14. [M+H]+ 469.1. HRMS calcd for C24H25ClN4O2S, 468.1387; found, 469.1465.

(S)-1-((3-Chlorophenyl)sulfonyl)-4-((1-propylpyrrolidin-3-yl)oxy)-1H-pyrrolo[3,2-

c]quinoline (15)

Colorless oil, 73.3% yield, tR=1.72, C24H24ClN3O3S, MW 469.98. 1H NMR (300 MHz, 

CD3OD) δ (ppm) 1.02 (t, J = 7.33 Hz, 3H), 1.67−1.86 (m, 2H), 2.38−2.59 (m, 1H), 2.64−2.87 

(m, 1H), 3.24 (dd, J = 3.81, 2.05 Hz, 2H), 3.40−3.70 (m, 2H), 3.75−4.11 (m, 2H), 5.89−6.05 

(m, 1H), 7.07 (d, J = 3.52 Hz, 1H), 7.41−7.50 (m, 2H), 7.53−7.64 (m, 2H), 7.70−7.76 (m, 1H), 

7.81 (t, J = 1.76 Hz, 1H), 7.87 (dd, J = 8.21, 1.17 Hz, 1H), 8.03 (d, J = 3.52 Hz, 1H), 8.91 (dd, 
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J = 8.21, 1.17 Hz, 1H). Monoisotopic Mass 469.12. [M+H]+ 470.98. HRMS calcd for 

C24H24ClN3O3S, 469.1227; found, 470.1303.

(R)-1-((3-Chlorophenyl)sulfonyl)-N-(1-(cyclopropylmethyl)pyrrolidin-3-yl)-1H-

pyrrolo[3,2-c]quinolin-4-amine (16) 

Colorless oil, 47% yield, tR = 1.38, C25H25ClN4O2S, MW 481.01. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 0.42−0.52 (m, 2H), 0.68−0.82 (m, 2H), 1.08−1.24 (m, 1H), 1.26−1.49 (m, 1H), 

2.32−2.50 (m, 1H), 2.55−2.88 (m, 1H), 3.21 (d, J = 7.03 Hz, 2H), 3.45−3.76 (m, 2H), 3.88−4.10 

(m, 2H), 5.01−5.12 (m, 1H), 7.43−7.57 (m, 3H), 7.60−7.72 (m, 2H), 7.82 (d, J = 8.21 Hz, 1H), 

7.92 (t, J = 1.76 Hz, 2H), 8.16 (d, J = 4.10 Hz, 1H), 8.87 (dd, J = 8.79, 1.17 Hz, 1H). 

Monoisotopic Mass 480.14. [M+H]+ 481.1. HRMS calcd for C24H25ClN4O2S, 480.1387; found, 

481.1462.

(S)-1-((3-Chlorophenyl)sulfonyl)-N-(1-(cyclopropylmethyl)pyrrolidin-3-yl)-1H-

pyrrolo[3,2-c]quinolin-4-amine (17)

Colorless oil, 64% yield, tR = 1.38, C25H25ClN4O2S, MW 481.01. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 0.42−0.52 (m, 2H), 0.68−0.80 (m, 2H), 1.11−1.24 (m, 1H), 1.38−1.47 (m, 1H), 

2.32−2.50 (m, 1H), 2.63−2.87 (m, 1H), 3.21 (d, J = 7.03 Hz, 2H), 3.44−3.72 (m, 2H), 3.78−4.11 

(m, 2H), 4.98−5.12 (m, 1H), 7.42−7.55 (m, 3H), 7.61−7.71 (m, 2H), 7.82 (d, J = 7.62 Hz, 1H), 

7.91 (t, J = 1.76 Hz, 2H), 8.15 (d, J = 3.52 Hz, 1H), 8.87 (dd, J = 8.79, 1.17 Hz, 1H). 

Monoisotopic Mass 480.14. [M+H]+ 481.0. HRMS calcd for C24H25ClN4O2S, 480.1387; found, 

481.1462.

(R)-1-((3-Chlorophenyl)sulfonyl)-N-(1-isobutylpyrrolidin-3-yl)-1H-pyrrolo[3,2-

c]quinolin-4-amine (18) 

Colorless oil, 56% yield, tR = 1.41, C25H27ClN4O2S MW 483.03. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 1.00−1.11 (m, 6H), 1.36−1.49 (m, 1H), 2.04−2.19 (m, 1H), 2.33−2.48 (m, 1H), 

2.55−2.85 (m, 1H), 3.13−3.24 (m, 2H), 3.40−3.69 (m, 2H), 3.74−4.09 (m, 2H), 7.36−7.56 (m, 

3H), 7.57−7.70 (m, 2H), 7.80 (d, J = 7.62 Hz, 1H), 7.89 (t, J = 2.30 Hz, 2H), 8.13 (d, J = 2.92 

Hz, 1H), 8.86 (d, J = 8.21 Hz, 1H). Monoisotopic Mass 482.15. [M+H]+ 483.2. HRMS calcd 

for C25H27ClN4O2S, 482.1543; found, 483.1620.

(S)-1-((3-Chlorophenyl)sulfonyl)-N-(1-isobutylpyrrolidin-3-yl)-1H-pyrrolo[3,2-
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c]quinolin-4-amine (19)

Colorless oil, 50% yield, tR = 1.41, C25H28Cl2N4O2S, MW 519.49. 1H NMR (300 MHz, 

CD3OD) δ (ppm) 1.06 (dd, J = 6.45, 3.52 Hz, 6H), 1.21−1.44 (m, 1H), 2.04−2.18 (m, 1H), 

2.34−2.50 (m, 1H), 2.56−2.85 (m, 1H), 3.09−3.26 (m, 2H), 3.39−3.77 (m, 2H), 3.79−4.14 (m, 

2H), 5.03−5.16 (m, 1H), 7.44−7.58 (m, 3H), 7.61−7.72 (m, 2H), 7.83 (d, J = 8.21 Hz, 1H), 7.93 

(t, J = 1.76 Hz, 2H), 8.17 (d, J = 3.52 Hz, 1H), 8.87 (d, J = 7.62 Hz, 1H). Monoisotopic Mass 

482.15. [M+H]+ 483.5. HRMS calcd for C25H27ClN4O2S, 482.1543; found, 483.1620.

Compound 19 was converted into HCl salt upon HCl treatment in MeOH. Mp for 

C25H28Cl2N4O2S·HCl: 187.2−189.4. 1H NMR (300 MHz, CD3OD) δ (ppm) 1.05 (m, 6H), 

1.23−1.40 (m, 1H), 2.00−2.10 (m, 1H), 2.30−2.44 (m, 1H), 2.51−2.83 (m, 1H), 3.02−3.22 (m, 

2H), 3.42−3.77 (m, 2H), 3.82−4.18 (m, 2H), 5.01−5.20 (m, 1H), 7.46−7.61 (m, 3H), 7.61−7.72 

(m, 2H), 7.83 (m, 1H), 7.93 (t, J = 1.76 Hz, 2H), 8.17 (m, 1H), 8.87 (d, J = 7.58 Hz, 1H). Anal. 

calcd. for C25H28Cl2N4O2S·HCl: C: 57.80, H: 5.43, N: 10.79, S: 6.17; Found: C: 57.92, H: 5.38, 

N: 10.91, S: 6.04. Mp for C25H28Cl2N4O2S·HCl: 187.2−189.4.

(S)-1-((3-Chlorophenyl)sulfonyl)-N-(1-(2-methylbutyl)pyrrolidin-3-yl)-1H-pyrrolo[3,2-

c]quinolin-4-amine (20)

Colorless oil, 66% yield, tR = 1.45, C26H29ClN4O2S, MW 497.05. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 0.89−1.01 (m, 3H), 1.03−1.10 (m, 3H), 1.16−1.37 (m, 2H), 1.45−1.60 (m, 1H), 

1.80−2.00 (m, 1H), 2.32−2.50 (m, 1H), 2.54−2.88 (m, 1H), 3.10−3.27 (m, 2H), 3.39−3.75 (m, 

2H), 3.78−4.10 (m, 2H), 5.01−5.16 (m, 1H), 7.43−7.57 (m, 3H), 7.60−7.73 (m, 2H), 7.83 (d, 

J = 7.62 Hz, 1H), 7.89−8.04 (m, 2H), 8.17 (d, J = 3.52 Hz, 1H), 8.88 (d, J = 8.21 Hz, 1H). 

Monoisotopic Mass 496.17. [M+H]+ 497.4. HRMS calcd for C26H29ClN4O2S, 496.1700; found, 

497.1776.

(S)-1-(Phenylsulfonyl)-N-(1-propylpyrrolidin-3-yl)-1H-pyrrolo[3,2-c]quinolin-4-amine 

(21)

Colorless oil, 56% yield, tR = 1.27, C24H26N4O2S, MW 434.56. 1H NMR (300 MHz, CD3OD) 

δ (ppm) 1.04 (t, J = 7.33 Hz, 3H), 1.37−1.48 (m, 1H), 1.71−1.88 (m, 2H), 2.30−2.50 (m, 1H), 

2.62−2.92 (m, 1H), 3.17−3.28 (m, 2H), 3.41−3.74 (m, 2H), 3.78−4.07 (m, 2H), 5.05−5.19 (m, 

1H), 7.46−7.60 (m, 4H), 7.62−7.72 (m, 2H), 7.85−8.02 (m, 3H), 8.19 (d, J = 3.52 Hz, 1H), 8.90 
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(dd, J = 9.38, 8.2 Hz, 1H). Monoisotopic Mass 434.18. [M+H]+ 435.5. HRMS calcd for 

C24H26N4O2S, 434.1776; found, 435.1848.

In silico evaluation

Structures of the Receptors

The 5-HT6R homology models built on β2 adrenergic template and successfully used in our 

previous study to support the structure-activity relationship analysis were used.27,37,38 The 

structure of D3R in complex with antagonist eticlopride (PDB code: 3PBL) was retrieved from 

the Protein Data Bank.39 

Molecular Docking

The 3-dimensional structures of the ligands were prepared using LigPrep v3.6,40 and the 

appropriate ionization states at pH=7.4±1.0 were assigned using Epik v3.4.41 The Protein 

Preparation Wizard was used to assign the bond orders, appropriate amino acid ionization states 

and to check for steric clashes. The receptor grid was generated (OPLS3 force field)42 by 

centering the grid box with a size of 12 Å on D3.32 side chain. Automated flexible docking was 

performed using Glide v6.943 at the SP level, and ten poses per ligand was generated.

Optimization of the Binding Site Using Induced-Fit Docking Procedure

The structure of the 5-HT6 and D3 receptors were optimized using the induced-fit docking 

(IFD)44,45 procedure from Schrödinger Suite. The IFD combines flexible ligand docking, using 

the Glide algorithm with receptor structure prediction and side chain refinement in Prime. The 

structures of four pairs of enantiomers (11–14, 16–19) were used as inputs to IFD. In each case, 

the centroid of the grid box was anchored on D3.32 and allowed on residues refinement within 

12 Å of ligand poses. Ten top-scored L–R complexes per enantiomer were visually inspected 

to select those showing the closest compliance with the common binding mode for 

monoaminergic receptor ligands.46 

QM/MM Optimization

The L–R complexes selected in IFD procedure were next optimized using QM/MM approach 

using QSite.47,48 The QM area containing ligand and the D3.32 amino acid side chain was 
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described by a combination of DFT hybrid functional B3LYP and LACVP* basis set, while the 

rest of the system was optimized using OPLS2005 force field. 

Molecular Dynamics

A 100 ns-long molecular dynamics (MD) simulations were performed using Schrödinger 

Desmond software.49 Each ligand–receptor complex, optimized in QM/MM procedure, was 

immersed into a POPC (300 K) membrane bilayer, which position was calculated using the 

PPM web server (accessed Aug 15, 2018).50 The system was solvated by water molecules 

described by the TIP4P potential and the OPLS3 force field was used for all atoms. 0.15 M 

NaCl was added to mimic the ionic strength inside the cell. 

The output trajectories were hierarchically clustered into 10 groups according to the ligand 

using the trajectory analysis tool from Schrödinger Suite. Based on obtained trajectories, the 

mean geometrical parameters of the salt bridge (distance and angle) with D3.32 were calculated 

using Simulation Event Analysis tool in Maestro Schrödinger Suite.

Plotting Interaction Spheres for Salt Bridge

To visualize the possible contribution of salt bridge interaction to L−R complex, the previously 

calculated interaction sphere35 for cyclic-tertiary amine model was plotted onto the carbonyl 

oxygen atom of D3.32 in 5-HT6 and D3 receptors.35 For visualization purposes our in-house 

python script was used.

In vitro pharmacology

Cell culture and preparation of cell membranes for radioligand binding assays

All the experiments were carried our according to the previously published procedures.32,51,52 

HEK293 cells with stable expression of human 5-HT1A, 5-HT2A, 5-HT6, 5-HT7b and D2L 

receptors (prepared with the use of Lipofectamine 2000) or CHO-K1 cells with plasmid 

containing the sequence coding for the human serotonin 5-HT2A receptor (Perkin Elmer) were 

maintained at 37°C in a humidified atmosphere with 5% CO2 and grown in Dulbecco’s Modifier 

Eagle Medium containing 10% dialyzed fetal bovine serum and 500 μ/ml G418 sulfate. For 

membrane preparation, cells were subcultured in 150 cm2 flasks, grown to 90% confluence, 

washed twice with phosphate buffered saline (PBS) prewarmed to 37°C and pelleted by 

centrifugation (200 g) in PBS containing 0.1 mM EDTA and 1 mM dithiothreitol. Prior to 

membrane preparation, pellets were stored at –80°C.
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Radioligand binding assays 

The cell pellets were thawed and homogenized in 10 volumes of assay buffer using an Ultra 

Turrax tissue homogenizer, and were centrifuged twice at 35,000 g for 15 min at 4°C and were 

incubated for 15 min at 37 °C between centrifugation rounds. The composition of the assay 

buffers was as follows: for 5-HT1AR: 50 mM Tris HCl, 0.1 mM EDTA, 4 mM MgCl2, 10 μM 

pargyline and 0.1% ascorbate; for 5-HT2AR: 50 mM Tris HCl, 0.1 mM EDTA, 4 mM MgCl2 

and 0.1% ascorbate; for 5-HT6R: 50 mM Tris HCl, 0.5 mM EDTA and 4 mM MgCl2, for 5- 

HT7bR: 50 mM Tris HCl, 4 mM MgCl2, 10 μM pargyline and 0.1% ascorbate; for dopamine 

D2LR: 50 mM Tris HCl, 1 mM EDTA, 4 mM MgCl2, 120 mM NaCl, 5 mM KCl, 1.5 mM CaCl2 

and 0.1% ascorbate. All assays were incubated in a total volume of 200 µL in 96-well microtitre 

plates for 1 h at 37°C, except for 5-HT1AR and 5-HT2AR, which were incubated at room 

temperature and 27°C, respectively. The process of equilibration was terminated by rapid 

filtration through Unifilter plates with a 96-well cell harvester, and radioactivity retained on the 

filters was quantified on a Microbeta plate reader (PerkinElmer, USA). For displacement 

studies, the assay samples contained as radioligands (PerkinElmer, USA): 2.5 nM [3H]-8-OH-

DPAT (135.2 Ci/ mmol) for 5-HT1AR; 1 nM [3H]-ketanserin (53.4 Ci/mmol) for 5-HT2AR; 2 

nM [3H]-LSD (83.6 Ci/mmol) for 5-HT6R; 0.8 nM [3H]-5-CT (39.2 Ci/mmol) for 5-HT7R or 

2.5 nM [3H]-raclopride (76.0 Ci/mmol) for D2LR. Non-specific binding was defined with 10 

µM of 5-HT in 5-HT1AR and 5-HT7R binding experiments, whereas 20 µM of mianserin, 10 

µM of methiothepine or 10 µM of haloperidol were used in 5-HT2AR, 5-HT6R and D2LR assays, 

respectively. Each compound was tested in triplicate at 7 concentrations (10-10-10-4 M). The 

inhibition constants (Ki) were calculated from the Cheng-Prusoff equation.53 Results were 

expressed as means of at least two separate experiments.

Evaluation of functional activity on 5-HT6Rs

The functional properties of compound 19 on 5-HT6R was evaluated using its ability to inhibit 

cAMP production induced by 5-CT (1000 nM) – a 5-HT6R agonist. Compound was tested in 

triplicate at 8 concentrations (10-11 – 10-4 M). The level of adenylyl cyclase activity was 

measured using frozen recombinant 1321N1 cells expressing the Human Serotonin 5-HT6R 

(PerkinElmer). Total cAMP was measured using the LANCE cAMP detection kit 

(PerkinElmer), according to the manufacture's directions. For quantification of cAMP levels, 

cells (5 µl) were incubated with mixture of compounds (5 µl) for 30 min at room temperature 

in 384-well white opaque microtiter plate. After incubation, the reaction was stopped and cells 

were lysed by the addition of 10 µl working solution (5 µl Eu-cAMP and 5 µl ULight-anti-
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cAMP). The assay plate was incubated for 1h at room temperature. Time-resolved fluorescence 

resonance energy transfer (TR-FRET) was detected by an Infinite M1000 Pro (Tecan) using 

instrument settings from LANCE cAMP detection kit manual.  

Determination of cAMP production as 5-HT6R constitutive activity

cAMP measurement was performed in NG108-15 cells transiently expressing 5-HT6R using 

the Bioluminescence Resonance Energy Transfer (BRET) sensor for cAMP, CAMYEL (cAMP 

sensor using YFP-Epac-RLuc).53 NG108-15 cells were co-transfected in suspension with 5-

HT6Rand CAMYEL constructs, using Lipofectamine 2000, according to the manufacturer 

protocol, and plated in white 96-well plates (Greiner), at

a density of 80,000 cells per well. 24 hours after transfection, cells were washed with PBS 

containing calcium and magnesium. Coelanterazine H (Molecular Probes) was added at

a final concentration of 5 μM, and left at room temperature for 5 minutes. BRET was measured 

using a Mithras LB 940 plate reader (Berthold Technologies). Compound 19 was tested as HCl 

salt.

Impact of compounds upon neurite growth

NG108-15 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented 

with 10% dialyzed foetal calf serum, 2% hypoxanthine/aminopterin/thymidine (Life 

technologies), and antibiotics. Cells were transfected with plasmids encoding either cytosolic 

GFP or a GFP-tagged 5-HT6R in suspension using Lipofectamine 2000 (Life technologies) and 

plated on glass coverslips. Six hours after transfection, cells were treated with either DMSO 

(control), or compound 17 or intepirdine (1 μM) for 24 h. Cells were fixed in 4% 

paraformaldehyde (PFA) supplemented with 4% sucrose for 10 min. PFA fluorescence was 

quenched by incubating the cells in PBS containing 0,1M Glycine, prior to mounting in Prolong 

Gold antifade reagent (Thermo Fisher Scientific). Cells were imaged using an AxioImagerZ1 

microscope equipped with epifluorescence (Zeiss), using a 20 X objective for cultured cells and 

neurite length was assessed using the Neuron J plugin of the ImageJ

software (NIH). 

In vitro evaluation of protective properties of compounds

In vitro studies protection studies were designed according to literature and modified for 

individual purpose.54–57 

Cell culture
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The C8-D1A astrocytes (CRL 25-47) cell line obtained from ATCC was cultured in 25 

cm2 flask with DMEM supplemented with 10% FBS at 37°C, in a humidified atmosphere with 

5% CO2 until the cells reached a confluence between 80–90 %. The astrocytes were seeded in 

96-well plates with density of 1·104 cells per well. For protection studies, astrocytes were co-

treated with the cytotoxic agent (DOX) and analyzed compounds (CPPQ, 19, Intepirdine) for 

24 h, then the ability of compounds to protect astrocytes against DOX-induced toxicity was 

examined using cytotoxicity assays (MTT/LDH).

Cytotoxicity assays

MTT

The cytotoxicity effect was investigated using MTT test, which determined mitochondrial 

metabolism in living cells in vitro. Cell viability was measured based on alteration of MTT to 

purple formazan contents by mitochondrial dehydrogenases (enzymes that are active in living 

cells). MTT reagent was added to each wells. After 4 h of incubation, formazan crystals were 

then solubilized with 10% SDS and kept for 6 hours at 37°C. OD was measured at 570 nm by 

using a SpectraMax iD3 Multi-Mode microplate Reader (Molecular Devices). The absorbance 

was proportional to the number of metabolically active (viable) cells. Each experiment was 

performed in triplicate and repeated three times. The results were expressed as percentage of 

control.

LDH

For Lactate Dehydrogenase (LDH) cytotoxicity test (Clonetech), C8-D1A astrocytes were 

seeded into 96-well plate (Corning) at 1 × 104 cells/cm2, grown for 24 h and co-treated with the 

agents and DOX for the next 24 h. The plates were then centrifuged at 250×g for 10 minutes 

and 100 μl of the supernatant was removed carefully from each well and transferred into the 

corresponding wells of an optically clear 96-well flat-bottom plate. Next, 100 μl of freshly 

prepared Reaction Mixture was added to each well and incubated in darkness for up to 30 

minutes at room temperature. Absorbance of the samples was measured at 492 nm using the 

SpectraMax iD3 Multi-Mode Microplate Reader. Cytotoxicity was measured as (%) = 

(triplicate absorbance-low control/high control-low control)×100. Three independent 

experiments were performed for each condition. 

In vivo pharmacology
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Novel object recognition protocol

Procedures based on earlier studies of Popik et al.58 The experiments were conducted in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved 

by the Ethics Committee for Animal Experiments, Institute of Pharmacology. 

Male Sprague–Dawley rats (Charles River, Germany) weighing ~250 g at the arrival were 

housed in the standard laboratory cages, under standard colony A/C controlled conditions: room 

temperature 21 ± 2°C, humidity (40–50 %), 12-hr light/dark cycle (lights on: 06:00) with ad 

libitum access to food and water. Rats were allowed to acclimatize for at least 7 days before the 

start of the experimental procedure. During this week animals were handled for at least 3 times. 

Behavioral testing was carried out during the light phase of the light/dark cycle. At least 1 h 

before the start of the experiment, rats were transferred to the experimental room for 

acclimation. Rats were tested in a dimly lit (25 lx) “open field” apparatus made of a dull gray 

plastic (66 × 56 × 30 cm). After each measurement, the floor was cleaned and dried. 

Procedure consisted of habituation to the arena (without any objects) for 5 min, 24 hours before 

the test and test session comprised of two trials separated by an inter trial interval (ITI). For 

phencyclidine (PCP)-induced memory impairment paradigm, 1 hour ITI was chosen. During 

the first trial (familiarization, T1) two identical objects (A1 and A2) were presented in opposite 

corners, approximately 10 cm from the walls of the open field. In the second trial (recognition, 

T2) one of the objects was replaced by a novel one (A=familiar and B=novel). Both trials lasted 

3 min and animals were returned to their home cage after T1. The objects used were the glass 

beakers filled with the gravel and the plastic bottles filled with the sand. The heights of the 

objects were comparable (~12 cm) and the objects were heavy enough not to be displaced by 

the animals. The sequence of presentations and the location of the objects was randomly 

assigned to each rat. The animals explored the objects by looking, licking, sniffing or touching 

the object while sniffing, but not when leaning against, standing or sitting on the object. Any 

rat spending less than 5 s exploring the two objects within 3 min of T1 or T2 was eliminated 

from the study. Exploration time of the objects and the distance traveled were measured using 

the Any-maze® video tracking system. Based on exploration time (E) of two objects during T2, 

discrimination index (DI) was calculated according to the formula: DI = (EB–EA)/(EA+AB). 

Phencyclidine, used to attenuate learning, was administered at the dose of 5 mg/kg (ip) 45 

before familiarization phase (T1). The compound 19 was administrated ip 75 min before 

familiarization phase (T1).
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