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A B S T R A C T   

Cognitive deficits are enduring and disabling symptoms for many patients with severe mental illness, and these 
impairments are inadequately addressed by current medications. In this study, we reported the synthesis of 
β-arylchalcogeno amines bearing sulfurated, selenated, and tellurated moieties (2–4) which are structurally 
related to amphetamine with good activation properties for Carbonic Anhydrases (CAs) isoforms present in the 
cortical and hippocampal brain structures (hCA IV and hCA XIV). In addition, these compounds showed selective 
inhibition against the Monoamine oxidase (MAO) A isoform. In vivo evaluation of two derivatives (2a and 3a) 
revealed procognitive effects in the object recognition and social discrimination tests. Interestingly, these 
compounds, despite having a similar structure to amphetamine, did not caused hypophagia or hyperlocomotion, 
two effects often observed following the administration of amphetamine-like drugs. In this context, β-arylchal
cogeno amines may have utility for improving the symptoms of cognitive decline associated with neurodegen
erative and psychiatric diseases such as attention deficit disorder, Parkinson’s disease-related cognitive 
dysfunction and cognitive disorders associated with depression.   

1. Introduction 

Cognition comprises of multiple high-level mental abilities such as 
perception, attention, reasoning, planning, problem solving, decision- 
making, language, memory which are essential for the proper func
tioning of an individual [1]. “Cognitive impairments” is an umbrella 
term used to define dysfunctions in one or more of these processes 
leading to problems in general adjustment, emotional and social func
tioning, and well-being [2]. Deficits in brain networks that support 
cognitive abilities are among the most prevalent complications in many 

neurodegenerative and psychiatric disorders. Indeed, most patients with 
different conditions such as Alzheimer disease, Parkinson disease, Lewy 
body dementia, Huntington disease, HIV dementia depression, schizo
phrenia, chronic alcohol or substance abuse, brain tumors, epilepsy, 
multiple sclerosis, manifest cognitive deficits, often at the beginning of 
the disease course [3]. These cognitive disfunctions are largely separate 
from the classical symptoms of the disorders. Therefore, they often 
persist even in the face of symptomatically effective treatment [4]. 

There is a growing body of evidence demonstrating the complex and 
multifactorial nature of cognitive impairments [5,6]. In this context, we 
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hypothesized that compounds acting synergistically on multiple targets 
could potentially translate into a novel polypharmacological tools to 
treat cognitive impairments. Building on this concept, our efforts 
focused on the design and synthesis of new compounds with a 
multi-target profile: Carbonic Anhydrase (CA, EC 4.2.1.1) activators and 
Monoamine Oxidase (MAO, EC 1.4.3.4) inhibitors. 

CAs are ubiquitously expressed enzymes involved in several physi
ological processes, including cognition [7,8]. Modulation of the activ
ities of CAs activity was shown to impact animal’s learning in different 
models evaluating spatial [9,10], aversive [11] and recognition [12] 
memories. Recently, we demonstrated that infusion of activators/inhi
bitors of the CAs in specific brain areas such as the hippocampus and the 
frontal cortex impacts on fear memory extinction [13] and social 
discrimination [14]. Moreover, a key role for brain associated isoform 
hCA VII in protecting cells against oxidative stress was reported making 
it an excellent target [15]. A growing body of evidence indicates that 
disturbances of antioxidant defense systems and the presence of oxida
tive stress may play a role in the biochemical mechanisms underlying 
cognitive disorders [16]. Oxidative stress in the brain is also decreased 
by inhibition of mitochondrial enzymes such as Monoamine Oxidase 
(MAO, EC 1.4.3.4). MAOs catalyze the oxidative deamination of 
biogenic and xenobiotic amines and have an important role in the 
metabolism of neuroactive and vasoactive amines in the central nervous 
system (CNS) and peripheral tissues [17]. It has been observed in several 
studies that MAOs, in particular the MAO-A isoform, are involved in 
neurological and psychiatric disorders [18]. Recent data obtained in 
animals and in humans suggest that both MAO-A and MAO-B inhibitors 
present cognitive enhancing properties of possible interest in the treat
ment of cognitive disorders [17]. Based on our recent report showing 
that amphetamine as well as other structurally-related amines such as 
methamphetamine, phentermine, mephentermine, and chlorphenter
amine, potently activate human CA isoforms [19], here we developed a 
series of β-arylchalcogeno amines 2, 3, and 4, bearing sulphurated, 
selenated, and tellurated moieties showing antioxidant propriety useful 
to solve oxidative stress problems involved in neuropsychiatric disor
ders. These compounds showed potent CA activating, in particular hCA 
IV, VII and XIV isoforms, selective MAO-A inhibiting property. Two 
derivatives (2a and 3a) facilitated the consolidation of recognition 
memory in vivo. Interestingly, these compounds, despite having a similar 
structure to amphetamine, did not caused hypophagia or hyper
locomotion, which is a positive feature for the potential pharmaco
therapeutic profile of these compounds. 

2. Results and discussion 

2.1. Design and synthesis 

At the initial stage of the project, we chose the well-studied 
amphetamine (AMP, Fig. 1) scaffold due to its multiple psychotropic 
effects and having recently been discovered as an activator of several CA 

isoforms [19]. Moreover, a remarkable feature of the AMP skeleton is 
that it is possible to produce drastic changes in its pharmacodynamics 
with minimal structural variations. This leads to compounds with useful 
activities that differentially interact with different target proteins such 
as two MAO isoforms [20]. Indeed, to obtain selective inhibitors of 
MAO-A, as its abnormal activity is associated with several neuropsy
chiatric disorders [21], the presence of a methyl group on the α-carbon 
atom is essential [20]. Finally, we evaluated the possibility of length
ening the side-chain with a chalcogenide atom such as sulphur, selenium 
and tellurium in order to evaluate the antioxidant proprieties and fight 
the ROS species associated to neuropsychiatric disorders (Fig. 1). 

β-Arylchalcogeno amines 2, 3, and 4 were prepared through the 
nucleophilic ring opening reaction of the N–H inactivated 2-methylazir
idine 1 with suitable sulphur-, selenium-, and tellurium-centered nu
cleophiles. Amino-substituted sulphides 2a,b, selenides 3a,b, and the 
telluride 4a were efficiently synthesised from the corresponding silyl 
chalcogenides and the aziridine 1 by a fluoride-induced silicon-medi
ated procedure developed by some of us (Scheme 1) [22]. On the other 
hand, differently substituted thiolates and selenolates – in situ generated 
upon deprotonation of the corresponding thiols and selenols with KOH – 
were employed for the synthesis of sulfides 2c,d and selenides 3c-g 
(Scheme 2) [23]. 

Similarly, β-aryltelluro-amines 4b-d were obtained through the re
action of aryltellurolates with the aziridine 1. Tellurolates were readily 
generated upon reduction of the corresponding ditellurides with NaBH4 
in ethanol (Scheme 3) [23]. Notably, all these ring opening reactions 
occurred with high regioselectivity, leading to the formation of the sole 
product arising from the nucleophilic attack onto the less hindered 
carbon of the three-membered heterocycle. 

Fig. 1. General structure of novel hybrid CAAs.  

Scheme 1. Synthesis of β-arylchalcogeno amines via ring opening reaction of 
aziridines with silyl chalcogenides. 
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3. Carbonic anhydrase activation 

All compounds (2–4) are tested in vitro for their activity against all 
catalytically active human CA isoforms I-XIV by means of the stopped- 
flow carbon dioxide hydration assay [24]. Their activities are 

compared to D-phenylalanine (D-Phe) and AMP as outlined in Table 1. 
The following structure–activity relationship (SAR) can be observed 

regarding the activation data of Table 1:  

i) The widely expressed isoform hCA II was not activated by these 
amines except for compound 3g which showed an activation 
constant of 45.1 μM. On the other hand, the second most abun
dant isoform hCA I was moderately activated by several com
pounds studied here. It is interesting to note the difference in 
potency among the analogue compounds 3e and 4c where the 
simple replacement of one atom of selenium with tellurium 
drastically increased the potency of activation (KA 21.4 μM and 
4.6 μM, respectively). Keeping in mind the activity of AMP, that 
shows no activity against this isoform, the addition of one chal
cogen atom in the AMP structure led to the activation of hCA I 
and the replacement of one atom of sulphur for compound 2a 
with one of selenium (3a) or tellurium (4a) did not change 
significantly the activation constants (for 2a KA 11.8 to 9.9 μM for 
3a and 4a) proving to be essential for the activity against hCA I.  

ii) Other cytosolic isoforms such as hCA III, hCA VII and hCA XIII 
showed different activation profiles with these compounds. In 

Scheme 2. Synthesis of β-arylthio- and β-arylseleno-amines via ring opening reaction of aziridines with thiolates and selenolates.  

Scheme 3. Synthesis of β-aryltelluro-amines via ring opening reaction of azir
idines with tellurolates. 

Table 1 
Activation of human CA isoforms I-XIV with compounds 2–4, D-Phe and AMP by a stopped flow CO2 hydrase assay [24].  

KA (μM)a 

Cmp hCA I hCA II hCA III hCA IV hCA VA hCA VB hCA VI hCA VII hCA IX hCA XII hCA XIII hCA XIV 

2a 11.8 >100 26.8 7.1 12.4 18.7 70.9 23.4 74.8 43.3 82.4 9.8 
2b 7.7 >100 5.4 7.4 12.4 22.7 61.6 14.8 63.3 72.9 54.4 3.8 
2c 9.5 >100 70.8 2.4 13.3 12.8 55.9 23.2 56.6 46.7 90.9 3.6 
2d 13.5 >100 91.7 2.2 12.9 11.5 30.9 11.4 77.9 87.9 49.3 2.9 
3a 9.9 >100 14.3 8.6 14.7 26.3 57.2 20.6 49.6 59.5 58.6 9.9 
3b 5.2 >100 20.3 2.2 9.1 15.7 30.5 10.4 82.5 89.7 68.6. 8.3 
3c 12.1 >100 54.1 2.7 20.0 23.7 71.6 14.2 83.3 51.8 49.3 4.7 
3d 6.0 >100 90.8 9.5 20.9 22.7 31.4 21.4 81.2 78.2 83.3 1.1 
3e 21.4 >100 66.8 8.7 20.3 25.8 46.4 23.3 73.2 68.8 60.4 8.7 
3f 19.6 >100 13.1 6.1 13.1 20.2 48.5 13.4 22.8 90.6 46.9 2.6 
3g 22.1 45.1 72.6 9.4 14.0 21.8 76.5 12.1 70.1 58.5 44.1 6.7 
4a 9.9 >100 59.7 5.9 14.2 21.7 73.1 41.2 22.2 52.5 49.7 3.2 
4b 8.2 >100 73.5 5.3 4.0 15.7 23.6 21.9 74.4 80.4 82.7 2.4 
4c 4.6 >100 77.3 8.2 3.3 22.5 37.8 44.9 47.9 52.8 38.2 9.5 
4d 9.5 >100 60.6 4.4 9.4 29.5 69.2 14.3 85.2 32.7 58.3 1.2 
AMP >150 >150 87.7 0.094 0.81 2.56 >150 0.91 >150 0.64 24.1 9.15 
D-Phe 86 0.035 15.4 49.3 4.63 0.072 16 9.74 9.3 0.37 0.051 7.21  

a Mean from 3 different assays, by a stopped flow technique (errors were in the range of ± 5–10% of the reported values). 
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particular, hCA III was observed to be moderately activated with 
constant values spanning between 5.4 μM and 91.7 μM. All the 
chalcogen analogues of AMP (2a, 3a and 4a) were more active 
(26.8, 14.3, 59.7 and 87.7 μM, respectively). In addition, when 
sulphur (2a) is replaced by selenium (3a), the activity increased 
nearly 2-fold; instead, when replaced by tellurium (4a), the ac
tivity decreased 4-times. Regarding the substitutions for com
pounds 2a-d, the best activity is observed for para substitution as 
for 2b (KA 5.4 μM). On the other hand, substitution in ortho (2c) 
and meta (2d) positions proved to be deleterious for the activity 
reaching the high micromolar range values (KA 70.8 and 91.7 
μM). Regarding hCA VII, all compounds showing less activity 
than AMP and the replacement of chalcogen atom in its analogues 
(2a, 3a and 4a) did not show significant differences in terms of 
potency with KA ranging from 20.6 to 41.2 μM. Regarding hCA 
XIII, the different ring substitutions resulted in no significant 
differences in power modulation, only the replacement of chal
cogen atom for the analogue of AMP (2a, 3a and 4a) we observed 
a slight increase in the potency of activation. 

iii) The mitochondrial isoforms hCA VA and hCA VB were moder
ately activated with KAs ranging from 3.3 μM to 29.5 μM. 
Regarding hCA VA, the best activators were compounds with 
tellurium atoms 4b-4d with KAs of 4.0, 3.3 and 9.4 μM, respec
tively. It is interesting to note that these compounds (4b-4d) 
showed a selectivity ratio of over 3-fold for hCA VA with respect 
to hCA VB and compound 4c was nearly 7-times more selective. 
On the other hand, the constant values against hCA VB were in 
the same range for all compounds studied here, irrespective of the 
substituents or chalcogen atom. These compounds remained, in 
any case, less effective on mitochondrial hCAs compared to the 
psychotropic amine AMP.  

iv) Similar to hCA XII and XIII, the secreted isoform hCA VI, was 
weakly activated by compounds 2–4 with activation values in the 
high micromolar range (KAs 23.6–76.5 μM). However, all com
pounds had better activation constants compared to the reference 
compound AMP (KA > 150 μM), suggesting that the addition of an 
atom in the scaffold enhanced the activity.  

v) The membrane bound isoforms hCA IV and hCA XIV were the 
most activated isoforms by compounds 2–4 with a KA in the low 
micromolar range. For hCA XIV the best activation values were 
observed the best activation values with a KA of 1.1 μM for de
rivative 3d and 1.2 μM for 4d where, in both cases, bulky sub
stituents proved to be essential to improve the potency. When 
comparing sulphur to tellurium substitution for the AMP ana
logues (2a, 3a and 4a), an approximately 3-fold increase in 
power for derivative 4a compared to compounds 2a and 3a (3.2 
μM for 4a than 9.8/9.9 μM 2a/3a). A comparable activation 
profile can be observed for hCA IV, although less significantly. 
Interestingly, among these two isoforms, the addition of a chal
cogen atom led to significant changes in CA activation compared 
to AMP. In fact, for hCA IV there was a drastic power decrease in 
activation compared to AMP; on the contrary, for hCA XIV we 
observed an increase in potency with respect to AMP. Regarding 
the membrane isoform, hCA XII, the addition of a chalcogen atom 
decreased the activation potency nearly 10-fold compared to 
AMP. No significant variations in potency were observed among 
the different chalcogen atoms and substituents. On the other 
hand, the addition of one atom to the AMP scaffold increased the 
activity against hCA IX compared to AMP and, in addition, sub
stitution of sulphur (2a) for tellurium (4a) we observed an in
crease of over three times in activity. 

3.1. MAO inhibition 

The β-arylchalcogeno amine derivatives (2–4) were investigated as 

potential inhibitors of recombinant human MAO-A and MAO-B [25]. 
Kynuramine was used as enzyme substrate for both MAO isoforms and is 
oxidized by the MAOs to yield 4-hydroxyquinoline, which was measured 
and quantitated by fluorescence spectrophotometry [26]. The IC50 
values for the inhibition of the MAOs are presented in Table 2. 

From the inhibition data it is evident that most compounds are se
lective inhibitors of MAO-A compared to MAO-B, which may be due to 
the methyl at the α-carbon position as mentioned above. Regarding the 
MAO-A inhibition, the sulphur derivative 2c, with bromine substituted 
on the ortho position, showed the best inhibition activity with an IC50 of 
0.724 μM. On the other hand, placing the bromine on the meta position, 
led to the weakest MAO-A inhibition among the sulphur derivatives 2a- 
d. When considering the organoselenium derivatives 3a-g, an important 
observation is the approximately 2-fold decrease in MAO-A inhibition 
activity of 3a compared to the sulphur analogue 2a. Interestingly, in
hibition activity increases with various substituents such as for com
pounds 3b, 3d and 3e with IC50 values in the low micromolar range 
(1.21–2.03 μM). For the organotellurium compounds 4a-d, a further 
decrease in MAO-A inhibition potency is observed. Indeed, derivative 4a 
was 5-fold weaker in potency compared to the sulphur analogue 2a, and 
2-fold weaker than the selenium analogue 3a. The addition of sub
stituents to derivative 4a increases the MAO-A inhibition potency (e.g., 
4b and 4c) but bulkier groups such as the trimethoxyphenyl moiety of 
4d resulted in the complete loss of inhibition of both MAO isoforms. For 
the inhibition of MAO-B, the selenium derivatives 3a-g were the most 
potent inhibitors. A replacement of selenium with tellurium drastically 
decreased the inhibition potency with 4a, 4b and 4d displaying no in
hibition at 100 μM. A reduction in activity is also observed when sele
nium is replaced with sulphur (e.g., 2a-d), which shows that this 
element essential for activity against MAO-B. 

4. IN VIVO studies 

4.1. 2a and 3a strengthen long-term recognition memory consolidation 

To investigate the impact of compounds 2a and 3a on recognition 
memory we used two behavioural paradigms: the novel object recog
nition and the social discrimination tests. These tasks rely on the moti
vational strength of novelty, being purely based in the natural tendency 
of rodents to seek out and explore novelty, either a novel object or a 
novel juvenile. The experimental protocols used in these paradigms 
were also similar: in both cases the animals were habituated to the arena 
24 h prior to the acquisition session in which they were presented to the 
stimuli (two similar objects or one juvenile congener). The tested com
pounds were given immediately after this session to investigate their 
impact on memory consolidation. Retention tests were performed after 

Table 2 
Inhibition of recombinant human MAO-A and MAO-B by compounds 2–4.  

Cmp MAO-A 
IC50 ± SD (μM) 

MAO-B 
IC50 ± SD (μM) 

2a 4.72 ± 0.221 57.3 ± 19.7 
2b 3.89 ± 0.297 No inhibition 
2c 0.724 ± 0.042 64.8 ± 11.3 
2d 7.82 ± 0.566 No inhibition 
3a 9.79 ± 2.57 No inhibition 
3b 2.03 ± 0.108 36.5 ± 9.58 
3c 5.17 ± 0.207 16.7 ± 2.55 
3d 1.68 ± 0.223 2.79 ± 0.142 
3e 1.21 ± 0.084 36.8 ± 8.10 
3f 10.5 ± 0.783 13.4 ± 2.38 
3g 7.15 ± 0.512 21.3 ± 2.69 
4a 25.4 ± 0.566 No inhibition 
4b 6.66 ± 0.825 No inhibition 
4c 14.0 ± 1.19 84.2 ± 13.8 
4d No inhibition No inhibition 
Harmine 0.0041 ± 0.00007 – 
Isatin 8.43 ± 0.245 3.90 ± 0.792  
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24 or 48 h, when the subject mouse was presented to a novel object or a 
novel social stimulus along with those encountered in the previous 
session. The inter-trial intervals were chosen based on our previous 
experiences, since at this time-points the control animals are normally 
unable to discriminate between novel and familiar stimuli [27–29]. This 
experimental design represents an advantage when investigating the 
intrinsic memory-promoting potential of new compounds because 
exploiting natural forgetting avoids the use of amnesic drugs, thus ruling 
out issues related to possible pharmacokinetic interactions [30]. 

The results obtained in the NOR are depicted in Fig. 2. As expected, 
vehicle-treated mice were unable to remember the previously encoun
tered object, spending a similar percentage of time exploring the 
familiar and the novel objects (Fig. 2B). D-Phe was used as comparator. 

Mice receiving the lower doses (25 nmol/μL) of either compound 
behaved as control mice treated with vehicle. On the contrary, mice 
treated with the higher doses (50 nmol/μL) remembered the familiar 
object, hence they spent significantly more time exploring the new ob
ject (p < 0.001, Fig. 2B). Similar effects were observed following the 
administration of D-Phe: when infused at higher concentration, it eli
cited a procognitive effect (p < 0.0001, Fig. 2B) whereas it was inef
fective when given at the lower concentration. Statistically significant 

differences between groups were also observed in the discrimination 
indexes (DI) (Fig. 2C). The DIs calculated for the groups of animals 
receiving infusions of compounds at the higher concentration were 
significantly greater (2a: 0.185 ± 0.178, p < 0.05; 3a: 0.206 ± 0.241 p 
< 0.01; D-Phe: 0.375 ± 0.144 p < 0.0001) than the DI calculated for the 
vehicle-treated group (− 0.106 ± 0.114). Conversely, no differences 
emerged among the DIs determined for the control group and for the 
groups treated with the lowest dose of each tested compound (2a: 0.111 
± 0.271; 3a: 0.006- ± 0.177; D-Phe: 0.075 ± 0.190). 

In the second set of experiments, we investigated the impact of the 
same compounds on the consolidation of a long-term social recognition 
memory. The results obtained (shown in Fig. 3) are largely comparable 
to those observed in the NOR. 

During the retention test, control animals treated with vehicle failed 
to discriminate between novel and familiar juveniles, spending an equal 
percentage of time exploring both stimuli. The same behaviour was 
observed for the animals treated with 2a, 3a or D-Phe at a dose of 25 
nmol/μL. Instead, the animals receiving infusions of either compound at 
a dose of 50 nmol/μL showed a clear preference towards the social 
novelty, spending a significantly longer time exploring the novel juve
nile with respect to the one met during the acquisition phase (Fig. 3B). In 

Fig. 2. β-arylchalcogeno amines improve 
the consolidation of the long-term object 
recognition memory. (A) Schematic drawing 
showing the sequence of the behavioural 
procedures: immediately after the acquisi
tion phase mice received infusions of either 
vehicle, 2a, 3a or D-Phe at 25 or 50 nmol/ 
μL. The retention test was performed 24 h 
later. Data are expressed as individual data 
points for each animal and bars represent 
means ± SEM. (B) Percentages of time spent 
exploring were analyzed by two-way 
ANOVA followed by Bonferroni’s Multiple 
Comparison Test. Dashed line indicates the 
theoretical means of 50%. **P < 0.01; ***P 
< 0.001 ****P < 0.0001 familiar vs. novel 
object within the same group. (C) Discrimi
nation indexes were analyzed by one-way 
ANOVA followed by Bonferroni’s Multiple 
Comparison Test *P < 0.05; **P < 0.001 
****P < 0.0001 vs. vehicle group.   
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agreement with these results, the DIs of mice treated with the com
pounds at the lower dose (2a: 0.038 ± 0.210; 3a: 0.011 ± 0.202; D-Phe: 
0.009 ± 0.151) did not differ from the controls values (− 0.078 ±
0.121), whereas the DIs of the animals receiving the highest dose 
significantly increased (2a: 0.138 ± 0.104, p < 0.05; 3a: 0.156 ± 0.101 
p < 0.05; D-Phe: 0.291 ± 0.142 p < 0.001) (Fig. 3C). 

4.2. 2a and 3a did not elicit AMP-like behaviours 

AMP and AMP-like compounds are a class of drugs known to induce 
significant stimulant effects in the brain, suppressing appetite and pro
moting hyperkinesia [31]. In view of the structural similarities between 
AMP and 2a and 3a, we decided to evaluate the effects of these com
pounds on motor activity and food consumption and compare them with 
the amphetamine-elicited effects. The dose of amphetamine used in our 
study is similar to that used in other studies [32] and caused a sub
stantial reduction in food intake as well as significant locomotor 
activation. 

The distance covered during the 5-min session by the mice treated 
with 2a, 3a or AMP at 50 nmol/μL is presented in Fig. 4. 

As expected, AMP treatment elicited a significant increase in loco
motor activity as revealed by the significantly longer distances covered 
by the amphetamine-treated mice with respect to the animals receiving 
vehicle infusions (p < 0.01). On the other hand, no differences in terms 

of distance travelled were observed for the groups of animals treated 
with either 2a or 3a with respect to the control group (Fig. 4B). 

The effects of the different compounds on food intake were assessed 
using the fasting-refeeding protocol. AMP infusion caused a profound 
reduction of food consumption (p < 0.05). The onset of the AMP 
hypophagic effect was fast as it was already significant 30 min after food 
presentation and persisted for the 2 h evaluating time. Conversely ani
mals treated with either 2a or 3a consumed comparable amounts of food 
with respect to control animals (Fig. 5). 

4.3. Effects of compound 2a and 3a systemic treatment on brain CA 
activity 

In order to examine the influences of compounds 2a and 3a systemic 
treatment on brain CA activity, mice were euthanized 30 min after the i. 
c.v. infusion, their brains were collected, and the hippocampi and 
cortices were immediately dissected on ice and then homogenized 
individually in 1 mL of ice cold 20 mM Hepes buffer (pH 7.5). Controls 
received a comparable injection of vehicle and their brains were 
collected and processed are treated as mentioned above. The overall 
catalytic activity of CAs (Kcat) of each individual preparation was 
measured with a stopped flow spectrophotometric method monitoring 
the physiological reaction catalyzed by these enzymes and the results 
are shown in Fig. 6. One-way ANOVA revealed an overall difference in 

Fig. 3. β-arylchalcogeno amines improve 
the consolidation of the long-term social 
recognition memory. (A) Schematic drawing 
showing the sequence of the behavioural 
procedures: immediately after the acquisi
tion phase mice received infusions of either 
vehicle, 2a, 3a or D-Phe at 25 or 50 nmol/ 
μL. The retention test was performed 48 h 
later. Data are expressed as individual data 
points for each animal and bars represent 
means ± SEM. (B) Percentages of time spent 
exploring were analyzed by two-way 
ANOVA followed by Bonferroni’s Multiple 
Comparison Test. Dashed line indicates the 
theoretical means of 50%. **P < 0.01; 
****P < 0.0001 familiar vs. novel social 
stimulus within the same group. (C) 
Discrimination indexes were analyzed by 
one-way ANOVA followed by Bonferroni’s 
Multiple Comparison Test *P < 0.05; ***P <
0.0001 vs. vehicle group.   
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activity between the control group and the treated groups, in particular 
the group treated with compound 3a (P < 0.0001) showing that brain 
mean activity was significantly different from that of saline-treated 
control animals. 

Lastly, keeping into consideration that lipophilic amine pharmaco
phore was known to be promiscuous, we explored the structures of 
compounds 2a and 3a by means of SwissADME and Swis
stargetprediction webtools [33]. For both compounds, the former dis
played high gastrointestinal absorption and Blood Brain Barrier 
permeation, limited ability to behave as a substrate to P-glycoprotein 
and the possibility to be metabolised by CYP1A2 (only for compound 
2a). In addition, the substitution of the sulphur atom (consensus Log 
Pw/o 2.23) with a selenium (consensus Log Pw/o 1.13) led to an 
improvement of hydrophilicity as calculated by the software. This could 
allow the administration not only by our selected i.c.v. route, but also 
orally in order to obtain satisfactory concentrations in the brain prac
tical for a cognition therapeutic. Moreover, both of them respected the 
Lipinski’s rule and cannot be considered PAINS, thus demonstrating the 

rationale behind our choice to further assay them in in vivo experiments. 
The latter suggested that this scaffold had few off-targets which it can 
interact with, because the results indicated a low probability score to
wards melatonin receptors and sodium channels and no results for 
dopamine β-hydroxylase. Interestingly, the webtool also suggested a 
role for FAD-containing amine oxidase as we performed. 

5. Conclusion 

In summary, we reported the synthesis of β-arylchalcogeno amines 
(2–4) as structural analogues of amphetamine and, evaluated the effi
cacy of two compounds (2a and 3a) to counteract time-induced cogni
tive impairments in mice models of recognition memory, without 
inducing hyperlocomotion and hypophagia, two classical AMP-like ef
fects, following their administration. From the general point of view, CA 
activation by the designed compounds was more potent for hCA IV and 
hCA XIV, two of the most abundant isoforms present in cortical and 
hippocampal brain structures and good potency of activation, as well as 
for hCA VII, one of the most widely expressed isoforms in the brain 
which is involved in oxidative stress. Moreover, these compounds 
showed selective MAO-A inhibition profile, which, together with the 
antioxidant activity reported earlier [19], reduces overall oxidative 
stress. Taken together, these data showed a distinct pharmacological 
profile of our β-arylchalcogeno amines, which could be employed as 
innovative tools to treat cognitive impairments observed in pathologies 
such as attention deficit disorder, Parkinson’s disease-related cognitive 
dysfunction and cognitive disorders associated with depression. 

Fig. 4. Amphetamine-like hyperlocomotion was not observed following 
β-arylchalcogeno amines administration. (A) Representative track plot reports 
(ANY-maze®) recorded during 5-min Open Field test sessions performed 30 min 
after administration of vehicle, 2a, 3a or AMP at 50 nmol/μL directly into the 
lateral ventricles. (B) Quantification of the distance travelled during 5-min 
Open Field test sessions. Data are expressed as individual data points for each 
animal and bars represent means ± SEM. Data was analyzed with one-way 
ANOVA followed by Bonferroni’s Multiple Comparison, ***P < 0.001 vs. 
vehicle group. 

Fig. 5. AMP-like appetite suppression was not observed following β-arylchal
cogeno amines administration. Overnight fasted animals were treated with 
vehicle, 2a, 3a or AMP at 50 nmol/μL directly into the lateral ventricles. Thirty 
min later, the food was presented and the consumption was recorded in the 
following 2 h at 0.5 h intervals. Cumulative food consumption was corrected 
considering individual body weight. Data are expressed as individual means ±
SEM. Data was analyzed with repeated measures two-way ANOVA followed by 
Bonferroni’s Multiple Comparison, *P < 0.001 vs. vehicle group (n = 8–9 mice 
in each experimental group). 
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6. Experimental section 

6.1. General 

Anhydrous solvents and all reagents were purchased from Sigma- 
Aldrich, VWR and TCI. All reactions involving air- or moisture- 
sensitive compounds were performed under a nitrogen atmosphere. 
Nuclear magnetic resonance (1H NMR, 13C NMR, 77Se NMR) spectra 
were recorded using a Bruker Advance III 400 MHz spectrometer in 
DMSO‑d6. Chemical shifts are reported in parts per million (ppm) and 
the coupling constants (J) are expressed in Hertz (Hz). Splitting patterns 
are designated as follows: s, singlet; d, doublet; t, triplet; m, multiplet; 
bs, broad singlet; dd, doublet of doublets. The assignment of 
exchangeable protons (NH) was confirmed by the addition of D2O. 
Analytical thin-layer chromatography (TLC) was carried out on Merck 
silica gel F-254 plates. Flash chromatography purifications were per
formed on Merck silica gel 60 (230–400 mesh ASTM) as the stationary 
phase, and ethyl acetate, n-hexane, acetonitrile and methanol were used 
as eluents. The solvents used in MS measurements were acetone, 
acetonitrile (Chromasolv grade), purchased from Sigma-Aldrich (Milan, 
Italy), and mQ water (18 MΩ), obtained from Millipore’s Simplicity 
system (Milan, Italy). Mass spectra were obtained using a Varian 1200L 
triple quadrupole system (Palo Alto, CA, USA) equipped with electro
spray source (ESI) operating in both positive and negative ions. Stock 
solutions of analytes were prepared in acetone at 1.0 mg mL− 1 and 
stored at 4 ◦C. Working solutions of each analyte were freshly prepared 
by diluting stock solutions in a mixture of mQ H2O/ACN 1/1 (v/v) up to 
a concentration of 1.0 μg mL− 1 The mass spectra of each analyte were 
acquired by introducing, via syringe pump at 10/L min− 1, the working 
solution. Raw data were collected and processed by Varian Workstation, 
version 6.8, software. All compounds reported here are >95% of purity 
by NMR. 

6.2. Chemistry 

Characterisation of compounds 2a-d, 3a-g and 4a-d were reported 
earlier by our group [22,23]. 

6.3. Carbonic anhydrase assay 

A stopped-flow method [24] was used for assaying the CA catalyzed 
CO2 hydration activity with phenol red as indicator, working at the 
absorbance maximum of 557 nm, following the initial rates of the 
CA-catalyzed CO2 hydration reaction for 10–100 s. For each activator at 
least six traces of the initial 5–10% of the reaction have been used for 
determining the initial velocity. The uncatalysed rates were determined 
in the same manner and subtracted from the total observed rates. Stock 
solutions of activator (0.1 mM) were prepared in distilled–deionised 

water and dilutions up to 0.1 nM were done thereafter with the assay 
buffer. The activation constant (KA), defined similarly to the inhibition 
constant KI, was obtained by considering the classical Michaelis–Menten 
equation (Equation (1)), which has been fitted by non-linear least 
squares by using PRISM 3:  

V = Vmax / {1 + KM/[S] (1 + [A]f / KA)}                                           (1) 

where [A]f is the free concentration of activator. Working at substrate 
concentrations considerably lower than KM ([S]≪ KM), and considering 
that [A]f can be represented in the form of the total concentration of the 
enzyme ([E]t) and activator ([A]t), the obtained competitive steady- 
state equation for determining the activation constant is given by 
Equation (2) [34–37]:  

V = V0 KA /{KA + ([A]t – 0.5{([A]t + [E]t + KA) – ([A]t + [E]t + KA)2–4 
[A]t[E]t)½ }}                                                                                   (2) 

where V0 represents the initial velocity of the enzyme-catalyzed reaction 
in the absence of activator. All CA isozymes used in the experiments 
were purified recombinant proteins obtained as reported earlier by our 
group [34–37]. 

6.4. MAO inhibition assays 

The catalytic activities of MAO-A and MAO-B were measured as re
ported in literature [26,38]. Recombinant human MAO-A and MAO-B 
are commercially available (Sigma-Aldrich) and served as enzyme 
sources. Kynuramine was used as MAO-A/B non-specific substrate and is 
oxidized by the MAOs to ultimately yield 4-hydroxyquinoline, which 
was measured by fluorescence spectrophotometry. The in vitro mea
surement of MAO activity was approved by the North-West University 
Animal Care, Health and Safety Research Ethics Committee (NWU-A
nimCareREC) with the following ethics number: NWU-00572-19-A5 (A. 
and J. Petzer). 

6.5. In vivo assay 

6.5.1. Compounds 
Compounds 2a and 3a were prepared and characterized as described 

above. D-Phe was purchased from Sigma-Aldrich. AMP was provided by 
Dr. Fabio Vaiano (University of Florence). All compounds were dis
solved in physiological saline containing DMSO 1% (v/v) to obtain so
lutions with final concentration of 25 and 50 nmol/μL. The solutions 
were freshly prepared and infused directly into the lateral ventricles as 
described below. 

6.5.2. Animals 
Juvenile (3–4 weeks old) and adult (8–9 weeks old) C57Bl6 male 

mice were used for behavioural experiments. These animals were bred at 

Fig. 6. CA activity (%) in cortical (A) and 
hippocampal (B) brain homogenates ob
tained from mice treated with vehicle or 
compounds 2a and 3a (50 nmol/μL, i.c.v.). 
Animals were sacrificed 30 min after drug 
infusion and the brain structures immedi
ately dissected on ice and homogenized. CA 
activity was measured with a stopped flow 
method. The CA mean activity of control 
group mice was taken as 100%. Data are 
expressed as means ± S.E.M. of 6 mice per 
experimental group. *P < 0.05 **P < 0.01, 
****P < 0.0001 vs. vehicle (One-way 
ANOVA).   
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the animal facility of the Centro di Servizi per la Stabulazione di Animali 
da Laboratorio (CeSAL) of the University of Florence. They were housed 
in humidity and temperature-controlled rooms (22 ± 2 ◦C), allowed free 
access to food (4RF21; Mucedola s.r.l., Italy) and water, and kept on a 
12-h light/dark cycle (lights start at 8:00 a.m.). Breeding, housing and 
all the experimental procedures were conducted in accordance with the 
Council Directive of the European Community (2010/63/EU) and the 
Italian Decreto Legislativo 26 (March 13, 2014), approved by the Ani
mal Care Committee of the University of Florence and Italian Ministry of 

Health and supervised by a veterinarian. Every effort was made to 
minimize animal suffering and to reduce the number of animals used. 

Male mice were used to decrease within-group variability due to 
hormonal fluctuations during estrous cycle in female mice. Animals 
were handled for at least 4 days before experiments begun, to let them 
acclimatize to human contact. All the experiments were conducted be
tween 9:00 a.m. and 4:00 p.m. 

6.5.3. Stereotaxic surgery and infusion procedure 
Mice were anesthetized using a mixture of ketamine (15 mg/kg) and 

xylazine (2.5 mg/kg) and placed in a stereotaxic frame equipped with a 
mouse adapter and ear bars (Stoelting, Chicago, USA). A stainless steel 
cannula (7 mm in length, outer diameter 0.5 mm, and inner diameter 
0.25 mm) was then implanted in the lateral ventricle and fixed to the 
skull using dental cement. The following coordinates were used ac
cording to the mouse brain atlas [39] antero-posterior (AP) − 0.3 mm; 
lateral (L) + 1 mm; dorsoventral (DV) − 1 mm. Animals were then left to 
recover for a period of 7 days. In the infusion day, a stainless-steel in
jection micro-needle (outer diameter 0.25 mm) was connected through a 
polyethylene catheter to a 1000 μL Hamilton precision syringe and then 
lowered into the lateral cerebral ventricle (DV 2.4 mm). Five μL of a 
solution containing the different drugs were delivered using an infusion 
pump at 1 μL/min flow. Animals in the control group received equal 
volumes of vehicle. The needle was left in place for 1 additional min 
after each infusion [29,40]. 

6.5.4. Novel object recognition test 
One week after the stereotaxic surgery, mice behaviour was assessed 

in an open-field arena (60 × 70 cm and 30 cm high) constructed in white 
acrylic Plexiglass and placed in a sound attenuated room. The detailed 
experimental procedure was previously published [27,28]. In brief, the 
protocol involved a total of three sessions: habituation, acquisition and 
retention test separated by 24 h inter-trial intervals. During habituation, 
the animals freely explored the empty arena for 10 min. Twenty-four 
hours later, each animal was placed in the same position and facing 
the same direction into the test arena in the presence of two identical 
objects (grey plastic shapes such as cubes, cylinders or pyramids 8 cm 
high) and left to explore it for 5 min. Immediately after this session the 
animals received microinfusions of the different treatments directly into 
the lateral ventricles. The retention test session was performed 24 h after 
acquisition, during which, each mouse was again placed in the test arena 
for 5 min in the presence of one of the familiar object and a novel object. 
The position of the new objects (left/right) was randomized to prevent 
bias from order or place preference. Animal behaviour during all session 
was videotaped and the time spent actively exploring each object was 
recorded by an experienced observer unaware of the experimental 
groups. Exploration was defined as sniffing or touching the stimulus 
object with the nose and/or forepaws. Sitting on or turning around the 
objects was not considered exploratory behaviour. Each animal was 

subjected to the procedure separately and care was taken to remove any 
olfactory/taste cues by cleaning carefully the arena and test objects 
between trials with an ehtanolic solution (30% v/v). Mice were placed in 
their home cages between trials. The final data is expressed as the per
centage of time exploring the familiar and new objects during the 
retention test. The raw exploration time data was employed also to 
calculate the discrimination index, according to the following equation:   

6.5.5. Social discrimination paradigm 
Social recognition memory was evaluated using the social discrimi

nation paradigm as previously described [29]. The experimental appa
ratus used was an open-field Plexiglas arena (45 × 25 cm and 20 cm 
high) placed in a sound attenuated room. Two identical wire pencil cups 
(9 cm diameter × 13 cm high) were positioned inside the arena on 
opposing sides. The wire material allows the passage of olfactory cues 
while preventing direct interaction between adults and juveniles. All 
juvenile stimulus stimulus mice were habituated to remain under the 
wire cups for 30 min during several days before behavioural testing. The 
experimental protocol comprises three sessions: habituation, acquisition 
and retention test. During the habituation, adult animals were left free to 
explore the arena containing two empty cups for 10 min. Twenty-four 
hours later, during acquisition, a juvenile mouse (stimulus, 3–4 weeks 
old), which had no prior contact with the subject mice, was placed under 
one of the wire cups while the other cup remained empty. The subject 
mouse was then placed in the arena and was left free to explore it for 10 
min. At the end of this session, the drugs were infused directly into the 
lateral ventricles. The retention test occurred 48 h later, in which the 
adult animals were placed again in the arena containing the previously 
presented juvenile (familiar) and a novel one placed under the cup that 
had been empty during the sample phase. This session lasted 10 min. 
The two juvenile stimuli came from different home cages to prevent the 
redundancy of olfactory cues and the second juvenile had no prior 
contact with the adult animal. The arena and the cups were cleaned with 
ethanol (30% v/v) between trial to remove any olfactory/taste cues. The 
position of the social stimuli (empty × social; familiar × novel) were 
counterbalanced across subjects and trials to prevent bias due to place 
preference. All the animals returned to their home cages between 
sessions. 

The animal’s behaviour during all sessions was videotaped, and the 
time spent actively exploring the stimuli was analyzed by experienced 
observers blinded to the pharmacological treatments. Exploration was 
defined as direct snout-to-cup contact, and the time spent climbing on 
the cups was not considered. Data are expressed as a percentage of time 
spent exploring each cup (familiar × novel) during the retention test 
session. A discrimination index (DI) was also calculated according to the 
formula described above. 

6.5.6. Open field 
Locomotor activity was assessed in an open field arena (60 × 70 cm 

and 30 cm high) constructed in white acrylic Plexiglass using the pro
tocol described in Ref. [27]. In brief, one week after the surgeries, the 
animals received i.c.v. infusions of the solutions containing either 
vehicle or the compound to be tested at the highest effective dose. Thirty 
minutes later they were placed in the arena and allowed to freely explore 
it for 5 min. The arena was cleaned with a solution of ethanol 30% (v/v) 
to remove possible scent cues left by the animal between trials. A camera 
located on the ceiling above the apparatus recorded the experiments. 

Discrimination Index (DI)=
time esploring novel (tN) − time exploring familiar (tF)

total exploration time (tN + tF)
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The total distance travelled was recorded and analyzed using the Any
Maze® (version 7.13) video tracking system. 

6.5.7. Evaluation of food consumption 
Cumulative food consumption was evaluated using the fasting- 

refeeding protocol [41]. Single housed mice were submitted to an 
overnight food deprivation while water remained available ad libitum. 
In the next morning (9:00 a.m.), they received the different treatments 
directly into the lateral ventricle trough the cannulas previously 
implanted. Thirty minutes later, a weighed amount of standard chow 
pellets was placed in their food rack. Food consumption was evaluated 
0.5, 1, 1.5 and 2 h after food presentation measuring the difference in 
weight between that of initially provided food and that left in the rack, 
including spillage in the cage. The amount of food consumed was cor
rected by the body weight of each animal and expressed as mg/g body 
weight. 

6.6. Ex vivo measurement of CA activity in brain samples 

Mice were randomly divided in three groups and received infusions 
directly into the lateral ventricles, through a cannula previously 
implanted, of 5 μL of solutions containing vehicle, 2a (50 nmol/μL) or 3a 
(50 nmol/μL). Thirty minutes after drug injections, they were eutha
nized, the brain immediately removed and their cortices and hippo
campi were rapidly dissected on ice, weighted, and stored at − 80 ◦C 
until use. For determination of CA activity, brain tissues were homog
enized in 1 mL of ice-cold 20 mM Hepes buffer (pH 7.5). After centri
fugation at 20000g for 30 min, an Applied Photophysics stopped-flow 
instrument was used for assaying the CA-catalyzed CO2 hydration ac
tivity from the samples as previously described [12]. Briefly, phenol red 
(at a concentration of 0.2 mM) was used as an indicator working at the 
absorbance maximum of 557 nm, with 20 mM Hepes buffer (pH 7.5) and 
20 mM NaClO4 for maintaining constant ionic strength, following the 
initial rates of the CA-catalyzed CO2 hydration reaction for a period of 
10–100 s, at 20 ◦C. The CO2 concentrations ranged from 1.7 to 17 mM 
for the determination of the kinetic parameters and activation constants. 
The mean CA activity determined in the brain samples from mice treated 
with vehicle was taken as 100% and all the individual calculated values 
were then expressed as a percentage of controls [12]. 

6.7. Statistical analysis 

Behavioural experimental data are expressed as individual points for 
each animal (scattered plot). The bar graph represent means ± standard 
error of the mean (S.E.M). These data were analyzed using Graphpad 
Software (version 9.0). The percentage of time the animals spent 
exploring the different stimuli and the cumulative food consumption 
were analyzed with two-way ANOVA. The discrimination indexes and 
the distance travelled in the open field were analyzed with One-way 
ANOVA. The source of the detected significances was determined by 
Bonferroni’s multiple comparison post-hoc test. P values less than 0.05 
were considered statistically significant. The number of mice per 
experimental group is indicated in their respective figure legends. 
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