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MLC901 (NurAiDII) is used as a treatment for stroke
patients. It has been shown that MLC901 improves motor
and cognitive recovery in ischemic and traumatic brain-
injured rodents. The present study seeks to delineate
cognitive effects induced by MLC901 in normal, nonin-
jured mice. To this end, the behaviors of vehicle- and
MLC901-treated C57BL/6 mice in hippocampus-
dependent (passive avoidance, Morris water maze) and
hippocampus-independent (novel object recognition)
cognitive tasks are compared. The potential influence of
the compound on the anxiety level and nycthemeral
rhythm of mice is also assessed. In addition, the long-
term effects of MLC901 on hippocampal neurogenesis
are measured. The results clearly demonstrate that
MLC901 promotes extinction in passive avoidance and
reversal learning in the Morris water maze and improves
the performance of mice in novel object recognition. In
parallel, this study shows the long-term proneurogenesis
effects of MLC901 that result in the increase in the num-
ber of mature neurons in the hippocampus. If these
observations can be extended to humans, then MLC901
could represent a promising therapeutic strategy. VC 2015
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NeuroAiD (MLC601) is used in patients to fight the
deleterious effects caused by stroke (Chen et al., 2009,
2013a,b; Kong et al., 2009; Bavarsad Shahripour et al.,
2011; Harandi et al., 2011; Navarro et al., 2014). Neuro-
AiD/MLC601 was registered with the Sino Food and
Drug Administration in 2001. There have been clinical
assays, including large-scale clinical assays, of the use of
this treatment for stroke patients. Limited clinical studies
with nonacute stroke patients have shown that MLC601
improves recovery in terms of functional outcome and
neurological disability, with a good safety profile (Gan
et al., 2008; Siow, 2008; Chen et al., 2009; Kong et al.,
2009; Young et al., 2010; Bavarsad Shahripour et al.,
2011; Harandi et al., 2011; Navarro et al., 2013; Siddiqui
et al., 2013). Moreover, a large clinical trial of more than
1,000 patients, Chinese medicine NeuroAiD efficacy on
stroke recovery (CHIMES), was recently completed
(Venketasubramanian et al., 2009; Chen et al., 2013a,b).

The CHIMES study showed a reduction of early recur-
rent vascular events and vascular deaths in poststroke
patients (Chen et al., 2013b). A recent post hoc analysis
of more than 500 patients recruited from the Philippines
with predictors of poorer outcome indicated a positive
effect of MLC601 (Navarro et al., 2014).

Consistent with observations on MLC601 in
humans, pharmacological data obtained from rodents
have demonstrated that, in addition to infarct volume
reduction, MLC601 and MLC901 (NurAidII) promote
functional recovery in rodent cerebral ischemia and trau-
matic brain injury (TBI) models (Heurteaux et al., 2010,
2013; Quintard et al., 2011; Tsai et al., 2014). MLC901
improves motor function of mice after focal ischemia
(Heurteaux et al., 2010), reduces spatial memory impair-
ments induced by global ischemia in rats (Quintard et al.,
2011), and restores the temporal order memory deficits
observed in the rat lateral percussion model of TBI
(Quintard et al., 2014). The efficacy of MLC601/
MLC901 has also been demonstrated in vitro in models
of excitotoxicity and neuronal growth (Heurteaux et al.,
2010) and in a model of oxygen glucose deprivation,
which mimics ischemic conditions (Moha Ou Maati
et al., 2012). MLC901 activates KATP channels (Moha
Ou Maati et al., 2012) and induces the protein kinase B
survival pathway (Quintard et al., 2011), two crucial
mechanisms involved in neuroprotection (Franke et al.,
1997; Liss and Roeper, 2001). Neurophysiological and
neuroanatomical modifications observed with MLC901
support both neuroprotective and neurorepair properties
for the compound. MLC901 stimulates neuritogenesis
and synaptogenesis-related GAP43 and synaptotagmin 1
protein expression in cultured mouse cortical neurons
(Heurteaux et al., 2010). In addition, MLC901 increases
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dentate gyrus neurogenesis (Heurteaux et al., 2010; Quin-
tard et al., 2011, 2014) and expression of the cortical
brain-derived neurotrophic factor (BDNF; Heurteaux
et al., 2010) and vascular endothelial growth factor
(Quintard et al., 2014). The beneficial effects of
MLC601/901 are probably a result of the combination of
neuroprotective and neurorepair mechanisms induced by
compounds acting on different targets. Originally made
with nine herbal and five animal extracts, the MLC601
composition was simplified, and MLC901 contains only
the extracts of the plant components. We have shown
that there are a number of identified molecules in the dif-
ferent herbs extracted to manufacture MLC901 that are
neurobeneficial, including butylidenephtalide, tanshinone,
salvianolic acid B, ferulic acid, and tetramethylpyrazine
(Chen et al., 2012; Tang et al., 2012; Zhuang et al., 2012;
Kao et al., 2013; Koh, 2013; Nam et al., 2013). However,
at present, none of these molecules, alone or in combina-
tion in vitro or in vivo, can reconstitute the overall prop-
erties of MLC901 in stroke, indicating the complexity of
the therapeutic cocktail.

Brain plasticity constitutes the cornerstone of learn-
ing and memory theories (Kim and Linden, 2007; Caroni
et al., 2012; Zatorre et al., 2012). Neurogenesis in the
dentate gyrus subgranular zone has been proposed to opti-
mize hippocampus-dependent processes, such as spatial
and contextual learning and memory (Garthe et al., 2009;
Denny et al., 2012; Pan et al., 2012). In the Morris water
maze, it has been shown that hippocampal neurogenesis
suppression reduces the capacities of mice to learn and
memorize the location of a platform hidden under the
surface of a pool in relation to external visual cues (Rola
et al., 2004; Garthe et al., 2009; Goodman et al., 2010). It
has also been demonstrated that impaired neurogenesis
induces alteration of both fear memory and extinction
(i.e., the progressive decrease of the conditioned response
with repeated exposures to the conditional stimulus alone)
in the contextual fear conditioning paradigm (Imayoshi
et al., 2008; Pan et al., 2013) and changes in novelty-
induced exploratory activity (Denny et al., 2012; Kalm
et al., 2013). In addition, BDNF has been found to be
crucially involved in a wide range of cognitive tasks
(Schulz-Klaus et al., 2013).

Because MLC901-induced improvement of stroke
and TBI functional outcomes is probably linked to stimu-
lation of synaptic plasticity and neurogenesis (Quintard
et al., 2011; Heurteaux et al., 2010, 2013), two processes
known to contribute critically to cognitive performances,
we decided to investigate further the effects of chronic
administration of MLC901 on cognitive skills in normal
mice. To this end, we compared the performances of
vehicle- and MLC901-treated mice in two hippocampus-
dependent tasks, the Morris water maze and the passive
avoidance tests, and in the hippocampus-independent
novel object recognition task. Mice were also assessed in
an actimeter and the elevated plus-maze test to determine
if MLC901 modified their spontaneous activity and
unconditioned anxiety level, both of these behavioral fea-
tures being able to influence all the other behaviors meas-

ured. This article describes a series of interesting
behavioral effects of MLC901 on mice that add to previ-
ous observations (Heurteaux et al., 2010; Quintard et al.,
2011, 2014), supporting the proposed beneficial effects of
this traditional Chinese medicine in humans.

MATERIALS AND METHODS

Animals

Five-week-old C57BL/6 male mice (Janvier, Saint Ber-
thevin, France) were housed five per cage under an inverse 12-
hr light/dark cycle (lights on at 8:00 PM) in an animal facility
maintained at 21�C 6 1�C. Animals were provided food and
water or MLC901 ad libitum. MLC901 was dissolved in drink-
ing water (6 g/liter). All behavioral tests began after a minimum
2-week period of acclimation of mice to the breeding condi-
tions. All experiments were performed in accordance with
European Community policies on the care and use of labora-
tory animals (directive 2010/63/EU) and were approved by the
French Ministry of Higher Education and Scientific Research
(approval No. 00735).

Drug Treatment

MLC901 combines nine herbal components with the fol-
lowing composition per capsule: 0.80 g Radix astragali, 0.16 g
Radix salvia miltiorrhizae, 0.16 g Radix paeoniae rubra, 0.16 g
Rhizoma chuanxiong, 0.16 g Radix angelicae sinensis, 0.16 g Car-
thamus tinctorius, 0.16 g Prunus persica, 0.16 g Radix polygalae,
and 0.16 g Rhizoma acori tatarinowii. MLC901 was administered
in drinking water (6 g/liter) until animals were sacrificed. In
pilot studies, we analyzed whether the individual consumption
of water by mice was affected by MLC901. No significant dif-
ference was induced by MLC901 (daily consumption: water
4.54 6 0.4 ml, water with MLC901 4.48 6 0.22 ml; n 5 8 in
both groups; P> 0.05). The result was that MLC901-treated
mice received about 27 mg MLC901 per day. All experiments
were performed with the MLC901 batch BN112 provided by
Moleac (Singapore). MLC901 and vehicle (water) were put in
dark bottles to make the cages of experimental groups noniden-
tifiable. The flowchart illustrating the experimental design is
shown in Figure 1.

Behavioral Testing

After each exposure to the experimental devices, mice
were transiently placed into new cages to prevent spreading of
their test-induced stress to their untested cagemates. When the
task was finished, all tested mice were returned to their original
home cages. In all cases, the exposure to the “posttest cage”
lasted for only a few minutes. All experiments were randomized.
Vehicle- and MLC-901-treated mice were alternately tested in
all procedures to avoid an order effect. All behavioral tests were
monitored by one researcher blinded to mouse treatment code.

Step-Through Passive Avoidance Test

The purpose of the passive avoidance paradigm is to assess
memory of fear conditioning. The conditioned response of
mice consists of avoiding an area where they have experienced
a negative reinforcement (generally footshocks). Extinction
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protocols were developed to investigate the progressive disap-
pearance of the conditioned response when the negative rein-
forcement was no longer administered. In the literature, the
term “extinction” is often interchangeably used to refer to the
protocols leading to decrease of the conditioned response, the
decrease of the conditioned response itself, and the underlying
psychological and neurobiological mechanisms (Myers and
Davis, 2007). For clarity, here we use “extinction training” or
“extinction trials” for our extinction protocols, “behavioral
extinction” for the decrease of the conditioned response, and
“extinction” alone for the underlying mechanisms.

We performed two different experiments (experiments 1
and 2) with the passive avoidance test (Fig. 1A,B). The step-
through passive avoidance device (Imetronic, Pessac, France)
was formed by two compartments of the same size (19.5 3 10
3 13 cm) separated by an electronically controlled guillotine
door (5 3 5.5 cm). The departure compartment was illumi-
nated with a 150-lux light source. The other compartment was
maintained in darkness to motivate animals to enter it. This
dark compartment constituted the context A. For conditioning,
mice were individually placed into the departure compartment,
and the guillotine door was lifted 30 sec later. The latency
before entering the dark compartment was noted. If mice did
not enter it within 5 min, they were removed from the appara-
tus and assessed again a few minutes later. After they had
entered the dark compartment, the door was immediately

closed, and, 2 sec later, three electrical footshocks (0.3 mA, 2
sec), each separated by 3 sec, were delivered to them. For the
extinction training, the dark compartment was no longer pun-
ished. The door was opened 30 sec (experiment 1) or 10 sec
(experiment 2) after mice were placed into the departure com-
partment, and the latency before entering the dark compart-
ment was measured. The latency before the opening of the
door was shortened for experiment 2 because we observed in
experiment 1 that a 10-sec latency was sufficient to avoid early
entries into the dark compartment resulting from stress. The
cutoff was set at 300 sec. Each time a mouse exceeded the cut-
off, the animal was gently pushed forward to enter the dark
compartment. The door was immediately closed after a mouse
had entered through it. The mouse was then left in the com-
partment for 30 sec before the test ended. The threshold and
the intensity of the behavioral response (vocalizations and
motor reactions) to incremental electrical footshocks (0.05, 0.1,
0.2, 0.3, and 0.4 mA, for 2 sec) were measured in 10 vehicle-
and 10 MLC901-treated na€ıve mice to verify the influence of
the treatment on the nociceptive sensitivity of the animals.

Experiment 1: early extinction. 10 vehicle- and
10 MLC901-treated mice were used for experiment 1 (Fig.
1A). The test began after 3 weeks of treatment. For assessment
of their spontaneous locomotor activity into the device, mice
were allowed to move freely in both communicating compart-
ments for 5 min on the day before conditioning. After this

Fig. 1. Diagram of the experimental design. A: Experimental design
of the step-through passive avoidance experiment 1: early extinction
(vehicle n 5 10, MLC901 n 5 10). B: Experimental design of the
step-through passive avoidance experiment 2: delayed extinction
(vehicle n 5 15, MLC901 n 5 15). C: Experimental design of the
elevated plus maze, novel object recognition, and actimetry tests.

Hab, habituation to the open field (vehicle n 5 20, MLC901 n 5 20
for elevated plus maze; vehicle n 5 14, MLC901 n 5 16 for novel
object recognition; and vehicle n 5 10, MLC901 n 5 10 for
actimetry). D: Experimental design of the Morris water maze test.
Hab, habituation to the experimental conditions; immuno,
immunohistochemistry.
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conditioning (D0), they underwent daily extinction trials for 11
consecutive days (from D1 to D11). On D18, they were sub-
jected to another extinction trial to check spontaneous recovery
of conditioned response. Twelve days later (D30), the animals
underwent a new conditioning (reconditioning), identical to
the first one. New extinction trials were performed daily on the
2 following days, D31 and D32. The goal of the reconditioning
trial performed on D30 and the following extinction trials on
D31 and D32 was to assess the cumulative effect of repeated
stress on extinction.

Experiment 2: delayed extinction. 15 vehicle-
and 15 MLC901-treated mice were used for experiment 2 (Fig.
1B). The conditioning (D0) was performed after 2 weeks of
treatment. This treatment duration prior to the conditioning
was chosen so that MLC901-treated mice received their treat-
ment for 3 weeks before the beginning of the extinction train-
ing (Fig. 1B). On D7 (after the conditioning), mice were
subjected to a reconditioning. The reconditioning was identical
to the first conditioning except the door was opened 10 sec
after the introduction of animals into the departure compart-
ment (instead of the 30-sec delay used for the first condition-
ing). On the next day, the daily extinction trials began and
were carried out for 11 consecutive days (from D8 to D19). On
D30, mice received a single electrical footshock (0.3 mA, 2 sec)
in context B (a 25 3 25 3 25 cm black box illuminated with a
5-lux light and located in a different room from the passive
avoidance device) different from context A (i.e., the context
formed by the dark compartment of the passive avoidance
apparatus) before being subjected to two supplementary extinc-
tion trials on D31 and D32. This step was designed to compare
the extent of the reinstatement effect, i.e., the resurgence of the
extinguished conditioned response caused by the administration
of the reinforcement stimulus in a new context in the vehicle-
and MLC901-treated mice. Additional groups, including 10
vehicle- and 10 MLC901-treated na€ıve mice, received the sin-
gle shock in context B before being subjected to one extinction
trial in the passive avoidance device. This was performed to
check the preeminence of the reinstatement effect over the
generalization of the potential fear conditioning occurring in
context B.

Complementary Tests

The behavioral tests described above were planned after
we had obtained the results of the passive avoidance experi-
ments. They were carried out to complete the characterization
of MLC901-induced behavioral modifications and, at the same
time, to exclude any amnestic effect of the compound on
adaptive behaviors. For this reason, we chose to use a long time
period for treatment (between 4 and 5 weeks of treatment).

Elevated Plus Maze

The elevated plus maze test was performed with 20 vehi-
cle- and 20 MLC901-treated mice to evaluate their uncondi-
tioned anxiety level (Fig. 1C). The test was carried out after 4
weeks of treatment. The device (Bioseb, Vitrolles, France) was
made of plastic material and consisted of two open (30 3 5 cm)
and two closed (30 3 5 3 15 cm) arms connected to a central
area (5 3 5 cm), with the arms of the same type facing each

other. The open arms were surrounded by a 1-mm-high ledge
to prevent the mice from falling. The whole apparatus was ele-
vated to a height of 50 cm above floor level. The illumination
was set at 20 lux. At the beginning of the test, mice were indi-
vidually placed at the center facing an open arm, and their
behavior was video recorded for 5 min. The number of entries
and the time spent in the open and closed arms were then ana-
lyzed using Etholog 2.25 (Ottoni, 2000). The percentage of
entries and time spent in the open arms relative to the total
entries and time spent in the four arms, which are classical indi-
ces of anxiety, were calculated a posteriori. The number of
stretched attend postures (SAP; forward elongation of the body
followed by its retraction to the initial position) was also noted
as an ethoexperimental variable.

Novel Object Recognition Task

In this test, mice are expected to show exploratory pref-
erence for a novel object over another one that they had previ-
ously explored (Fig. 1C). This preference denotes the capacities
of the object memory in each animal. Mice (14 vehicle- and 16
MLC901-treated mice from among those used for the elevated
plus maze test) were familiarized with an open field (30 3 30
3 30 cm) for 15 min on the first day of the experiment and for
15 min 2 days later. On the fourth day, for the sample trial
mice were placed in the open field, where two different objects
called “old” objects had been placed, and they were allowed to
explore the objects freely for 10 min. Five hours later, mice
were again placed into the open field for the 10-min-duration
test trial in which one of the objects previously explored had
been replaced with a “new” one (the replaced objects across
test trials were alternated to avoid a place preference bias). We
chose a 5-hr interval between sample and test trials because it
represents a very challenging condition for the object memory
of C57BL/6 mice (Sik et al., 2003). The exploratory activity
toward each of the objects was recorded during both sample
and test trials. The exploratory preference index was calculated
for the test trial as (time spent exploring the novel object/total
exploration time) 3 100.

Actimetry Test

The actimeter (Imetronic) allows the study of the sponta-
neous activity of mice over a prolonged period (Fig. 1C). Three
days after the completion of the novel object recognition task,
10 animals treated with either vehicle or MLC901 for 5 weeks
were left in individual cages (20.5 3 11.5 3 16.5 cm) equipped
with infrared beams able to detect horizontal and vertical
movements. The cages were placed in an enclosure under an
inverse 12-hr light/dark cycle (lights on at 8:00 PM) for 3 days.

Morris Water Maze

The Morris water maze task is currently used to investi-
gate spatial learning and memory, two hippocampus-dependent
cognitive processes (Fig. 1D; Supp. Info. Fig. 1). Briefly, mice
had to locate a platform hidden under the water’s surface in a
circular swimming pool (90 cm in diameter, water at
24�C 6 1�C) by referring to some visual cues arranged all
around the experimental room. The test began after a 5-week
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treatment. On the day before the start of the learning trials, 10
vehicle- and 10 MLC901-treated mice were familiarized with
the experimental conditions (except that cues were hidden).
First, they were individually left in the pool without the plat-
form for 1 min. Five minutes later, they were placed onto the
platform positioned at the center of the pool for 30 sec. The
learning trials were conducted four times per day (intertrial
interval, 6 min) for 5 consecutive days. Four different start posi-
tions were used (south, west, north, east) each day. The plat-
form was located in the northwest (NW) quadrant. The latency
before reaching it was measured. If a mouse did not find the
platform within 1 min, it was gently guided to it. After reaching
it, mice were left on the platform for 20 sec. Then, they were
returned to their cages. Ten days after the last learning trial, ani-
mals were subjected to a probe test; they were left in the pool
for 1 min after the platform was removed, and the number of
crossings of the previous platform location (called “annulus
crossings”) and the time spent in the NW quadrant were meas-
ured. Two days after the probe test, the platform was moved to
the southeast quadrant, and the reversal learning trials began.

The reversal learning trials consisted of daily sessions of four tri-
als each for 3 days and were conducted to assess the cognitive
flexibility of animals. On the day after the last session of reversal
learning, we performed a four-trial cue test with the platform
visible to ensure that MLC901 did not influence motor func-
tion, visual–motor abilities, or motivation of mice to escape
water. In addition to the latency before reaching the platform,
the classical variable recorded in the Morris water maze test, we
took into account the strategies used by mice to carry out the
task. Our strategy categories, which were inspired by the work
of the Kempermann group (Garthe et al., 2009; Garthe and
Kempermann, 2013), reached from thigmotaxis (mice swim
along the wall of the maze), which is an emotion-related
behavior usually observed during the first exposures, to direct
swimming (mice swim straight to the platform), which is the
most demanding and efficient spatial strategy (Supp. Info. Fig.
1). These strategies stereotypically emerge in the order pre-
sented in Supporting Information Figure 2, in which they are
further described. For purposes of clarity, we decided to group
together thigmotaxis, random search, and scanning into the

Fig. 2. Effect of MLC901 in the passive avoidance test. A: Experi-
ment 1: early extinction; latencies before entering the dark compart-
ment in seconds 6 SEM. Because of the requirement of the validity
criteria for ANOVA, the experiment 1 data were log10 transformed.
@, comparison with D1 latency in the vehicle-treated group; #,
comparison with D1 latency in the MLC901-treated group; $, com-
parison with D30 latency in the vehicle-treated group; *, comparison
between vehicle-treated and MLC901-treated groups; §, comparison
between vehicle-treated mice and vehicle-treated na€ıve mice; £, com-

parison with D31 latency in the MLC901-treated group. Single sym-
bol, P< 0.05; double symbols, P< 0.01; triple symbols, P< 0.001. B:
Experiment 2: delayed extinction; latencies before entering the dark
compartment in seconds 6 SEM. @, comparison with D8 latency in
the vehicle-treated mice; #, comparison with D8 latency in the
MLC901-treated group; $, comparison with D18 in both groups; *,
comparison between vehicle-treated and MLC901-treated groups.
Single symbol, P< 0.05; double symbols, P< 0.01; triple symbols,
P< 0.001.
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same untargeted search strategies category, and directed search,
focal search, and direct swimming formed the targeted search
strategies category. Chaining had a special status because it
could appear either after scanning or after the targeted search
strategies as a result of overtraining (Garthe and Kempermann,
2013). Perseverance was scored each time mice searched for the
platform where it had been before having been moved for the
reversal learning. All trials were video recorded and later ana-
lyzed in Anymaze tracking software (Stoelting, Wood Dale,
IL).

Immunohistochemistry

Cell proliferation and survival in the dentate gyrus were
evaluated by immunohistochemical staining with Ki67 and 5-
bromo-20-deoxyuridine (BrdU), respectively. Ki67 is a protein
specifically expressed during the active phases of the cell cycle,
and BrdU is a nucleotide analog incorporated in DNA during
replication. Nine days after the beginning of the MLC901 treat-
ment (Fig. 1D), mice used for the Morris water maze test were
injected with BrdU (75 mg/kg, i.p., 200 ml every 2 hr for a
total of four injections). Three days after the completion of the
Morris water maze protocol (i.e., 7 weeks after the BrdU injec-
tions), mice were anesthetized with sodium pentobarbital
(50 mg/kg) and were intracardially perfused with cold
phosphate-buffered saline (PBS) for 5 min and with 4% parafor-
maldehyde (PFA) for 3 min. Brains were then removed, placed
in 4% PFA, and stored at 4�C overnight. On the next day,
brains were serially cut at 40 mm through the hippocampus
with a vibratome. The free-floating sections were placed in an
antifreeze solution at 220�C until immunohistochemical proc-
essing. The latter was performed on every sixth section of the
part of the hippocampus extending from bregma 21.34 mm to
bregma 23.26 mm (Heurteaux et al., 2006). Briefly, sections
were first incubated with mouse anti-BrdU antibody (1:8,000;
BD Biosciences, San Jose, CA) overnight. After having been
washed with PBS, they were incubated for 1 hr with biotinyl-
ated goat anti-mouse antibody (1:100; Vector Laboratories,
Burlingame, CA) and then in a biotinylated horseradish peroxi-
dase–avidin solution (ABC kit; Vector Laboratories) according
to the manufacturer’s recommendations. The peroxidase activ-
ity of the immune complexes was revealed by 3,30-diaminoben-
zidine staining (Vector Laboratories). The BrdU-labeled cells in
the subgranular zone of the dentate gyrus were blindly counted
under light microscopy at 3400. The protocol used for Ki67
revelation was the same, except that rabbit anti-Ki67 antibody
(1:800; Novus Biologicals, Littleton, CO) was chosen as the
primary antibody.

The phenotype of BrdU-positive cells was determined
with fluorescent double labeling. Sheep (1:200; Interchim, Los
Angeles, CA) and mouse (1:8,000; BD Biosciences) anti-BrdU
antibodies allowed detection of BrdU-positive cells. Rabbit
antiglial fibrillary acidic protein antibody (1:250; Dako, Carpin-
teria, CA) and mouse antineuron-specific nuclear protein
(NeuN) antibody (1:250; Millipore, Billerica, MA) were used
to label glial cells and mature neurons, respectively. After an
overnight incubation with the primary antibodies, sections
were incubated with secondary antibodies conjugated with
Alexa Fluor 488 and 594 (1:1,000; Molecular Probes, Eugene,

OR) for 2 hr. The double-labeled cells were blindly counted
under confocal microscopy at 340.

Statistical Analysis

ANOVA was preferred for statistical analysis. Two-way
(repeated measures 3 treatment) ANOVA was conducted for
procedures involving either spatial learning (Morris water maze)
or behavioral extinction (passive avoidance). Normality and
homoscedasticity of data were checked with Shapiro-Wilk and
Levene’s tests, respectively. Sphericity was also verified when
repeated measures (RM) were performed. When necessary, raw
data were log10 transformed to meet the ANOVA validity crite-
ria. Post hoc comparisons were performed with Bonferroni cor-
rection. If ANOVA could not be conducted, even after
transformation, the nonparametric Mann-Whitney (for non-
paired comparisons) and Wilcoxon (for paired comparisons) tests
were applied. A nonparametric Friedman test, followed by a
post hoc Wilcoxon test, was used in cases of repeated measures.
Statistical significance was set at P< 0.05. Observed statistical
power (1 – b) was provided when calculable and was symbolized
by p. Statistical analyses were performed in Statistica 8 (Dell,
Aliso Viejo, CA), R 3.0.2 (r-statistics.com), and XLSTAT 2014
(Addinsoft, Paris, France).

RESULTS

Step-Through Avoidance Test

Preliminary data have shown that MLC901 influen-
ces behavioral extinction in the passive avoidance test.
Experiments 1 and 2 were designed to characterize such
an effect further and to clarify whether it was the result of
passive amnesia or of the active extinction process.

The threshold and intensity of the spontaneous
nociceptive behaviors induced by electrical footshocks
were not influenced by the type of treatment adminis-
tered (P> 0.05 for all reaction latencies and reaction
intensities; data not shown). The latency before entering
the dark compartment on the day of conditioning was
not significantly different in vehicle- and MLC901-
treated mice either in experiment 1 (U 5 33.5, P> 0.05)
or in experiment 2 (U 5 81.5, P> 0.05). MLC901 low-
ered the spontaneous locomotor activity of mice in the
device as measured on the day before conditioning (vehi-
cle-treated mice 665.1 6 37.54 [SEM] movements,
MLC901-treated mice 518 6 37.52 [SEM] movements;
U 5 19, P< 0.05). The shorter latency before entering
the dark compartment observed on the first day of extinc-
tion in experiment 1 (first day of extinction 5 D1) com-
pared with experiment 2 (first day of extinction 5 D7)
was very likely the result of the latent inhibition effect
(Dubrovina and Red’kina, 2012); the pre-exposure of
mice to the passive avoidance device before conditioning
in experiment 1 weakened the avoidance behavior
induced by the shock.

Experiment 1: early extinction. The 11 extinc-
tion trials from D1 to D11 induced a progressive and sig-
nificant decrease of the conditioned avoidance response
both in the vehicle- and in the MLC901-treated mice
(RM effect: F10,180 5 10.56, P< 0.001, p> 0.99; Fig.
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2A). Although neither significant treatment (F1,18 5 3.13,
P 5 0.09, p 5 0.39) nor repeated measures 3 treatment
interaction (F10,180 5 1.42, P> 0.05, p 5 0.7) was
detected during the extinction training, it must be noted
that a floor effect most likely prevented any significant
intergroup differences from emerging by D6. Unlike the
MLC901-treated mice that displayed latencies less than 10
sec from D6 to D8, the vehicle-treated mice took
between 22 and 27.5 sec to enter the dark compartment.
Moreover, latencies were significantly reduced compared
with D1 scores as early as D6 in mice treated with
MLC901 (P< 0.001) but only from D9 in the vehicle-
treated mice (P< 0.05). These results clearly suggest that
MLC901 promotes behavioral extinction. The latencies
displayed by both groups at D18 and D30 were not signif-
icantly different from those noted at D11, indicating the
lack of spontaneous recovery of the conditioned response.
ANOVA revealed significant treatment 3 repeated mea-
sure interaction (F2,36 5 12.82, P< 0.001, p 5 0.99) con-
cerning the latencies during the period from D30 to D32.
Although reconditioning achieved on D30 resulted in a
dramatic increase of latency at D31 in the vehicle-treated
mice (P< 0.001), that was not the case for the MLC901-
treated mice (P> 0.05). The latencies decreased on the
following day in both groups, but significance was
reached only for the MLC901-treated mice (P< 0.05)
that very quickly entered the dark compartment (13.2
sec). Compared with MLC901-treated mice, vehicle-
treated mice took ninefold longer to enter the dark com-
partment (P< 0.001). Two-way ANOVA, with latencies
observed on D1 and D31 as repeated measure, detected a
significant treatment 3 repeated measure interaction
(F1,18 5 7.34, P< 0.05, p 5 0.73). Although the condi-
tioned response induced by the reconditioning was similar
to the D1 response in the MLC901-treated mice, it was
much stronger in the vehicle-treated group. Altogether,
these results suggest that MLC901 promotes behavioral
extinction following fear conditioning and strongly weak-
ens the potentiation effect of fear reconditioning.

Experiment 2: delayed extinction. Seven days
after the conditioning, the latency before entering the dark
compartment was significantly higher in the vehicle-
treated mice than in the MLC901-treated mice (U 5 54,
P< 0.05, p 5 0.5; Fig. 2B). The latency on D8 was similar
to that noted on D7 in both groups (vehicle U 5 26,
P> 0.05, p 5 0.12; MLC901 U 5 32, P> 0.05, p 5 0.09).
In comparison with vehicle treatment, MLC901 led to sig-
nificantly reduced latencies for most of the first half of the
subsequent extinction training (D8 U 5 47, P< 0.01,
p 5 0.83; D10 U 5 61.5, P< 0.05, p 5 0.33; D11
U 5 47.5, P< 0.01, p 5 0.78; D12 U 5 54.5, P< 0.05,
p 5 0.53; D13 U 5 60.5, P< 0.05, p 5 0.13). A nonpara-
metric Friedman test revealed that the avoidance response
declined in the course of the extinction trials for both
vehicle-treated (Q 5 72.26, P< 0.001) and MLC901-
treated (Q 5 74.57, P< 0.001) mice. Compared with the
scores on D8, the avoidance time of the dark compartment
significantly decreased by D9 in the vehicle-treated mice
(T 5 1, P< 0.01, p 5 0.92) but only from D10 in mice

treated with MLC901 (T 5 21.5, P< 0.05, p 5 0.67).
This small delay probably resulted from the fact that the
margin of reduction was reduced in the MLC901-treated
mice because of their mean latency, which was already
very low on D8 (97.87 sec for the MLC901-treated mice
vs. 192.33 sec for the vehicle-treated mice). On D31, the
reinstatement procedure led to the resurgence of the con-
ditioned response (D18 vs. D31: vehicle T 5 2, P< 0.001,
p 5 0.99; MLC901 T 5 8, P< 0.01, p 5 0.83), the magni-
tude of which was comparable to that observed on D7 and
D8 for both groups. As a consequence, the MLC901-
treated mice entered the dark compartment more quickly
than the vehicle-treated mice on D31 (U 5 59.5,
P< 0.05, p 5 0.5) and D32 (U 5 60.5, P< 0.05, p 5 0.5).
The na€ıve mice, shocked only in context B, on D30
entered the dark compartment much more quickly on
D31 than did the conditioned mice, irrespective of the
treatment they received (vehicle-na€ıve vs. vehicle-
conditioned animals U 5 9.5, P< 0.001, p 5 0.98;
MLC901-na€ıve vs. MLC901-conditioned animals U 5
44.5, P 5 0.09, p 5 0.08; vehicle-na€ıve vs. MLC901-
na€ıve animals U 5 40.5, P> 0.05, p 5 0.05). These results
show that the increase of the conditioned response
between D18 and D31 is not attributable to the generaliza-
tion of the emotional response to the shock received in
context B but actually results from reinstatement of the ini-
tial conditioning in context A. As a whole, experiment 2
indicates that the extinction training is not required to
observe the MLC901-induced reduction of the condi-
tioned fear response. An amnestic effect of MLC901 is not
very likely because the reinstatement procedure unmasked
the conditioned response in mice treated with the
compound.

Complementary Tests

Elevated plus maze test. The purpose of the
plus maze test was to discover the potential effect of
MLC901 on unconditioned anxiety (Fig. 3A–D). This
was of interest not only in itself but also because such an
effect could influence mouse behaviors in the passive
avoidance task.

The locomotor activity of mice in the elevated plus
maze, as indicated by the number of closed arms entries,
was not modified by MLC901 (U 5 183, P> 0.05,
p 5 0.05; Fig. 3A). Neither the percentage of entries
(t 5 20.53, P> 0.05, p 5 0.08; Fig. 3B) nor the percent-
age of time spent in the open arms (U 5 191.5, P> 0.05,
p 5 0.09; Fig. 3C) was significantly different in the vehi-
cle- vs. the MLC901-treated mice, nor was the number
of SAPs that they achieved (U 5 193, P> 0.05, p 5 0.08;
Fig. 3D). These data indicate that MLC901 treatment
probably does not modify the level of unconditioned anx-
iety in mice.

Novel object recognition test. The objective of
this test was to verify that MLC901 exerted some cogni-
tive effect beyond the restricted area of hippocampus-
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dependent learning and memory, measured with the pas-
sive avoidance test (Fig. 3E–G).

The total exploratory activity of all the mice
decreased by half between the sample and the test trials,

denoting habituation to the experimental conditions
(repeated measure effect F1,28 5 93.58, P< 0.001,
p> 0.99; Fig. 3E). The treatment did not significantly
change the total time spent in exploring the objects

Fig. 3. Effect of MLC901 in the elevated plus-maze and novel
object recognition tests. A: Elevated plus maze; number of entries
in the closed arms 6 SEM. B: Elevated plus maze; entries in the
open arms in percentage 6 SEM. C: Elevated plus maze; time spent
in the open arms in percentage 6 SEM. D: Elevated plus maze;
number of SAPs achieved 6 SEM. E: Novel object recognition;
time spent to explore both objects in seconds 6 SEM.
###P< 0.001, comparison between the sample and the test trials in
both groups. F: Novel object recognition; exploratory activity

devoted to the novel object in percentage 6 SEM. Dotted line rep-
resents the chance level (50% of the exploratory activity). $, com-
parison with the chance level; *, comparison between the vehicle-
treated and MLC901-treated groups. Double symbols, P< 0.01; tri-
ple symbols, P< 0.001. G: Novel object recognition; individual
plots for the exploratory activity devoted to the novel object in per-
centage 6 SEM. Whiskers indicate mean 6 the SEM. Gray area
marks the 45–55% interval of the total exploratory activity devoted
to the novel object.
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(treatment effect F1,28 5 0.07, P> 0.05, p 5 0.06; Fig.
3E) or the drop of exploratory activity between both trials
(treatment 3 repeated measure interaction F1,28 5 0.54,
P> 0.05, p 5 0.11; Fig. 3E). Although the mice in both
groups showed an exploratory preference for the novel
object during the test trial (comparison with the chance
level: vehicle U 5 101.5, P< 0.01, p 5 0.99; MLC901
U 5 120, P< 0.001, p> 0.99; Fig. 3F), the MLC901-
treated group explored it significantly more than did the
vehicle-treated group (U 5 50, P< 0.01, p 5 0.72; Fig.
3F). Furthermore, 36% of the vehicle-treated mice did
not show a clear preference for the novel object (between
45% and 55% of the total exploratory activity dedicated to
the novel object), whereas that figure was only 12.5% for
the MLC901-treated mice (Fig. 3G). These results suggest
that MLC901 strengthens cognitive processes underlying
novel object recognition without affecting the explora-
tory motivation of mice.

Actimetry test. A slight locomotion decrease
induced by MLC901 was detected in the passive avoid-
ance test. The actimetry test was conducted to highlight a
potential nonspecific effect of the compound on mouse
activity (Supp. Info. Fig. 2).

Irrespective of the treatment that the mice received,
their horizontal (Supp. Info. Fig. 2A) and vertical (Supp.
Info. Fig. 2C) activities followed a regular nycthemeral
rhythm, with two peaks during the dark phase and almost
no movement during the light phase. Because of a lack of
homoscedasticity, ANOVA could not be performed on
these variables. Having concluded that hourly compari-
sons would not be very meaningful, we decided to inves-
tigate the changes of the mean nocturnal locomotor and
vertical peaks over the 3 days for which the experiment
lasted. The peak value was the hourly average between
the second and the fifth hours of the dark phase (i.e.,
between 9:00 AM and 12:00 AM, inclusive). The nocturnal
peak of locomotor activity clearly decreased over the 3
days of the experiment in both groups (repeated measure
effect F2,36 5 12.84, P< 0.001, p 5 0.99; Supp. Info. Fig.
2B). Furthermore, its punctual intensity (treatment effect
F1,18 5 0.61, P> 0.05, p 5 0.11; Supp. Info. Fig. 2B) and
its decrease over time (treatment 3 repeated measure
interaction F2,36 5 1.58, P> 0.05, p 5 0.31; Supp. Info.
Fig. 2B) were not significantly influenced by the type of
treatment. The decrease in the peak of vertical activity
over the experiment duration was even more pronounced
than that of the locomotor activity (repeated measure
effect F2,36 5 23.36, P< 0.001, p> 0.99; Supp. Info. Fig.
2B). Consistent with what was observed for the latter,
neither the rearing behavior peak itself (treatment effect
F2,36 5 0.54, P> 0.05, p 5 0.11; Supp. Info. Fig. 2D) nor
its evolution over time (treatment 3 repeated measure
interaction F2,36 5 0.06, P> 0.05, p 5 0.06; Supp. Info.
Fig. 2D) was significantly modified by the MLC901 treat-
ment. These results demonstrate that MLC901 fails to
alter the mice activity and its nycthemeral structure.

Morris water maze test. The Morris water
maze is the gold standard for investigating spatial learning
and memory (Figs. 4, 5). The objective was to assess the

effect of MLC901 on a hippocampus-dependent task in
which the emotional aspect was less important than in the
passive avoidance paradigm.

The results obtained in the cue test excluded any spe-
cific effect of MLC-901 on the motivational or motor fac-
tors that could influence the latency before reaching the
platform (U 5 43, P> 0.05, p 5 0.05; Fig. 4B). The learn-
ing trials resulted in performance increases both in the vehi-
cle- and in the MLC901-treated mice (repeated measure
effect F4,72 5 26.69, P< 0.001, p> 0.99; Fig. 4A). The
performances per se (treatment effect F1,18 5 0.41,
P> 0.05, p 5 0.09; Fig. 4A) and their improvement over
the learning trials (treatment 3 repeated measure interac-
tion F4,72 5 1.23, P> 0.05, p 5 0.37; Fig. 4A) did not
depend on the treatment received. The latency to reach the
platform significantly decreased from D2 in both groups
compared with their performances on D1 (vehicle-treated
mice P< 0.01 on D1, P< 0.05 on D3, and P< 0.001 on
D4 and D5; MLC901-treated mice P< 0.001 on D2, D3,
D4, and D5). In line with the time spent by animals seeking
the platform, the strategy progression during the learning
trials was highly similar in both groups (Fig. 5). The
MLC901-treated mice exhibited a significant preference for
the NW quadrant on the probe test, suggesting that they
collectively remembered the area where the platform had
been before it was removed (comparison with the chance
level U 5 47, P< 0.05, p 5 0.5; Fig. 4C). This was not the
case with the vehicle-treated mice (comparison with the
chance level U 5 46, P 5 0.064, p 5 0.48; Fig. 4C).
Nevertheless, the raw data were highly similar for both
groups, and the comparison with the chance level almost
reached significance for the vehicle-treated mice
(P 5 0.064). Furthermore, there were no significant inter-
group difference with regard to the time spent in the NW
quadrant of the maze (U 5 45, P> 0.05, p 5 0.07; Fig.
4C). Likewise, the number of annulus crossings was not sig-
nificantly modified by MLC901 (U 5 48.5, P> 0.05,
p 5 0.05; Fig. 4D). From the comparisons with the chance
level, it is difficult to assume that MLC901 improved
remembering of the spatial location of the platform. On the
contrary, the treatment significantly influenced the per-
formance evolution over the reversal trials (treatment 3
repeated measure interaction F2,36 5 3.75, P< 0.05,
p 5 0.75; Fig. 4A). According to the Bonferroni post hoc
approach, only the vehicle-treated mice reached the plat-
form significantly more quickly on the second and third
days of the reversal trials compared with the latency noted
on the first day (D18 vs. D17 P< 0.05; D19 vs. D17
P< 0.01; Fig. 4A). Nevertheless, the lack of performance
improvement in the MLC901-treated mice during the 3
days of reversal was probably the result of a floor effect
caused by their already very low latency on the first day.
Although the post hoc analysis did not detect any significant
difference between the mean scores of the two groups on
that day, we wondered whether the good performances of
the MLC901-treated mice might reflect a relearning facili-
tation by the compound. Seeking an answer to this ques-
tion, we decided to investigate further the potential
differences between mouse scores on D17 (i.e., the first day
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of reversal). The two first trial latencies and the two last trial
latencies observed on that day were averaged. The two-
way ANOVA performed on the log10-transformed data
showed that evolution of performances between the first
and the last trials was significantly influenced by the treat-
ment administered (F1,18 5 4.91, P< 0.05, p 5 0.55; Fig.
4E). Although the very conservative Bonferroni test did not
reveal any significant difference between the two groups on
the first or last trials, the latency exhibited by the MLC901-
treated mice strongly decreased over time (P 5 0.08; Fig.
4E) compared with the vehicle-treated mice. In addition,
the analysis of strategies showed that targeted search strat-
egies were used by mice treated with MLC901 in more
than 50% of the trials on D17, whereas the vehicle-treated
mice adopted them in only 25% of their trials (Fig. 5). Con-

versely, mice treated with vehicle were much more perse-
vering than the MLC901-treated mice on the same day
(twice as many trials with persevering behaviors). Although
MLC901 does not modify the spatial learning and memory
capacities of mice, it seems that it could enhance the cogni-
tive flexibility necessary for quick relearning.

MLC901 Stimulated Neurogenesis

Increased hippocampal neurogenesis with promoted
proliferation, neuronal differentiation, and survival of
young neurons could contribute to the procognitive
effects of MLC901 (Fig. 6). Our objective was to analyze
the survival of newborn neurons long term (7 weeks)
rather than only up to 3 weeks, as it had been performed

Fig. 4. Effect of MLC901 in the Morris water maze test. A: Evolu-
tion of the daily average of the latency before reaching the platform
over the learning trials (D1–D5) and the relearning trials (D17–
D19) in seconds 6 SEM. *, comparison with the score performed
on the first day of learning (D1) in the vehicle-treated group; #,
comparison with the score performed on the first day of learning
(D1) in the MLC901-treated group; §, comparison with the score
performed on the first day of relearning (D17) in the vehicle-
treated group. Single symbol, P< 0.05; double symbols, P< 0.01;

triple symbols, P< 0.001. B: Latency before reaching the platform
(averaged over four trials) during the cue test in seconds 6 SEM. C:
Time spent in the NW quadrant during the probe test in sec-
onds 6 SEM. Dotted line represents the chance level. $P< 0.05
compared with the chance level. D: Number of crossings of the
previous platform location 6 SEM. E: Evolution of the latency
before reaching the platform during the first day of the relearning
(D17) in seconds 6 SEM. T1–T2, average of the two first trial per-
formances; T3–T4, average of the two last trial performances.
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in previous studies (Heurteaux et al., 2010; Quintard
et al., 2011, 2014).

The goal of Ki67 staining was to verify whether
pro-neurogenesis effect of MLC901 remained present
after almost 2 months of treatment. The timing of BrDU
administration (see Fig. 1D) was chosen to determine
whether newborn neurons survive for at least 7 weeks
and reach complete maturity. MLC901-treated mice
exhibited a significantly larger population of Ki67-labeled
cells in the dentate gyrus than the vehicle-treated mice
(U 5 21, P< 0.05, p 5 0.55), demonstrating that the
compound still stimulated cell proliferation in the hippo-
campus after almost 2 months of administration (Fig. 6A–
C). The significant increase in the number of hippocam-
pal BrdU-positive cells induced by MLC901 (U 5 14,
P< 0.01, p 5 0.5) was in the same proportion as that for
the Ki67-positive cells (Fig. 6d), indicating that the sur-
vival rate of the hippocampal newborn cells after 7 weeks
was similar in both groups. Furthermore, MLC901 pro-
moted the differentiation of newborn cells into neurons
because 63% of the BrdU-positive cells were also positive
for NeuN in MLC901-treated mice, whereas only 40% of
the BrdU-positive cells were also positive for NeuN in
vehicle-treated mice (U 5 1.5, P< 0.01, p 5 0.89; Fig.
6B–E).

DISCUSSION

Previous studies have shown that MLC901 could pro-
mote both motor and cognitive recovery in rodent mod-
els of stroke, cardiac arrest, and TBI (Heurteaux et al.,
2010; Quintard et al., 2011, 2014). However, preliminary
results strongly suggest that MLC901 could exert particu-
lar cognitive effects in control mice (Quintard et al.,
2014). The present study analyzes, as accurately as possi-
ble, the nature and extent of these effects in “normal”
mice, in which no pathology (such as ischemia or TBI)
was induced.

The proneurogenesis properties of MLC901 led us to
pay particular attention to hippocampal-dependent cogni-
tive processes. The passive avoidance paradigm partially
relies on such processes (Cimadevilla et al., 2007; O’Sulli-
van et al., 2007; Quirk and Mueller, 2008; Suarez-Pereira
et al., 2014) and has been extensively used to investigate
associative learning and memory both in normal and in
genetically or pharmacologically manipulated rodents
(Kaplan and Moore, 2011; Huang et al., 2013; Webster
et al., 2014). Our results show that the vehicle- and the
MLC901-treated mice display almost identical latency
before entering the formerly punished compartment on
the day after the conditioning trial (i.e., D1 of experiment

Fig. 5. Strategies used in the Morris water maze. A: Learning trial strategies used during the learning
trials in the vehicle-treated mice (A) and B: the MLC901-treated mice (B). Reversal trial strategies
used during the reversal trials by the vehicle-treated mice (C) and the MLC901-treated mice (D).
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1; Fig. 2A), indicating that MLC901 does not modify the
associative aversive learning capabilities in animals. On the
other hand, the results obtained in experiment 1 (Fig. 2A)
clearly show that MLC901 promotes the behavioral
extinction of the conditioned response across the extinc-
tion training. Behavioral extinction is underlain by two
nonexclusive processes, the weakening of fear-
conditioning memory on the one hand and extinction on
the other. Extinction is an active mechanism that does not,
or does not totally, erase fear conditioning memory but
allows inhibition of a conditioned response that has
become inappropriate (Myers and Davis, 2007; Davis,
2011; Kaplan and Moore, 2011). The latent memory of

the conditioned response is evidenced by its spontaneous
recovery, which usually happens a few days after termina-
tion of the extinction training (Huang et al., 2013). The
lack of such a recovery, both in the vehicle- and in the
MLC901-treated mice 7 days after the last extinction trial,
is probably a result of the fact that the long extinction
training applied in this work resulted in a too robust
extinction memory. Nevertheless, the reinstatement effect,
i.e., the resurgence of the extinguished conditioned
response caused by the administration of shock in a context
different from the conditioning context, observed on D31
in experiment 2 demonstrated that fear conditioning mem-
ory was maintained in spite of the extinction training in

Fig. 6. Effect of MLC901 on neurogenesis. A: Representative photo-
graphs showing Ki67 in the subgranular zone of the dentate gyrus in
vehicle- and MLC901-treated mice (arrowheads). B: Representative
photographs showing BrdU/NeuN colocalizations in the subgranular
zone of the dentate gyrus in vehicle- and MLC901-treated mice
(arrowheads; 360 left and middle, 3120 right). C,D: Histograms

showing the number of Ki67- and BrdU-positive cells counted in the
subgranular zone of the dentate gyrus.*P< 0.05, **P< 0.01 compari-
son between the vehicle-treated and MLC901-treated mice. E: Histo-
grams showing the percentage of NeuN-positive neurons counted in
the subgranular zone of the dentate gyrus. **P< 0.01 comparison
between the vehicle-treated and MLC901-treated mice.
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both groups (Fig. 2B). We excluded that the latency
decrease over extinction training was the result of locomo-
tor hyperactivity because MLC901-treated mice were
found to move less than vehicle-treated mice in the device
before the conditioning trial. As a potential bias, such a
locomotion decrease was expected to promote increased
latencies of entry into the dark compartment (Fig. 2). In
contrast to observations from the passive avoidance device,
the data collected in the actimeter did not detect any influ-
ence of the compound on locomotor activity per se.
Moreover, the number of movements recorded during the
first hours spent in this apparatus as well as the number of
closed-arm entries in the elevated plus maze ruled out that
MLC901 influenced novelty-induced changes in explora-
tory activity. Although the locomotor activity modifica-
tions observed on the day before the conditioning in the
passive avoidance test remain questionable, it is not very
probable that the MLC901 effect on behavioral extinction
was caused by specific motor alterations. Beyond motor
activity, the level of unconditioned anxiety is also known
to influence mouse behavior in the passive avoidance test.
The elevated plus maze test, classically used to evaluate
anxiety in rodents (Hogg, 1996; Griebel et al., 1997), did
not reveal any MLC901-induced alteration of uncondi-
tioned anxiety. Together, these results suggest that the
MLC901 effect on behavioral extinction is purely cogni-
tive and is due mainly to the extinction process. This func-
tional profile is of great interest because the manipulation
of extinction is a major way of curing those anxiety-related
disorders in which the fear-conditioning process plays a
central role, such as posttraumatic stress disorder (PTSD)
and phobias (Boschen et al., 2009; Sehlmeyer et al., 2009;
Fitzgerald et al., 2014). To date, several pharmacological
enhancers of behavioral extinction have been studied (Del-
gado et al., 2006; Davis, 2011; Litz et al., 2012; de Kleine
et al., 2013; Parsons and Ressler, 2013; Difede et al.,
2014). However, their beneficial action was limited, insuf-
ficiently proved, or accompanied by disabling side effects
(Litz et al., 2012; de Kleine et al., 2013). Thus, MLC901,
because of its high degree of safety (Young et al., 2010),
could represent an interesting alternative to these treat-
ments. Nevertheless, the present work demonstrates that
MLC901 promotes active extinction in “normal” mice.
Additional studies on specific disease models are required
to identify MLC901 definitively as a potential treatment
for PTSD and other anxiety-related disorders.

Extinction involves intricate neurobiological mecha-
nisms and would particularly depend on the modulation
of amygdala activity by projections from the infralimbic
cortex (Quirk and Mueller, 2008; Herry et al., 2010;
Pape and Pare, 2010). However, functional modifications
of the amygdala are observed in PTSD (Yehuda and
LeDoux, 2007). For these reasons, further evaluation of
MLC901 in behavioral tasks specifically revealing amyg-
dala function, such as cued fear conditioning (Phillips and
LeDoux, 1992), is desirable. Complementary studies with
tests accurately modeling etiological factors and physio-
logical symptoms of PTSD, such as predator-based psy-
chosocial stress or predator scent stress (Daskalakis et al.,

2013), are also required to confirm the benefits of
MLC901 for treating these kinds of anxiety disorders. In
addition to the amygdala, the hippocampus is critically
involved in PTSD (Yehuda and LeDoux, 2007). In this
respect, experiments with functional ablation have sug-
gested that hippocampal neurogenesis actively contributes
to contextual extinction of footshock-induced fear condi-
tioning (Pan et al., 2012). Thus, the large decrease (about
65%) of adult-born neurons induced by the temporally
controlled deletion of extracellular signal-related kinase 5
in the neurogenic zone of the hippocampus results in the
failure of extinction following repeated exposures to the
training context without footshocks (Pan et al., 2012).

The stimulation of hippocampal neurogenesis and
the promotion of differentiation of newborn cells in neu-
rons by MLC901 have been repeatedly demonstrated
(Heurteaux et al., 2010; Quintard et al., 2011, 2014). The
present study further shows that the stimulatory effect of
MLC901 is persistent because it is still present after almost
2 months of treatment and that newborn neurons survive
for at least 7 weeks, i.e., probably reach complete electro-
physiological maturity (Ehninger and Kempermann,
2008). The facilitatory action of MLC901 on extinction
could thus rely, in part, on its proneurogenesis properties.
Additional investigations with different timings of neuro-
genesis suppression are required to confirm such a hypoth-
esis and to determine the stage of maturity of the newborn
neurons that are potentially involved. In addition to neu-
rogenesis, it has previously been shown that cortical
BDNF is an important determinant for efficient extinction
(Andero and Ressler, 2012; Psotta et al., 2013). Behavioral
extinction can occur to some extent without extinction
training. This particular phenomenon has been demon-
strated to require the increase of hippocampal-originating
BDNF in the prefrontal cortex. The prior infusion of a
BDNF-inactivating antibody into the infralimbic medial
prefrontal cortex suppressed the fear extinction induced by
hippocampal infusion of BDNF (Peters et al., 2010).
Then, MLC901-induced cortical increase of BDNF
(Heurteaux et al., 2010) could contribute to the decrease
of the conditioned response observed in MLC901-treated
mice compared with vehicle-treated mice 7 days after the
conditioning trial, whereas no extinction training was
administered (experiment 2; Fig. 2B). Reconditioning,
which consists of conditioning under conditions identical
to those of initial conditioning after a variable delay, is
known to potentiate the conditioned response (An et al.,
2012). Beyond its stimulatory effect on behavioral extinc-
tion itself, MLC901 favors extinction memory over such a
potentiation (Fig. 2A). Because relapse and sensitization to
stressful events are major concerns in anxiety-related disor-
ders involving fear conditioning-related mechanisms
(Boschen et al., 2009), the extinction memory-promoting
effect of MLC901 could support a potential therapeutic
use in these disorders.

To characterize the behavioral consequences of
chronic MLC901 administration further and also to
exclude any amnestic effect, we compared the performan-
ces of the vehicle- and the MLC901-treated mice in the
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Morris water maze and novel object recognition tests.
Not only was no impairment noted in the novel object
recognition task, but MLC901 seemed even to improve
the performances of mice in the challenging version of
the test that we used, indicating that the compound could
exert procognitive effects on familiarity memory, a
hippocampus-independent process (Dere et al., 2007;
Barker and Warburton, 2011; Brown et al., 2012). The
Morris water maze test is the gold standard for the assess-
ment of spatial reference memory. For this reason,
numerous studies dealing with the effect of hippocampal
neurogenesis modification on the rodent performances in
this test have been performed (Dupret et al., 2008; Garthe
et al., 2009, 2014; Pan et al., 2012). Although most
experiments with neurogenesis ablation have supported a
role for newborn hippocampal neurons in spatial learning
and memory, some negative results have been published.
For example, cyclin D2 knockout mice with profound
inhibition of hippocampal cell proliferation did not
exhibit any impairment affecting the classical variables
noted in the Morris water maze (Jaholkowski et al.,
2009). Nevertheless, the same mice were unable to adopt
spatially precise strategies across training compared with
their controls (Garthe et al., 2014). Consistent with these
data, age-related decline of hippocampal neurogenesis has
been proved to correlate with diminished efficiency of
spatial search strategies (Gil-Mohapel et al., 2013).

MLC901 changed neither the learning rate (Fig. 4A)
nor the spatial memory (Fig. 4C,D) of mice in the Morris
water maze. In line with these results, analysis of detailed
search strategies used by the mice to find the platform
(Supp. Info. Fig. 2) failed to show a positive effect of
MLC901 on spatial learning and memory (Fig. 5A,B). In
contrast, both latencies (Fig. 4A,E) and search strategies
(Fig. 5C,D) used by mice indicated that MLC901 acceler-
ated reversal learning. MLC901-treated mice were able to
find the new location of the platform more quickly by using
a more efficient strategy than vehicle-treated mice. Reversal
learning, which is highly dependent on cognitive flexibility,
was demonstrated to be impaired by neurogenesis ablation
(Garthe et al., 2009; Pan et al., 2012). Therefore, it is possi-
ble that the effect of MLC901 on cognitive flexible process-
ing could be partially the result of its stimulatory action on
hippocampal neurogenesis. Nevertheless, it has to be kept
in mind that the present study shows a potential correlation
between behavioral effects and neurogenic properties of
MLC901 and not a causal link. In line with our previous
studies, the present work demonstrates that a long-term
MLC901 treatment results in an increased number of adult-
born neurons at all stages of maturity, from young, highly
plastic neurons to completely mature neurons. In future
investigations, temporally controlled inhibition of neuro-
genesis with genetic, chemical, or X-ray-based methods
could allow deciphering of the causal contribution of these
different newborn neurons to the behavioral effect of
MLC901 that we have identified. The administration of
BrdU during the learning process could also be more
informative for showing a direct role of MLC901-induced
neurogenesis in spatial memory performance.

In conclusion, the present work shows that
MLC901 induces various interesting behavioral effects. Its
proneurogenesis properties are potentially involved in
most of these effects but cannot explain all reported
results. From the passive avoidance and Morris water
maze tests, it seems that a salient aspect of MLC901
behavioral effects is the promotion of fear extinction and,
more generally, of cognitive flexibility, i.e., the cognitive
processing underlying the adaptation to environmental
changes. As a consequence, MLC901 could be shown to
have a potential benefit in the treatment of neuropsychi-
atric traits such as phobias or PTSD, in which extinction
enhancement is a therapeutic option. Moreover, given
that cognitive impairments, in particular the loss of cogni-
tive flexibility, and PTSD are common disabling conse-
quences of TBI and stroke (Tate, 1999; Bryant et al.,
2010; Edmondson et al., 2013; Kleinman et al., 2013;
Williamson et al., 2013; Goldfinger et al., 2014), the
results of the present work also provide supplementary
evidence for the potential relevance of MLC901 as a
treatment for these pathologies. Additional studies investi-
gating more specifically the beneficial effects of MLC901
in specific models of PTSD and anxiety-related disorders
are certainly warranted.
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