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ABSTRACT

The imidazo[1,5-a]quinoline scaffold of central benzodiazepine receptor (CBR) ligands was used as the pharmacophore in the design of bivalent ligands bearing
spacers showing variable length and different physicochemical features. The newly designed compounds were synthesized along with the corresponding reference
monovalent compounds bearing the corresponding spacers terminated with a tert-butoxycarbonyl group. The novel compounds were tested in binding assays with
different CBR preparations such as the cerebral cortex from male CD-1 albino mice or the human recombinant «1p3y2 and a2p3y2 y-aminobutyric acid type A
receptors (GABARSs) stably expressed in mouse L(tk-) cells. The tested compounds showed ICsg values from the sub-micromolar up to the nanomolar range with very
similar inhibition constants values for the two isoforms of GABAaRs. The similarity in the affinity between the bivalent ligands and the corresponding monovalent
ones appeared to rule out any bivalent interactions of these ligands with the two isoforms of GABARs. Similarly, both series were able to inhibit the binding of
radiolabeled flumazenil to GABAaRs in cortical membranes of albino CD-1 mice, but most of the tested compounds showed biphasic inhibition curves, suggesting the
existence of two well-distinct populations of binding sites. Finally, some CBR ligands selected from the bivalent ligands (i.e. 6a,c) and from the reference monovalent
ligands (i.e. 7a) were then tested in vivo for their potential pharmacological effects, evaluating four classical benzodiazepine actions such as anticonvulsant, anxi-
olytic, locomotor, and anti-amnesic activities. All the tested compounds showed anticonvulsant and anxiolytic properties with neither muscle relaxant effect nor

learning and memory impairments.

1. Introduction

The central neurotransmitter y-aminobutyric acid (GABA) exerts its
action through both GABA type A (GABAaRs) and type B (GABAgRSs)
receptors, modulating the excitability of many central nervous system
(CNS) pathways.! GABAARs are chloride ions channel belonging to
ligand-gated ion channels (LGICs) of the Cys-loop superfamily, to which
nicotinic acetylcholine, glycine, zinc-activated, and 5-HT3 receptors also
belong. Cys-loop receptors are targets of many drugs and feature the
five-subunit assembly forming pentameric arrangements around a cen-
tral ion-conducting pore." The GABAAR function is regulated by allo-
steric sites interacting with a large diversity of agents in addition to the
agonist binding site.” The most known positive modulators of the
GABAQRs is the classical 1,4-benzodiazepine diazepam (1, Figure 1).

The positive allosteric modulators (PAMs) of GABAsRs are an
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important class of drugs used as sedatives, anticonvulsants, anxiolytics,
and muscle relaxants. On the other hand, negative GABARs modulators
(i.e. inverse agonists) show anxiogenic and convulsant effects.®°
Finally, neutral modulators, [i.e. the imidazo[1,5-a][1,4]benzodiaze-
pines flumazenil (2, Figure 1)] interact with GABAARs but do not show
any functional efficacy. Therefore, flumazenil is considered to antago-
nize the activity of both positive and negative GABApRs modulators
acting via the central benzodiazepine receptor (CBR). Positive modula-
tors are documented as molecules with amnesic effects in animal and
man,” '* whereas negative modulators were supposed to possess pro-
cognitive properties.'"'? Unfortunately, the employment of CBR in-
verse agonists in the treatment of neurological disorders connected with
cognitive impairment was limited by their anxiogenic and convulsant
effects.'®

Even if a large variety of different subunits (i.e. a;_¢, f1-4, Y1-4, 5, €, T,
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0 and p;_3) was cloned and sequenced, most of GABA4Rs are constituted
by the combination of a, f, and y-subunits organized in a 2:2:1 stoichi-
ometry.'* Among the possible combinations stemming from the co-
assembly of the subunits, barely the receptors composed by a yy or
y315 subunit combined with a4, oy, a3, or o5 ones appear to bind CBR
ligands with noteworthy affinity, and the binding domain is recognized
to be located at the interface between « and y subunits.'® Molecular
genetics and pharmacological investigations suggested for a; subunit an
important role in the sedative and muscle relaxant effects of the non-
selective CBR agonists, while oy or ag subunits are associated with
anxiolytic and anticonvulsant effects.'”'° The recognition of the phys-
iological and pharmacological roles of a subunits in GABAAR functions
has renewed the general interest with the assumption that new drugs
could be obtained with fewer side-effects or different therapeutic uses
with respect to the classical benzodiazepines.’’ ?” Many CBR ligands
have been developed showing different GABAAR subtype selectivity:
selective binding (i.e. by establishing a receptor-ligand complex with a
particular receptor subtype) or by selective efficacy (i.e. by obtaining a
biological response after binding to the receptor).”% 2%,

Interestingly, imidazo[1,5-a][1,4]benzodiazepine derivatives 3 have
been reported to show the full range of intrinsic efficacy, which was
modulated in a rather subtle manner by the substitution pattern,®®*
and similar results were obtained when the seven-membered ring of the
benzodiazepine system was contracted as in the series of imidazo[1,5-a]
quinoxaline derivatives 4.>' >® Moreover, the work made by the Upjohn
researchers suggested the existence of a low affinity-binding site on
GABARs,”” and the structure of imidazo[1,5-a] quinoxaline derivatives
4 was easily translated into the imidazo[1,5-a]lquinoline one of 5 (see
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Figure 1). Compound 5a was identified as a drug candidate for the
treatment of anxiety, but its development was discontinued for safety
reason.”®

Intriguingly, the structure-activity relationship (SAR) analysis sug-
gested that the presence of bulky substituents was tolerated by CBR
binding site when they are located in the ligand region corresponding to
positions 4 and 5 of the imidazo[1,5-alquinoline nucleus consistently in
agreement with that we observed with our 5-HTj3 receptor ligands based
on quinoline structure,*®*°

The structural analogies between GABA, and 5-HT3 receptors stim-
ulated the application of our design approach previously used in
studying 5-HT3 receptors and leading to the discovery of multivalent
ligands.*"*? Intriguingly, the docking studies performed on a 5-HT3
receptor model allowed us to ascertain the existence of several potential
accessory binding sites. Thus, we assumed that multivalency in 5-HT3
receptor could involve receptor domains different from the main bind-
ing site.*! A similar information was not available for GABAaRs. Thus, in
the first part of this project, we performed a careful exploration of the
SAR of imidazo[1,5-a]quinoline derivatives 5 in the interaction with
CBR.”® The results of such study allowed us to identify a suitable
pharmacophore candidate, which was employed in the second part
described in the present paper, for the design of bivalent CBR ligands 6a-
e (Figure 2).

In particular, our approach consisted in the design of bivalent ligands
6a-e and the corresponding reference monovalent ligands 7a-e, in which
the second imidazo[1,5-alquinoline pharmacophore is replaced by a
tert-butoxy group. In our approach, reference monovalent and bivalent
ligands were designed to directly compare binding affinity data and to
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Fig. 1. Structure of reference CBR ligands showing different scaffolds.
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Fig. 2. Application of the imidazo[1,5-a]quinoline scaffold in the design of bivalent and monovalent CBR ligands 6a-e and 7a-e.

properly evaluate the multivalent approach.**>**~%® In particular, the
bivalent interaction of a bivalent ligand should be able to produce an
increase in the binding affinity with respect to that shown by the cor-
responding monovalent one. These newly designed compounds were
synthesized by means of the chemistry previously developed in our
laboratories (see Supporting Information) and were evaluated in binding
assays by using different CBR preparations (i. e. in cerebral cortex from
male CD-1 albino mice or in mouse L(tk-) cells stably expressing human
recombinant alf3y2 and a2p3y2 GABAaRs) and by using different
experimental set-up (see below). Moreover, a few selected CBR ligands
(6a,c and 7a) were then tested in vivo for their potential pharmacolog-
ical effects, by taking into consideration four benzodiazepine actions
such as anticonvulsant, anxiolytic, locomotor, and anti-amnesic

Table 1

activities.
2. Results and discussion
2.1. Invitro binding

The affinity of bivalent ligands 6a-e and the corresponding reference
monovalent ligands 7a-e for CBR in cortical membranes of albino CD-1
mice was measured by means of competition experiments against the
radiolabeled antagonist [*H]flumazenil and the results of the binding
studies are summarized in Table 1.

The most surprising result was the rather peculiar behaviour of most
of the tested compounds in the test system used in this preliminary

Inhibition of [*H]flumazenil specific binding to CBR in cerebral cortex from male CD-1 albino mice of bivalent ligands 6a-f and reference monovalent ligands 7a-e.”

o—/ .o N:\
© © J
6a-e 7a-e 0
Ho A
ITI O N (6]
|
spacer ) ( spacer )
Compd Spacer Methylene equivalents Ki (nM) Ki LAS (nM) Ki HAS (nM)
Monophasic curve Biphasic curve Biphasic curve
6a —(CHo)e— 6 60 0.022
6b —(CH2)7— 7 12 0.00068
6¢ —(CHy)g— 8 52 0.050
6d —(CH2-CH,-0)2-CH,-CHy— 8 18
6e —(CH-CH»-0),-CH>-CHo— 23 41
7a —(CH2)6— 6 35 0.000065
7b —(CH)7— 7 6.4 0.000061
7c —(CHp)s— 8 51 0.0050
7d —(CH2-CH2-0)2-CH-CHo— 8 12
7e —(CH;-CH2-0)7—CH,-CHo— 23 0.66
1 3.5 0.00000049
2 1.3 0.00000029

2 Brain cortex membranes were incubated with 0.2 nM [*H]flumazenil ([°*H]Ro 15-

1788) in the absence and presence of increasing concentrations of the indicated

compounds. All incubations were performed for 90 min at 0 °C (i. e. in ice) in the assay buffer. Non-specific binding was determined in the presence of 10 uM of
diazepam. Concentration-response curves were analyzed using the curve-fitting program GraphPad Prism. Ten concentrations of displacers were examined each in
duplicate. Each value was the average of 4-6 independent experiments. The K; values were calculated from the ICsy by the method of Cheng and Prusoff using the K4

value (0.47 nM) obtained for [°H]flumazenil.
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biological evaluation. In fact, most of the tested compounds showed
biphasic inhibition curves suggesting the existence of two well-distinct
populations of binding sites. Even more surprising was the apparent
affinity of some of the tested compound for the high affinity site, which
was estimated to be in the sub-picomolar range. The most potent ligands
in the interaction with the high affinity binding site were the reference
monovalent ligands 7a-c and the corresponding bivalent ligands 6a-c,
with reasonable affinity modulations in relation to the structural vari-
ations. For instance, the heptamethylene spacer was optimal for the
binding potency in both the series 6a-c and 7a-c as previously observed
in the bivalent ligands for SHT3 receptors.’’ On the other hand, the
affinity of these compounds for the low affinity site was markedly lower
with Ki values spanning from the sub-micromolar up to the nanomolar
range, with stringent analogies with the values displayed by the ligands
showing monophasic inhibition curves. The structure-affinity relation-
ship analysis failed in revealing evidence of bivalent interactions of
these compounds at CBR binding site since the bivalent ligands 6a-e
appeared to be less potent than the corresponding reference monovalent
ligands 7a-e, in which the second imidazo[1,5-a]quinoline pharmaco-
phore is replaced by a tert-butoxy group.

A large body of evidence reported in the literature supports the ex-
istence of a biphasic binding at CBRs and of very high affinity sites.*” >
The intriguing work performed by Metha and Shank®? took into
consideration the possible role of several parameters of the experimental
set-up (i.e. brain areas, incubation temperature and time, radioligand
etc.) in the biphasic binding. Thus, the results obtained in albino CD-1
mice required to be challenged in a different test system. Therefore,
CBRs affinity for both bivalent derivatives 6a-e and monovalent ligands
7a-e was measured by means of competition experiments by using the
same radioligand (i.e. [SH]ﬂumazenil), but different receptors and
experimental binding setup. In particular, the binding of the compounds
to the benzodiazepine site was measured in human recombinant a1p3y2
and a2p3y2 GABAARs. Thus, mouse L(tk) cells stably expressing human
alp3y2 and a2p3y2 GABAARs were generated by transfection of the
individual subunits in the dexamethasone-inducible expression vector
pMSGneo in mouse L(tk-) cells’>>* and were used in the binding assay
by following a previously reported procedure (for the details see Sup-
porting Information).

Table 2

Bioorganic & Medicinal Chemistry 117 (2025) 118006

The results of the binding studies are summarized in Table 2.

In this test system, the binding profiles of the tested compounds were
rather different from the ones obtained in the experimental set-up
employing cerebral membrane preparations from albino CD-1 mice. In
fact, the tested compounds were found to inhibit the specific binding of
radiolabeled flumazenil at the human recombinant a1p3y2 and a2p3y2
GABARs showing roughly monophasic inhibition curves with Ki values
from the sub-micromolar up to the nanomolar range very similar to that
shown by diazepam (used as the reference compound in the binding
assays). In particular, nanomolar Ki values were observed in both the
series of bivalent 6a-c and the corresponding monovalent ligands 7a-c,
with slightly better affinity values in the monovalent ligand series with
respect to the bivalent series. Interestingly, the Ki values measured in
this test system roughly correspond to those obtained for the low affinity
site of CD-1 mice. Overall, these results appeared to rule out significant
bivalent interactions and rather suggest monovalent interactions of
these ligands with CBR. However, the role of each parameter of the
experimental set-up (i.e. brain areas, incubation temperature and time,
radioligand etc.) should be carefully investigated in a systematic phar-
macological work to understand the molecular bases of the biphasic
binding of these compounds in CD-1 mice.

2.2. In vivo efficacy

The selection of the compounds for the in vivo tests represented a
very complex task because of the complexity of the binding profiles
shown by the newly synthesized molecules. Overall, two divalent li-
gands (i.e. 6a and 6¢) and a reference monovalent ligand (i.e. 7a) were
selected as the most representatives of the most interesting compounds
to be examined in mice for their pharmacological effects. Four potential
benzodiazepine actions were considered: the anticonvulsant action
evaluated by means of the compounds against pentylenetetrazole-
induced convulsions, the potential anxiolytic effects screened using
the light/dark box test, the myorelaxant effect with the rota rod test, and
finally the mouse learning and memory impairment evaluated by the
passive avoidance test. The anticonvulsant activity of the compounds
was studied by means of pentylenetetrazole [6,7,8,9-tetrahydro-5H-
tetrazoloazepine (PTZ)] as a chemical convulsant agent (Table 3).

Inhibition of [®H]flumazenil specific binding to CBR in mouse L(tk-) cells stably expressing human recombinant a1p3y2 and a2$3y2 GABAARs of bivalent ligands 6a—e

and reference monovalent ligands 7a-e.”

6a-e 7a-e
Ho A
N N O
| \
( spacer ) spacer )
Compd Spacer Methyleneequivalents Ki (nM) a1p3y2 Ki (nM) a2p3y2
6a —(CHa)e— 6 74 45
6b —(CHg)7— 7 74 74
6c —(CHp)s— 8 64 56
6d —(CH3-CH»-0)5-CH-CHy— 8 129 100
6e —(CH2-CH2-0)7—CH,-CHx— 23 245 210
7a —(CH»)e- 6 10 14
7b —(CHo)y- 7 31 33
7c —(CHp)s— 8 39 42
7d —(CHz-CH2-0)>-CH,-CHo— 8 615 400
7e —(CH3-CH,-0)7—CH-CH,— 23 42 63
Diazepam 31 22

2 Cell membranes were incubated with 4 nM [*H]flumazenil ([°’H]Ro 15-1788]) in the absence and presence of increasing concentrations of the indicated com-
pounds. All incubations were performed for 1 h at 4 °C in the assay buffer. Non-specific binding was determined in the presence of 1-3 uM of TP003 (see the Supporting
Information for details). The % inhibition of [*H]R015-1788 binding was plotted as a function of compound concentration and the ICs, calculated. From the ICso
values, the Ki values were calculated using the method of Cheng and Prusoff using the K4 values obtained for [*H]R015-1788.
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Table 3
Effect of 6a, 6¢, and 7a on convulsions induced by pentylenetetrazole.”

Bioorganic & Medicinal Chemistry 117 (2025) 118006

Treatments Dose mg/kg Convulsion latency (min) Death latency
(min)

vehicle 19.3 + 4.1 28.4 +£ 4.8

6a 20 22.8 +5.5 40.5 + 4.9*

6c 20 20.7 + 4.8 41.8 £ 6.5%

7a 20 242+ 39 43.3+7.1%

? Pentylenetetrazole (90 mg/kg i.p.) was injected 30 min after the adminis-
tration of compounds. Each value represents the mean + s.e.m of at least 8 mice
per group. *P<0.05 vs vehicle-treated animals.

As shown in Table 3, 20 mg/kg of 6a, 6¢c, and 7a were able to
significantly delay the mouse death latency in comparison to the control
animals treated with vehicle. No effect was recorded concerning the
time of the onset of convulsions (convulsion latency).

On the other hand, the effects of compounds on mouse anxiety in
comparison to diazepam was evaluated using the light/dark box appa-
ratus, the results are summarized in Table 4.

All compounds were challenged at the doses of 10 mg/kg and 20 mg/
kg while diazepam was administered at 1 mg/kg. The time spent by
vehicle-treated animals in the light box was 112.1 + 10.9 s, this value
was not changed by the treatment with 6a, 6¢, and 7a, at 10 mg/kg
(114.3 £9.55,96.7 + 8.4 s, and 109.7 + 8.7 s, respectively). All com-
pounds at the higher dose potentiated this parameter up to 166.2 + 8.2s
for 6a, 173.4 &+ 9.5 s for 6¢, and 144.7 + 11.2 s for 7a. Bivalent ligands
6a and 6c¢, and diazepam significantly increased the persistent time in
light box up to 174.9 + 10.9 s.

The effect of the acute administration of compounds (20 mg/kg, p.o.)
on motor coordination was assessed using the rota rod test as a screening
method to highlight any myorelaxant effect (Table 5).

Mice were challenged to perform the test before and after treatments
(every 15 min) and the number of falls in 30 sec were counted. All
compounds did not show a muscle relaxant effect since no increasing
number of falls were detected after treatments in comparison to control
animals injected with vehicle.

Finally, to investigate the effect of compounds on learning and
memory, mice performance on passive avoidance test was analysed. This
test allows to analyse if compounds show amnesic effects in a similar
way to benzodiazepines. The difference between the retention latencies
of compounds-treated mice and vehicles-treated mice was not statisti-
cally significant, meaning of no negative effect on learning and memory.
On the contrary, the reference drug diazepam showed an amnesic effect
after injection at the dose of 1 mg/kg (Table 6).

3. Conclusions

The imidazo[1,5-a]quinoline scaffold already reported in high af-
finity CBR ligands"® was here employed as the pharmacophore in the
design of bivalent CBR ligands 6a-e bearing spacers showing variable
length from six to twenty-three methylene equivalents and different

Table 4
Effect of 6a, 6¢, and 7a in comparison to diazepam in the light/dark box test.”

Treatments Dose mg/kg Time in light (sec)
Vehicle 112.1 +10.9

6a 10 114.3 +9.5

6a 20 166.2 + 8.2**

6¢c 10 96.7 + 8.4

6c 20 173.4 + 9.5%*

7a 10 109.7 + 8.7

7a 20 144.7 + 11.2%*
diazepam 1.0 174.9 + 10.9%*

@ All compounds were administered 30 min before the test. Each value rep-
resents the mean + s.e.m of at least 8 mice per group. **P<0.01 vs vehicle-
treated animals.

Table 5
Lack of effect of 6a, 6¢, and 7a on mice rota rod test (falls in 30 sec).”
Treatments Dose mg/ Time (min)
kg
0 15 30 45 60
Vehicle 5.0 + 3.1+ 1.6 + 1.0 + 0.2 +
0.4 0.4 0.0 0.2 0.3
6a 20 49 + 3.2+ 19 + 0.7 + 0.1+
0.3 0.3 0.4 0.2 0.2
6¢c 20 4.5 + 3.0+ 1.4 + 0.7 + 0.2 +
0.4 0.3 0.2 0.3 0.3
7a 20 51+ 33+ 1.8+ 0.8 + 0.2+
0.3 0.3 0.3 0.2 0.2

@ Each value represents the mean =+ s.e.m. of at least 8 mice per group.

Table 6
Lack of effect of 6a, 6¢, and 7a in the mouse passive avoidance test.”

Treatments Dose mg/kg  Training session (s) Retention session (s) A

Saline 15.6 &+ 3.2 92.4 £8.7 76.8
CMC 16.6 £+ 3.5 90.7 £ 9.2 74.1
6a 20 153 + 4.1 86.1 £7.1 70.8
6¢ 20 14.8 + 3.2 91.8 £9.1 77.0
7a 20 18.1 £2.9 95.5+9.3 77.4
Diazepam 1.0 17.4 + 3.8 61.0 + 6.8 43.6

# All compounds and diazepam were administered immediately after pun-
ishment. Each value represent the mean + s.e.m of at least 8 mice per group.
**P<0.01 in comparison to saline/CMC treated mice.

physicochemical features. The newly designed compounds 6a-e were
synthesized exploiting previously developed procedures along with the
corresponding reference monovalent compounds 7a-e bearing the cor-
responding spacers terminated with a tert-butoxycarbonyl (Boc) group.
The affinity to GABApRs was evaluated in binding assays by using
different CBR preparations (such as the cerebral cortex from male CD-1
albino mice or the human recombinant a1p3y2 and a2p3y2 receptors
stably expressed in mouse L(tk-) cells) and different experimental set-up.
The results obtained in the human recombinant al1p3y2 and a2p3y2
GABAARs showed that the tested compounds were able to inhibit radi-
olabelled flumazenil, displaying monophasic inhibition curves, with Ki
values from the sub-micromolar up to the nanomolar range. The similar
inhibition constants values at al- and a2-subunit containing GABARs
showed an apparent lack of selectivity across the two isoforms. Nano-
molar Ki values were obtained in both the series of homo-bivalent 6a-c
and the corresponding monovalent ligands 7a-c, which showed slightly
better affinity values. The similarity in the affinity between the bivalent
ligands and the corresponding monovalent ones appeared to rule out
any bivalent interactions of these ligands with the two isoforms of
GABAjRs. Similarly, both the series of bivalent 6a-c and the corre-
sponding monovalent ligands 7a-c were able to inhibit the radiolabeled
flumazenil to GABAARSs in in cortical membranes of albino CD-1 mice,
but most of the tested compounds showed biphasic inhibition curves,
which suggested the existence of two well-distinct populations of
binding sites. Interestingly, the inhibition constant values measured for
the low affinity site roughly correspond to those obtained in the human
recombinant a1p3y2 and a2p3y2 GABAARs. Surprisingly, the apparent
affinity of some of the tested compound for the high affinity site was
estimated to be in the sub-picomolar range. Giving the lack of an
unconfutable explanation for this surprising results, further studies are
obviously necessary to evaluate the reproducibility of this observation.
Finally, some CBR ligands selected from the bivalent ligands (i.e. 6a,c)
and from the reference monovalent ligands (i.e. 7a) were then tested for
their potential pharmacological in vivo effects in mice. Four potential
benzodiazepine actions such as anticonvulsant, anxiolytic, locomotor,
and anti-amnesic activities were taken into consideration. All the tested
compounds showed anticonvulsant and anxiolytic properties without
muscle relaxant and learning and memory negative effects.
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