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ABSTRACT

Numerous studies have demonstrated that brain histamine plays a crucial role in learning and memory
and histamine H3 receptor inverse agonists (H3R inverse agonists) have been proposed to treat cognitive
disorders. Pitolisant (BF2.649, 1-{3-[3-(4-chlorophenyl)propoxy]propyl}piperidine, hydrochloride) was
the first H3R inverse agonist that has been tested in human trials and is well tolerated. The present study
investigated whether Pitolisant (0.625-20 mg/kg, i.p.) improves consolidation and reconsolidation pro-
cesses in the fear conditioning task in female C57BL/6] mice. We also tested whether Pitolisant reverses
memory deficits induced by the non-competitive N-methyl-p-aspartate (NMDA) antagonist dizocilpine
(MK-801). Ourresults indicate that post-training systemic injections of Pitolisant facilitated consolidation
of contextual fear memory and reversed amnesia induced by an i.p. injection of 0.12 mg/kg dizocilpine.
In addition, none of the doses of Pitolisant we have tested after reactivation (reexposure to the context in
which training took place 48 h earlier) affected reconsolidation, whereas dizocilpine disrupted it. How-
ever, Pitolisant was able to reverse the deficit in reconsolidation induced by 0.12 mg/kg dizocilpine. The
present results are the first demonstration that Pitolisant is effective in improving consolidation pro-
cesses in the fear condition task and add further evidence to its potential for treating cognitive disorders.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

reverse learning disorders associated with Alzheimer’s disease [4].
Pitolisant is a selective inverse agonist for the histamine H3 recep-

Pitolisant (BF2.649 or tiprolisant) is a promising new medica-
tion that enhances wakefulness and reduces excessive daytime
sleep in patients suffering from narcolepsy [1,2]. Animal studies
have demonstrated that the wake promoting effects of Pitolisant
result from an increased activity of histaminergic neurons in the
brain [1,3]. Histamine is an important biogenic amine involved in
many cognitive functions such as vigilance, learning and memory.
Interestingly, several drugs that activate histaminergic transmis-
sion have cognitive enhancing properties and can potentially
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tor and enhances histaminergic activity in the brain of mice [3].
However, its effects on memory processes have poorly been inves-
tigated and its therapeutic potential to alleviate cognitive problems
in humans is unknown.

Neurons that synthetize histamine are exclusively located in
the tuberomamillary nucleus (TMN), a region located in the pos-
terior part of the hypothalamus. Histaminergic neurons send
their fibers to almost all brain areas including the amygdala and
the nucleus basalis magnocellularis (NBM), two cortical areas
involved in memory processes essential to consolidate adverse
events [5,6]. Histamine is synthesized from L-histidine by the
enzyme histidine decarboxylase (HDC) and its effects are medi-
ated by four histamine receptors in the brain: the histamine Hy,
H,, H3 and Hy4 receptors (H{R, H3R, H3R and H4R). H{R and H3R


dx.doi.org/10.1016/j.bbr.2012.12.063
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:christian.brabant@ulg.ac.be
dx.doi.org/10.1016/j.bbr.2012.12.063

200 C. Brabant et al. / Behavioural Brain Research 243 (2013) 199-204

are mainly postsynaptic excitatory receptors whereas HzR and
H4R are inhibitory receptors coupled to Gj,, proteins [7,8]. H3R
were originally described as presynaptic autoreceptors located on
histaminergic axons and their activation inhibits the release
and synthesis of histamine [9]. Nevertheless, later studies have
found that most H3R are inhibitory heteroreceptors located
on non-histaminergic axons. Their activation can inhibit the
synthesis and release of various neurotransmitters such as gamma-
aminobutyric acid (GABA), acetylcholine, glutamate, dopamine and
norepinephrine [4,7,10].

Pharmacological manipulations that increase brain histaminer-
gic activity generally facilitate memory consolidation in various
learning tasks (see [11] for a review). Consolidation refers to the
process that stabilizes a memory trace after acquisition of a new
information. Immediately after the acquisition phase, the memory
trace is fragile and labile and is gradually converted into a last-
ing trace that is stable over time [12]. During the consolidation
phase, memories are susceptible to disruption when amnesic treat-
ments are applied shortly after learning such as electroconvulsive
shocks [13]. Glutamate transmission and in particular N-methyl-
D-aspartate (NMDA) receptors play a critical role in consolidation
of fear memories since the blockade of NMDA receptors impairs
memory consolidation [14] whereas NMDA receptor activation
facilitates consolidation [15]. In addition, other neurotransmitter
systems like histamine can facilitate the consolidation of memories
[16]. The systemic injection of H3R inverse agonists improve con-
solidation in the inhibitory avoidance test [17], the social memory
test [18,19], the two-trail place recognition task [20] and the fear
conditioning task [14].

Memory formation is a dynamic process. When a memory is
briefly reactivated, it can return in a labile state and requires
then a process of stabilization to be able to return in long term
memory again and not be forgotten [21,22]. During this memory
process called reconsolidation, the duration of exposure to the
original learning context is an important determinant of subse-
quent memory processing. A short exposure to the context results
in reconsolidation whereas a longer exposure leads to extinction
[23]. Nader et al. [24] showed that memory reconsolidation can
be disrupted in rats when a protein-synthesis inhibitor is injected
in the amygdala after a brief reactivation of the fear memory.
As for consolidation, NMDA receptors play an important function
in reconsolidation processes [25]. The blockade of NMDA recep-
tors with dizocilpine impairs memory reconsolidation in the fear
conditioning task [14,26]. Inversely, activation of these receptors
with the partial agonist D-cycloserine facilitates reconsolidation
in the same task [26]. Other neurotransmitter systems such as 8-
adrenergic signaling could be implicated in reconsolidation. It has
been shown that the 3-adrenergic receptor antagonist propranolol
injected systemically disrupted reconsolidation of appetitive mem-
ories [27]. Additionally, propranolol and the (3-adrenergic receptor
agonist isoproterenol microinjected into the amygdala respectively
impaired and enhanced reconsolidation in the fear conditioning
task [28]. The role of histamine transmission is practically unknown
in reconsolidation processes. In our laboratory, we have previ-
ously demonstrated that thioperamide can block the deficit in
reconsolidation produced by dizocilpine in the fear conditioning
test [14].

Only one study has investigated whether Pitolisant has cogni-
tive enhancing properties. Ligneau et al. [3] have shown that the
intraperitoneal (i.p.) administration of Pitolisant improves work-
ing memory measured with the two-trial object recognition task in
mice. The purpose of the present study is to further investigate the
effects of Pitolisant on memory processes using the fear condition-
ing test. A first set of experiments examined whether i.p. injections
of Pitolisant can improve consolidation of a contextual fear mem-
ory in mice. Therefore, different doses of Pitolisant were injected

immediately after the training session alone or in combination with
dizocilpine. A second set of experiments tested the effects of various
doses of Pitolisant on reconsolidation. Two days after acquisition of
the fear memory, mice were briefly reexposed to the learning con-
text (reactivation session) and were then injected with Pitolisant
alone or in combination with dizocilpine.

2. Materials and methods
2.1. Animals

For the whole study, 252 naive female C57BL/6] mice, born in the central ani-
mal farm of the University of Liége, were employed. One week before the start
of each experiment, mice were individually housed in transparent polycarbonate
cages (15cm L x 33 cm W x 13 cm H). Water and food (standard pellets, Carfil Qual-
ity BVDA, Oud-Turnhout, Belgium) were available ad libitum during the whole study.
At the beginning of the experiment, mice were 10-12 weeks old and weighed
18-22g. The animal room was maintained on a 12h light-dark cycle (lights on
at 8.00am) with an ambient temperature of 20-22°C. All procedures were car-
ried out during the light phase between 9:00am and 2:00 pm. All experimental
protocols have been approved by the ethic committee on animal experimenta-
tion of the University of Liége in accordance with the recommendations of the
European Community Council for the Ethical Treatment of Animals (EEC Council
Directive No. 86/609) and the Guidelines approved by the European Commission
(No. 2007/526/CE).

2.2. Drugs

Dizocilpine maleate (MK-801) was purchased from Sigma-Aldrich (Bornem,
Belgium) and Pitolisant maleate (BF2.649) from Tocris Bioscience (Bristol, United
Kingdom). Substances were prepared daily and dissolved in sterile 0.9% saline in
order to deliver final doses of 0.12 mg/kg dizocilpine and 0.625, 1.25, 2.5, 5, 10 or
20 mg/kg Pitolisant. All solutions were administered through the intraperitoneal
(i.p.) route in a volume of 10 ml/kg (0.01 ml/g body weight). A control treatment
consisted of an equal volume of saline solution.

2.3. Behavioral apparatus

An automated rodent conditioning system (MED Associates Inc., St. Albans, VT,
USA, ENV-307W-TH) was used to study contextual fear conditioning of each mice
(for a detailed description see Charlier and Tirelli [14]). Conditioned freezing was
measured in two identical conditioning chambers (24cm L x 20cm W x 21.5cm H)
enclosed in sound-attenuating cubicles with ventilation fans (emitting a background
noise of 69dB). The walls and the ceiling were constructed of clear Plexiglas. The
front was a horizontally hinged door. The floor of each chamber consisted of 23 stain-
less steel rods (3 mm in diameter, 8 mm apart). The chambers were illuminated by
a single house light, mounted in the top centre of the right wall, and were cleaned
with 10% ethanol after utilization. A software program controlled a shock scrambler
that delivered the footshock (US) through the floor rods. Stimuli presentation and
data recording from both boxes were controlled by a MED-PC program via a spe-
cific interface. Freezing was defined as a total absence of movements (except those
related to respiratory movements) and was measured in terms of percent time spent
in that posture during the experimental session.

2.4. Experimental procedure

The conditioning procedure was similar to that of previous studies [14,29].
Briefly, before the start of each experiment, mice were habituated to handling
and injected with a saline solution. Prior to each experimental session, mice were
weighed in the colony room and returned into their individual home cage. Then,
mice each left in their individual home cage were placed on a cart and conducted
to the testing room. Mice were tested less than 3 min later. Immediately thereafter,
mice were injected with the appropriate treatment, replaced in their home cage and
returned to the colony room.

The contextual fear conditioning comprised two basic phases: the training
session (acquisition) and the memory retention test session (recall). Training
consisted in placing the mouse in the test chamber (whose context provided the
CS) where it was left undisturbed for 2 min (pre-shock period). After this period,
the mouse received two moderate footshocks (28s apart, 2s duration, 0.25 mA
intensity; US). Then, it remained in the chamber for an additional 30's (post-shock
period). Freezing posture was recorded during both pre- and post-shock periods.
On the retention test session, which took place 72 h after the training session, the
mouse was replaced in the training chamber for a 5 min test period during which
conditioned freezing was recorded. In the experiments studying reconsolidation, a
reactivation session was performed 48 h after the training session and 24 h prior to
the retention session. This session consisted in exposing the mouse to the training
chamber for a short period of 2 min during which freezing was recorded without
any footshock being delivered.
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Fig. 1. Effects of the histamine H3R inverse agonist Pitolisant on consolidation of a
contextually-conditioned fear memory in C57BL/6] mice. Mice were trained under
two foot-shocks that induced reliable freezing behavior. The drug (at one of the
four doses) or saline (n=12) was injected i.p. immediately after completion of train-
ing. The retention test took place 72 h later. Memory performance on the retention
test was expressed in terms of percent time spent freezing. Columns represent
means £ standard error of the mean (vertical bars). (a) Value significantly differ-
ent from that of the saline group at p<0.015 (2.5 mg/kg) or p<0.048 (5 mg/kg),
(b) Value significantly different from that of the 0.625 mg/kg Pitolisant group at
p<0.01(2.5mg/kg) or p<0.05 (5 mg/kg), as yielded by post-ANOVA Newman-Keuls
tests.

The psychopharmacological effects of Pitolisant were revealed on the reten-
tion test session, the drugs being injected immediately after the training session
in the consolidation experiments (Experiments 1 and 2) or after the reactivation
session in the reconsolidation experiments (Experiments 3 and 4). In Experiment 1,
five independent groups of 12 mice were each injected with saline, 0.625, 1.25, 2.5
or 5mg/kg Pitolisant. In Experiment 2, where the potential effects of Pitolisant on
dizocilpine-induced amnesia were evaluated, four groups of 12 mice were injected
with 0.12 mg/kg dizocilpine a few seconds before receiving saline, 1.25, 2.5 or
5mg/kg Pitolisant, a fifth group receiving saline twice. Experiment 3 comprised
six groups of 10 mice that received saline, 1.25, 2.5, 5, 10 or 20 mg/kg Pitolisant.
Finally, Experiment 4, which evaluated the effects of Pitolisant on dizocilpine-
induced deficit in reconsolidation, involved five groups of 12 mice that were injected
with 0.12 mg/kg dizocilpine prior to receiving saline, 2.5, 5, 10 or 20 mg/kg Pitolisant,
a fifth group being injected with saline twice.

2.5. Data analysis

The reliability of the effects was evaluated using fixed model one-way analy-
ses of variance (ANOVA), in which the mean scores of conditioned freezing (percent
time spent in freezing posture) on the retention test were considered as the depend-
ent variable and the experimental groups as the independent variable. In case
of significant effect, relevant between mean differences were assessed using the
Newman-Keuls post hoc test. The data and analyses of freezing scores on the training
and reactivation sessions were not presented in Section 3, the corresponding levels
being graphically and statistically undistinguishable across groups. Significance was
always set at p<0.05.

3. Results
3.1. Effect of Pitolisant on consolidation

Fig. 1 shows the effects of Pitolisant on consolidation of a contex-
tual fear conditioning (Experiment 1). The freezing values derived
from the groups having received the two highest doses of this H3R
inverse agonist (2.5 or 5 mg/kg) were significantly greater than that
of the saline group, from which the effect induced by the two lower
doses of Pitolisant did not statistically differ. This profile of effects
was supported by the one-way ANOVA (F455)=4.71, p<0.002) and
subsequent Newman-Keuls post hoc tests.
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Fig. 2. Effects of Pitolisant on dizocilpine-induced deficit in consolidation of a
contextually-conditioned fear memory in C57BL/6] mice. Mice were trained under
two foot-shocks that induced reliable freezing behavior. Dizocilpine (0.12 mg/kg)
and Pitolisant (at one of the three possible doses) were injected i.p. a few seconds
apart and immediately after training. The control groups received saline twice or
dizocilpine plus saline (n=12). The retention test was performed 72 h later. Mem-
ory performance was expressed in terms of percent time spent freezing. Columns
represent means + standard error of the mean (vertical bars). (a) Value significantly
different from that of the saline-plus-saline group (all comparisons at p<0.001),
(b) value significantly different from that of the dizocilpine-plus-saline group (all
comparisons at p<0.001), (c) value significantly different from that of the group
treated with dizocilpine (0.12 mg/kg) and Pitolisant (1.25 mg/kg) (all comparisons
at p<0.001), as yielded by post-ANOVA Newman-Keuls tests.

3.2. Effect of Pitolisant on dizocilpine-induced deficit in
consolidation

Fig. 2 presents the interactive effects of dizocilpine and Pitolisant
administered directly after the training session on conditioned
freezing consolidation (Experiment 2). The values derived from the
two groups that received 2.5 or 5 mg/kg Pitolisant after dizocilpine
were significantly greater than that of the group treated with
dizocilpine plus saline, reaching the levels of the control group
that received saline twice. This pattern of effects was revealed by
the one-way ANOVA (F4 55)=12.02, p<0.000) and Newman-Keuls
tests (2.5mg/kg at p<0.001 or 5mg/kg at p<0.001). Further-
more, the decrease in memory performance in mice treated with
dizocilpine plus saline was significant at p<0.001. This effect
was also observed in the group injected with dizocilpine plus
1.25 mg/kg Pitolisant at p <0.001, indicating that this low dose was
unable to reverse the amnesia induced by the antagonist of the
NMDR.

3.3. Effect of Pitolisant on reconsolidation

Fig. 3 represents conditioned freezing on the retention test
in mice having received one of the five doses of Pitolisant
(1.25-20 mg/kg) immediately after the reactivation session (Exper-
iment 3). There was no significant change in memory performance
in any of the five groups, which exhibited similar values. This
absence of efficacy is corroborated by the one-way ANOVA
(F(5,54y=0.34,p>0.88).



202 C. Brabant et al. / Behavioural Brain Research 243 (2013) 199-204

%40' e
e VI i

Sal. 125 25 5 10 20
Doses of Pitolisant (mg/kg, i.p.)

Fig. 3. Effects of Pitolisant on reconsolidation of a contextually-conditioned fear
memory in C57BL/6] mice. Mice were trained under two foot-shocks that induce reli-
able freezing behavior. Forty-eight hours later, Pitolisant (at one of the five possible
doses) or saline were given i.p. immediately after a reactivation session (n=10). The
retention test was conducted 24 h later and memory performance was expressed in
terms of percent time spent freezing. Columns represent means + standard error of
the mean (vertical bars). There were no statistical significant drug effects.

3.4. Effect of Pitolisant on dizocilpine-induced deficit in
reconsolidation

Fig. 4 depicts the interactive effects of dizocilpine and Pitolisant
administered after the reactivation session on conditioned freez-
ing measured on the retention test (Experiment 4). The value
derived from the group treated with the highest dose of Pitolisant
(20mg/kg) right after dizocilpine (0.12 mg/kg) was significantly
greater than that of all other groups treated this NMDR antagonist
and reached the levels of the control group that had received saline
twice. This profile of effects was supported by the one-way ANOVA
(F(s,66)=10.75,p <0.001) and Newman-Keuls tests (all comparisons
atp<0.001). Interestingly, 10 mg/kg Pitolisant induced an interme-
diate effect. Specifically, the values of this group was significantly
lower than that of the group treated with saline twice (p <0.05)
while being higher than that of the group injected with dizocilpine
plus saline (p<0.05). Note that the lowest doses of Pitolisant (2.5
and 5 mg/kg) failed to reverse the memory reconsolidation deficit
induced by dizocilpine (respectively p>0.26 and p>0.31).

4. Discussion

The current study replicates our previous findings showing
that the blockade of H3R improves consolidation processes in
the fear conditioning task [14]. In agreement with what we had
observed with thioperamide, the i.p. administration of Pitolisant
after the conditioning trial facilitated consolidation of contextual
fear memory. In addition, post-training injection of the NMDA
antagonist dizocilpine impaired consolidation, an effect that was
completely reversed by the administration of Pitolisant. In other
experiments, Pitolisant, dizocilpine or the combination of these
drugs were injected after the reactivation session to evaluate
whether Pitolisant affects reconsolidation mechanisms. Pitolisant
did not alter reconsolidation when injected alone but it was able
to completely prevent the deficit in reconsolidation induced by
dizocilpine.

Ligneau et al. [3] demonstrated that Pitolisant improves work-
ing memory in the two-trial object recognition task in mice. The
present study shows that i.p. injections of Pitolisant also enhance
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Fig. 4. Effects of Pitolisant on dizocilpine-induced deficit in reconsolidation of
a contextually-conditioned fear memory in C57BL/6] mice. Mice were trained
under two foot-shocks that induced reliable freezing behavior. Forty-eight hours
later, mice received i.p. injections of dizocilpine (0.12 mg/kg) and Pitolisant (at
one of the four possible doses) a few seconds apart and immediately after a
reactivation session. The control groups received saline twice or dizocilpine plus
saline (n=12). The retention test was performed 24 h later and memory perfor-
mance was expressed in terms of percent time spent freezing. Columns represent
means =+ standard errors of the mean (vertical bars). (a) Value significantly differ-
ent from that of the saline-plus-saline group (all comparisons at p <0.05), (b) value
significantly different from that of the dizocilpine-plus-saline group (all compar-
isons at p<0.05), (c) value significantly different from that of the group treated
with dizocilpine (0.12 mg/kg) and Pitolisant (2.5 mg/kg) at p<0.001, (d) value sig-
nificantly different from that of the group treated with dizocilpine (0.12 mg/kg) and
Pitolisant (5mg/kg) at p<0.001, (e) value significantly different from that of the
group treated with dizocilpine (0.12 mg/kg) and Pitolisant (10 mg/kg) at p <0.05, as
yielded by post-ANOVA Newman-Keuls tests.

consolidation in the contextual fear conditioning paradigm. These
results are in agreement with previous experiments demonstrat-
ing that the systemic injection of H3R inverse agonists facilitates
memory consolidation in the passive avoidance task [17], the social
memory test [18,19] and the two-trail place recognition task [20].
Together, these data indicate that H3R inverse agonists have ben-
eficial effects on different aspects of memory but the neuronal
mechanisms underlying these effects are still unclear. Previous
studies in rats have demonstrated that the basolateral amygdala
(BLA) and the hippocampus are involved in the consolidation of
adverse events such as fear memory [5,30,31]. However, these brain
regions are unlikely to be the sites through which i.p. injections
of thioperamide and Pitolisant improve consolidation processes
in the fear conditioning task (Charlier and Tirelli [14]; present
results). Thioperamide microinjected in the BLA impairs consolida-
tion of fear memory in rats [32]. Procognitive effects are observed
in the fear conditioning paradigm when H3R of the BLA or the
hippocampus are activated rather than blocked [32-34], an obser-
vation opposite to the results obtained after systemic injections
of thioperamide or Pitolisant (Charlier and Tirelli [14]; present
results).

Many studies have shown that the NBM plays a central role
in memory consolidation of information acquired in the fear con-
ditioning task [6,35]. Benetti et al. [36] found that thioperamide
microinjected into the NBM improves consolidation of contextual
fear memory inrats. These results are in agreement with our exper-
iments showing that systemic administration of thioperamide or
Pitolisant facilitates consolidation in C57BL/6] mice (Charlier and
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Tirelli [14]; present results). Evidence suggests that H3R inverse
agonists improve memory consolidation in the fear conditioning
paradigm through the activation of HyR in the NBM [36]. The
local administration of H3R inverse agonists such as thioperamide
into the NBM increases histamine release in this brain region
through the blockade of H3 autoreceptors located on histaminer-
gic fibers [37]. Moreover, the procognitive effects of thioperamide
on consolidation of fear memory were prevented by the intra-NBM
administration of the HyR antagonist zolantidine [36]. Therefore,
Benetti et al. [36] have proposed that thioperamide improves
consolidation of contextual fear memory because this compound
increases histamine release in the NBM through the blockade of
H; autoreceptors. According to their hypothesis, increased lev-
els of endogenous histamine activate postsynaptic HyR in the
NBM. The results of the present study show that Pitolisant has
the same procognitive effects on consolidation processes in the
fear conditioning task than thioperamide [14]. Thus, the neuronal
mechanisms proposed by Benetti et al. [36] to explain the action of
thioperamide on contextual fear memory might also be valid for the
results with have obtained with Pitolisant. In the future, it might be
interesting to investigate whether the procognitive effects of sys-
temic injections of thioperamide and Pitolisant on consolidation
can be reversed by the intracerebral injection of an H,R antagonist
in the NBM.

The current study shows that Pitolisant improves consolida-
tion, but not reconsolidation, when injected alone in the fear
conditioning task, an observation consistent with our previous
study conducted with thioperamide [14]. Other studies have found
that certain experimental manipulations exert differential effects
on consolidation and reconsolidation processes in the fear con-
ditioning test and suggest that these mnemonic processes are
qualitatively and quantitatively distinct [38]. For example, thiop-
eramide administered locally in the BLA impairs consolidation,
but not reconsolidation, of contextual fear memory in rats [32,39].
Moreover, Lee et al. [31] have reported a double dissociation in the
molecular mechanisms that underlie consolidation and reconsol-
idation in the contextual fear conditioning paradigm by infusing
antisense oligodeoxynucleotides into the hippocampus of rats.
They have demonstrated that brain-derived neurotrophic factor
(BDNF), but not the transcription factor Zif268, is required for
consolidation. Conversely, Zif268, but not BDNF, is recruited for
reconsolidation. These results suggest that we have reported differ-
ential effects of H3R inverse agonists (thioperamide and Pitolisant)
on consolidation and reconsolidation in the fear conditioning task
probably because distinct neuronal mechanisms underlie these
mnemonic processes. Consequently, our data indicate that his-
taminergic pathways essentially contribute to neuronal circuits
involved in consolidation of aversive events.

In agreement with our previous study conducted with thiop-
eramide [14], Pitolisant blocked the deficits in consolidation and
reconsolidation induced by dizocilpine (Experiments 2 and 4). The
neuronal mechanisms that mediate the ability of thioperamide
and Pitolisant to improve memory consolidation when injected
alone are not necessarily the same than those involved in their
ability to prevent dizocilpine-induced amnesia. In addition to the
mechanism proposed above to explain how Pitolisant ameliorates
consolidation per se, other neural mechanisms might be involved
in its actions on amnesia produced by dizocilpine. Histamine can
potentiate NMDA receptors by interacting with an allosteric site
located on these receptors [40]. In cultured hippocampal cells,
histamine enhanced NMDA receptor-mediated transmission [41]
and this histamine-NMDA interaction could mediate the ability
of histamine to reverse dizocilpine-induced amnesia [42]. Since
NMDA receptors play an important function in both consolida-
tion and reconsolidation processes, it is possible that thioperamide
and Pitolisant reversed dizocilpine-induced amnesia in our studies

through direct activation of NMDA receptors by histamine released
by these H3R inverse agonists. It is important to note that elevated
levels of histamine in the brain and H3R inverse agonists can con-
fer neuroprotection in various animal models of neurotoxicity (see
Bhowmik et al. [43] for a review). Thus, the ability of Pitolisant to
attenuate dizocilpine-induced amnesia in our experiments could
also result from a neuroprotective action.

In summary, the present study demonstrates that Pitolisant
improves consolidation in the fear conditioning task in mice.
Additionally, this histaminergic drug reverses the deficits in con-
solidation and reconsolidation induced by dizocilpine. However,
reconsolidation processes were not affected when Pitolisant was
injected alone immediately after the reactivation session. As sug-
gested by Tiligada et al. [4], our results indicate that Pitolisant
could be useful for the treatment of cognitive deficits associated
with Alzheimer’s disease. Together, the present study highlights the
need to further investigate the procognitive effects of Pitolisant in
animal models and to test whether this compound could be useful
in the treatment of cognitive deficits in human clinical trials.

Acknowledgements

The present research was supported by grants obtained by Pro-
fessor Ezio Tirelli from the Fonds Spéciaux pour la Recherche (FSR,
Université de Liege) and the Belgian National Fund for Scientific
Research (FNRS).

References

[1] Lin]S, Dauvilliers Y, Arnulf, Bastuji H, Anaclet C, Parmentier R, et al. An inverse
agonist of the histamine Hs receptor improves wakefulness in narcolepsy: stud-
ies in orexin—/— mice and patients. Neurobiology of Disease 2008;30:74-83.
Inocente C, Arnulf I, Bastuji H, Thibault-Stoll A, Raoux A, Reimao R, et al. An
inverse agonist of the histamine Hs; receptor: an alternative stimulant for
narcolepsy cataplexy in teenagers with refractory sleepiness. Clinical Pharma-
cology 2012;35:55-60.

Ligneau X, Perrin D, Landais L, Camelin JC, Calmels TP, Berrebi-Bertrand

I, et al. BF2.649 [1-{3-[3-(4-Chlorophenyl)propoxy]propyl}piperidine,

hydrochloride], a nonimidazole inverse agonist/antagonist at the human

histamine Hs receptor: preclinical pharmacology. Journal of Pharmacology
and Experimental Therapeutics 2007;320:365-75.

[4] Tiligada E, Kyriakidis K, Chazot PL, Passani MB. Histamine pharmacology and
new CNS drug targets. CNS Neuroscience and Therapeutics 2011;17:620-8.

[5] Sacchetti B, Ambrogi-Lorenzini C, Baldi E, Tassoni G, Bucherelli C. Auditory
thalamus, dorsal hippocampus, basolateral amygdala, and perirhinal cortex
role in the consolidation of conditioned freezing to context and to acoustic
conditioned stimulus in the rat. Journal of Neuroscience 1999;19:9570-8.

[6] Baldi E, Mariottini C, Bucherelli C. The role of the nucleus basalis magnocel-
lularis in fear conditioning consolidation in the rat. Learning and Memory
2007;14:855-60.

[7] Haas HL, Sergeeva OA, Selbach O. Histamine in the nervous system. Physiolog-
ical Reviews 2008;88:1183-241.

[8] Connelly WM, Shenton FC, Lethbridge N, Leurs R, Waldvogel HJ, Faull RL, et al.
The histamine Hy receptor is functionally expressed on neurons in the mam-
malian CNS. British Journal of Pharmacology 2009;157:55-63.

[9] Arrang JM, Garbarg M, Schwartz JC. Auto-inhibition of brain histamine release
mediated by a novel class (H3) of histamine receptor. Nature 1983;302:832-7.

[10] Benarroch EE. Histamine in the CNS: multiple functions and potential neuro-
logic implications. Neurology 2010;75:1472-9.

[11] Kohler CA, da Silva WC, Benetti F, Bonini JS. Histaminergic mechanisms for
modulation of memory systems. Neural Plasticity 2011:328602.

[12] McGaugh ]JL, Roozendaal B. Drug enhancement of memory consolidation:
historical perspective and neurobiological implications. Psychopharmacology
2009;202:3-14.

[13] Bohbot V, Otdhal P, Liu Z, Nadel L, Bures ]. Electroconvulsive shock and lido-
caine reveal rapid consolidation of spatial working memory in the water maze.
Proceedings of the National Academy of Sciences of the United States of America
1996;93:4016-9.

[14] CharlierY, Tirelli E. Differential effects of histamine H3 receptor inverse agonist
thioperamide, given alone or in combination with the N-methyl-p-aspartate
receptor antagonist dizocilpine, on reconsolidation and consolidation of a con-
textual fear memory in mice. Neuroscience 2011;193:132-42.

[15] Camera K, Mello CF, Ceretta AP, Rubin MA. Systemic administration of
polyaminergic agents modulate fear conditioning in rats. Psychopharmacology
2007;192:457-64.

[16] de Almeida MA, Izquierdo I. Memory facilitation by histamine. Archives Inter-
nationales de Pharmacodynamie et de Therapie 1986;283:193-8.

2

3



204 C. Brabant et al. / Behavioural Brain Research 243 (2013) 199-204

[17] Bernaerts P, Lamberty Y, Histamine Tirelli E. H3 antagonist thioperamide dose-
dependently enhances memory consolidation and reverses amnesia induced
by dizocilpine or scopolamine in a one-trial inhibitory avoidance task in mice.
Behavioural Brain Research 2004;154:211-9.

[18] Fox GB, Pan JB, Radek R], Lewis AM, Bitner RS, Esbenshade TA, et al. Two novel
and selective non-imidazole H; receptor antagonists A-304120 and A-317920.
IL. In vivo behavioural and neurophysiological characterization. Journal of Phar-
macology and Experimental Therapeutics 2003;305:897-908.

[19] Fox GB, Esbenshade TA, Pan JB, Radek R, Krueger KM, Yao BB, et al. Pharma-
cological properties of ABT-239 [4-(2-{2-[(2R)-2-Methylpyrrolidinyl]ethyl}-
benzofuran-5-yl)benzonitrile]. II. Neurophysiological characterization and
broad preclinical efficacy in cognition and schizophrenia of a potent and
selective histamine Hs receptor antagonist. Journal of Pharmacology and Exper-
imental Therapeutics 2005;313:176-90.

[20] Orsetti M, Ghi P, Histamine Di Carlo G. H3-receptor antagonism improves mem-
ory retention and reverses the cognitive deficit induced by scopolamine in a
two-trial place recognition task. Behavioural Brain Research 2001;124:235-42.

[21] Nadel L, Hupbach A, Gomez R, Newman-Smith K. Memory formation, con-
solidation and transformation. Neuroscience and Biobehavioral Reviews
2012;36:1640-5.

[22] Przybyslawski ], Sara SJ. Reconsolidation of memory after its reactivation.
Behavioural Brain Research 1997;84:241-6.

[23] Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S. Memory
reconsolidation and extinction have distinct temporal and biochemical signa-
tures. Journal of Neuroscience 2004;24:4787-95.

[24] Nader K, Schafe GE, Le Doux JE. Fear memories require protein synthesis in the
amygdala for reconsolidation after retrieval. Nature 2000;406:722-6.

[25] Milton AL, Lee JL, Butler V], Gardner R, Everitt BJ. Intra-amygdala and
systemic antagonism of NMDA receptors prevents the reconsolidation of
drug-associated memory and impairs subsequently both novel and previously
acquired drug-seeking behaviors. Journal of Neuroscience 2008;28:8230-7.

[26] Lee]L, Milton AL, Everitt B]. Reconsolidation and extinction of conditioned fear:
inhibition and potentiation. Journal of Neuroscience 2006;26:10051-6.

[27] Milton AL, Lee JL, Everitt BJ. Reconsolidation of appetitive memories for both
natural and drug reinforcement is dependent on {beta}-adrenergic receptors.
Learning and Memory 2008;15:88-92.

[28] Debiec ], Bush DE, LeDoux JE. Noradrenergic enhancement of reconsolidation
in the amygdala impairs extinction of conditioned fear in rats — a possible
mechanism for the persistence of traumatic memories in PTSD. Depression
and Anxiety 2011;28:186-93.

[29] Bustos SG, Maldonado H, Molina VA. Midazolam disrupts fear memory recon-
solidation. Neuroscience 2006;139:831-42.

[30] LeDoux JE. Emotion circuits in the brain. Annual Review of Neuroscience
2000;23:155-84.

[31] Lee JL, Everitt B], Thomas KL. Independent cellular processes for hippocampal
memory consolidation and reconsolidation. Science 2004;304:839-43.

[32] Passani MB, Cangiolil, Baldi E, Bucherelli C, Mannaioni PF, Blandina P. Histamine
Hs; receptor-mediated impairment of contextual fear conditioning and in vivo
inhibition of cholinergic transmission in the rat basolateral amygdala. European
Journal of Neuroscience 2001;14:1522-32.

[33] Cangiolil, Baldi E, Mannaioni PF, Bucherelli C, Blandina P, Passani MB. Activation
of histaminergic H; receptors in the rat basolateral amygdala improves expres-
sion of fear memory and enhances acetylcholine release. European Journal of
Neuroscience 2002;16:521-8.

[34] Giovannini MG, Efoudebe M, Passani MB, Baldi E, Bucherelli C, Giachi F, et al.
Improvement in fear memory by histamine-elicited ERK2 activation in hip-
pocampal CA3 cells. Journal of Neuroscience 2003;23:9016-23.

[35] Knox D, Berntson GG. Effect of nucleus basalis magnocellularis choliner-
gic lesions on fear-like and anxiety-like behavior. Behavioral Neuroscience
2006;120:307-12.

[36] Benetti F, Baldi E, Bucherelli C, Blandina P, Passani MB. Histaminergic ligands
injected into the nucleus basalis magnocellularis differentially affect fear con-
ditioning consolidation. International Journal of Neuropsychopharmacology
2012;15:1-8.

[37] Giannoni P, Passani MB, Nosi D, Chazot P, Shenton F, Mehurst A, et al. Hetero-
geneity of histaminergic neurons in the tuberomammillary nucleus of the rat.
European Journal of Neuroscience 2009;29:2363-74.

[38] Barnes P, Kirtley A, Thomas KL. Quantitatively and qualitatively different cellu-
lar processes are engaged in CA1 during the consolidation and reconsolidation
of contextual fear memory. Hippocampus 2012;22:149-71.

[39] Bucherelli C, Baldi E, Mariottini C, Passani MB, Blandina P. Aversive memory
reactivation engages in the amygdala only some neurotransmitters involved in
consolidation. Learning and Memory 2006;13:426-30.

[40] Burban A, Faucard R, Armand V, Bayard C, Vorobjev V, Arrang JM. Histamine
potentiates N-methyl-p-aspartate receptors by interacting with an allosteric
site distinct from the polyamine binding site. Journal of Pharmacology and
Experimental Therapeutics 2010;332:912-21.

[41] Vorobjev VS, Sharonova IN, Walsh IB, Haas HL. Histamine potentiates
N-methyl-p-aspartate responses in acutely isolated hippocampal neurons.
Neuron 1993;11:837-44.

[42] Xu LS, Yang LX, Hu WW, Yu X, Ma L, Liu LY, et al. Histamine ameliorates spa-
tial memory deficits induced by MK-801 infusion into ventral hippocampus
as evaluated by radial maze task in rats. Acta Pharmacologica Sinica 2005;26:
1448-53.

[43] Bhowmik M, Khanam R, Vohora D. Histamine Hj; receptor antagonists
in relation to epilepsy and neurodegeneration: a systemic consideration
of recent progress and perspectives. British Journal of Pharmacology
2012;167:1398-414.



	The histamine H3-receptor inverse agonist Pitolisant improves fear memory in mice
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Drugs
	2.3 Behavioral apparatus
	2.4 Experimental procedure
	2.5 Data analysis

	3 Results
	3.1 Effect of Pitolisant on consolidation
	3.2 Effect of Pitolisant on dizocilpine-induced deficit in consolidation
	3.3 Effect of Pitolisant on reconsolidation
	3.4 Effect of Pitolisant on dizocilpine-induced deficit in reconsolidation

	4 Discussion
	Acknowledgements
	References


