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BACKGROUND AND PURPOSE
Many dementia patients exhibit behavioural and psychological symptoms (BPSD) that include psychosis, aggressivity,
depression and anxiety. Antipsychotic drugs are frequently prescribed but fail to significantly attenuate mood deficits, may
interfere with cognitive function and are associated with motor and cardiac side effects, which are problematic in elderly
patients. A need therefore exists for drugs that are better suited for the treatment of BPSD.

EXPERIMENTAL APPROACH
We used in vitro cellular and in vivo behavioural tests to characterize ADN-1184, a novel arylsulfonamide ligand with potential
utility for treatment of BPSD.

KEY RESULTS
ADN-1184 exhibits substantial 5-HT6/5-HT7/5-HT2A/D2 receptor affinity and antagonist properties in vitro. In tests of
antipsychotic-like activity, it reversed MK-801-induced hyperactivity and stereotypies and inhibited conditioned avoidance
response (MED = 3 mg·kg−1 i.p.). Remarkably, ADN-1184 also reduced immobility time in the forced swim test at low doses
(0.3 and 1 mg·kg−1 i.p.; higher doses were not significantly active). Notably, up to 30 mg·kg−1 ADN-1184 did not impair
memory performance in the passive avoidance test or elicit significant catalepsy and only modestly inhibited spontaneous
locomotor activity (MED = 30 mg·kg−1 i.p.).

CONCLUSIONS AND IMPLICATIONS
ADN-1184 combines antipsychotic-like with antidepressant-like properties without interfering with memory function or
locomotion. This profile is better than that of commonly used atypical antipsychotics tested under the same conditions and
suggests that it is feasible to identify drugs that improve BPSD, without exacerbating cognitive deficit or movement
impairment, which are of particular concern in patients with dementia.

Abbreviations
AD, Alzheimer’s disease; BPSD, behavioural and psychological symptoms of dementia; CAR, conditioned avoidance
response; CS, conditioned stimulus; EPS, extrapyramidal symptoms; FST, forced swimming test; PA, passive avoidance;
SGA, second-generation antipsychotics; UCS, unconditioned stimulus
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Introduction
Behavioural and psychological symptoms of dementia (BPSD)
constitute a substantial medical challenge among elderly
patients. Indeed, the progressive worsening of symptoms
including hallucinations, delusions and mood deficits is the
major reason for patient institutionalization, and decreased
quality of life of both patients and caregivers (Liperoti et al.,
2008). Overall, 25–50% of patients with dementia show
symptoms of psychosis (Jeste et al., 2008) and 40–60% expe-
rience significant depressive symptoms at some stage of the
disease (Hersch and Falzgraf, 2007).

BPSD are usually treated with psychotropic drugs, often
second-generation antipsychotics (SGA) that produce less
extrapyramidal symptoms (EPS) and have better efficacy
against negative symptoms than classical ones (Liperoti et al.,
2008). However, a recent meta-analysis based on 14 placebo-
controlled trials of elderly patients with BPSD revealed only
modest effects for three SGA, that is, risperidone, aripiprazole
and olanzapine (Maher et al., 2011). In addition, antipsychot-
ics may produce adverse effects including EPS, and cardiovas-
cular and metabolic side effects (Nobili et al., 2009; Schulze
et al., 2013). Moreover, antipsychotic drugs may worsen cog-
nitive functioning, which can be a substantial drawback in
the case of elderly patients who already suffer from cognitive
deficits (Jeste et al., 2008; Vigen et al., 2011).

It should be noted that psychosis in dementia may have a
different neurobiological substrate from that in schizophre-
nia. Indeed, psychotic Alzheimer patients often experience
visual hallucinations and misidentifications of caregivers –
symptoms that are not commonly found in schizophrenia
patients. Conversely, bizarre or complex delusions that occur
frequently in patients with schizophrenia are not often
observed in dementia patients (Jeste and Finkel, 2000). The
distinct nature of psychotic symptoms in dementia suggests
that different neurobiological mechanisms are at play. In
particular, serotonergic systems may be involved because hal-
lucinations in dementia are similar to those caused by sero-
tonergic agonists such as mescaline or lysergic acid (Marsh,
1979). Strong visual hallucinations can be also evoked by
NMDA receptor antagonists such as ketamine or phencycli-
dine (Siegel, 1978) but are less frequently evoked by dopami-
nomimetics such as amphetamine or cocaine, which are
widely used in preclinical screening of new drugs for schizo-
phrenia (Jones et al., 2011). Currently available antipsychot-
ics were selected primarily for their capacity to oppose the
effects of dopaminomimetics, and, therefore, may potentially
provide suboptimal therapeutic efficacy in the treatment of
BPSD. In particular, they were not selected to provide allevia-
tion of mood deficits or to avoid accentuating cognitive defi-
cits in elderly patients. It may be surmised that novel drugs
should be identified which are specifically optimized for
treatment of BPSD.

There are substantial data supporting the importance of
the serotonin system in the development of BPSD. For
example, serotonin receptor gene polymorphisms are associ-
ated with visual and auditory hallucinations in patients with
Alzheimer’s disease (AD) (Holmes et al., 1998). A genetic poly-
morphism of the serotonin transporter promoter region (L/L
genotype) has been associated with aggressive behaviour
(Sukonick et al., 2001). Other studies show involvement of

5HT2A and 5HT6 receptors in the pathogenesis of AD (Lorke
et al., 2006) as well as association of 5-HT6 receptors with
psychotic symptoms in patients with AD (Marcos et al., 2008;
receptor nomenclature follows Alexander et al., 2013). 5-HT6

receptor antagonists are also active in a range of models of
cognition relevant to psychotic disorders (Loiseau et al., 2008;
Rodefer et al., 2008; Arnt and Olsen, 2011) as well as in tests
of antidepressant-like and anxiolytic activity (Wesołowska,
2007; Carr et al., 2011). Accordingly, a selective 5-HT6 antago-
nist, LuAE58054, improved cognitive performance of AD
patients, in combination with the acetylcholinesterase
inhibitor, donepezil (H. Lundbeck A/S, 2012). Finally, some
authors proposed that an improved antipsychotic profile may
be achieved by combining 5-HT6 antagonism with an absence
of anti-muscarinic activity, as is observed for sertindole, but
not clozapine or olanzapine (Rodefer et al., 2008). The possi-
bility of clinical evaluation of sertindole, also with respect to
BPSD, was however significantly hampered by its arrhythmo-
genic potential caused by potent hERG channel inhibition.

Based on the above considerations, we designed a series of
novel arylsulfonamide derivatives displaying high affinity for
5-HT6, 5-HT7 and 5-HT2A receptor subtypes, as well as dopa-
mine D2 receptors, and devoid of significant interaction with
muscarinic receptors or hERG channels (Kołaczkowski et al.,
2012). The compounds were screened in vitro and in vivo
as potential treatments for BPSD. As no animal model of
BPSD is currently available, studies included measures of
antipsychotic-like efficacy [MK-801-induced locomotion and
conditioned avoidance response (CAR)], antidepressant-like
efficacy [forced swimming test (FST)] and cognitive interfer-
ence [passive avoidance (PA) test]. We recently used these
tests to compare eight antipsychotics (haloperidol, chloro-
promazine, clozapine, olanzapine, risperidone, aripiprazole,
lurasidone and asenapine) that are commonly used for treat-
ment of BPSD. None of the drugs presented an optimal
profile, i.e., activity in models of both antipsychotic-like and
antidepressant-like activities, at doses that produce no or
minimal detrimental effects on cognitive or motor perfor-
mance (Kołaczkowski et al., 2013). In the present study, we
describe the profile of one of our lead compounds, ADN-1184
(Figure 1), in a series of preclinical models (in vitro ligand
binding and receptor antagonism and in vivo tests) and
discuss its potential relevance to treatment of BPSD.

Methods

In vitro ligand binding and
receptor activation
Profiling of ADN-1184 on a series of in vitro competition
binding and functional experiments was outsourced to Cerep

Figure 1
Chemical structure of ADN-1184.
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(Le Bois l’Evêque, Poitiers, France). An outline of methodolo-
gies is shown in Tables 1 and 2. Further methodological
details are available on the company website (http://
www.cerep.fr). Concentration-response experiments were
carried out in duplicate and, unless stated otherwise, repeated
three times. Data from all experiments were analysed using
non-linear curve fitting programs and results are given as
Ki values for binding affinity or Kb values for antagonist
potency. The activity of ADN-1184 was also determined on
hERG-mediated potassium currents. Concentration-response
experiments were carried out by ChanTest (Cleveland, OH,
USA) and expressed as IC50 values (Table 1).

Subjects
All animal care and experimental procedures complied with
the standards laid down in Polish regulations and the Inter-
national European Guidelines (Directive No. 86/609/EEC),
and were reviewed and approved by the institutional ethics
committee. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010).A total of 313 animals were used in the experi-
ments described here.

Drug-naive male Wistar rats (Charles River, Sulzfeld,
Germany) weighing 200–225 g on arrival were used for
behavioural experiments. Animals were supplied by the

breeder 2–3 weeks before the experiments. Rats were housed
4 per plastic cage and kept in a room with constant environ-
mental conditions (22 ± 1°C, relative humidity 60%, a 12:12
light-dark cycle with lights on at 07:00 h). During this time,
the subjects were weighed and handled several times. Tap
water and standard lab chow (Labofeed H; WPIK, Kcynia,
Poland) were available ad libitum. All tests were carried out in
a sound-attenuated experimental room between 09:00 h and
15:00 h. A total of 273 animals were used in the behavioural
experiments.

The plasma and brain exposure experiments were carried
out by ITR Laboratories (Baie-D’Urfe, Quebec, Canada). The
study plan was approved by the Animal Care Committee of
ITR and animals were cared for in accordance with the
Guide to the Care and Use of Experimental Animals as pub-
lished by the Canadian Council on Animal Care, and the
Guide for the Care and Use of Laboratory Animals, an
NIH publication. Male Sprague–Dawley rats (Charles River
Canada Inc., St. Constant, Quebec, Canada) were used,
weighing 200–264 g at time of experimentation. Housing
conditions were similar to those outlined above except that
rats were housed individually in stainless steel wire mesh
bottom rodent cages equipped with an automatic watering
system and that animals were offered non-dietary items
(i.e. Nylabone®, Bio-Serv, Frenchtown, NJ, USA) as part of
the ITR environmental enrichment program. A total of 40
animals were used in the exposure studies.

Table 1
Receptor binding profile of ADN-1184

Receptor Cell line
Radioligand or
readout

Reference ligand
(Ki, nM)

ADN-1184
Ki ± SEM (nM)

h 5-HT6 CHO cells [3H]LSD 5-HT (33) 16 ± 13

h 5-HT7 CHO cells [3H]LSD 5-HT (0.8) 0.50 ± 0.27

h 5-HT2A HEK-293 cells [3H]ketanserin Ketanserin (0.3) 2.0 ± 1.0

h 5-HT1A HEK-293 cells [3H]8-OH-DPAT 8-OH-DPAT (0.4) 173 ± 85

h 5-HT2C HEK-293 cells [3H]mesulergine RS102221 (0.6) 630 ± 370

h D2S HEK-293 cells [3H]methyl-spiperone (+)butaclamol (0.04) 18 ± 6

h D3 CHO cells [3H]methyl-spiperone (+)butaclamol (0.04) 20 ± 11

h D4 CHO cells [3H]methyl-spiperone Clozapine (17) 17 ± 7

h D1 CHO cells [3H]SCH23390 SCH23390 (0.1) 30 ± 13

h α1A CHO cells [3H]prazosin Prazosin (0.04) 0.84 ± 0.58

h α2C CHO cells [3H]RX 821002 Yohimbine (0.5) 8.5 ± 5.7

h H1 HEK-293 cells [3H]pyrilamine Pyrilamine (1.7) 116 ± 60

h M1 CHO cells [3H]pirenzepine Pirenzepine (16) >1000a

h M2 CHO cells [3H]AF-DX 384 Methoctramine (27) >1000a

h M3 CHO cells [3H]4-DAMP 4-DAMP (0.44) >1000a

h M4 CHO cells [3H]4-DAMP 4-DAMP (0.88) >1000a

h M5 CHO cells [3H]4-DAMP 4-DAMP (0.48) >1000a

hERG CHO cells Inhibition of K + current – 2080 ± 550b

Unless indicated, all experiments were carried out by Cerep.
aLess than 10% inhibition of binding observed at a concentration of 1 μM (n = 2).
bIC50 value. hERG channel current experiments were carried out by ChanTest.
h, human recombinant.
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MK-801-induced hyperlocomotion
Antipsychotic-like activity was assessed by inhibition of
hyperactivity elicited by the NMDA receptor antagonist,
MK-801 (Andiné et al., 1999). Briefly, groups of drug-naive
rats (n = 7–8) were transferred in their home cages to the
experimental room 24 h prior to testing and allowed to
habituate for 60 min and returned to the colony room. The
next day, locomotor activity was assessed in black octagonal
open fields (80 cm in diameter, 30 cm high) under dim light
and continuous white noise (65 dB). Each animal was placed
in the centre of the open field and allowed to explore the
whole area for 30 min. Subjects did not have visual contact
with other rats. Forward locomotion (cm per 30 min) was
recorded and analysed with the aid of the computerized video
tracking system (Videomot; TSE, Bad Homburg, Germany).

Rats were given drug or vehicle (i.p. or s.c.), 60 min before
the start of the locomotor activity test. Fifteen minutes before
the start of the test, rats were given MK-801 (0.3 mg·kg−1 i.p.).
When assessing spontaneous locomotor activity, rats were
given saline 15 min before the test.

MK-801-induced stereotypies
Administration of a higher dose of MK-801 elicits a different
pattern of behaviours in rodents, notably including stereo-
typical behaviour. The effects of ADN-1184 on these behav-
iours were examined as follows. On the day before the test,
rats were individually habituated to glass observation cages
(25 × 25 × 40 cm, W × H × L) with wood chip bedding on the
floor for 20 min. On the test day, animals were injected with
vehicle or drugs 60 min i.p. or s.c. before behavioural obser-
vation. Rats were injected with MK-801 (1.2 mg·kg−1) and
placed in the observation cages, which were screened from
view of other rats. Ten minutes later, head weaving and cir-
cling induced by MK-801 was recorded by a trained observer
for 300 s.

CAR
The antipsychotic-like activity of AND-1184 was assessed as
described (Arnt, 1982). Briefly, the two-way active avoidance
apparatus consisted of six identical stainless steel shuttle
boxes (PACS-30 system; Columbus Instruments, Columbus,
OH, USA). Each box consisted of two identical compartments
(23 × 23 × 23 cm), with black Plexiglas covers and a central
separation fitted with an opening that allowed the rat to pass
between the compartments. A stimulus light was attached
to the cover of each compartment. The shuttle box was
equipped with a tone generator and subjects were placed on
an electrified grid that spanned the entire floor area of the
compartments. Photocells detected the position of the rat
within the box.

Training sessions started with a 3 min habituation period
in darkness, followed by 50 trials presented on a 15 s variable
interval schedule (range: 0–30 s). Each trial consisted of a 10 s
warning tone and light stimulus (conditioned stimulus, CS)
followed by a 10 s foot shock generated using an EACS-30
shock generator from Columbus Instruments (0.5 mA
constant current; unconditioned stimulus, UCS) delivered
through the grid floor on the side where the rat was located.
The light was off during delivery of the shock. An avoidance
response (CAR), that is, crossing through the opening to the

other compartment during the initial 10 s of the trial, termi-
nated the CS and prevented shock delivery.

There were 14–18 training sessions with one session per-
formed per day. Rats with stable CAR (>80% avoidance
responses in the last two training sessions) were used in
further tests.

Rats were given drug, or its vehicle, 60 min i.p. or s.c.
before the start of the test session. A 7 day washout period
was maintained between test sessions. Two non-drug training
sessions were conducted during the washout period in order
to maintain stable CAR performance. Performance criterion
had to be fulfilled during the interspersed sessions.

The number of CS-UCS trials during the test and non-
drug sessions was reduced from 50 to 30; for further proceed-
ings, only rats with stable CAR response (see above) were
included.

FST
The procedure used to determine antidepressant-like activity
was based on the technique described previously (Porsolt
et al., 1978). Briefly, rats were individually placed in glass
cylinders (40 cm in height, 17 cm in diameter) filled with
water (temperature: 23 ± 1°C) at a height that made it impos-
sible to reach the bottom with hind paws (25 cm). There were
two swimming sessions separated by 24 h: an initial 15 min
pre-test and a 5 min test. The duration of immobility (s) in
the test session was recorded by an observer, unaware of the
treatments, located in an adjacent room with the aid of a
video camera. A rat was considered immobile when it floated
without moving except to keep its head above the water
surface. Animals were injected with vehicle or drugs 60 min
i.p. or s.c. before the test.

Step-through PA test
Effects of antipsychotics on memory function were evaluated
as described (Ishiyama et al., 2007). Briefly, the passive avoid-
ance apparatus (PACS-30; Columbus Instruments) comprised
four identical stainless steel cages with black Plexiglas covers.
Each cage consisted of a lighted and a dark compartment (23
× 23 × 23 cm) and a stainless steel grid floor. The compart-
ments were separated by an automated sliding door. In the
training (acquisition) session, animals were individually
placed in the lighted compartment and allowed to explore it
for 10 s. The sliding door was then opened, and the step-
through latency for animals to enter the dark compartment
was measured (300 s cut-off time). As soon as the animals
entered the dark compartment, the door was closed. An ines-
capable foot shock (0.5 mA pulse constant current for 3 s) was
delivered 3 s later through the grid floor with a constant
current shock generator (EACS-30; Columbus Instruments).
The test compound, or its vehicle, was administered 60 min
before the start of the training session. All vehicle-treated
animals entered the dark compartment during the training
session and received a foot shock. Drug-treated animals that
did not enter the dark compartment in the training session
were not subjected to the test session. In the present study, all
the tested animals entered the dark compartment, except
those that had been treated with haloperidol at doses of 0.3
and 1.0 mg·kg−1. At these doses, 50% of the rats entered the
dark compartment.
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The test session was performed 24 h after the training
session using the same paradigm but without the foot shock
(Ishiyama et al., 2007). Step-through latencies for animals to
enter the dark compartment were measured with a 300 s
cut-off time. Drug-induced decreases in step-through laten-
cies to enter the dark compartment in the test session were
taken as a measure of drug’s ‘amnesic’ effects.

Catalepsy bar test
Catalepsy was assessed using the bar test. Each rat was placed
on a clean, smooth table with a wooden bar (2 × 3 × 25 cm,
H × W × L) suspended 10 cm above the working surface. The
animal’s hind limbs were freely placed on the table, the tail
laid out to the back, and the forelimbs gently placed over the
bar. The length of time the animal touched the bar with both
front paws was measured up to a preset cut-off time of 180 s.
Results of each trial were scored as follows: 0 for holding the
position for <15 s, 1 for holding it for 15–29.9 s, 2 for holding
it for 30–59.9 s, and a maximum score of 3 for staying on the
bar for >60 s. The minimum cataleptogenic dose was defined
as the lowest dose inducing a mean catalepsy score of >1
(Ogren et al., 1986). Catalepsy was scored 30, 60 and 120 min
after administration of vehicle or a test drug.

Plasma and brain exposure determination
Experiments were carried out by ITR Laboratories. Rats were
treated with ADN-1184 at a dose of 10 mg·kg−1 i.p.; this dose
was chosen because it produces an almost maximal effect in
the ‘therapeutic’ behavioural tests. Blood samples (0.4 mL)
were taken by jugular venepuncture and collected into poly-
propylene tubes containing K2EDTA and placed immediately
on wet ice. Samples were centrifuged at 4°C for 10 min at
1341.6 × g and the resulting plasma was stored frozen
(−20°C). For determination of ADN-1184 levels in brain
tissue, subjects were anaesthetized with isoflurane, and the
brains rapidly collected, weighed, then stored frozen (−80°C).

Samples were analysed using an LCMS analytical method
developed at ITR. The lower limit of quantification of ADN-
1184 was 1.0 ng·mL−1 in plasma and 10 ng·g−1 in brain tissue.

Data analysis
Analysis of results was carried out by one-way ANOVA followed
by post hoc tests. The choice of tests depended on whether the
data generated were normally distributed. Accordingly, for
analysis of normally distributed data (such as those generated
in most of the above tests), ANOVA was followed by the
Newman–Keuls post hoc test. For non-normally distributed
variables (such as those generated in the PA test and for
MK-801-induced stereotypies), the Kruskal–Wallis test was
followed by the post hoc Mann–Whitney U-test. For compari-
son of two groups (e.g. vehicle group vs. MK-801-treated
group for hyperlocomotion), the Student’s t-test was used.
P values <0.05 were considered significant. The Statistica 8.0
software package for Windows (StatSoft, Tulsa, OK, USA) was
used to analyse all data.

Materials
MK-801 (Sigma-Aldrich, Poznan, Poland) was dissolved in
sterile physiological saline (0.9% NaCl; Baxter, Warsaw,
Poland) and administered i.p. in a volume of 1.0 mL·kg−1. For

in vitro experiments, ADN-1184 (hydrochloride salt; provided
by Adamed Ltd.) was dissolved in DMSO at a concentration of
1 mM and diluted appropriately with distilled water. For in
vivo experiments, ADN-1184 was suspended in 1.5% Tween
80 (Sigma-Aldrich) and administered i.p. in a volume of
2.0 mL·kg−1. All solutions were prepared immediately prior to
use and protected from light.

Results

In vitro ligand binding and functional tests
ADN-1184 exhibited marked affinity (nanomolar Ki values)
for receptors associated with antipsychotic and antidepres-
sant activities, including h5-HT2A, h5-HT6 and h5-HT7 recep-
tors and dopamine receptors (hD2, hD3 and hD4). ADN-1184
also showed a marked affinity for α1 and α2C adrenoceptors, as
shown in Table 1. In contrast, ADN-1184 showed lower affin-
ity at other serotonin receptor subtypes including h5-HT1A

and h5-HT2C. ADN-1184 showed low affinity at histamine
hH1 and muscarinic hM1 to hM5 receptors (Table 1) and for
hERG channels, targets that are associated with side effects
such as metabolic dysfunction, sedation and arrhythmia.

In cell-based functional tests, ADN-1184 exhibited
antagonist properties at all the receptors tested, blocking
agonist-stimulated receptor activation (Table 2). Thus, ADN-
1184 potently antagonized 5-HT2A, 5-HT6, 5-HT7, hD2S, hD3

and α1 adrenoceptors. ADN-1184 did not elicit any stimula-
tion when tested alone.

MK-801-induced hyperlocomotion
ADN-1184 dose-dependently inhibited MK-801-induced
hyperlocomotion, F(3, 28) = 6.9, P < 0.01 (Figure 2A). The post
hoc Newman–Keuls test revealed significant effects at doses of
3 (P < 0.05), 10 and 30 mg·kg−1 (P < 0.01), but not 1 mg·kg−1.
The MED was therefore 3.0 mg·kg−1.

MK-801-induced stereotypies
ADN-1184 dose-dependently reduced MK-801-induced
stereotyped behaviour (Figure 2B). Kruskal–Wallis ANOVA

revealed a significant difference between tested groups, H(3) =
21.2, P < 0.01. Post hoc Mann–Whitney U-test revealed sig-
nificant effects at doses of 3 (P < 0.05), 10 and 30 mg·kg−1

(P < 0.01); the MED was 3.0 mg·kg−1.

CAR
Control animals injected with vehicle showed a high level of
avoidance while ADN-1184 dose-dependently suppressed
CAR, F(3, 24) = 10.0, P < 0.01 (Figure 2C). The post hoc
Newman–Keuls test revealed that significant CAR suppression
was present at the dose of 3.0 (MED) and 10.0 mg·kg−1

(P < 0.01).

FST
ADN-1184 reduced the immobility time, F(5, 50) = 5,8, P <
0.01. The post hoc Newman–Keuls test revealed that signifi-
cant reduction in immobility, in comparison to the control
group, was present at two tested doses, that is, 0.3 and
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1.0 mg·kg−1 (P < 0.01), MED = 0.3 mg·kg−1. The higher doses of
the drug (>3.0 mg·kg−1) were inactive (Figure 3).

PA
ADN-1184 did not alter step-through latencies to enter
the dark compartment Kruskal–Wallis ANOVA, H(3) = 0.4,
P > 0.05. At the dose range tested, ADN-1184 did not dem-
onstrate significant amnesic effects (MED > 30.0 mg·kg−1 i.p.)
(Figure 3).

Catalepsy bar test
ADN-1184 induced weak cataleptogenic responses (see
Figure 4A). A Kruskal–Wallis ANOVA revealed non-significant
effects in rats tested 30 and 120 min after injection, Hs < 7.4,
P > 0.05. There was a weak cataleptogenic effect observed
60 min after ADN-1184 injection, H(3) = 13.3, P < 0.05. Up to
a dose of 30 mg·kg−1, the catalepsy was below cut-off thresh-
old as measured with the applied scoring system (MED >
30 mg·kg−1). The Mann–Whitney U-test revealed a significant
effect at the highest tested dose – 30 mg·kg−1 (P < 0.01).

Spontaneous locomotor activity
ADN-1184 modestly reduced spontaneous locomotor activ-
ity, F(3, 28) = 5.9, P < 0.01 (see Figure 4B). The post hoc
Newman–Keuls test revealed that significant locomotor
impairment occurred only at the highest tested dose
(MED = 30.0 mg·kg−1 i.p., P < 0.01).

Plasma and brain exposure determination
Substantial plasma exposure of ADN-1184 was observed at
1 h after dosing (the time point used for behavioural
observations). Exposure then decreased to near the limit of
quantitation by 6 h post dosing. Similarly, marked brain

ADN-1184 concentrations were noted at 1 h post dose, fol-
lowing which ADN-1184 levels decreased to low residual
levels by 6 h after dosing (see Table 3).

Discussion

In view of the ageing population of many developed coun-
tries, BPSD is an increasingly challenging problem, generat-
ing onerous social and economic costs for the care of elderly
patients. Although atypical antipsychotics are commonly
used to treat BPSD, they have substantial limitations due to
their propensity to elicit memory deficits, EPS, adverse car-
diovascular events and metabolic dysfunction. It is therefore
desirable to identify novel treatments that are capable of
controlling both psychosis and depressive symptoms without
exacerbating cognitive impairment or inducing motor dis-
ruption (Jeste et al., 2008).

Table 2
Receptor activation profile of ADN-1184

Receptor Functional test Agonist Kb ± SEM

h 5-HT6 cAMP 5-HT (300 nM) 24 ± 13

h 5-HT7 cAMP 5-HT (300 nM) 0.11 ± 0.04

h 5-HT2A IP1 5-HT (100 nM) 3.4 ± 1.0

h 5-HT1A Cellular dielectric spectroscopy 8-OH-DPAT (100 nM) 116 ± 43

h 5-HT2C IP1 5-HT (10 nM) >1000

h D2S cAMP Dopamine (300 nM) 2.4 ± 1.1

h D3 cAMP Dopamine (10 nM) 3.9 ± 1.1

h D4 cAMP Dopamine (100 nM) 22 ± 4

h D1 cAMP Dopamine (300 nM) 140 ± 10a

h α1A Intracellular Ca2+ release Adrenaline (3 nM) 0.16 ± 0.07

When tested alone, ADN-1184 did not show agonist properties in any of the assays. The cell lines used are the same as those shown in Table 1.
Experiments were carried out by Cerep. For further methodological information, see the company’s online catalogue (http://www.cerep.fr).
KB values of antagonists for inhibition of agonist action were calculated according to Lazareno and Birdsall (1993): [KB = IC50: 1 +
(Agonist/EC50)], where IC50 = inhibitory concentration50 of antagonist, agonist = concentration of agonist in the test, and EC50 = effective
concentration50 of agonist.
aMean ± range.
h, human recombinant; IP1, inositol phosphate.

Table 3
Plasma and brain exposure in rat with ADN-1184

Time (h) Plasma (ng·mL−1) Brain (ng·g−1)

1 210 ± 35 656 ± 155

2 148 ± 23 n.d.

4 20 ± 4 n.d.

6 3 ± 1 30 ± 1

ADN-1184 was administered at a dose of 10 mg·kg−1 i.p. Blood
and brain samples were collected at different time points and
drug concentrations determined by LCMS.
n.d., not determined.
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The present study suggests that ADN-1184 possesses
a preclinical profile of activity that corresponds to these
criteria. Unlike commercially available antipsychotics, ADN-
1184 was active in a series of tests related to both

psychotic symptoms and mood deficits without disrupt-
ing motor control or memory performance. This favour-
able in vivo profile is likely mediated by ADN-1184’s
potent antagonism of 5-HT6, 5-HT7 and 5-HT2A receptors

A B C

Figure 2
Effects of ADN-1184 in tests related to antipsychotic-like activity. (A) Effects of ADN-1184 on hyperlocomotor activity induced by MK-801
(0.3 mg·kg−1). Each symbol represents mean ± SEM of the distance travelled by rats in the 16–45 min period after MK-801 administration (n =
8 per group). Drug or vehicle was administered 45 min before MK-801. *P < 0.05, **P < 0.01, compared with MK-801-treated group using
Newman–Keuls post hoc test, following significant ANOVA. Baseline activity is shown by the dotted line. (B) Effects of ADN-1184 on stereotypies
induced by MK-801 (1.2 mg·kg−1). Each symbol represents mean ± SEM of the duration of stereotyped behaviour in the 11–15 min period after
MK-801 administration (n = 8 per group). *P < 0.05, **P < 0.01, compared with vehicle-treated group using Mann–Whitney U-test, following
significant Kruskal–Wallis ANOVA. (C) Effects of ADN-1184 on conditioned avoidance. Each symbol represents mean ± SEM number of CAR recorded
during a session with 30 trials, 60 min after drug administration (n = 7 per group). *P < 0.05, **P < 0.01, CAR compared with vehicle-treated group
using Newman–Keuls post hoc test, following significant ANOVA.

Figure 3
Effects of ADN-1184 in tests related to antidepressant-like activity and impairment of memory. (A) Effects of ADN-1184 on forced swimming test.
Each symbol represents mean ± SEM immobility time during 5 min forced swimming session. Drug or vehicle was administered 1 h before the
test (n = 16 for vehicle group, n = 8 per drug group). **P < 0.01, compared with vehicle-injected control group using Newman–Keuls post hoc
test, following significant ANOVA. (B) Effects of ADN-1184 on step-through latency performed 1 day after training. Animals were given drug or
vehicle 1 h before training session. Each symbol represents mean ± SEM latency to enter the dark compartment (n = 8 per group). **P < 0.01,
compared with vehicle group using Mann–Whitney U-test, following significant results of Kruskal–Wallis ANOVA.
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with more modest antagonism of dopamine D2 and D3

receptors.

ADN-1184 is potently active in models
of psychosis
In tests related to antipsychotic properties, ADN-1184
showed activity consistent with marked capacity to control
psychosis.

Firstly, ADN-1184 reversed hyperactivity induced by the
NMDA receptor antagonist, MK-801 (0.3 mg·kg−1). This test is
particularly relevant to dementia patients who suffer from
psychoses of glutamatergic origin (see Introduction) which
may be controlled by potent antagonism of 5-HT2A receptors
(Millan et al., 1999).

The potency of ADN-1184 was similar to that of clozap-
ine, olanzapine and lurasidone, as previously tested in the
same conditions (Kołaczkowski et al., 2013). In contrast,
ADN-1184 was more efficacious in this test than aripiprazole,
which only partially reversed MK-801-induced hyperactivity
(Kołaczkowski et al., 2013) and did not ameliorate psychotic
symptoms in patients with AD (De Deyn et al., 2005). D2

receptor partial agonists may therefore be less ‘incisive’ in
controlling NMDA receptor hypofunction-elicited psychosis,
as previously noted in other studies (Bardin et al., 2007).

Secondly, ADN-1184 also abolished stereotypies induced
by a higher dose of MK-801 (1.2 mg·kg−1). Under these con-
ditions, head weaving and circling behaviour is observed in a
complex pattern (Wu et al., 2005). Antipsychotics such as
olanzapine or risperidone are capable of completely inhibit-
ing MK-801-induced behaviours (Bradford et al., 2010). The
fact that ADN-1184 achieved full reversal of the stereotypies
therefore suggests that it has potent ‘antipsychotic-like’
properties.

Finally, ADN-1184 inhibited CAR, an effect typical of
antipsychotics (Wadenberg, 2010), in a dose range similar to

that of its effects against MK-801-induced hyperlocomotion
(MED 3 mg·kg−1; Figure 2). The CAR response was completely
abolished, similar to the effect achieved with haloperidol
and asenapine under the same conditions, but unlike lurasi-
done or aripiprazole that exhibited only partial effects
(Kołaczkowski et al., 2013).

Taken together, the present results suggest that ADN-1184
possesses incisive antipsychotic activity that is compatible
with control of psychotic symptoms such as those observed
in BPSD. In particular, glutamatergic dysfunction has been
associated with psychotic symptoms in elderly patients suf-
fering from dementia (Scheuer et al., 1996; Olivares et al.,
2012).

ADN-1184 is active in models of
mood deficits
ADN-1184 was active in a classic model of antidepressant-
like activity (Porsolt et al., 1978), thus combining incisive
antipsychotic-like activity (see above) with a favourable
profile on a test of mood deficit.

Firstly, at low doses, ADN-1184 significantly decreased
immobility duration, a measure of behavioural despair, with
higher doses not showing significant effects. Risperidone,
aripiprazole and lurasidone also exhibited U-shaped effects at
low doses (Kołaczkowski et al., 2013) but ADN-1184 was
active at two doses (0.3 and 1.0 mg·kg−1; Figure 3) whereas
other antipsychotics were only active at a single dose
(Kołaczkowski et al., 2013). Nevertheless, clozapine was a
notable exception, showing activity in the FST at two doses,
similar to ADN-1184 here. These data suggest that ADN-1184
may have promising activity for alleviation of depressive
symptoms.

Secondly, ADN-1184 reduced immobility time in the FST
by about 20% compared with that of vehicle-treated subjects.
In contrast, other antipsychotics, including clozapine and
lurasidone, reduced immobility times by about 10–15% when

Figure 4
Effects of ADN-1184 in tests of motor interference. (A) Catalepsy induced by ADN-1184. Each symbol represents mean ± SEM, catalepsy was
measured 30, 60 and 120 min after drug administration (n = 8 per group). **P < 0.01, compared with vehicle-injected control group using
Mann–Whitney U-test, following significant Kruskal–Wallis ANOVA. (B) Effects of ADN-1184 on spontaneous locomotor activity. Distance travelled
by rats was recorded 61–90 min after substance injection (n = 8 per group). **P < 0.01, compared with vehicle-injected control group using
Newman–Keuls post hoc test, following significant ANOVA.
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tested under the same conditions. Insofar as an acute effect in
this animal model is predictive of clinical efficacy, this sug-
gests that ADN-1184 may have more pronounced effects on
mood deficits. It should be noted that the tricyclic antide-
pressant, imipramine 10 mg·kg−1, decreased immobility times
by about 25%, relative to control values (Kołaczkowski et al.,
2013), an effect only slightly greater than that of ADN-1184.
Thus, the properties of ADN-1184 observed herein are of
the same order of magnitude as those of an established
antidepressant.

Thirdly, the active dose range of ADN-1184 in the FST is
somewhat lower than in tests of antipsychotic-like activity.
A similar pattern was observed for other antipsychotics,
although not with clozapine. It may be speculated that, for
drugs such as ADN-1184, clinical dosing may be adapted
according to the symptoms exhibited by BPSD patients: those
with depressive symptoms would only need to receive low
doses whereas those exhibiting psychotic episodes would
warrant increased dosing.

ADN-1184 does not impair performance in
a memory test
In view of the fact that BPSD patients experience the full
spectrum of cognitive disturbance found in dementia (Hersch
and Falzgraf, 2007), it would be desirable to avoid treating
them with drugs that elicit or accentuate cognitive
impairment.

ADN-1184 did not impair the PA response across a broad
dose range that covers activity in the FST, CAR and MK-801-
induced behaviours (Figure 3). This contrasts sharply with
the effects of clinically used antipsychotics: under the same
conditions, all the drugs elicited dose-dependent disruption
in the PA test. In the case of clozapine and olanzapine, the
doses that impaired performance were lower than those
that inhibited the CAR response or MK-801-induced hyper-
locomotion (Kołaczkowski et al., 2013), indicating that
antipsychotic-like effects are accompanied by interference
with memory function. In contrast, ADN-1184 shows
therapeutic-like activity without impairing memory perfor-
mance, suggesting that it is possible to identify drug candi-
dates that are more compatible with treatment of patients
with dementia.

ADN-1184 does not elicit motor interference
at ‘therapeutic’ doses
While being active in models of psychosis and mood deficit,
ADN-1184 did not elicit catalepsy, except weakly at a high
dose (30 mg·kg−1; Figure 4). This differentiates ADN-1184
from other antipsychotics, including risperidone or haloperi-
dol, which are still used in agitated patients (Carson et al.,
2006). These drugs elicit dose-dependent EPS (Rummel-Kluge
et al., 2012), a side effect that may be especially disruptive in
elderly patients who already suffer from motor difficulties.

A related measure of motor impairment is inhibition of
spontaneous locomotor activity as determined by the dis-
tance travelled by the subject in an open field. Even antipsy-
chotics that do not elicit catalepsy, such as clozapine, may
potently decrease locomotor activity because of their sedative
properties (Miller, 2000). In fact, decreased locomotor activity
was observed for reference drugs over a similar dose range as

that which elicits antipsychotic-like activity (Kołaczkowski
et al., 2013). In contrast, ADN-1184 only began to decrease
locomotor activity at doses (MED 30 mg·kg−1) that were sig-
nificantly greater than those active in the ‘therapeutic’ tests.

ADN-1184 exhibits a novel profile of
receptor interaction
A distinctive in vitro profile may underlie the differentiation
of ADN-1184 from current atypical antipsychotics. The latter
generally interact with many different receptor targets,
including those that may elicit some side effects and/or limit
their therapeutic efficacy. For example, these drugs also bind
potently to muscarinic and histamine receptors which are
associated with cholinergic interference and sedation respec-
tively. In addition, they act as potent 5-HT2C receptor antago-
nists, a property that is a risk factor for metabolic dysfunction
(Reynolds and Kirk, 2010; Bai et al., 2011). Aripiprazole is well
tolerated but its partial agonist activity at dopamine D2 recep-
tors may limit its efficacy for control of psychotic symptoms
in elderly patients (De Deyn et al., 2005).

In contrast to these drugs, ADN-1184 combines dopamine
D2 and D3 receptor antagonism with potent blockade
of 5-HT6, 5-HT7 and 5-HT2A receptors in the absence of
anticholinergic effects (Tables 1 and 2). This profile may
underlie its unusual combination of antipsychotic-like and
antidepressant-like activities without cognitive or motor
impairment. Indeed, as described in the Introduction, 5-HT6

receptor antagonism is associated with beneficial effects on
mood and cognitive parameters (Geldenhuys and Van der
Schyf, 2009; Hirano et al., 2009). In the case of ADN-1184, its
affinity for 5-HT6 receptors is of the same order of magnitude
as that for D2 receptors and likely to be expressed at antipsy-
chotic doses. Nevertheless, it is possible that a different
balance of 5-HT6/D2 affinity could yield a pharmacological
profile that shows improved activity.

In the case of 5-HT7 receptors, a growing body of work
indicates that blockade of these sites mediates antidepressant
and pro-cognitive properties (Galici et al., 2008; Hedlund,
2009; Bonaventure et al., 2011). In addition, 5-HT7 receptor
antagonism induces antipsychotic-like activity in animal
models (Galici et al., 2008) and may underlie some therapeu-
tic properties of lurasidone (Ishibashi et al., 2010). It should
also be noted that amisulpride, which shows clinical antide-
pressant properties in addition to antipsychotic activity, pos-
sesses 5-HT7 receptor antagonist activity (Abbas et al., 2009;
Ishibashi et al., 2010).

ADN-1184 also interacts with α1 adrenoceptors. Antago-
nism at these receptors is a prominent feature of the receptor
profile of many antipsychotics including clozapine, risperi-
done and quetiapine (Arnt et al., 2008; Newman-Tancredi
and Kleven, 2011) and may contribute to their therapeutic
activity. Indeed, in combination with modest dopamine D2

receptor occupancy, α1 adrenoceptor blockade might improve
antipsychotic efficacy and widen the therapeutic window
with regard to EPS (Wadenberg et al., 2000). In addition, α1

adrenoceptors are highly co-expressed with 5-HT2A receptors
in prefrontal cortex (PFC), suggesting that combined block-
ade of both these targets, as found in ADN-1184, may provide
more robust control of PFC function (Santana et al., 2013).
Furthermore, in AD patients, (i) deregulation of α1 adreno-
ceptors has been reported in frontal cortex of post mortem
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brain (Szot et al., 2006); and (ii) treatment with the α1 adreno-
ceptor antagonist, prazosin, reduced agitation and aggressive
behaviour in a pilot clinical trial (Wang et al., 2009). While
these observations suggest that α1 adrenoceptor antagonism
may be desirable in drugs targeted at BPSD, antagonism of
peripheral α1 adrenoceptors is associated with cardiovascular
effects, notably hypotensive activity, which would need to be
addressed in elderly patients with potentially fragile cardiac
function.

In comparison, ADN-1184 has only moderate or low
affinity for other receptor targets, including hERG channels
associated with cardiovascular risk (Table 1) or muscarinic
and histamine receptors. Antagonism of the latter sites is
associated with cognitive interference and sedative proper-
ties, respectively, so the low affinity of ADN-1184 at these
sites is likely to underlie its freedom from impairment of
performance in the PA test and only modest inhibition of
spontaneous locomotor activity.

Conclusions and perspectives

The present study shows that ADN-1184 (i) is potently
active in tests of antipsychotic-like activity; (ii) exhibits
antidepressant-like activity; and (iii) does not disrupt perfor-
mance in a memory test or in motor coordination. This
profile of in vivo activity is promising in the context of iden-
tifying novel treatments for BPSD. Indeed, current antipsy-
chotics do not possess such a favourable profile and there is
an unmet need for novel pharmacotherapeutic agents that
are better suited to elderly patients.

However, the in vivo results described here were all
obtained upon acute administration and it is necessary
to determine the effects of the compound following
repeated administration. Indeed, antidepressant-like effects
may become more accentuated upon chronic treatment
(Morley-Fletcher et al., 2004), possibly increasing the dose
range that is active in the FST. Further, it would be interesting
to determine the capacity of ADN-1184 to reverse memory
deficits elicited by a muscarinic antagonist such as scopola-
mine. Indeed, we would expect the pronounced 5-HT6

antagonist properties of ADN-1184 to favour cholinergic
transmission and improve memory function in elderly
patients (Da Silva Costa-Aze et al., 2012; H. Lundbeck A/S,
2012).

Taken together, the present data indicate that it is possible
to identify drug candidates that exhibit an in vivo profile of
action that is consistent with potentially improved manage-
ment of BPSD. Indeed, ADN-1184 is an example of an inves-
tigational drug that exhibits activity in animal models of
psychosis and mood deficit without disrupting memory or
eliciting motor side effects.
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