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BACKGROUND AND PURPOSE
Pitolisant, a histamine H3 receptor inverse agonist/antagonist is currently under Phase III clinical trials for treatment of
excessive daytime sleepiness namely in narcoleptic patients. Its drug abuse potential was investigated using in vivo models in
rodents and monkeys and compared with those of Modafinil, a psychostimulant currently used in the same indications.

EXPERIMENTAL APPROACH
Effects of Pitolisant on dopamine release in the nucleus accumbens, on spontaneous and cocaine-induced locomotion,
locomotor sensitization were monitored. It was also tested in three standard drug abuse tests i.e. conditioned place preference
in rats, self-administration in monkeys and cocaine discrimination in mice as well as in a physical dependence model.

KEY RESULTS
Pitolisant did not elicit any significant changes in dopaminergic indices in rat nucleus accumbens whereas Modafinil increased
dopamine release. In rodents, Pitolisant was without any effect on locomotion and reduced the cocaine-induced
hyperlocomotion. In addition, no locomotor sensitization and no conditioned hyperlocomotion were evidenced with this
compound in rats whereas significant effects were elicited by Modafinil. Finally, Pitolisant was devoid of any significant effects
in the three standard drug abuse tests (including self-administration in monkeys) and in the physical dependence model.

CONCLUSIONS AND IMPLICATIONS
No potential drug abuse liability for Pitolisant was evidenced in various in vivo rodent and primate models, whereas the same
does not seem so clear in the case of Modafinil.

Abbreviations
Amph, amphetamine; b.i.d., twice a day; DA, dopamine; DOPAC, dihydroxyphenyl acetic acid; FR, fixed ratio; FFR, first
fixed ratio; HVA, homovanillic acid; KO, knock-out; veh., vehicle; %CLR, percentage of responses on cocaine lever

Introduction
Histamine H3 autoreceptors control histamine synthesis and
release from tuberomamillary neurons, a brain system

involved in the control of wakefulness, attention, learning
and other cognitive functions (Schwartz et al., 1991; Haas and
Panula, 2003; Lin et al., 2011). Therefore the use of H3 recep-
tor inverse agonists, a class of compounds reversing the high
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constitutive activity of the native receptors (Morisset et al.,
2000), appears as a useful therapeutic approach to enhance
wakefulness in states of excessive daytime sleepiness such as
narcolepsy, obstructive sleep apnoea or Parkinson’s disease
(Lazewska and Kiec-Kononowicz, 2010; Kuhne et al., 2011;
Leurs et al., 2011).

The first compound of this class to be introduced in the
clinics, PitolisantINN (formerly named tiprolisant, BF2.649,
[1-{3-[3-(4-chlorophenyl)propoxy]propyl}piperidine, hydro-
chloride]), a potent and highly selective non-imidazole hista-
mine H3-receptor inverse agonist (Ligneau et al., 2007b),
constitutes a promising tool for the treatment of narcolepsy as
shown in an animal model of this pathology, the orexin-/-

mouse as well as in clinical trials (Lin et al., 2008, Schwartz,
2011). Dopamine-releasing agents currently used to fight
against daytime somnolence in narcolepsy comprise amphe-
tamine derivatives, sodium oxybate and Modafinil which both
suffer, to a variable degree, from abuse liability. In the case of
Modafinil, the abuse potential seems limited but its dopamine-
releasing effect in rodent and human striatum (Dopheide
et al., 2007; Volkow et al., 2009) and some discriminative
and/or reinforcing properties (Gold and Balster, 1996,
Andersen et al., 2010; Newman et al., 2010; Paterson et al.,
2010) have been detected and these observations, together
with other side effects, have recently led to a restricted use
recommendation by the European Medicines Agency (2011).

The abuse potential of this novel drug class of H3-receptor
ligands does not appear to have been thoroughly investigated
so far. The aim of the present study was to assess such poten-
tial of Pitolisant, on a variety of animal models, namely in
comparison with Modafinil.

Methods

Animals and drugs
Animals were housed in group under a 12-h light/dark cycle
(lights on at 7:00 a.m.) in a temperature 21 � 2°C and 45 �

15% humidity-controlled environment with free access to
food and water, except when noted below. Experiments were
conducted in accordance with European ethical standards
(86/609-EEC) and the French National Committee (87/848)
for the Care and Use of Laboratory Animals. Cocaine self-
administration and discrimination tests were conducted
under corresponding NIH Guidelines in an Association for
Assessment and Accreditation of Laboratory Animal Care
International approved laboratory with protocols approved
by Virginia Commonwealth’s University’s Institutional
Animal Care and Use Committee. Male Wistar rats (220–
300 g) were from Janvier (Le Genest Saint Isle, France). Male
C57BL/6J mice and Swiss-Webster mice were from Charles
River (L’Arbresle, France) and Harlan (Indianapolis, IN, USA)
respectively. Pitolisant (BF2.649 hydrochloride salt) or
Modafinil were from Bioprojet (Paris, France). Cocaine-HCl
was from NIDA (Rockville, MD, USA) or from Sigma-Aldrich
(Saint Quentin Fallavier, France) which provided also nico-
tine and morphine. Except when indicated, drug doses were
expressed as free base. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Effect of Pitolisant on catecholamines in rat
nucleus accumbens
Rats received vehicle (methylcellulose 1%, p.o.), Pitolisant
(10 mg·kg-1, p.o.) or D-amphetamine (2.5 mg·kg-1, i.p. in
saline). Ninety minutes later, they were killed by decapitation
and nucleus accumbens were dissected out, weighed, frozen
in liquid nitrogen and stored at -80°C. Tissues were homog-
enized in 1 mL of a 0.4 N perchloric acid/2.7 mM EDTA
solution. After centrifugation (8000 rpm, 20 min, 4°C),
supernatants were analysed by HPLC coupled to electro-
chemical detection according to Ligneau et al. (2007a). Tissue
concentrations of dopamine (DA), dihydroxyphenyl acetic
acid (DOPAC) and homovanillic acid (HVA) were determined
and the corresponding ratios (DOPAC/DA, HVA/DA) were
calculated.

Effect of Pitolisant on extracellular dopamine
in rat nucleus accumbens
Anaesthetized rats (chloral hydrate 400 mg·kg-1, i.p.) were
positioned in a Kopf stereotaxic frame. A guide cannula
(CMA/12 Microdialysis, Phymep, Paris, France) was im-
planted into the nucleus accumbens (AP, +1.2 from bregma;
ML, +0.18; DV, -5.8 mm from dura) according to the atlas
of Paxinos and Watson (1986) and secured with dental
cement and anchor screws into the skull. Rats were single-
housed for postoperative recovery at least for 5 days. Then,
microdialysis experiments were performed as described pre-
viously (Ligneau et al., 2007b) using a CMA/12 microdialysis
probe (2-mm length) measuring the effects on extracellular
dopamine of saline, Pitolisant (10 mg·kg-1 in saline) or
Modafinil (120 mg·kg-1 in cyclodextrin 30%) given by i.p.
route.

Effect of Pitolisant and Modafinil (single or
repeated administration) on locomotor
activity in rats
Apparatus. Rats were tested in black wooden open fields (76
¥ 76 ¥ 45 cm height) located in a dimly lit room. A video-
tracking system (Ethovision XT4.1, Noldus, Wageningen,
Netherlands) allowed behavioural analyses based on centre-
point detection.

Experimental procedure

• For single administration (between 9:00 and 12:00 a.m.),
rats received i.p. vehicle (sterile water), Pitolisant (3 and
10 mg·kg-1), cocaine (10 mg·kg-1) or Modafinil (32, 64 and
128 mg·kg-1 in cyclodextrin 30%) 30 min before their
introduction in the open field. Locomotor activity was
recorded continuously for 60 min by 5-min intervals.

• For repeated administrations, rats received i.p. vehicle,
Pitolisant (10 mg·kg-1) or Modafinil (64 mg·kg-1) immedi-
ately before their introduction in the open field. Each rat
was subjected to four exploration sessions in an open field
(always the same for each rat) between 1:00 and 5:00 p.m.
on 4 successive days. Locomotor activity was recorded con-
tinuously for 40 min. Then, on the fifth and 16th day (i.e.
after a 10-day wash-out period), rats received again vehicle
or drugs (Pitolisant or Modafinil) and some rats, previously
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vehicle-treated over the 4 days, received Pitolisant or
Modafinil before the actimetry session. In addition, these
rats received vehicle and were introduced 72 h after the
fifth session in the open field and their locomotion was
recorded over 40 min for detection of any cue-induced
locomotor activity. Another group of rats received
Modafinil in their home cage for 5 days, approximately 5 h
after locomotor sessions, to reduce the potential associa-
tion between drug treatment and environment, and was
tested in parallel.

Effect of Pitolisant on spontaneous and
cocaine-induced locomotor activity in mice
C57BL/6J mice (24–26 g) received between 9:00 a.m and 1:00
p.m. vehicle (NaCl 0.9%) or Pitolisant (5 mg·kg-1, i.p.) and
were introduced individually in an infrared detection actim-
eter (Imetronic, Pessac, France) with individual boxes (20.5 ¥
11.0 ¥ 20.0 cm height) to measure horizontal movements.
Counts for locomotor activity were incremented each time
the animal moved from one-half part of the cage to the other
and recorded continuously for 30 min (5-min intervals)
before the administration of vehicle (NaCl 0.9%) or cocaine
(10 mg·kg-1, s.c.). Mouse locomotion was further recorded
over 90 min.

Effect of Pitolisant or Modafinil on the
conditioned place preference in rats
Conditioned place preference consisted of a conditioning
phase with rats receiving the drug in a distinctive environ-
ment and vehicle in another, and an expression phase in
which drug-free animals’ preference of the environment
previously paired with the test compound is evaluated
(Tzschentke, 1998; Duarte et al., 2003; Le Foll et al., 2005).
Effects of Pitolisant, cocaine, nicotine and Modafinil admin-
istered alone during conditioning were studied as follows:

Rats were daily handled, weighed and habituated to drug
administration with a s.c. saline injection daily for 1 week.
For nicotine place conditioning experiments, rats were also
given nicotine (0.12 mg·kg-1) three times during the habitu-
ation week to avoid aversion usually elicited by first nicotine
administrations. Drugs were prepared in NaCl 0.9% and
administered s.c. except Modafinil which was in cyclodextrin
30% and administered i.p. Nicotine tartrate salt was dissolved
in NaCl 0.9% and pH adjusted to 7.4 with 0.1 N NaOH.

Apparatus. The experimental device described above using a
one compartment apparatus in an unbiased experimental
design was used: the floor of each open field was covered with
removable quadrants made of one of two textures (wire mesh
or rough Plexiglas) chosen after preliminary studies indicat-
ing that naïve rats exhibited no unconditioned preference for
one of them. A masking noise was applied.

Experimental procedure (two phases)
Conditioning. Each rat was subjected to eight 30-min con-
ditioning sessions using always the same open field whose
four floor quadrants were of identical texture. There was two
sessions per day, 4 h apart, over 1 week. On days 1 to 4, drugs
or saline were administered immediately before afternoon

sessions, paired with one floor texture. Saline was injected
just before morning sessions, paired with the other texture.
Drug texture pairings were counterbalanced so that for half of
the rats the drug was associated with the wire mesh floor, and
for the other half with the Plexiglas floor.

Testing. On day 5, rats were subjected to a single 20-min test
session without any injection. The open-field floor was
covered diagonally by two quadrants of the drug-paired
texture and two quadrants of the saline-paired texture. Times
spent on each texture were recorded.

Effect of Pitolisant in self-administration tests
in Rhesus monkeys
Subjects. Four adult male rhesus monkeys weighing 14.5 kg
(M2188), 12.6 kg (M1344), 8.8 kg (M1375) and 11.8 kg
(M1385) were individually housed in ventilated cubicles (1 ¥
1 ¥ 1 m) and either restrained by a stainless steel harness and
tether system (M1375 and M1385) or by nylon mesh harness
and tether system (M1288 and M1344; Lomir Biomedicals,
Notre-Dame-de-l’Île Perrot, Québec, Canada). Water was
freely available and chow (Laboratory Fiber-Plus® Monkey-
Diet, Purina, Saint Louis, MO, USA) and fruits were provided
in an amount to maintain a constant body weight. Silicone
rubber (Cole-Parmer Instrument Company, Vernon Hills, IL,
USA) or Micro-Renathane (Braintree Scientific, Braintree, MA,
USA) catheters were implanted into the internal and external
jugular, femoral or brachial veins under pentobarbital-
phencyclidine anaesthesia as described previously (Beardsley
et al., 1990). Catheters exited from the midscapular region
and were connected to a stopcock valve which, in turn, was
connected to a peristaltic pump at one channel and to a
syringe pump at another channel. When peristaltic pumps
were activated during experimental sessions they delivered
10-s, 1-mL sterile intravenous infusions. When syringe
pumps were activated between experimental sessions they
delivered 0.9% saline at a rate of 1 mL·h-1 to maximize the
longevity of catheter patency. Periodically, catheter patency
was tested and positively inferred when a rapid loss of
muscular control occurred following an acute infusion of
~4 mg·kg-1 methohexital or of ketamine-HCl. If patency was
lost in a catheter it was removed, the monkey given a
minimum of a 2-week absence from testing, and an alternate
vein was then recatheterized.

Apparatus. Animals were housed in semi-airtight fibreglass
chambers (1 ¥ 1 ¥ 1 m) with a transparent Plexiglas front
door. The air supply for the cubicles was exhausted through
an air filtration system. Two response levers were located on
the front door. Above each lever were three stimulus lights,
two amber-coloured lights on either side of a white light.
Scheduling of infusions and collection of data were control-
led by a computer located in an adjacent room (Med-PC, Med
Associates, Saint Albans, VT, USA).

Procedure. Monkeys were either trained to self-administer
0.03 mg·kg-1 per infusion (M1288, M1344 and M1385) or
0.01 mg·kg-1 per infusion (M1375) cocaine hydrochloride
during daily (7 days·week-1) 1-h experimental sessions which
commenced at approximately 10:00 a.m. Monkey M1375 was
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trained at a reduced cocaine dose relative to the other
monkeys because his preliminary baseline level of
0.03 mg·kg-1 per infusion cocaine was lower than the other
monkeys. The amber stimulus lights above the left lever were
illuminated at the beginning of each session. Completion of
every 50 presses of the left-side lever (fixed ratio 50, FR50)
resulted in a 10-s, 1-mL delivery of the available infusate.
During infusions, the amber lights were extinguished and
the white centre light was illuminated above the left-side
lever. At the end of each infusion, the amber lights were
re-illuminated and the white light extinguished. Lever presses
during infusions were recorded but were not applied towards
the fixed ratio contingency. Presses of the right lever did not
have scheduled contingencies during test sessions but were
recorded.

After lever pressing maintained by cocaine had stabilized
for at least three consecutive sessions, substitution tests with
other infusates could be conducted. Stability of cocaine-
maintained responding was assumed when the number of
obtained infusions during the first and third sessions were
not solely the highest and lowest number for those sessions
and during which the number of each session’s infusions did
not deviate from the mean number by more than 20% (typi-
cally, these deviations were much less). Between testing each
dose, the subjects were returned to cocaine baseline for at
least three sessions and until response rates were again stable.

Substitution tests with saline were conducted immedi-
ately prior to tests with Pitolisant. Substitution tests with
saline served as a negative control. Each dose of Pitolisant was
substituted for four consecutive sessions. If any dose of Pitoli-
sant appeared to serve as a positive reinforcer during regular
testing (see below), saline was retested at the end of all other
tests in order to re-establish control values considering
months had elapsed since the beginning of testing to its end.

All doses of cocaine and Pitolisant (doses expressed in
salt) were prepared in a 0.9% sterile saline and delivered in
1.0 mL volume in 10-s infusions. Drug solutions were filtered
(0.2 mm Acrodisc Filters with HT Tuffryn Membrane, Pall Cor-
poration, East Hills, NY, USA) to insure sterility.

All substitution test data from the last three sessions of
each 4-day substitution were used in the analyses. Data from
the first days of substitution were excluded because they
represent the monkeys’ initial experience with each test sub-
stance and are considered not indicative of typical perform-
ances. Infusion rates during these initial sessions reflect a
transition between rates of cocaine-maintained responding
and responding under the test condition. A test dose was
considered to serve as a reinforcer and be self-administered
when the average number of infusions during the last three
sessions of substitution at FR50 exceeded the average number
of saline infusions obtained and their ranges did not overlap.

Additionally, analysis of group infusions were conducted
by comparing infusions obtained by all monkeys during the
last three sessions of testing at each dose of Pitolisant, cocaine
and saline with a two-way repeated measures ANOVA with
repeated measures on both ‘Drug Condition’ and ‘Test day’
and with Dunnett’s post-tests comparing individual Drug
Conditions against the saline condition. Statistics were con-
ducted using Prism 6 software (GraphPad Software, San
Diego, CA, USA) and comparisons were considered statisti-
cally significant if P < 0.05.

Tests with Pitolisant in cocaine
discrimination in mice
Subjects. Eleven, experimentally naive, adult male Swiss-
Webster mice were housed individually on a 12-h/12-h light/
dark cycle, and their weights maintained at approximately
30–40 g by post-session supplemental feedings (4–6 g).

Apparatus. Standard, light- and sound-attenuated mouse
operant conditioning chambers were used (ENV-307A, Med
Associates). Each chamber was equipped with two response
levers separated by a trough into which a 0.01 mL dipper cup
could be presented. A house light was centred at the top of
the front panel and three cue lights were located above each
lever. Control of lights, dipper presentations and recording of
lever presses were computer controlled (Med-PC IV, Med
Associates).

Procedure. Mice were trained to discriminate 10 mg·kg-1 i.p.
cocaine from saline reinforced according to a FR20 schedule
with sweetened milk delivery during daily (Monday–Friday)
15-min experimental sessions performed during the light
phase using procedures described previously (Kolhatkar et al.,
2004).

Initially, saline and doses of cocaine (0.3–17 mg·kg-1) were
tested followed by tests with Pitolisant (1–30 mg·kg-1) and its
vehicle given 20 min before test sessions.

All doses of cocaine and Pitolisant (doses expressed in
salt) were prepared in a 0.9% sterile saline and administered
i.p. to mice in a volume of 10 mL·kg-1. Drug solutions were
filtered as described above to insure sterility.

The percentage of responses on the cocaine designated
lever (%CLR) was calculated for each mouse during test ses-
sions by dividing the number of lever presses emitted upon
the cocaine-associated lever by the total number of lever
presses emitted on both levers and then this quotient was
multiplied by 100. Additionally, rates of responding were
calculated for each mouse by dividing the total number of
responses emitted on both levers by 900 s. Means of indi-
vidual cocaine-lever responding percentages and responses
per second were then calculated. If a mouse failed to emit a
total of 20 lever presses (sufficient to obtain one milk deliv-
ery) then its data were excluded from calculations of mean
%CLR (to minimize disproportionate contributions to %CLR
by near-zero response rate performances), but were included
for mean response rate calculations. Separate, ordinary, one-
way ANOVAs were conducted on %CLR for cocaine and its
vehicle, as well as Pitolisant and its vehicle. If the ANOVAs
were significant, individual groups were compared with their
respective vehicle condition with Dunnett’s post-tests. ED50

values (� 95% CI) in mg·kg-1 body weight were calculated for
suppression of response rates using a sigmoidal dose-response
curve fitting procedure with variable slope. A log transforma-
tion on dose was used. Statistics and calculations of ED50

values were conducted using Prism 6 software and compari-
sons were considered statistically significant if P < 0.05.

Withdrawal symptoms after Pitolisant
chronic administration in rats
Rats received twice daily (at ~9:00 a.m. then ~4:00 p.m.) for
11 days, vehicle (NaCl 0.9% i.p.) or Pitolisant (10 mg·kg-1,
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i.p.) or morphine. Escalating doses of morphine were given
subcutaneously twice a day (b.i.d.) starting from 5 mg·kg-1

and increasing to 40 mg·kg-1 on the seventh day according to
the following sequence (5, 10, 15, 20, 25, 30 and 40). The
dose was maintained at 40 mg·kg-1 b.i.d. for 4 days. Animals
were weighed, observed 24 and 48 h following the last treat-
ment with measurement of body temperature and evaluation
of withdrawal symptoms according to the Gellert-Holtzman
scale (1978) by a blind observer.

Results

Effect of Pitolisant or Modafinil on dopamine
in rat nucleus accumbens
Extracellular levels of dopamine in the core of the nucleus
accumbens were increased after Modafinil administration
(+ 96% of basal levels 90 min after administration) while
no effects were observed after Pitolisant administration.
The area under the curve value (calculated over 150 min
post-administration) of Modafinil group was significantly
enhanced by 67% (P < 0.05) whereas Pitolisant was with-
out any significant effect (Figure 1). These results were con-
firmed by measures of indices of dopamine metabolism
in rat nucleus accumbens following Pitolisant, Modafinil
or D-amphetamine treatment. Indeed, DOPAC/DA ratios
in nucleus accumbens were reduced significantly by
D-amphetamine (2.5 mg·kg-1) and Modafinil (64 mg·kg-1)
with respective effects of -40%, P < 0.001 and -22%, P < 0.01
versus control (basal DOPAC/DA ratio 0.27 � 0.02) whereas
Pitolisant was without any effect (+1%, P > 0.05 vs. control).
These reductions elicited by D-amphetamine and Modafinil
resulted mainly from the decrease of 54% (P < 0.001) and 31%
(P < 0.05) in DOPAC levels, respectively as compared with
controls whereas dopamine levels were not significantly
modified by the two drugs (data not shown). Moreover, HVA
levels in nucleus accumbens were reduced following
D-amphetamine and Modafinil dosing (-50%, P < 0.01 and
-41%, P < 0.01, respectively) without any effect elicited by
Pitolisant.

Effect of Pitolisant and Modafinil on
spontaneous locomotor activity in rats
In single administration, Pitolisant (3 and 10 mg·kg-1) was
without any significant effect on locomotion. In similar con-
ditions, cocaine (10 mg·kg-1) elicited a doubling of locomo-
tion (+110% vs. control, P < 0.001) and Modafinil (32, 64 and
128 mg·kg-1) increased in a dose-dependent manner this
parameter (+34% P > 0.05, +113% P < 0.001 and +247% P <
0.001 vs. control, respectively) (Figure 2).

Repeated administration of Pitolisant 10 mg·kg-1 did not
modify locomotor activity (Figure 3) whereas Modafinil
(64 mg·kg-1) progressively increased locomotor activity over
the 5 consecutive testing days (from +61% P < 0.01 to +259%
P < 0.001 vs. control). On the fifth session locomotor activity
of Modafinil chronically treated rats was enhanced by 80%
(P < 0.001) compared with the first treatment. This sensitiza-
tion persisted after a 10-day washout period with a Modafinil-
induced response on day 16 still increased by 72% (P < 0.001)
as compared with initial response (Figure 3). Interestingly,

when introduced without any drug treatment in the open-
field for measurement of the locomotor activity 72 h after the
fifth session, rats previously chronically Modafinil-treated
elicited a locomotion significantly higher to the activity
recorded in corresponding vehicle animals (+46%, P < 0.01),
reflecting a phenomenon of conditioned locomotion for
Modafinil (Figure 4). In addition, rats treated in their home
cage with Modafinil ~5 h after the five locomotor recording
sessions, did not elicit any differences in their locomotor
activity as compared with controls during the five sessions
(not shown) and no conditioned hyperlocomotion in the
cue-session 72 h after the fifth session (Figure 4).

Effect of Pitolisant on cocaine-induced
hyperlocomotion in C57BL/6J mice
Pitolisant (5 mg·kg-1) reduced by 48% (P = 0.0162) the
cocaine-induced hyperlocomotion in mice, whereas Pitoli-
sant alone did not modify spontaneous locomotor activity
(Figure 5).

Figure 1
Effect of Pitolisant (10 mg·kg-1, i.p.) or Modafinil (120 mg·kg-1, i.p.)
on dopamine levels in microdialysates of rat nucleus accumbens
core. Data are expressed as percentage of the baseline value (A) and
in the corresponding AUC over 150 min post administration (B),
calculated as the mean amount in the last three samples preceding
the drug challenge. Mean � SEM of n rats. ANOVA followed by a PLSD
Fisher test: F(2,17) = 5.883, P = 0.0114 and �P < 0.05 versus control.
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Effect of Pitolisant on conditioned place
preference in rats
Over the 20-min test session, control rats spent 488 � 40 s on
the vehicle-paired texture. Rats receiving cocaine (2 mg·kg-1)
or nicotine (0.12 mg·kg-1) during the conditioning phase
spent more time on the paired texture than controls (739 �

66 s or 684 � 42 s, P < 0.05 or P < 0.01 vs. controls, respec-
tively), indicating that cocaine or nicotine supported condi-
tioned place preference. Rats given Pitolisant (10 mg·kg-1)
during the conditioning phase stayed 502 � 94 s on the
paired texture, a value not statistically different from that
of controls, indicating that Pitolisant did not support place
preference (Figure 6). In similar conditions, Modafinil
(10 mg·kg-1) was without any effect whereas some aversive
effects appeared at higher doses (32 and 64 mg·kg-1) with
significant reductions by 45 and 41% of the time spent on
the paired texture as compared with controls (306 � 76 s, P <
0.05 and 330 � 82 s, P < 0.05 vs. 555 � 49 s, respectively)
(Figure 6).

Ability of Pitolisant to maintain
self-administration in rhesus monkeys
Figure 7 (upper panel) shows the mean number of infusions
(� SEM) obtained of saline, cocaine and of Pitolisant for the
monkey group as a function of dose. The repeated measures
ANOVA indicated that there was a significant effect of drug
condition [F(6,18) = 6.079; P = 0.0013]. Dunnett’s post-tests
indicated that only the cocaine condition significantly dif-
fered from the saline condition (q = 3.574, d.f. = 18, P < 0.05)
with more mean infusions of cocaine occurring than of saline
(25.7 � 2.32 vs. 11.50 � 1.18, respectively).

For all four monkeys, mean cocaine infusions exceeded
those of saline and their ranges did not overlap indicating
that it was serving as a reinforcer for all monkeys (data not
shown). When Pitolisant was substituted from 0.01 to
0.56 mg·kg-1 for the cocaine training dose, it maintained
greater mean numbers of infusions than saline, and their
ranges did not overlap, at 0.3 mg·kg-1 for monkeys M1288
and M1344. For none of the other monkeys and at none of
the other conditions did infusions of Pitolisant exceed the
ranges of saline. When saline was retested at the end of
studies for monkeys M1288 and M1344, its range of infusions
overlapped with those 0.3 mg·kg-1 of Pitolisant obtained
under FR50 conditions.

Peak mean cumulative Pitolisant intake (mg·kg-1 per 1-h
session) for the group was 4.3 � 0.90 mg·kg-1 at 0.3 mg·kg-1

(Figure 7, lower panel), and this level was exceeded in three of
the four monkeys. The greatest cumulative intake of Pitoli-

Figure 2
Effects of Pitolisant, Modafinil or cocaine on spontaneous locomotor
activity in male Wistar rats. Rats received vehicle or drugs i.p. 30 min
before their introduction in the open field. Time-course changes on
locomotion (A) and total distance moved (B) are presented. Mean �

SEM of four to 11 rats. ANOVA followed by a PLSD Fisher test: F(6,37)
= 17.87, P < 0.0001 with ns P > 0.05, ���P < 0.001 versus vehicle.

Figure 3
Effects of acute or repeated administrations of Pitolisant (10 mg·kg-1,
i.p.) or Modafinil (64 mg·kg-1, i.p.) on locomotor activity in male
Wistar rats. Rats received daily for 4 days vehicle or Pitolisant or
Modafinil. Then, on day 5 and on day 16 (i.e. after a 10-day washout
period), they received either vehicle (vehicle/vehicle) or Pitolisant
(Pitolisant/Pitolisant) or Modafinil (Modafinil/Modafinil) and some
animals vehicle-treated for 4 days received either Pitolisant (vehicle/
Pitolisant) or Modafinil (vehicle/Modafinil). Mean � SEM of six rats.
ANOVA followed by a PLSD Fisher test at day 5: F(4,25) = 44.202,
P < 0.0001 and at day 16: F(4, 25) = 16.25, P < 0.0001 with $P < 0.05,
$$$P < 0.001 versus corresponding vehicle/vehicle. Student’s paired
t-test: ���P < 0.001 versus corresponding group on day 1.
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sant for any monkey during a 1-h test session occurred for
M1344 during its fourth test session at the unit test dose
of 0.3 mg·kg-1 at which time he obtained 9.6 mg·kg-1 of
Pitolisant.

Effect of Pitolisant on discrimination test
in mice
In mice trained to discriminate 10 mg·kg-1 cocaine from
saline for producing percent cocaine-lever (%CLR) selection,
saline administered at 10 or 20 min pre-session as a control
occasioned near-zero levels of %CLR with group mean
response rates of 1.36 � 0.17 or 1.37 � 0.24 lever presses·s-1,
respectively (Figure 8). When cocaine was tested, levels of
%CLR were near-zero at 0.3 mg·kg-1, the lowest dose tested,
and progressively increased until at the 10 mg·kg-1 training
dose and greater complete (i.e. � 80%) %CLR occurred.
When Pitolisant was tested from 1 to 30 mg·kg-1, low (always
<22%) levels of cocaine-lever selection occurred indicating
that it failed to occasion the cocaine stimulus. The ANOVA

conducted with cocaine and its vehicle was significant
[F(5,59) = 79.73; P < 0.0001]. Dunnett’s post-tests indicated
that the 3 mg·kg-1 (q = 4.85, d.f. = 59, P < 0.001), 10 mg·kg-1

(q = 13.06, d.f. = 59, P < 0.0001) and the 17 mg·kg-1 (q = 12.73
d.f. = 59, P < 0.0001) cocaine doses evoked significantly
greater %CLR than did saline control. The ANOVA conducted
with Pitolisant and its vehicle was non-significant [F(4,47) =
2.312; P = 0.0714].

As the doses of cocaine and Pitolisant were increased,
response rates decreased. The ED50’s (� CI) for reducing
response rates, relative to control rates, were 15.85 mg·kg-1

(10.00–19.95) and 25.12 mg·kg-1 (12.59–50.11) for cocaine
and Pitolisant, respectively.

Effect of Pitolisant on drug withdrawal
symptoms in rats
Whereas Pitolisant did not modify body weight and apparent
behaviour during the 11-day period of treatment, escalating
doses of morphine elicited a dramatic reduction (-66%, P <
0.05 vs. controls on day 11) of body weight gain and its usual
behavioural effects (i.e. transient excitatory effects followed
by prostration). No effects on body weight, body temperature
and behaviour were evidenced 24 and 48 h after deprivation
of Pitolisant when compared with controls. In morphine-
treated rats deprived for 48 h, body weight decreased by 12 g
versus a gain of 16 g in controls as compared with last treat-
ment day. Whereas temperature did not change 24 h post
Pitolisant withdrawal as compared with controls, it decreased
by 0.5°C (P < 0.001) 24 h post-morphine withdrawal (38.6 �

0.1, 38.1 � 0.1 and 38.7 � 0.1°C for control, morphine and
Pitolisant-treated rats, respectively). This effect vanished 48 h
post withdrawal. Usual withdrawal symptoms (mainly abnor-
mal posture and gaits, increased grooming and irritability,

Figure 4
Conditioned hyperlocomotion elicited by Modafinil in the cue-
associated environment 72 h after five locomotor recording sessions
in male Wistar rats. Rats received daily for 5 days vehicle or Modafinil
directly before recording each locomotor session. One group of rats
received Modafinil in their home cage 5 h after locomotor sessions.
Then, on day 8 (i.e. 72 h after the last session), they received vehicle
and were introduced in the open field for recording of their locomo-
tor activity in a ‘cue session’. Mean � SEM of eight to 14 rats. ANOVA

followed by a PLSD Fisher test: F(2,33) = 6.344, P = 0.0047 with ns
P > 0.05, ��P < 0.01 versus vehicle.

Figure 5
Effect of a Pitolisant (5 mg·kg-1, i.p.) pretreatment on the time course
(A) and cumulated horizontal locomotor activity over 90 min (B) of
vehicle or cocaine-treated (10 mg·kg-1, s.c.) mice. Mean � SEM of
23 to 42 mice. Statistical comparison of cumulated locomotor activ-
ity over the 90-min period was performed by ANOVA followed by a
PLSD Fisher test: F(2,103) = 9.625, P = 0.0001 with �P < 0.05 versus
cocaine group.
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neglected fur and more sporadically diarrhoea, wet dog
shakes) were observed in rats deprived of morphine 24 h
(data not shown) and 48 h post withdrawal (Figure 9).

Discussion

Potent wake-promoting agents of the amphetamine class
present, among other drawbacks, a clear propensity to induce
drug abuse in humans and psychomotor activation in
rodents, both effects that many studies show as being related

to their propensity to release dopamine in the nucleus
accumbens (Di Chiara et al., 2004). Pitolisant, in spite of its
marked wake-promoting actions in animals (Ligneau et al.,
2007b) as well as in humans (Lin et al., 2008, Schwartz 2011),
clearly contrasts with these psychostimulants prone to addic-
tion liability as shown hereafter on a large panel on most
relevant in vivo models for drug abuse risk evaluation in
rodents and monkeys.

In rodents, whatever the administration route (p.o., i.p. or
s.c.), Pitolisant was tested at doses ensuring a drug plasma
exposure eliciting a maximal effect via histamine H3 receptors
on the tele-methylhistamine brain level, a reliable index of
central histamine turnover (Ligneau et al. 2007a,b). Drug
plasma levels in monkeys during the testing period were
similar to those recorded in rodents in the range of the active
doses and slightly higher than those in human at therapeutic
dosages (Schwartz, 2011). Experiments were performed in
males as no sex-linked differences were evidenced in pharma-
cokinetic parameters in rodents and monkeys as well as in the

Figure 6
Effects of Pitolisant, Modafinil, cocaine or nicotine on the acquisition
of place preference in male Wistar rats. Time spent during the 20-min
test session on the floor texture previously paired with (A) s.c. saline,
cocaine 2 mg·kg-1, nicotine 0.12 mg·kg-1 or Pitolisant 10 mg·kg-1 or
(B) s.c. saline, cocaine (2 mg·kg-1, s.c.) or Modafinil (10, 32 or
64 mg·kg-1, i.p.) was measured. Animals were drug-free during the
test session. Histogram represents the mean � SEM (A 6 to 14 values
or B 8 to 40 values). ANOVA followed by a PLSD Fisher test: A F(3,32)
= 4.255, P = 0.0123 and �P < 0.05, ��P < 0.01 time spent on the
cocaine or nicotine-paired texture versus time spent by control group
on saline-paired texture or B F(4,98) = 6.195, P = 0.0002 and �P <
0.05 time spent on the cocaine or Modafinil-paired texture versus
time spent by control group on saline-paired texture.

Figure 7
(A) Group mean infusions of Pitolisant (filled circles), saline (empty
circles) and of cocaine (filled squares). Cocaine control data point
includes the results of all monkeys regardless of cocaine training
dose. Each data point represents the mean of 12 values (four
monkeys ¥ three test days each). Bars through the symbols represent
the SEM. (B) Group mean mg·kg-1 intake of Pitolisant during the 1-h
test sessions. Other details as in the Panel A.
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efficacy of Pitolisant in enhancing tele-methylhistamine
brain levels in mice (data not shown). In some of these in vivo
tests, Pitolisant was compared with Modafinil, a pro-waking
drug acting by a distinct mechanism, which was tested at
doses already reported (Gold and Balster, 1996; Simon et al.,
1996; Lin et al., 2008).

First, Pitolisant fails to release dopamine in the striatal
complex, including the nucleus accumbens, a brain region
critical for the rewarding effect of drug of abuse, as shown

here by analysis of in vivo microdialysates and tissue
dopamine metabolites. This is somewhat paradoxical in view
of the demonstrated expression of H3 receptors on dopamine
neurons in substantia nigra and ventral tegmental area
(Pollard et al., 1993; Goodchild et al., 1999; Pillot et al., 2002)
and the H3 receptor mediated inhibition of striatal dopamine
release in vitro (Schlicker et al., 1993); also Pitolisant enhances
dopamine release from the rat frontal cortex (Ligneau et al.,
2007b). Similar paradoxical findings were also reported for
other, chemically unrelated, H3 receptor inverse agonists (Fox
et al., 2005; Medhurst et al., 2007). Altogether, they suggest
that H3 receptors might be diversely activated in a tonic
manner on several classes of dopamine neurons in relation
with either differences in local endogenous histamine release

Figure 8
(A) Mean percent cocaine lever presses as a function of Pitolisant or
cocaine dose. Each symbol represents the ratio of mean number of
lever presses emitted upon the cocaine-designated lever divided by
the total presses upon both levers, multiplied by 100. Bars through
symbols indicate SEM. Filled circles and squares indicate results with
Pitolisant and cocaine respectively. Empty circles and squares indicate
results of saline tests when administered 20 and 10 min pre-session,
corresponding to the administration of Pitolisant and cocaine,
respectively. n = 11 except at 10 and 30 mg·kg-1 of Pitolisant where
n = 10 and 9, respectively, and at 17 mg·kg-1 cocaine where n = 10.
The Ns were less than 11 at these doses because some mice failed to
meet response rate criteria and their data were excluded (see text).
ED50 mg·kg-1 (� 95% CI): cocaine, 3.8 mg·kg-1 (2.6–5.4); Pitolisant,
not determinable (see text). (B) Mean number of lever presses
emitted per second as a function of Pitolisant, or cocaine dose. Each
symbol represents the mean number of lever presses emitted per
second at either lever during the 900-s test sessions. n = 11 at all test
doses. Other details as described for upper panel. ED50 mg·kg-1

(� 95% CI): cocaine, 15.85 mg·kg-1 (10.00–19.95); Pitolisant,
25.12 mg·kg-1 (12.59–50.12).

Figure 9
Effect of Pitolisant and morphine chronic treatment on body weight
(A) and withdrawal symptoms 48 h following last administration (B).
Rats received b.i.d. vehicle, Pitolisant (10 mg·kg-1, i.p.) or daily esca-
lating doses of morphine (5 to 40 mg·kg-1, s.c.) for 11 days. With-
drawal symptoms were scored according to the Gellert-Holtzman
scale. Mean � SEM of 11–12 rats. Statistics (A) Student’s paired
t-test: $$$P < 0.001 versus body weight at day 11 in morphine-treated
rats, (B) ANOVA followed by a PLSD Fisher test: F(2,32) = 45.990, P <
0.0001 and ���P < 0.001 versus vehicle.
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or in the constitutive activity of H3 receptors these neurons
express. In agreement, inverse agonist activity of compounds
has been shown as a prerequisite for their histamine-releasing
activity, implying that autoreceptors are constitutively active
(Morisset et al., 2000). As a corollary, H3 receptors on several
other classes of neurons might not be constitutively active,
possibly as a consequence of their lower densities than on
histamine neurons or differences in G-protein coupling.

Consistent with its lack of effect on striatal dopamine,
Pitolisant failed to induce any locomotor activation at any
single dose or upon repeated administration and, even,
reduced the psychomotor activation elicited by cocaine
(Figure 5) or amphetamine (Ligneau et al., 2007a). Again,
similar findings were reported with other H3 receptor
antagonists/inverse agonists belonging to various chemical
classes (Clapham and Kilpatrick, 1994, Morisset et al., 2000;
Komater et al., 2003; Barbier et al., 2004; Esbenshade et al.,
2005; Fox et al., 2005), indicating that the absence of accum-
bal dopamine release, psychomotor activation and behav-
ioural sensitization differentiates the whole drug class from
that of psychomotor stimulants of the amphetamine/cocaine
type.

In contrast, Modafinil elicited a dose-dependent locomo-
tor activation of an amplitude similar to that of cocaine
(Figure 2) in agreement with previous reports (Simon et al.,
1996; Zolkowska et al., 2009; Paterson et al., 2010); this
response progressively increased under repeated administra-
tion (Figure 3, see also Paterson et al., 2010; Wuo-Silva et al.,
2011), an effect presumably reflecting progressive condi-
tioned cue association with the environment (Figure 4). Both
behavioural properties, shared with cocaine and ampheta-
mines, can be regarded as consequences of a primary effect
on dopamine reuptake resulting in enhanced extracellular
dopamine level in the striatal complex, particularly in
nucleus accumbens, that was shown here in mice and rats as
also reported by others (Ferraro et al., 1996; Zolkowska et al.,
2009; Loland et al., 2012), including in humans (Volkow
et al., 2009). Indeed, among other biological properties,
Modafinil displays DAT-inhibitory properties (Zolkowska
et al., 2009; Andersen et al., 2010).

Pitolisant was then tested on a series of animal models
predictive for drug abuse liability, particularly of psychos-
timulants in humans, that all led to negative responses.

In agreement, Pitolisant failed to induce conditioned
place preference in a rat model in which the positive effects of
cocaine and nicotine, two dopamine-releasing drugs, were
clearly revealed (Figure 6). The lack of reinforcing efficacy on
a similar non-operant rodent model was previously reported
for thioperamide, another H3 receptor inverse agonist
(Brabant et al., 2005). Furthermore, methamphetamine place
preference was not modified in H3 receptor knock-out (KO)
mice (Okuda et al., 2009) and that of cocaine was unchanged
in histidine decarboxylase KO mice (Brabant et al., 2007) as
compared with wild-type mice, suggesting a lack of partici-
pation of brain histaminergic systems in these models. Inter-
estingly, however, two H3 receptor inverse agonists inhibited
alcohol place preference in mice (Nuutinen et al., 2011b), and
H3 receptor KO mice failed to develop place preference to
alcohol (Nuutinen et al., 2011a). Taken together with the
reduction of the ethanol-induced locomotion by the proto-
typic H3-receptor inverse agonist, ciproxifan in C57BL/6J

mice (Nuutinen et al., 2010) as wells as in H3 receptor KO
mice (Nuutinen et al., 2011a) and with the reduction of
alcohol intake, preference and self-administration in the rat
by JNJ-39220675, another H3-receptor inverse agonist, (Galici
et al., 2011), it suggests some potential for alcoholism treat-
ment of this class of drugs. However, this is dampened by
opposite results (e.g. increase of the alcohol-induced locomo-
tion in DBA/2J mice from Nuutinen et al., 2011b) indicating
probably a more complex situation depending tests and test
conditions (species, strain . . .).

In monkeys trained to self-administer cocaine, group
mean infusions of Pitolisant and of its vehicle control were
found to be non-significantly different from one another
following the ANOVA analysis indicating a general lack of rein-
forcing efficacy, and by inference, a negligible abuse liability.
There were two test conditions with individual monkeys
(monkeys M1288 and M1344 at 0.3 mg·kg-1) out of twenty in
total (four monkeys ¥ five doses each) in which mean
numbers of Pitolisant infusions obtained exceeded those of
saline and their ranges didn’t overlap. However, when saline
was retested at the end of the study, numbers of vehicle
infusions did overlap or exceeded all doses of Pitolisant in
these two monkeys, indicating that its sufficiency to be iden-
tified as a reinforcer was labile and dependent upon the
referent vehicle control condition.

In mice trained to discriminate cocaine from vehicle,
Pitolisant was found to be incapable of occasioning cocaine-
like discriminative stimulus effects. Others have reported that
the histamine H3 antagonists, thioperamide and clobenpro-
pit, also failed to occasion the discriminative stimulus psy-
chomotor stimulant effects of methamphetamine (Munzar
et al., 2004). It is important to note that a sufficiently broad
enough range of Pitolisant doses had been tested to include
those with behavioural activity, for high doses suppressed
overall response rates. In previous studies (Munzar et al.,
1998; 2004; Mori et al., 2002), thioperamide was reported
to enhance the discriminative stimulus effects of cocaine,
amphetamine and methamphetamine in the rat, but due to
the cytochrome P450 inhibitory properties of this imidazole
derivative, interpretations of these effects are difficult in the
absence of information regarding potential drug interactions
on this enzyme system.

Finally, no overt physical or behavioural withdrawal
symptom could be detected at the end of a chronic treatment
with Pitolisant but it should be mentioned that psychostimu-
lants also fail to do so in rodents, to a certain degree in
contrast with humans.

From the present studies, and of other published reports,
the situation seems less clear in the case of Modafinil. First, in
our rat conditioned place preference model Modafinil exerted
a clearly aversive response that contrasts with the no less clear
cue-induced hyperlocomotor response to this drug’s repeated
administration, a difference which may reflect a progressive
dissolution of its aversive effect. In addition, responses to
Modafinil during conditioned place preference tests seem to
vary according to species and/or test designs. For example,
whereas Nguyen et al. (2011), Wuo-Silva et al. (2011) and
Shuman et al. (2012) observed place preference in mice,
Deroche-Gamonet et al. (2002) and Tahsili-Fahadan et al.
(2010) failed to do so in rats. In this latter species, Bernardi
et al. (2009) also did not observe place preference but report
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that Modafinil induces a long-lasting reinstatement of extin-
guished cocaine place preference.

Clear species-related differences were also reported
for Modafinil in intravenous self-administration models;
whereas in rats it was inactive (Deroche-Gamonet et al., 2002)
and, even, depressed the methamphetamine-primed rein-
statement (Reichel and See 2010; 2012), in monkeys,
Modafinil had reinforcing properties (Gold and Balster, 1996)
and reinstated a cocaine-maintained response (Andersen
et al., 2010).

To reconcile these various data, it might be hypothesized
that Modafinil displays positive effects on these two animal
models of drug abuse liability, in agreement with its DAT-
inhibiting and accumbal dopamine release properties, but
they are obscured in rats due to aversive properties that could
be associated with another of the multiple targets of this
drug.

In conclusion, no evidence of potential drug abuse liabil-
ity could be observed in the case of Pitolisant, whereas the
same does not seem so clear in the case of Modafinil.
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